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Refractories are granular inorganic materials that are used mostly in industrial applications involving high temperatures and corrosive environments, such as steel, cement, lime, ceramic, non-ferrous metals, and energy sector among others. These materials are often a result of complex formulations involving multiple raw materials in order to tailor refractory properties to fit the specifications required by each industrial application. In this regard, each application requires specific thermochemical and thermomechanical properties to ensure good operating conditions for the industrial process but also for the safety of the plant and the workers therein. Therefore, the cost of a refractory is not only defined by the cost of raw materials but also by the potential economic and safety loss for the end-consumer in case of critical failures in their production process. This is one of the main drivers for refractory development where an increased service life is sought by increasing refractory performance for applications with severe solicitations such as high corrosion or thermal shocks.

The case of thermal shock is usually a complex one as it involves high stresses locally that can lead to significant crack growth, which in turn might accelerate refractory wear due to infiltration by corrosive products. In this sense, the thermal shock resistance of refractories is considered to be a key material property, which is known to be closely linked to crack propagation resistance. The latter is often associated with a non-linear mechanical behaviour that promotes strain-to-rupture instead of strength, leading to a more "flexible" material. In fact, most refractories exhibit deviations from pure linear elasticity due to strong heterogeneities in their microstructure, such as large aggregates, pores and microcracks. These features are sometimes introduced voluntarily to promote energy-consuming mechanisms that limit crack propagation. Ultimately, material design for thermal shock applications relies on a deep understanding of microstructure-property relationships.

Previous works on this topic have been carried out in the IRCER laboratory (Limoges, France) with many collaborations nationally (France) and internationally through FIRE (Federation for International Refractory research and Education) projects. The FIRE network regroups academic and industrial partners that promote refractory research programs and share a remarkable skillset in this domain.

Thanks to these collaborations, a significant experience has been acquired over the past 15 years in the characterisation of the thermomechanical and fracture behaviour of refractory materials with a non-linear mechanical behaviour. In particular, during the PhD of Renaud Grasset-Bourdel (2011), the impact of thermal damage on the thermomechanical behaviour of
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Cette création est mise à disposition selon le Contrat : « Attribution-Pas d'Utilisation Commerciale-Pas de modification 3.0 France » disponible en ligne : http://creativecommons.org/licenses/by-nc-nd/3.0/fr/ magnesia-spinel refractories with simplified compositions was investigated extensively. Given the thermal expansion mismatch between magnesia and spinel leading to microcrack networks, it was necessary to consider magnesia as a matrix and spinel as inclusions in a twophase model material approach for a better understanding of microstructure influence. These materials were investigated by using advanced experiments. Indeed, tensile tests and the Wedge Splitting Test (WST) have underlined the non-linear character of the mechanical behaviour and the high level of fracture energy of these materials, respectively. Moreover, the application of optical methods in the PhD of Younés [START_REF] Belrhiti | Etude de matériaux réfractaires à comportement mécanique non linéaire par mesure de champs de déformations[END_REF], in particular Digital Image Correlation (DIC), provided a rich set of information about material strain fields and fracture in relation to initially microcracked materials. The observation of the crack branching phenomenon in magnesia-spinel materials was a key result.

Ultimately, these studies have brought the required knowledge and expertise to tackle the different topics in relation with the thermal shock resistance of refractories.

In the present PhD thesis, a thorough investigation of the thermomechanical properties of magnesia-spinel and magnesia-hercynite refractories will be proposed, with an emphasis on fracture behaviour monitoring using a refined DIC method, called 2P-DIC, developed by the Pprime Institute (Poitiers, France). The main challenges of this PhD reside in the understanding of the influence of thermally induced microcracks, related to inclusion nature and fraction, on the complex fracture behaviour of magnesia-based materials. In relation to this, a novel fracture analysis based on the application of a refined DIC method is developed and optimised.

In the first chapter of this thesis, the state-of-the-art regarding refractory thermomechanical and fracture behaviour along with optical kinematic field measurement techniques is established. After introducing the origins of thermal stress in refractories, the thermo-elastic and energetic approaches of thermal shock resistance are presented. The mechanical and fracture behaviours of refractories are then discussed to propose key microstructure design criteria for enhancing crack propagation resistance. The development of Digital Image Correlation is then presented extensively with a focus on existing methods and their effectiveness in fracture mechanics problems.

In chapter II, the magnesia-based materials investigated in this research work are introduced along with conventional material characterisation methods. The industrial context of these materials is given with an emphasis on the main solicitations leading up to the development of new magnesia-based refractories using simplified compositions. The latter approach is presented along with the associated compositions of model materials. Moreover, characterisation methods that will be used to observe material microstructures and measure elastic properties at high temperature are presented. Subsequently, in chapter III, the coupling of the WST and a refined-DIC method is investigated in order to develop an effective fracture characterisation approach. After presenting the Wedge Splitting Test and the associated sample preparation steps, a discussion follows on the impact of experimental conditions on the measurement of displacement fields by DIC. A refined-DIC method, developed specifically for fracture monitoring, is then presented while its accuracy is evaluated through a series of analyses and comparisons.

Following these method-oriented chapters, the fourth chapter focuses on investigating the key microstructural features that influence the thermomechanical properties of the magnesia-spinel and magnesia-hercynite model materials. Extensive microstructure observations and elastic property measurements at high temperatures are correlated in an attempt to understand the main impact of thermally induced microcracks on material properties.

Finally, in chapter V, the fracture behaviour of the model materials is analysed by using the WST coupled with 2P-DIC. The impact of microcrack networks on fracture energy and material brittleness is evaluated and correlated with inclusion nature and content. In conjunction with this, crack propagation resistance is measured during the WST based on crack lengths obtained from 2P-DIC. Lastly, a novel thermal shock test bed is applied for the first time on a selection of model materials. The origins and implications of thermal stress can be traced back to the thermal history and the nature of the material. In the case where a homogeneous and isotropic material with a uniform temperature T0 is gradually subjected to a temperature Tf, the sample would remain stress-free as long as it is not restrained from moving. Conversely, if the boundaries of the sample are restrained from moving (as shown in Figure I-1), then stresses will arise because of temperature variation. These stresses can be expressed according to Kingery [King55] as: 𝛔 = 𝐄.𝛂.(𝐓 𝟎 -𝐓 𝐟 ) (𝟏-𝛎)

Eq. I.1

Where E is Young's modulus, α the coefficient of thermal expansion and ν the Poisson's ratio of the material. From this expression, it is clear that Young's modulus and the thermal expansion coefficient play an important role in the amplitude of stress induced by a temperature variation ΔT. Such a simple case can be transposed to more complex problems to include refractory materials. In fact, refractories can be described as heterogeneous polycrystalline materials with possible anisotropic properties. Therefore, stresses of thermal origin can originate from a thermal expansion mismatch between refractory phases or due to anisotropy of single crystals.

The nature of the induced stresses and their amplitude are of crucial concern, during cooling after sintering of the refractory, as it can alter final material properties significantly.

The complexity of describing the high temperature behaviour of heterogeneous materials, such as refractories, often calls for more simplified approaches. At a local scale, considering a simplified two-phase isotropic material composed of a continuous matrix surrounding a spherical inclusion, it is possible to describe three different configurations [START_REF] Selsing | Internal Stresses in Ceramics[END_REF][START_REF] Tessier-Doyen | Untypical Young's Modulus Evolution of Model Refractories at High Temperature[END_REF] when the material is uniformly cooled down from its sintering temperature T0. These  When Δα = 0, the matrix and the inclusion contract at the same rate. Therefore, no internal stresses arise during cooling which leads to a free-stress state.

 When Δα < 0, slower contraction of the matrix compared to the inclusion leads to compressive orthoradial stress and tensile radial stress. This stress state is likely to induce debonding between the matrix and the inclusion, as cracking in ceramics occurs in tension most of the time.

 When Δα > 0, faster contraction of the matrix in relation to the inclusion induces tensile orthoradial stress and compressive radial stress. The tensile orthoradial stresses are likely to lead to the initiation and propagation of cracks radially from the inclusion.

Therefore, in most cases, thermally induced stresses lead to defects in the microstructure that inevitably decrease material's elastic properties and subsequently reduce its strength. The amplitude of strength reduction is a factor of critical importance, it depends strongly on the amplitude of stress that is generated within the matrix by the inclusions. Indeed, in addition to the magnitude of thermal expansion mismatch, factors such as inclusion shape, volume fraction and Young's modulus mismatch also have an important impact on the stresses induced within the matrix [START_REF] Li | Micromechanical Stresses in SiC-Reinforced Al2O3 Composites[END_REF]. The influence of these thermally induced microstructural features is an important topic with strong implications on material's thermomechanical properties.

I.1.2. During refractory service life

In an industrial context, refractory materials are very likely to be subjected to thermal shocks or repeated thermal cycling during their service life. These sudden variations in temperature can cause severe thermal gradients and therefore, proportionally to the CTE, induce important thermal strains. These thermal strains will lead, in turn, to stresses in the refractory lining that are proportional to Young's modulus. In Figure I-3, the cases of cooling (descending thermal shock) and heating (ascending thermal shock) at a constant rate are described using temperatures (Tsurface, Taverage and Tcenter) and stress distributions within a homogeneous slab. For an ascending thermal shock, the surface of the slab is retained from expanding normally by the tensile stresses applied by the centre, which is cooler than the surface. In this case, the surface is in compression. Inversely, a descending thermal shock would lead to compressive stresses in the centre and tensile stresses in the surface. This configuration can be critical as it can lead to the occurrence of critical cracks on the surface of the slab.

These temperature gradients can have a dramatic influence on refractory service life when operating conditions lead to high thermal stresses. In fact, significant refractory cracking can take place due to unusual operating conditions or inappropriate refractory shape and properties. Therefore, improving refractory service life in the industry requires numerous observations and thorough case studies since thermal shock is a complex phenomenon that does not depend solely on a refractory's thermomechanical properties. In addition to this, thermal shock is always coupled with other solicitations, such as chemical attacks and infiltration corrosion. Figure I-4 shows an example of a refractory product that is subjected to several thermal shocks during its service life in the continuous casting process in the steel industry [START_REF] Peruzzi | Simulation numérique du comportement thérmomécanique de pièces réfractaires de coulée continue[END_REF]. In summary, refractories are subjected to a number of coupled solicitations ranging from thermochemical attacks to thermomechanical stress coming from thermal gradients induced by thermal shocks. Therefore, the initiation and propagation of cracks due to thermal stress can be critical in many ways, thus reducing the overall performance of refractories. In this sense, the development of reliable refractory materials for thermal shock applications must rely on appropriate design criteria that take into account the complexity of fracture mechanisms.

I.2. Fracture behaviour of refractories

I.2.1. Thermal shock resistance

Part of the thermomechanical load applied to a refractory is associated with thermal cycling or thermal shocks. As discussed previously, thermal shocks can lead to either compressive or tensile stresses, the latter being most critical for crack initiation and propagation in refractories. For this reason, the thermal shock resistance of a refractory is one of the key material properties that need to be enhanced.

As such, two theories based on linear fracture mechanics have been developed during the 1950s and 1960s to define a framework for improving thermal shock resistance.

On one hand, the thermo-elastic approach proposed by Kingery [START_REF] Kingery | Factors Affecting Thermal Stress Resistance of Ceramic Materials[END_REF], describes thermal shock for a homogeneous and continuous material with a linear elastic mechanical behaviour.

In this approach, a critical temperature variation ΔTc is considered for when the induced thermal stress becomes equal to the strength of the material, thus leading to fracture.

Depending on the heat transfer rate of the slab, two thermal shock resistance parameters (R and R') were defined accordingly.

𝐑 = 𝛔 𝐭 .(𝟏-𝛎) 𝐄𝛂

Eq. I.2

And 𝐑′ = 𝛌. 𝐑 Eq. I.3

Where σt (in MPa) is the strength and λ (in W.m -1 .K -1 ) the thermal conductivity of the material.

The first thermal shock resistance parameter, R (in K), corresponds to ΔTc. Therefore, increasing the value of R and R' would increase the material's ability to resist a critical temperature variation ΔTc. Using this approach to define design criteria for improving the thermal shock resistance of refractories, by increasing R and R', would mean increasing the strength of the material while having low Young's modulus and thermal expansion. In other words, this approach relies on improving the crack initiation resistance of the material to avoid the occurrence of cracks. From a material science point of view, refractory constituents must be tuned and processing conditions optimised to have the lowest possible number of defects, thus increasing strength. However, for practical reasons, this can prove to be very challenging given that refractories always contain coarse aggregates leading to heterogeneous microstructures that inevitably contain numerous defects.

On the other hand, the energetic approach by Hasselman [START_REF] Hasselman | Elastic Energy at Fracture and Surface Energy as Design Criteria for Thermal Shock[END_REF][START_REF] Hasselman | Unified Theory of Thermal Shock Fracture Initiation and Crack Propagation in Brittle Ceramics[END_REF] takes into account penny shaped cracks distributed homogeneously in the material. Stress field interactions from neighbouring cracks and stress relaxation are not considered in the initial assumption. Similarly to the previous approach, thermal shock resistance parameters were defined: 𝐑′′′′ = 𝛄 𝐒 .𝐄 𝛔 𝐭 𝟐 Eq. I.4

And 𝐑 𝐬𝐭 = √ 𝛄 𝐒 𝛂 𝟐 .𝐄 Eq. I.5

Where γs (in J/m 2 ) is the fracture surface energy, a material property. The first parameter R'''' (in m) is the thermal shock damage resistance parameter, it measures the degree of damage tolerance during loading. Therefore, it allows for a comparison between brittle and ductile materials that exhibit low and high fracture surface energies respectively. In a way, maximizing this parameter is supposed to prevent unstable crack propagation which is usually associated with brittle materials.

The second parameter, Rst (in K.m 1/2 ) is the quasi-stable crack growth resistance defined to address the growth of large initial cracks in a material.

Ultimately, Hasselman's thermal shock resistance parameters relate to the resistance to crack propagation. Thus, in order to increase the thermal shock resistance, parameters R''' and Rst must be maximised. However, both R'''' and Rst depend on E and σt and seem to be inversely related to 𝜎 2 E , which corresponds to the stored elastic strain energy [START_REF] Popov | Engineering Mechanics of Solids[END_REF]. By using a simple approximation, E.α 2 ≅σ 2 /E, R''' and Rst now have the same dependency on the stored elastic strain energy. This energy is the driving force for crack initiation and propagation. Therefore, according to Hasselman, this energy should be minimized in order to improve the thermal shock resistance. From a material science perspective, it means decreasing the strength of the material in a controlled manner by introducing defects in the form of cracks for instance.

While high strength can be an appreciable material parameter, it could be detrimental to a refractory's thermal shock resistance if it is used as a design criterion for tailoring material properties [START_REF] Bradt | Fracture of Refractories[END_REF]. Indeed, having a high nominal strength usually results in considerable strength loss when a crack is initiated [START_REF] Larson | Fracture Toughness and Spalling Behavior of High-Al2O3 Refractories[END_REF]. This is commonly associated with a brittle fracture that can prove catastrophic in industrial use. Nevertheless, most industrial refractories have defects that result from processing and sintering. The inevitable flaws that result from processing are usually viewed as a compromising feature to the reliability of a material or a structure. Nonetheless, Hasselman's attempt to provide thermal shock design criteria for refractories conveys defects as a way to increase the thermal shock resistance, which is a convenient approach for the development of refractory materials with a good thermal shock resistance.

In the end, the energetic approach by Hasselman is the most appropriate for designing refractories for thermal shock applications. The direct relation between thermal shock resistance and crack propagation resistance opens the way for a thorough consideration of a refractory's fracture behaviour [START_REF] Hasselman | Thermal stress resistance of engineering ceramics[END_REF]. Essentially, appropriate theoretical and experimental frameworks are sought for the design of refractories with enhanced fracture properties.

I.2.2. Refractory microstructure design

I.2.2.1. Non-linear mechanical behaviour and fracture behaviour of refractories

The mechanical behaviour of refractories has gathered interest from mechanical and material scientists alike. Whether it is for identifying constitutive laws using complex simulation models or designing enhanced material properties, the mechanical behaviour of refractories usually leads to questions about fracture. Indeed, given the heterogeneous microstructure of refractories, deviations from linear elasticity are commonly observed as they lead to a non-linear mechanical behaviour [START_REF] Gogotsi | The significance of non-elastic deformation in the fracture of heterogeneous ceramic materials[END_REF]. This behaviour is associated to a brittleness concept that measures the gap to linearity [START_REF] Harmuth | A Fracture Mechanics Approach for the Development of Refractory Materials with Reduced Brittleness[END_REF].

As such, purely elastic materials are likely to exhibit a brittle behaviour through unstable failure, while non-linear and ductile materials are more effective in dissipating stored elastic energy through microstructural features that prevent the abrupt ruin of the material.

Refractories are typically considered quasi-brittle due to their non-linear mechanical behaviour, unlike most fine ceramic materials that exhibit a brittle and purely linear elastic behaviour with limited strain to rupture (Figure I-5). In this sense, a high strain to rupture is sought for refractory materials, usually at the cost of strength since both parameters are mutually exclusive, to avoid abrupt failures associated with brittle materials. This trade-off between maximum strain at rupture and strength is essentially one that favours a specific fracture behaviour. Hence, despite decreasing strength, a nonlinear mechanical behaviour is considered to be beneficial for improving the crack propagation resistance of refractories and thus, the thermal shock resistance. Therefore, some form of strain accommodation must be promoted within the microstructure to reduce the brittleness of refractories.

In spite of the non-linearity of a refractory's mechanical behaviour, the maximum achievable strain to rupture remains limited due to the absence of notable plasticity and the intrinsically linear elastic behaviour of most refractory constituents used in the industry. As a result, the fracture behaviour of refractories is quasi-brittle at best instead of being ductile. Nevertheless, some promising microstructure design routes have been put forward using either inspiration from naturally flexible materials such as itacolumite [START_REF] Huger | Microstructural Effects Associated to CTE Mismatch for Enhancing the Thermal Shock Resistance of Refractories: Investigation by High Temperature Ultrasounds[END_REF] and nacre like structures [START_REF] Bouville | Strong, tough and stiff bioinspired ceramics from brittle constituents[END_REF][START_REF] Pelissari | Nacre-like ceramic refractories for high temperature applications[END_REF], or from the design of engineered ceramic composites that exhibit a high toughness. From the latter, the crack propagation resistance can be improved by the introduction of fibres or whiskers in the microstructure that can effectively slow down crack propagation [START_REF] Rice | Mechanisms of Toughening in Ceramic Matrix Composites[END_REF]. In a similar way, some ceramics exhibit stress-induced martensitic transformations which can act as a shield to further crack propagation [START_REF] Evans | REVIEW-Transformation Toughening in Ceramics: Martensitic Transformations in Crack-Tip Stress Fields[END_REF][START_REF] Evans | Perspective on the Development of High-Toughness Ceramics[END_REF].

Therefore, to achieve a quasi-brittle fracture behaviour with increased crack propagation resistance in a refractory, it is necessary to have a deep insight on the microstructural features that are likely to be activated during crack growth.

In fact, the microstructure of refractories is often composed of large size aggregates and microcracks that contribute to its heterogeneity. These features also have an important impact during the propagation of a crack as they contribute to the development of the so-called fracture process zone (FPZ). The FPZ concept describes energy dissipating mechanisms in materials such as plastic deformation, diffuse damage, cracking and other inelastic phenomena. Figure I-6 depicts some of the main FPZ mechanisms that operate during crack propagation in a typical refractory material. The effects are dominated by microcrack toughening [START_REF] Hoagland | On the density of microcracks formed during the fracture of ceramics[END_REF][START_REF] Evans | On the formation of a crack tip microcrack zone[END_REF][START_REF] Evans | Crack-Growth Resistance of Microcracking Brittle Materials[END_REF] and bridging mechanisms [START_REF] Lange | Fracture Toughness of Si3N4 as a Function of the Initial α-Phase Content[END_REF], the interaction of these features has an important impact on FPZ development and elastic energy dissipation [START_REF] Amazigo | Interaction of particulate and transformation toughening[END_REF]. A fully developed FPZ is composed of two main regions (Figure I-7), namely, the frontal process zone and the following wake region. On one hand, the frontal zone usually contains micro-cracks and voids that consume the elastic energy stored at the crack tip front, thus leading to more strain accommodation prior to the maximum load and a more stable fracture thereafter. On the other hand, the wake region is located behind the crack and serves mainly as a debonding and bridging area for large grains that can prevent the crack from propagating much further. The implications of FPZ development and the associated energy dissipation on the increase of crack propagation resistance lead to questions regarding optimal microstructure designs that promote toughening mechanisms. In fact, as discussed in section I.1.1, microcracks can be generated in the microstructure from a thermal expansion mismatch between the matrix and aggregates during sintering of the refractory. Indeed, when αmatrix-αinclusion> 0, microcracks propagate radially from aggregates leading to the creation of a network of microcracks. In this way, microcracks can be voluntarily introduced, in a controlled manner, to increase the material's ability to accommodate strain and thus increase the fracture energy.

Moreover, a network of microcracks is likely to contribute significantly to the overall development of a FPZ's size, the extension of which is beneficial for improving the crack propagation resistance. Indeed, an interconnected network of microcracks could provide those characteristics due to diffuse damage and the crack branching phenomenon that further extend the FPZ size. Furthermore, optimal aggregate properties as well as shape and size can be investigated to enhance crack deviation in the crack front and the interlocking of crack faces in the wake region. Indeed, aggregates with a high strength and roughness along with weak grain boundary junctions with the matrix are likely to cause crack deviations. In this sense, aggregates with an angular shape and a sufficiently large aspect ratio (i.e more elongated) [START_REF] Homeny | Aggregate distribution effects on the mechanical properties and thermal shock behaviour of model monolithic refractory systems[END_REF] would increase the debonding length to further improve their crack bridging capacity in the wake region. The interaction of these individual mechanisms operating in two different regions in the FPZ can be highly beneficial for improving the crack propagation resistance.

Synergy between the different FPZ phenomena is mainly one that contributes to the extension of the overall FPZ size, this crucial aspect is relatively unexplored due to the complexity of the mechanisms involved during crack propagation.

Ultimately, the chemical and granulometric composition of a refractory must be tailored to optimise the microstructure in a way that improves the crack propagation resistance. The FPZ being the main source of energy dissipating phenomena, it is important to ensure that this region is developed to a large extent. As such, pre-existing damage in the frontal zone that promotes the occurrence of crack branching and crack bridging phenomena in the wake region are likely to be the main contributors. Numerous authors using different fracture mechanics methods and fracture tests, detailed in the following sections, have studied this aspect.

I.2.2.2. Brief overview on fracture mechanics

Fracture mechanics have led to the development of extensive methods to deal with fracture mechanisms of materials and mechanical structures. It started with linear elastic fracture mechanics (LEFM) that considers an elliptical crack propagating in an elastic, homogeneous and isotropic medium [START_REF] Griffith | VI. The phenomena of rupture and flow in solids[END_REF]. The work of Griffith on the dependency relationship between defect size and strength has led to the development of the global or, energetic approach to fracture. This approach describes fracture based on an energetic balance between stored elastic energy and energy dissipated by the creation of a new crack surface. Thus, an energy release rate concept, G, was defined by Griffith as the energy consumed per unit area of newly created crack surface. It was mainly applied in the case of an ideally brittle solid to assess crack propagation stability using a criterion, GC based on material surface energy γS.

𝐆 =

𝐝𝐔 𝐩 𝐝𝐀 Eq. I.6 𝐆 𝐜 = 𝟐. 𝛄 𝐟 Eq. I.7

Where UP is the potential energy change to create an increment A of fracture surface. Using GC from Eq. I.7 as a criterion, stable crack propagation is achieved when G=GC while unstable crack propagation is when G>GC. This criterion is only valid for purely brittle materials such as glass and some fine grain ceramics due to the absence of energy dissipating mechanisms.

Indeed, the surface energy of most ceramic materials is around 1 J/m 2 , while in practice, much higher effective energies are observed especially for quasi-brittle and ductile materials.

Alternatively in fracture mechanics, the local asymptotic approach relies on studying the singular stresses associated to a crack by using stress intensity factors (SIF) introduced by The first one is the immediate vicinity of the crack tip where stresses are infinite, the second one is a stress singularity zone with a 1/r 2 dependency and finally, the third one is the far-field stress zone. Crack description of stress singularities using the asymptotic local approach relies on analytical or numerical solutions of stress and displacement [START_REF] Westergaard | Bearing pressures and cracks[END_REF][START_REF] Irwin | Analysis of Stresses and Strains near the End of a Crack Traversing a Plate[END_REF].

In the same way as for the global approach, a crack propagation criterion called toughness (KIC) has been defined. This parameter is the critical value of SIF in opening mode, which is the most commonly observed failure mechanism as it results from tensile loading. Toughness is considered as the material's crack propagation resistance, which is an intrinsic material property. As such, the asymptotic approach provides a fracture criterion that may be used for the design of materials with an enhanced fracture resistance.

The fundamental works of Irwin and Griffith in the LEFM framework were mainly destined to describe brittle solid fracture problems. In fact, LEFM is limited when materials deviate from linear elasticity as they exhibit some form of non-linearity due to plasticity or damage. In such cases, LEFM considers non-linear effects to be confined at the crack tip, whereby phenomena at the vicinity of the crack are neglected to a certain extent. While this might be the case for most fine ceramic materials at low temperatures, it is only partially true for materials with a non-linear behaviour such as refractories.

Therefore, many theories were developed on the basis of LEFM to address the fracture of quasi-brittle and ductile materials, such as non-linear fracture mechanics (NLFM). In the NLFM approach, the path independent J-integral method by Rice [START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF] is worth mentioning as it was extensively used to study the fracture of materials with large scale yielding such as metals.

It relies on calculating contour integrals remotely from the crack tip field. Additionally, a relationship was established [START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF] between mode 1 SIF, energy release rate and J-integral as shown in Eq. I.8.

𝐆 =

𝐊 𝐈 𝟐 𝐄 = 𝐉 Eq. I.8

For the specific case of quasi-brittle refractory materials, the vicinity of the crack tip concentrates most of the non-linear phenomena that consume the stored elastic energy during crack propagation through the FPZ. The description of fracture in this case is more practical from an energetic standpoint given the complexity of mechanisms involved (see section I.2.2.1). The propagation of a stable crack, over an area ΔA, in a steady state during a fracture test leads to the following description [START_REF] Sakai | Graphical Methods for Determining the Nonlinear Fracture Parameters of Silica and Graphite Refractory Composites[END_REF], Eq. I.9.

- 𝚫𝐔 𝑷 𝚫𝐀 = 𝚫𝐔 𝑪 𝚫𝐀 + 𝚫𝐔 𝑰𝑹 𝚫𝐀
Eq. I.9

Where UP is the potential energy change of the loading-sample system, UC is the energy associated to crack extension under linear elastic conditions and UIR the potential energy associated with irreversible processes leading to a non-linear mechanical behaviour.

Examples of the latter include elastic energy stored in the wake region due to crack bridging, dissipation of frictional energy through interlocking aggregates and plasticity at the crack tip front. From However, given the complexity of a refractory's microstructure and the occurrence of a FPZ during crack propagation, measurement of the fracture area necessary to determine fracture energies becomes a challenging topic. This is mainly so because in quasi-brittle materials, the crack does not propagate in a straight fashion crossing the sample from one end to the other.

Attempts have been made to estimate the crack length indirectly using the concept of equivalent crack length from the compliance method [START_REF] Tada | The Stress Analysis of Cracks Handbook, Third Edition[END_REF]. In this approach, non-linear effects are assumed to be directly linked to the extension of the main crack and therefore, to an increase in compliance. While this method might prove to be appropriate for certain materials with an elastic behaviour, it is not adapted for materials that exhibit damage and multiple crack branches [START_REF] Knight | Mechanical Properties of Highly Porous Ceramics. I. Modulus of Rupture and Fracture Toughness[END_REF]. Such is the case for refractories destined for thermal shock applications, which contain complex microstructural features that lead to extensive FPZ development. Conversely, direct visualisation methods for the evaluation of the crack length might be a promising alternative, albeit with their own limitations [START_REF] Bornhauser | R-curve evaluation with ceramic materials at elevated temperatures by an energy approach using direct observation and compliance calculation of the crack length[END_REF].

Ultimately, the global and the asymptotic local approaches are complementary in fracture mechanics. The recent development of the local approach to fracture in the 80s [START_REF] Pineau | Global and Local Approaches of Fracture -Transferability of Laboratory Test Results to Components[END_REF],

might prove essential in refining the description of fracture mechanisms. This approach models fracture based on local criteria that rely on micromechanical modelling and a perfect knowledge of the stress-strain field at the crack tip. Alternatively, despite its shortcomings, the global approach has many benefits regarding fracture characterisation given the availability of standard fracture tests and a practical energy-based description of fracture mechanisms that includes materials with a non-linear mechanical behaviour. In fact, given the inelastic phenomena that occur in these quasi-brittle materials, it is necessary to consider appropriate experimental testing and methods that take into account their non-linear character.

I.2.2.3. Experimental fracture mechanics and the R-curve behaviour

The effective fracture energy of refractories is an important fracture parameter that may be used to characterise crack propagation resistance and thus, the thermal shock resistance.

Particularly so, since the surface energy used in Griffith's approach for brittle materials is not valid for refractory materials. In fact, the surface energy is based on thermodynamic calculations relating to Gibbs free energy, which is associated to the creation of a smooth crack surface. Using this energy as a fracture criterion would mean disregarding crucial energy dissipating mechanisms occurring in refractories, such as microcracking and crack tortuosity at microscopic scale among other phenomena detailed previously in section I.2.2.1. Therefore, there is a clear need for the measurement of an effective fracture energy based on appropriate fracture tests and methods.

For this reason, it is important that a stable fracture be ensured when performing a fracture test. This is particularly difficult to achieve in brittle and quasi-brittle materials since the elastic energy stored by the loading machine-sample system is released abruptly, breaking the The ratio between crack propagation resistance and crack initiation resistance can be used as a good estimate for thermal shock damage resistance [START_REF] Nakayama | Crack Stability in the Work-of-Fracture Test: Refractory Applications[END_REF], where a high ratio relates to a higher energy consumption from crack propagation rather than initiation. This has a direct impact on crack propagation stability, as shown in Figure I-12. This ratio should be high enough in order to ensure that the FPZ is fully developed and not confined during the fracture test. In fact, the size effect has many implications including the validity of fracture energy values measured using common fracture tests [START_REF] Bažant | Size dependence of concrete fracture energy determined by RILEM work-of-fracture method[END_REF][START_REF] Bazant | Fracture and Size Effect in Concrete and Other Quasibrittle Materials[END_REF].

Nevertheless, thanks to large volume test specimens, fracture tests such as the compact tension and the wedge-splitting test offer a more representative area for crack propagation.

The latter has been applied by numerous researchers to characterize the fracture behaviour of concrete and refractories [START_REF] Brühwiler | The wedge splitting test, a new method of performing stable fracture mechanics tests[END_REF][START_REF] Harmuth | Investigation of the nonlinear fracture behaviour of ordinary ceramic refractory materials[END_REF].

Using one of the aforementioned fracture tests, the so-called resistance curves (R-curves) can be calculated. These R-curves give an insight on the influence of FPZ development on the fracture behaviour, which is a key information in the design of refractories with an enhanced crack propagation resistance. Indeed, from the microcracked frontal zone leads to a first increase of the R-curve, which is followed by a more important increase once the wake region is fully developed before a plateau-like regime is reached. The development of the FPZ during fracture of refractories and some ceramics has been associated with a rising R-curve concept, where the crack propagation resistance of the material increases with crack length . The analysis of experimental R-curves led to the identification of important microstructural features that have the most effective impact on improving crack propagation resistance of ceramics [START_REF] Evans | Perspective on the Development of High-Toughness Ceramics[END_REF]. Among these features, transformation toughening, dispersion of fibres and strong particles (metallic for instance) have been deemed as very effective. Nevertheless, the full extent of energy dissipating mechanisms' effectiveness within a specific FPZ remains largely unexplored due to the complexity of mechanism interactions and other phenomena [START_REF] Gangnant | Étude de la rupture quasi-fragile d'un béton à l'échelle mésoscopique : aspects expérimentaux et modélisation[END_REF].

Appropriate experimental characterization of fracture is essential for the understanding of important fracture mechanisms and their impact on the fracture behaviour of refractories.

Even more so, establishing a relationship between fracture properties and refractory microstructure is key in designing materials with enhanced crack propagation resistance.

Therefore, advanced experimental tools such as optical methods could provide a fine understanding of FPZ influence and the underlying mechanisms driving its extension during crack propagation.

I.2.3. Project FIRE Delta

The , while an attempt has been made at measuring strain fields with a 3D-DIC setup that proved to be much more challenging [START_REF] Dusserre | Applicability of image correlation techniques to characterise asymmetric refractory creep during bending tests[END_REF].

The advent of DIC as a reliable characterisation method also helped shape its development towards more specific needs and applications, notably coupling DIC with numerical simulation, some of which are detailed in the following sections.

I.3.2. Measurement of in-plane displacement fields

In DIC, the displacement field is measured by comparing two digital images corresponding to two different states of mechanical solicitation called the reference state and the deformed state. Reference and deformed images are represented by the functions f and g respectively, which represent image grey levels. By assuming the conservation of the optical flux, a plane material transformation ϕ links coordinates of the reference state (X) to ones of the deformed state (x) (Figure I-15) by the following equation (Eq. I.12).

𝛟(𝐗) = 𝐱

Eq. I.12

The material transformation is a first-order Taylor expansion approximation of the kinematic field associated with the centre of subsets (D) within a regular grid called Zone Of Interest (ZOI). The approximation is defined by the vector q = (u, v, The best values of the q vector are found by minimising a correlation coefficient C, which measures the degree of similarity between f and g (Eq. I.13) Eq. I.13

Where fD and gD are the average grey level values on subset (correlation window) D in the reference state and subset ϕ(D) in the deformed state respectively. This optimisation process is performed in each of the subsets defined in the ZOI using a least-squares minimisation procedure. Using this algorithm, iterations are performed until a satisfactory uncertainty is reached. Once the global displacement has been calculated, an interpolation of grey levels is performed to achieve subpixel precision. The strain field can then be calculated by finite differences from four adjacent subsets using the measured displacement field. The accuracy of DIC is strongly linked to calculation parameters. Indeed, parameters such as subset shape function and interpolation method have a direct impact on the systematic errors of DIC [START_REF] Schreier | Systematic errors in digital image correlation caused by intensity interpolation[END_REF][START_REF] Schreier | Systematic errors in digital image correlation due to undermatched subset shape functions[END_REF], which might lead to bias in the measurement of displacement fields.

Therefore, subset size and spacing must be defined appropriately as they have a strong impact on measurement accuracy (Figure I-16). In fact, many studies have shown that subset size is directly related to measurement accuracy [START_REF] Wang | Quantitative Error Assessment in Pattern Matching: Effects of Intensity Pattern Noise, Interpolation, Strain and Image Contrast on Motion Measurements[END_REF] where a large subset enhances the accuracy by minimizing random errors [START_REF] Dupré | Displacement Discontinuity or Complex Shape of Sample: Assessment of Accuracy and Adaptation of Local DIC Approach[END_REF]. Moreover, the spacing between subsets has a direct influence on the accuracy of strain measurements, as shown in the following equation (Eq. I.14) for a 1D strain calculation.

𝚫𝛆 = 𝟐.𝚫𝐔 𝐥 𝟎

Eq. I.14

Where Δε and ΔU are the uncertainty over strain and displacement values respectively and, l0

is the distance between two subsets.

The subset-based DIC method described above is commonly known as the local approach given that DIC matching algorithm is performed in each subset within the ZOI by using kinematic assumptions only. Another family of correlation methods, called global approach have been developed mainly to provide regularised fields [START_REF] Hild | Digital Image Correlation: from Displacement Measurement to Identification of Elastic Propertiesa Review[END_REF] to overcome the ill-posed problem of determining displacements solely based on matching image grey levels. In this approach, the matching process is done over the whole ZOI contrarily to the local approach.

Some mathematical regularisations of the displacement field are usually applied as a mechanical filter to the purely optical experimental data [START_REF] Roux | Mechanical Assistance to DIC[END_REF]. In this sense, the global approach may be adapted to finite elements to be coupled with numerical simulation analyses of the same nature [START_REF] Sun | Finite element formulation for a digital image correlation method[END_REF]. Moreover, global DIC methods include the so-called integrated approaches [START_REF] Leclerc | Integrated Digital Image Correlation for the Identification of Mechanical Properties[END_REF] that make use of advanced regularisation and ensure consistent kinematics between measurement and simulation. The regularisation is based on either analytical solutions or finite element calculations of displacement fields for the direct identification of key material properties during mechanical characterisation [START_REF] Bergonnier | Digital image correlation used for mechanical tests on crimped glass wool samples[END_REF][START_REF] Besnard | Finite-Element" Displacement Fields Analysis from Digital Images: Application to Portevin-Le Châtelier Bands[END_REF][START_REF] Roux | Stress intensity factor measurements from digital image correlation: postprocessing and integrated approaches[END_REF].

The two methods, namely local and global approaches to DIC, are quite different depending on the purpose and the expected outcome of the experimental investigation. In the one hand, the global approach has many advantages when DIC results are to be coupled with numerical simulation models for validation or identification of material parameters, which is typically the case for mechanical scientists. On the other hand, the local approach fits perfectly with the needs of material scientists that seek to characterise, as accurately as possible, the behaviour of the material with minimal assumptions on its mechanical behaviour.

Therefore, using the local approach and basic kinematic assumptions on the material transformation, the experimental conditions ought to be enhanced in order to limit potential error sources and bias on the measurement of displacement fields.

I.3.3. Source of errors and key experimental considerations

As mentioned previously, the correlation technique is based on the conservation of the optical flow. In other words, any significant artificial change of lighting or contrast during image acquisition can alter the reliability of the measurement. Therefore, a great attention has to be paid to this primordial aspect during image acquisition. The measurement chain of DIC consists in a camera, controlled lighting and a high contrast sample that is being loaded (Figure I-17).

Any factor that might come in-between elements of the measurement chain during an experiment is likely to introduce bias in the measured displacement and strain fields. For instance, the variation of camera-sample distance and parallelism between the sample surface and the camera during an experiment may lead to measurement bias. This experimental aspect is key when characterising the mechanical behaviour of a refractory, where a reliable measurement accuracy and robustness is required from the measurement method given the low strains exhibited by these materials. Essentially, performing reliable DIC measurements on a sample requires that a high contrast random pattern be applied to the sample's surface that is to be measured. In fact, the accuracy of DIC measurements depends highly on the quality of the speckle pattern since it serves as the basis for the matching process [START_REF] Lecompte | Quality assessment of speckle patterns for digital image correlation[END_REF]. The speckle pattern has to offer enough contrast through grey level gradients and a grey level distribution that spans over a large area of the histogram (Figure I-18). Furthermore, the size of speckles is another concern as it affects measurement accuracy and spatial resolution; an optimum number of pixels per speckle comprised between 3 and 15 is required to achieve optimal pattern matching. Some criteria have been defined in the literature to assess the viability of an experimentally obtained speckle pattern [START_REF] Crammond | Speckle pattern quality assessment for digital image correlation[END_REF][START_REF] Park | Assessment of speckle-pattern quality in digital image correlation based on gray intensity and speckle morphology[END_REF]. Not only that, some studies have reported on optimal speckle patterns [Boss13, BHRC17] that may be generated virtually then printed physically on the surface of the sample [START_REF] Mazzoleni | Thermo-mechanical toner transfer for highquality digital image correlation speckle patterns[END_REF]. These techniques might prove to be ineffective on some material surfaces but they offer a promising route for enhancing the quality of speckle patterns and their repeatability. Nevertheless, in practice, speckle patterns can be produced easily using spray paint and speckle quality determined through histogram distribution and mean speckle size. All of these experimental considerations must be accounted for during image acquisition in order to achieve optimal conditions. In fact, this aspect is crucial when dealing with the measurement of materials that exhibit a relatively low strain to fracture. This is the case for refractories as they show limited strain to rupture (10 -3 at best), which is comparatively much lower than for metallic or organic materials (over 10 -2 ), but higher than that of fine-grained ceramics. In light of this, DIC has been used successfully to characterise the mechanical behaviour of refractories as shown by the example in Figure I-22. Indeed, comparing DIC strain measurement accuracy using large subsets with that of well-established strain gages, it can -a--b-be seen that DIC is well suited for strain measurements in refractories. Indeed, an accuracy around 10 -5 could be obtained with sufficiently large subsets (256x32 px 2 ) with an important spacing (600x32 px 2 ) in the strain direction. DIC has been applied in many fracture characterisation studies involving different materials [START_REF] Sutton | Experimental study of crack growth in thin sheet 2024-T3 aluminum under tension-torsion loading[END_REF][START_REF] Zhang | Determination of mechanical properties and full-field strain measurements of rock material under dynamic loads[END_REF]. The evaluation of strain fields during cracking is marked by uncertainties and leads to an approximate assessment of crack features. Indeed, perturbations of the measured displacement field and the subsequently calculated strain field can be caused by discontinuities crossing subsets within the ZOI (i.e no continuity of the optical flow is ensured) [START_REF] Dupré | Displacement Discontinuity or Complex Shape of Sample: Assessment of Accuracy and Adaptation of Local DIC Approach[END_REF]. These perturbations hinder not only the determination of the displacement field, but also crack position and length, which are essential features of fracture mechanics. These limitations, specific to fracture, come from the kinematic assumptions of DIC, which are comprised in the framework of continuum mechanics. Therefore, an adaptation of classical DIC methods is necessary to address fracture mechanics problems. Many DIC methods have thus been adapted to account for such discontinuities during the calculations.

In the global or integrated approach, finite-element DIC (FE-DIC) has been extended to X-DIC [RéRH07, CZZH10, NHVV11], referring to the enriched kinematics of X-FEM that take into account discontinuities, automatically, without re-meshing. As mentioned previously, these methods have a good synergy with numerical simulation studies, but the determination of fracture parameters, such as SIF, remains sensitive to crack tip position especially in cases where damage and multiple cracks prevail. Other methods rely on calculating J-integrals using DIC coupled with FEM [BMTM12, BMCH17], while these methods might be less sensitive to crack position, they are, nevertheless, sensitive to crack geometry which has a direct impact on the calculation of J-integrals from contour integrals.

In the local DIC approach, an enriched method called H k -DIC uses Heaviside functions that take into account displacement jumps associated with discontinuities, including multiple cracks crossing a single subset [START_REF] Valle | Digital Image Correlation Development for the Study of Materials Including Multiple Crossing Cracks[END_REF]. Moreover, a point-wise DIC method using a genetic optimisation algorithm [START_REF] Jin | Pointwise Digital Image Correlation Using Genetic Algorithms[END_REF] considers each pixel separately to circumvent the problem of discontinuities. Another point-wise DIC method makes use of a two-step algorithm that measures displacements at pixel level using a quad-tree process, then sub-pixel displacements are obtained by a differential technique [START_REF] Sousa | Processing discontinuous displacement fields by a spatio-temporal derivative technique[END_REF]. A different approach uses a subset splitting procedure [START_REF] Poissant | A Novel "Subset Splitting" Procedure for Digital Image Correlation on Discontinuous Displacement Fields[END_REF], whereby split subsets have different kinematics. In this method, cracks are detected based on the definition of a mask as in other approaches [START_REF] Helm | Digital Image Correlation for Specimens with Multiple Growing Cracks[END_REF][START_REF] Pan | Genuine full-field deformation measurement of an object with complex shape using reliability-guided digital image correlation[END_REF][START_REF] Fagerholt | Measuring discontinuous displacement fields in cracked specimens using digital image correlation with mesh adaptation and crack-path optimization[END_REF], which leads to a more accurate measurement of strain fields around cracks. In fact, the use of masks with appropriate segmentation techniques [START_REF] Cinar | An autonomous surface discontinuity detection and quantification method by digital image correlation and phase congruency[END_REF] can provide some advantages in accurately defining the crack and subsequently measuring its length and opening displacement.

For instance, using the adapted procedure of subset-splitting, the authors managed to bypass the limitations of standard DIC when a crack occurs, namely an unreliable kinematic field coming from a bad correlation quality as shown in In the end, these original methods generally seek to exclude the crack from strain field measurements while providing a more refined description of cracks after a thresholding step.

Thus, most of these methods have proved to be effective in characterising the fracture behaviour through calculation of SIFs or J-integrals, but improvements on crack description remain at the centre of developments for further adjustments to the DIC technique.

I.4. Conclusion

The sections detailed in this first chapter provided an overview on state-of-the-art concepts and approaches dealing with the thermal shock resistance of refractories. From the origins of thermal stress to actual thermal shock solicitations, refractory material's mechanical behaviour plays a major role in improving the thermal shock resistance.

Indeed, deviations from a purely linear elastic mechanical behaviour through appropriate microstructure design have been presented as an effective way to enhance refractory thermomechanical properties. In particular, the understanding of the fracture behaviour of refractories is an essential aspect of developing materials with improved crack propagation resistance, which is strongly linked to thermal shock resistance according to Hasselman. In this sense, key microstructure-property design criteria can be defined in order to promote the development of a fracture process zone, entailing increased elastic energy consumption and thus, a reduced brittleness.

From an experimental point of view, the advent of methods such as Digital Image Correlation (DIC) provides many advantages over classic strain measurement techniques. Indeed, DIC is a non-contact method that exhibits many advantages including the ability of measuring full strain fields during a variety of mechanical and fracture tests. Therefore, coupling this method with fracture experiments can lead to a thorough characterisation of refractory material's fracture behaviour.

In the following chapters, materials with pre-fabricated microcracks presenting a non-linear mechanical behaviour, designed specifically for this study, will be presented. One of the main goals is to provide a thorough characterisation of microstructure-thermomechanical property relationships, with an emphasis on the fracture behaviour. The latter will be studied using a refined DIC method.

Chapter II

Chapter II. Materials and conventional methods

II.1. Introduction

In this chapter, a close insight on the nature of refractories used specifically in the cement industry is presented, while the main solicitations during rotary kiln operations are detailed. Then, required material properties are discussed with an emphasis on the thermomechanical properties, which are deemed essential in the development of refractories.

Evolving industrial constraints around rotary kilns and legislation around the use of some refractory materials is reviewed in relation to state-of-the-art materials being used currently as a lining. These materials will constitute the basis for the investigation in order to promote key microstructure-thermomechanical property relationships and the understanding of their fracture behaviour, which will be studied in the following chapters.

Due to the complexity of industrial refractory compositions, it has been decided in the early stage of this FIRE project to consider a simplified composite approach involving materials with an industrial scope. Therefore, in the second section of this chapter, specially designed model materials are defined and presented.

The experimental methods used in the investigation range from classical physical property measurements, conventional methods for thermomechanical characterisation to advanced fracture behaviour analysis using refined DIC. The latter will be detailed in the next chapter and used to characterise the fracture behaviour of materials subsequently. In this chapter, only conventional techniques will be presented with an emphasis on critical experimental factors related to the application to refractory materials.

II.2. Model materials: A simplified approach

II.2.1. Industrial context

The production of Portland cement requires a series of thermal treatments endured by raw materials passing through different feeds, most important of which is the rotary kiln. The Moreover, in the upper transition zone, thermal shocks might occur due to temperature variations, thus increasing the thermomechanical load on the refractory lining. At the end of the upper transition zone and in the burning zone, clinker liquid phase is formed which can further infiltrate the brick if no stable protective clinker layer is formed at this stage of the process on the refractory lining.

Finally, in the lower transition zone, the chemical wear is reduced since clinker starts to crystallise and liquid phase content is greatly reduced. However, mechanical abrasion by clinker is increased and temperature variations due to cooling can lead to a greater occurrence of thermal shocks.

These solicitations add up with the thermal gradient within the refractory bricks, which can be quite high in some parts of the kiln. For instance, in the tyre section of the kiln, higher mechanical stresses are present and thermal gradients between the hot face of the brick, which is at 1200°C, and the cold face, at 400°C, can lead to formation of cracks and even spalling.

Moreover, the ever-increasing diameters and rotation speeds of rotary kilns in recent years induce higher stresses on the refractory lining. Therefore, close monitoring of the operating conditions of the kiln are of crucial importance to the safety of the brick lining. As an example, the distortion of a kiln shell into an oval shape is a common problem that is encountered during operation [START_REF] Shubin | Mechanical Effects on the Lining of Rotary Cement Kilns[END_REF]. Kiln ovality can have catastrophic consequences on the lining if not monitored correctly. Moreover, overheating in the burning zone can lead to an excess of liquid clinker that could increase infiltration of the bricks. This effect is boosted by the use of alternative fuels [START_REF] Mokrzycki | Alternative fuels for the cement industry[END_REF] that lead to more instability of the operating conditions by introducing volatile components that further increase the chemical wear of the lining.

Refractories have to withstand these harsh working conditions by avoiding any pre-mature degradation of their properties. In these extreme working conditions, the service life of a refractory lining depends mainly on its resistance to the main solicitations in the rotary kiln. Namely, chemical wear and infiltration that embrittle the refractory material, along with the thermomechanical load and successive thermal shocks that can lead to crack initiation and propagation. The mixed nature of these solicitations often means that a refractory has to exhibit a good infiltration resistance, especially in the burning zone through the formation of a stable clinker coating, and a very good thermal shock resistance among other properties such as, corrosion resistance and abrasion resistance.

In order to ensure the reliability of the rotary kiln and the protection of the steel shell, two refractory linings are usually installed, as shown in the schematic in Figure II-3. Namely, the working refractory lining, which is in direct contact with the feed material consisting of clinker, and the safety lining that serves mainly as an additional insulating layer to protect the kiln shell.

A stable clinker coating on top of the working lining is generally sought to protect the refractories from excessive infiltration in the burning zone, as it can lead to a significant reduction of refractory service-life.

Figure II-3 : Cross section of the burning zone in a cement rotary kiln

In the end, the working conditions of a refractory lining in the cement rotary kiln define the choice of a refractory type for it is an important part of the industrial installation. Indeed, the cost of a stopped industrial installation due to a problem in the kiln can amount to important economic losses for the exploiting company. Therefore, a good knowledge of the kiln operating conditions, specific to each plant, must be used to adequately line the kiln with refractory materials that exhibit optimal properties.

II.2.2. Industrial refractory materials

The main type of refractories used in cement rotary kilns is fired magnesium-oxide (MgO) bricks with some additions that help tailor material properties. Magnesia is used mainly due to its basic nature, giving it a good resistance to corrosion. However, magnesia alone is not well adapted for the whole lining mainly due to its poor thermal shock resistance coming from its high CTE and Young's modulus. Therefore, a secondary mineral is often added to magnesia to confer the necessary thermomechanical properties to the brick. For a long time, chromium oxide (chromite) ore was added to magnesia then pressed and sintered to form a brick with excellent thermal shock resistance properties, good coatability and a low cost of manufacturing. However, the use of chromite proved to be toxic due to the cancerogenic nature of CrO4 2-[Bray85], producing Cr (VI) as a result, leading to disposal problems. Therefore, in most countries, including the European Union, the use of chromite was limited, which prompted research for alternative materials to substitute chromite and provide similar or better thermal shock resistance.

Consequently, many alternative compositions were investigated, important of which is the addition of magnesium spinel (MgAl2O4) aggregates to magnesia-based bricks. The production of magnesia spinel products dates back to an Austrian patent in 1932, where alumina was added to Periclase in order to form spinel by reaction sintering. While some interest was sparked by research early on [START_REF] Eusner | Technology of Spinel-Bonded Periclase Brick[END_REF], magnesia spinel materials did not find industrial success, despite its outstanding properties, until the end of the 70s. Material properties were thus thoroughly investigated during the 80s [START_REF] Cooper | Magnesia-magnesium aluminate spinel as a refractory[END_REF][START_REF] Dal Maschio | Industrial applications of refractories containing magnesium aluminate spinel[END_REF], which confirmed the superior properties of magnesia-spinel materials over magnesia-chromite. By that time, the production of synthetic spinel made this raw material readily available, at a lower cost, for the production of magnesia-spinel bricks at an industrial scale. In fact, this prompted industrial interest for the use of magnesia-spinel bricks, especially as they proved to be well suited for replacing chromite as they provide a 1.5 to 2 time increase in refractory lining servicelife [START_REF] Tokunaga | Further improvements in high temperature strength, coating adherence, and corrosion resistance of magnesia-spinel bricks for cement rotary kiln[END_REF].

This improvement was mainly due to increased thermomechanical performances and optimised coating formation. For the former, extensive studies showed that the origins of the improved thermal shock resistance were strongly related to an increase of material toughness coming from the thermal expansion mismatch between magnesia and spinel [ARRW04, AkWR04, GAHG12, GAHC13]. Indeed, the mismatch leads to the formation of a microcrack network as discussed in I.1.1 and has a positive effect on improving crack propagation resistance (from section I.2.2). Moreover, coating formation and adherence in the burning zone is also regarded as a key parameter where increased reactivity is often sought by using fine sintered spinel [START_REF] Guo | Reaction Characteristics of Magnesia-Spinel Refractories with Cement Clinker[END_REF] and the addition of iron oxide [START_REF] Kaneyasu | Trends of basic refractories raw materials-magnesia aggregates for chrome-free bricks[END_REF].

Further research led to new chrome-free alternative materials, the development of which relied on the microstructure design of magnesia-based materials through the addition of components from the spinel group such as, spinel (MgAl2O4), hercynite (FeAl2O4), galaxite (MnAl2O4) and pleonaste ((Mg,Fe)Al2O4). The main purpose for the addition of such components is to enable an improved thermomechanical behaviour by promoting the development of a network of microcracks as a result of CTE mismatch leading to fracture process zone (FPZ) development.

In hindsight, magnesia-hercynite bricks have proven to be excellent candidates for the lining of cement rotary kilns due to their excellent resistance against corrosion by alkali salts and their enhanced thermomechanical properties, especially in comparison to regular magnesia-spinel composites [START_REF] Nievoll | Performance of magnesia hercynite bricks in large chinese cement rotary kilns[END_REF]. In fact, hercynite has been gathering more interest in recent years as an alternative flexibilising additive as many studies have highlighted the positive influence of hercynite on the sintering of refractory bricks [JCYL15, RLCR15], the corrosion resistance [START_REF] Szczerba | Corrosion of Basic Refractories in Contact with Cement Clinker and Kiln Hot Meal[END_REF] and thermal properties [START_REF] Ding | Effect of hercynite content on the properties of magnesia-spinel composite refractories sintered in different atmospheres[END_REF]. It has been observed that the presence of hercynite generally leads to an ever-evolving microstructure in the refractory system due to interdiffusion mechanisms between hercynite and magnesia at high temperatures. The influence of such mechanisms on the thermomechanical behaviour and the fracture behaviour of magnesia-hercynite bricks is still not fully understood as the microstructure is marked with complex features.

The search for alternative bricks encouraged non-empirical methods in the industry and thus, promoted interactions with the academic world to provide a better understanding of microstructure-property relationships that would lead to the material by design approach in the development of refractories with enhanced properties. Indeed, the chemical composition of a refractory and the resulting microstructure play a major role in defining material properties. By using an approach based on the definition of model materials, it is possible to investigate the impact of key microstructural features on the thermomechanical properties of simplified refractory compositions.

II.2.3. Model refractory materials

Magnesia-Spinel refractories used in the industry are usually composed of numerous constituents with different granulometries that are destined, most of the time, to confer required properties for the refractory to fulfil end-user specifications. Indeed, industrial refractory compositions are often developed using key microstructure design criteria to optimise a certain number of important properties. Among these properties, the thermomechanical behaviour of magnesia-spinel refractories is an important aspect, which is closely linked to their fracture behaviour.

Therefore, for microstructure design purposes, simplified refractory compositions can provide a close insight on the impact of multiple varying microstructural parameters on the thermomechanical properties. Thus, the main parameters that will be investigated are the nature of the spinel group inclusion and its content within the magnesia-based bricks, which have a direct impact on the microstructure heterogeneities that induce a peculiar fracture behaviour.

The materials used in the study were delivered as part of project FIRE Delta by RHI-Magnesita company based in Leoben, Austria. As such, magnesia-spinel materials were defined according to relevant previous research and performance during operation in cement rotary kilns, where magnesia-hercynite materials have shown improved thermomechanical properties. Therefore, four sets of materials have been produced mainly to provide a comprehensive comparison of their thermomechanical properties and fracture behaviour. A "pure" magnesia material is used as a reference for the production of Magnesia-Spinel composites with different contents of MgAl2O4 and FeAl2O4 spinels. In this model composite approach, monophasic magnesia (both aggregates and fine particles) is referred to as the matrix while the spinel, introduced in the form of aggregates, account for inclusions.

The main objective of the study is to provide a better understanding of the influence of different spinel group additions on the fracture behaviour of magnesia-based materials. This will be done mainly through a deep microstructure characterisation.

II.2.3.1. Pure magnesia brick

Magnesium oxide, Periclase in its natural form, is an ionic solid with a cubic crystal structure. As mentioned previously in section II.2.2, this material has been extensively used as a refractory material given its high melting temperature (≅2850 °C). The production process of pure MgO bricks is briefly described below.

Sintered magnesia raw material with a purity over 98% is used in the production of bricks. Fine particles (<1 mm) and aggregates (<5 mm) are used for the elaboration of magnesia bricks.

The granulometric distribution is optimised to improve pressing conditions. The powder and aggregates are mixed then pressed using a nominal pressure of 120 MPa. Then, the brick is sintered at a temperature around 1600°C. Physical properties of the bricks have been measured and reported in Table II-1. The produced bricks are of prismatic shape with dimensions of 220x110x100 mm Pure MgO bricks will mainly serve as a basis for composite bricks containing other types of aggregates, such as Magnesia-Spinel.

II.2.3.2. Magnesia-based composite bricks

As mentioned previously, compounds from the spinel group are commonly used in the composition of magnesia-based bricks. The spinel group includes oxides with the formula AB2O4, which crystallise in the cubic crystal system. In normal spinel, cations A (divalent) and B (trivalent) occupy tetrahedral and octahedral sites, respectively. Therefore, many compounds exist in this group, but only a few have been used extensively in refractory compositions. Among them, MgAl2O4 and FeAl2O4, called spinel and hercynite respectively, have proved to be quite interesting alternative solutions to the use of chromite in the past as they provide enhanced thermomechanical properties. An overview of spinel and hercynite raw materials is presented in Figure II-5. Moreover, the thermal expansion of MgO, spinel and hercynite has been measured up to 1350 °C using a heating rate of 5°C/min. The results were compared with handbook values [START_REF] Fei | Thermal expansion[END_REF] for the heating step in Figure II-6. For the magnesia sample, our thermal expansion measurements are very similar to those found in the literature. For spinel and hercynite materials, a shift towards higher thermal expansion values can be noticed for the measured curves. Nevertheless, the curve shapes for the latter are not so different from the ones found in the literature, especially at high temperatures. The CTE of each phase has been calculated and reported in Table II-3 for two temperature ranges, namely 200-400 °C and 1000-1200 °C. The CTE of magnesia is much higher than that of spinel and hercynite, whose CTE is very much at the same level. Indeed, spinel and hercynite have a very comparable thermal expansion behaviour, which leads to a similar CTE mismatch level when used in a magnesia material. In addition to this, spinel and hercynite also have rather similar elastic properties [START_REF] Anderson | Elastic constants of mantle minerals at high temperature[END_REF] Three types of magnesia-based composites containing different proportions of inclusions are presented, the MS type contains spinel inclusions, MH contains hercynite and MSH contains both spinel and hercynite. Therefore, inclusions from the spinel group, in the form of aggregates sized 1 to 3 mm, replace a proportion of magnesia aggregates in the same size range according to the compositions detailed in Table II-4. On one hand, all of the presented materials have a similar level of porosity of about 16%. On the other hand, the bulk density of MS and MSH composites decreases with increasing spinel content, while for MH composites the tendency is reversed. The latter is justified by the high bulk density of hercynite, which brings the composite density up, while the former decreases because of lower spinel density compared to magnesia. This straightforward description might not be complete given the non-linear evolution of the composite bulk density with increasing inclusion content. Therefore, this tendency will be investigated more thoroughly and discussed in the next chapters. The model materials detailed herein, will be characterised thoroughly in the next chapters. This simplified composite approach is destined to shed light on important microstructural features induced by the addition of spinel aggregates on essential thermomechanical and fracture properties.

The visual overview in

II.3. Conventional methods

The characterisation of material phase compositions and elastic properties at high temperatures has been carried out to grasp the leading implications of the main physicochemical interactions on the macroscopic thermomechanical behaviour. Conventional X-ray diffraction (XRD) analyses have been used to provide information about the crystallographic phase composition while an ultrasonic technique and acoustic emission have been employed

at high temperatures to correlate the evolution of the microstructure with Young's modulus.

II.3.1. X-ray diffraction: Rietveld refinement

X-ray diffraction (XRD) provides an essential source of information for material characterisation, such as crystal phase identification leading to the understanding of microstructural phenomena that have an impact on properties. Therefore, the main purpose for using XRD in this study were to identify crystalline phases, using the JCPDS ICDD database, and their quantity using Rietveld refinements. The latter consists in the analysis of experimental diffraction patterns, obtained by XRD on powders, by comparison with refined crystal structure models.

Experimental data was obtained on a fine ground powder, whose particle size was below 8 µm to ensure good quality of measurements that can be used for Rietveld refinements.

A Bruker D8 Advanced diffractometer with a Bragg-Brentano geometry was used for the measurement of powder diffraction patterns while TOPAS 4-2 software was later used in the refinement process.

The experiments were performed between a 2θ of 5° and 75° with a step of 0.01° and a time step of 0.475 s. Moreover, rotation of the sample holder was activated to increase counting statistics of the measured powder. These parameters have been chosen in order to improve the quality of the measurement. Thus, the resolution of the diffraction pattern and background was improved by reducing air-scattering effects through an anti-scatter knife edge. A narrow divergence slit of 0.2° was always set to keep a constant volume of the sample under the incident beam during the experiment, further improving the instrument's resolution.

The experimentally obtained diffraction pattern is used for the pattern-fitting procedure involving crystal structure models from the literature. This method, known as the Rietveld refinement method [START_REF] Rietveld | A profile refinement method for nuclear and magnetic structures[END_REF], uses a least-squares fitting algorithm to provide a quantitative analysis of crystal parameters (atomic coordinates and lattice parameters) and phase composition. The model crystal structures used in the analysis are compared to experimental data through a series of refinements involving different parameters, related to the experiment and the sample itself, using an appropriate fitting strategy. Fitting parameters are refined mainly to adjust model crystal structure's peak position, shape and intensity.

The quality of a Rietveld refinement is determined by the quality of the fitting between experimental and simulated patterns. In this sense, two quality factors have been used to assess the quality of fitness between experimental and simulated patterns. On the one hand, Rwp evaluates the quality of fitness for the whole pattern according to Eq. II.1.

𝐑 𝐰𝐩 = ( ∑ 𝐰 𝐢 [𝐲 𝐢 (𝐞𝐱𝐩)-𝐲 𝐢 (𝐜𝐚𝐥𝐜)] 𝟐 𝐢 ∑ 𝐰 𝐢 [𝐲 𝐢 (𝐞𝐱𝐩) 𝐢 ]² ) 𝟏/𝟐 Eq. II.1
Where wi is the weight function of yi(exp) and yi(calc), the experimental and calculated intensities at step i, respectively.

On the other hand, R-bragg, or RB, determines the quality of the refined crystal structure as follows (Eq. II.2).

𝐑 𝐁 = ( ∑ |𝐈 𝐡𝐤𝐥 𝐡𝐤𝐥 (𝐞𝐱𝐩)-𝐈 𝐡𝐤𝐥 (𝐜𝐚𝐥𝐜)| ∑ |𝐈 𝐡𝐤𝐥 𝐡𝐤𝐥 (𝐞𝐱𝐩)| ) Eq. II.2
Where Ihkl is the intensity expressed as a function of the structure factor Fhkl and the multiplicity m as Ihkl=m. Fhkl.

A minimum value for these quality factors is sought before validating the refined crystal structure and the resulting pattern fit. Values of Rwp and Rb below 12 and 4, respectively, are targeted for each refinement. While these numerical factors constitute a good indication of the quality of fitting, false minima can be obtained even with refined parameters that are physically meaningless. Therefore, an appropriate step by step fitting strategy usually involves a progressive increase in the refinable parameters to achieve the best fit.

The parameters refined during the analysis can be experimental and material related. • Amount of powder diffractometer geometry, is an important input relating to experimental conditions. Moreover, the emission profile of the X-ray source was determined on NIST LaB6 SRM 660b standard since no monochromator was used during the measurements.

II.3.2. Scanning electron microscopy

Observations of sample microstructures was done using a FEI Quanta 450 FEG scanning electron microscope (SEM). The microscope is equipped with an X-ray dispersive energy (EDS) probe to perform chemical analyses on the materials. Given the nature of the investigated materials, back-scattered electron micrographs were taken to highlight the chemical contrast between the different constituents.

One of the challenges of SEM observations is image quality resulting from sample preparation.

Indeed, the composite nature of the materials and the presence of pre-fabricated microcracks in the microstructure make the grinding and polishing steps critical during sample preparation for SEM. Therefore, machined samples were impregnated in an epoxy resin (IP, Presi) and a hardener. The composition of the resin can be changed by addition of ethanol in order to alter its viscosity and improve its impregnation ability. This way, for the specific case of crack propagation observation using SEM, the resin has been adapted to enable easier infiltration of fine cracks. Therefore, a procedure was specifically developed for soft and brittle composite refractories in order to achieve the best surface finish. The grinding and polishing protocol was performed using water-based lubricants and a force of about 25N as detailed in Table II-5. 

II.3.3. Ultrasonic long bar mode at high temperature

The main purpose of the high temperature ultrasonic measurement method is to investigate the evolution of material elastic properties during a thermal cycle. This lowfrequency method uses the so-called long bar configuration to perform measurements at high temperature, where a longitudinal ultrasonic wave is sent using a magnetostrictive transducer to the sample [START_REF] Gault | Ultrasonic measurements of Young's modulus of Al2O3-based refractories at high temperatures[END_REF]. This configuration imposes some geometrical constraints on the sample. Thus, a parallelepipedic sample whose lateral dimensions are lower than the signal wavelength must be used [START_REF] Papadakis | Ultrasonic measurements of Young's modulus and extensional wave attenuation in refractory metal wires at elevated temperatures with application to ultrasonic thermometry[END_REF]. In fact, measurement parameters, such as wavelength and sample geometry, are strictly dependent on the nature of the investigated material and the heterogeneity of the microstructure.

An alumina waveguide, glued to the sample using a refractory cement, is used to ensure thermal isolation between the furnace and the transducer, as depicted in the schematic of Where ρ is the bulk density of the material, L the length of the sample and τ the round-trip time for the longitudinal wave.

Transducer

Alumina waveguide Sample Furnace

The definition of sample dimensions and experimental conditions was performed based on the optimisation of the signal to noise ratio. Therefore, parallelepipedic samples with dimensions of 12x12x120 mm 3 have been used to ensure that a representative sample is taken with regard to the size of large aggregates (up to 3 mm). The frequency of the transducer and the waveguide diameter were chosen to account for material peculiarities, such as defects and grain size. Indeed, heterogeneities such as pores and microcracks tend to have a damping effect on the signal, therefore reducing its quality after reflection by the sample's back end.

Experimental conditions have been summed up in Table II-6. Experiments have been performed up to 1400°C with a heating rate of 5°C/min. Temperature has been measured using a thermocouple placed conveniently close to the sample, while ultrasonic reflections have been recorded using a receiver.

As mentioned previously, the measurement of Young's modulus according to this method is sensitive to interatomic bonds at the structural level but also heterogeneities at the microstructural scale of the material. For instance, large aggregates, pores and microcracks are a common feature in refractories, which will have an impact on the propagation of the longitudinal wave. Therefore, materials that are prone to exhibit thermally induced damage, such as magnesia-spinel or magnesia-hercynite materials, are likely to present a hysteretic Young's modulus evolution as a function of temperature. Indeed, Figure II-10, shows a typical evolution of elastic properties at high temperatures for two types of materials. Therefore, AE events might occur when a sample is subjected to an external solicitation, such as mechanical and thermal loads. Indeed, AE events are usually associated to microstructural phenomena involving a rapid energy burst, such as crack initiation and propagation. The AE method is sensitive and non-directional, which means that measurements are done independently from where the energy release originates within the sample. The application of this method has been done mostly to monitor crack propagation during mechanical tests [START_REF] Bussiba | Damage evolution and fracture events sequence in various composites by acoustic emission technique[END_REF], often at room temperature. Its application at high temperatures has been achieved for many materials to follow phase transformations [START_REF] Patapy | Characterization by acoustic emission pattern recognition of microstructure evolution in a fused-cast refractory during high temperature cycling[END_REF], cement hydration [START_REF] Ceausescu-Ersen | Application de la technique d'émission acoustique à la caractérisation de matériaux céramiques évolutifs[END_REF] and the occurrence of damage [START_REF] Chotard | High temperature characterisation of cordierite-mullite refractory by ultrasonic means[END_REF] among other physical phenomena. Therefore, in refractory materials that exhibit microcrack network formation during cooling after sintering, AE signals can be recorded and then analysed [START_REF] Briche | Investigation of the damage behaviour of refractory model materials at high temperature by combined pulse echography and acoustic emission techniques[END_REF]. Such is the case for magnesia-spinel materials in [START_REF] Grasset-Bourdel | Influence of thermal damage occurrence at microstructural scale on the thermomechanical behaviour of magnesiaspinel refractories[END_REF], where recorded AE events relate to the occurrence of damage resulting from a thermal expansion mismatch between magnesia matrix and spinel inclusions. AE measurements have been performed using the same experimental conditions as for ultrasonic measurements to supplement Young's modulus evolution with information regarding microstructure evolution during the thermal cycle. Indeed, the association of ultrasonic measurements and AE provides a good basis for establishing a link between thermomechanical properties and microstructure related events.

II.4. Conclusion

In this chapter, thermomechanical loads in cement rotary kilns were highlighted as an important cause for reduced refractory service life. Therefore, in many parts of the furnace, magnesia-spinel group materials are used by taking advantage of the CTE mismatch between magnesia and spinel inclusions to promote microcrack occurrence within the microstructure.

As discussed in Chapter I, microcrack networks can greatly benefit the thermal shock resistance of refractories.

In this sense, magnesia-spinel group composites with a simplified composition were designed and produced to evaluate the impact of thermally induced damage on the thermomechanical and fracture behaviours. In particular, the influence of regular spinel and hercynite aggregates on the microstructure of magnesia refractories is sought, whereby they are expected to have a strong impact on thermomechanical properties and the fracture behaviour of the model composites.

An appropriate set of experimental techniques has been presented, which will be used to carry out microstructure and thermomechanical property investigations. One of the main 

Chapter III

Chapter III. Refined Digital Image Correlation (DIC) coupled with the Wedge Splitting Test: Optimisation of experimental conditions and subsequent analysis III.1. Introduction

The application of optical methods during a fracture experiment, such as the Wedge Splitting Test (WST), offers an interesting panel of analysis tools that can be used to evaluate displacement fields all over the test specimen. Indeed, the accurate measurement of displacements is necessary to ensure that a reliable fracture characterisation can be achieved after the WST.

Therefore, the optimisation of experimental conditions, including sample preparation, is investigated thanks to optical methods. In particular, the importance of crack opening displacement measurement is emphasised through a detailed analysis involving comparison of individual WST parts' displacements.

In addition to this, fracture characterisation is enriched by the use of DIC to monitor crack propagation through strain field calculation. A refined DIC method destined to provide accurate crack representation and length quantification is applied.

III.2. Experimental setup and sample preparation

III.2.1. The Wedge Splitting Test (WST)

The WST has been first introduced by Tschegg [Tsch86] as a method for fracture characterisation used mainly on concrete [START_REF] Brühwiler | The wedge splitting test, a new method of performing stable fracture mechanics tests[END_REF][START_REF] Tschegg | New equipments for fracture tests on concrete[END_REF] at the beginning. This experiment was favoured over other fracture tests, especially for materials with a coarse microstructure such as concrete and refractories [START_REF] Harmuth | A Fracture Mechanics Approach for the Development of Refractory Materials with Reduced Brittleness[END_REF], because it ensures stable crack propagation in relatively large specimens. Indeed, the WST offers an ideal configuration to achieve stable crack propagation and measure fracture parameters such as the nominal notch tensile strength (σNT) and the specific fracture energy (Gf). The testing setup is composed of four load transmission parts, namely two supports and two rolls, a linear support placed at the bottom of the sample and a wedge as shown in Figure III-1.

Figure III-1: Schematic of WST setup and dimensions of load transmission parts [Belr15]

The load is transmitted from the wedge to the sample thanks to the metallic supports, where the vertical load FV applied by the wedge is converted into a horizontal load FH. This setup, made of very rigid parts, contributes to limiting the elastic energy stored in the testing machine and thus promotes stable crack propagation. Cubic samples of 100x100x100 mm 3 have been machined from model refractory bricks in order to produce the groove and the starter notch for crack propagation. The dimensions of the groove and the notch are 24x22.5x100 mm 3 and 3.5x12x100 mm 3 respectively.

During the preparation of the WST, the initial positioning of the metallic parts on the sample groove is an important step. Indeed, without applying any pre-load, the wedge must be maintained in a vertical position while the metallic rolls must be placed at the same horizontal level to ensure an optimal load transfer throughout the experiment. Therefore, a WST setup procedure was defined in order to provide optimal positions for the WST parts, as shown in The preparation of the WST is done on a planar surface using the support in Figure III-2 to place the metallic rolls on the same plane. Since no load is applied at this stage, the stability of the setup is strongly dependant on small surface imperfections of the groove area, where the metallic supports are placed. This point will be investigated in detail later in this chapter.

Loading is performed using a crosshead speed of 0.5 mm/min. The applied vertical load FV is recorded along with the crosshead vertical displacement δV. Then, horizontal load and displacement can be deduced from the associated vertical components using Eq. III.1 and Eq. III.2:

𝐅 𝐇 = 𝐅 𝐕 𝟐.𝐭𝐚𝐧 (𝛂/𝟐) Eq. III.1 𝛅 𝐇 = 𝟐. 𝛅 𝐕 . 𝐭𝐚𝐧 (𝛂/𝟐) Eq. III.2
Where α, equal to 10°, is the angle of the wedge. The accurate measurement of the horizontal load and displacement is a key point during WST experiments. Particularly so for the horizontal displacement as it should represent crack opening displacement (COD), an essential fracture parameter used to plot the horizontal load-COD curve. For this reason, this parameter is measured directly as load-point displacement using DIC instead of deducing it from crosshead vertical displacement, as will be explained in the next section.

From the maximum load and specimen dimensions, the nominal notch tensile strength can be calculated using Eq. III.3

𝛔 𝐍𝐓 = 𝐅 𝐇 𝐦𝐚𝐱 𝐛.𝐡 + 𝟔𝐅 𝐇 𝐦𝐚𝐱 .𝐲 𝐛.𝐡 𝟐 Eq. III.3
Where FHmax is the maximum horizontal load, b and h are the width and the height of the fracture surface and y the vertical distance between the load-point and the centre of gravity of the fracture area.

The total fracture energy can then be calculated from the total area under the horizontal load-COD curve (Figure III-3) according to the integral in Eq. III.4.

𝐆 𝐓 = 𝟏 𝐀 ∫ 𝐅 𝐇 𝛅 𝐇 𝐦𝐚𝐱 𝟎
. 𝐝𝛅 𝐇 Eq. III.4

Where A is the projected fracture surface area, δH the COD and δHmax represents its maximum value during the fracture test. However, for practical reasons, the fracture energy is calculated up to 15% of the maximum horizontal load as shown in In this case, the total energy can be decomposed into an elastic contribution and the actual fracture energy, which relates to the energy consumed by the FPZ during crack propagation.

Indeed, since fracture is not completely reached at 15% of the maximum load, some residual elastic energy is expected to be stored in the sample and included in the total energy.

Therefore, the fracture energy is deduced from the difference between the total energy and the elastic energy (Figure III-3.b), which is expressed following Eq. III.5 and Eq. III.6.

𝐆 𝐞𝐥 = 𝟏 𝟐
. 𝐅 𝐇 𝛅 𝐇 Eq. III.5

Gf'=GT-Gel Eq. III.6

The elastic energy is calculated at each loading state by assuming an elastic material behaviour.

The measurement of fracture energies depends on accurate measurements of the COD, which can be deduced directly from crosshead vertical displacement, this is a common approach used in previous studies. Therefore, it might be more suitable to completely monitor the WST experiment to measure the COD with a higher accuracy as will be detailed in the next sections.

III.2.2. Specific sample preparation for the application of optical methods

The characterisation of the fracture behaviour of magnesia-spinel refractories using the WST and optical methods requires appropriate sample preparation for accurate measurements of the crack opening displacement. Moreover, the COD can be assessed accurately using DIC or marker tracking if favourable experimental conditions are reached, where no disturbance is allowed to alter the kinematic chain of measurement going from the sample to the camera. This is particularly important for most refractories, including magnesiaspinel model materials, which are expected to exhibit low strains when tested at room temperature.

In order to apply optical methods during the WST experiment, sample surface must be prepared to provide enough contrast. In the case of DIC, a speckle pattern is applied on the sample surface by using spray paint, as shown in Figure III-4. As such, an opaque white layer was applied before droplets of black paint were sprayed. Therefore, in order to achieve a satisfactory pattern, it is important to have a certain control on the black droplets sprayed on top of the white layer. When using spray paint for instance, the pressure applied on the nozzle has an influence on the size and the flow rate of the droplets.

Moreover, the angle of spraying also has an influence on the final outcome. Figure III-5 shows the protocol for applying optimal speckle patterns using spray paint.

Figure III-5: Description of speckle pattern application on a WST sample using spray paint

Spraying is done in a parallel direction to the inclined sample surface of interest, where droplets are expected to fall down by gravity within the optimal spray region. A distance of approximately 30 cm between the spray and the sample is recommended to avoid large droplet deposition on the sample. Indeed, in the spray formation region located directly after the orifice, large droplets break-up from the core liquid paint due to liquid-ambient gas disturbances.

Therefore, at 30 cm from the sample, mild pressure should be applied on the nozzle to achieve a medium rate flow with relatively small droplets in the optimal spray region while sweeping over the sample. Obviously, the applied pressure depends on the type of nozzle and the nozzle-sample distance.

In the end, the main goal behind this preparation is to achieve an optimal speckle pattern that can ultimately be verified by criteria such as mean speckle size, the sum of square subset intensity gradients and mean intensity gradient among others developed more recently Given the sensitivity of optical methods to noise coming from ground vibrations and thermal variations, a preliminary study was conducted to validate the accuracy of DIC measurements prior to any WST experiment. Then, the displacement of WST parts was analysed during an experiment to assess the accuracy of COD determination.

III.3. Optimisation of experimental conditions

III.3.1. Thermal stability during the experiment

The application of optical methods, be it DIC or marker tracking, requires stable experimental conditions for accurate measurements. Therefore, any external influence may have an impact on the kinematic chain of measurement. This is even more important for refractory materials as they usually exhibit low strains, making it challenging to obtain accurate measurements using DIC for such low values of strain (≅ 0.1%).

For this reason, it is important to ensure that stable experimental conditions are reached before images are acquired. As presented previously, the experimental setup for the coupling of WST with optical methods is prepared by taking great care in avoiding external nuisance parameters such as ground vibrations and temperature variations in the room. Therefore, the sample is placed in the laboratory 4 hours prior to the test.

Another parameter that can be of significant importance is camera heating, which occurs in two steps. When the camera is plugged, the electronic components heat up leading to an increase of temperature, as reported previously [START_REF] Belrhiti | Etude de matériaux réfractaires à comportement mécanique non linéaire par mesure de champs de déformations[END_REF]. For this reason, the camera is plugged one hour before performing measurements. The second step of camera heating occurs during image acquisition, when a link is established between the camera and the monitor displaying the acquired images in a live configuration.

To evaluate the impact of the latter case, the external temperature of the camera was measured using a K-type thermocouple during image acquisition of a vitreous silica sample where no disturbance parameters were allowed. Thus, strain measurements with a standard deviation of 10 -6 were achieved. However, this value was obtained by taking widely spaced large subsets, which are not always an option during mechanical characterisation experiments. Therefore, when all experimental key-points are addressed during an experiment, DIC strain measurements can provide reliable and accurate characterisation of material behaviour.

Indeed, the DIC method can realistically measure strains as low as 10 -5 in testing conditions, which is appropriate for materials that exhibit low fracture strains such as refractories. In this sense, the DIC technique can be considered on par with other well proven methods, such as strain gages, especially with its ability to access strain fields anywhere on the sample as long as it is included in the image.

III.3.2. Application of optical methods to monitor displacements related to WST

Aside from the stability of the optical measurement system, the WST setup itself involves an intricate interaction of metallic pieces that is prone to parasitic displacements. Indeed, small surface irregularities and roughness in the groove area of the sample along with contact pressure are sufficient to provoke unwanted displacements between the metallic pieces, especially at the beginning of loading. Therefore, the accurate measurement of the COD as the load-point displacement is not a straightforward issue in the WST setup used in the present research study.

The measurement of the COD during the WST can be performed using different methods, including DIC and marker tracking. The easiest way to access the COD is by simply deducing it from the crosshead vertical displacement using Eq. III.2. However, given the noise and parasitic displacements associated with the loading machine, these displacements are known for not being very accurate. Therefore, using this method, a curvature is obtained at the beginning of loading. Figure III-9 illustrates this experimental aspect, which is believed to be directly related to the measurement of displacements. In order to measure COD values accurately, LVDT sensors can be used for example [START_REF] Gangnant | Étude de la rupture quasi-fragile d'un béton à l'échelle mésoscopique : aspects expérimentaux et modélisation[END_REF].

But naturally, the application of optical methods is more suitable since no contact is necessary between the measurement system and the sample.

The COD can be considered as the horizontal displacement of the rolls, the metallic supports or the adjacent sample area. Therefore, the analysis of the respective displacements can be done using the marker tracking method (explained in Annex A) for the metallic parts and DIC for the sample, as highlighted in Figure III-10. In addition to this, up to 50 seconds in the experiment, the part of the curve corresponding to the beginning of loading raises some questions as different curve shapes can be noticed. While support and sample δH curves follow the same trend with slightly different slopes, the wedge exhibits a different behaviour. This difference is likely to have an impact on the whole WST curve.

Indeed, the graph in Figure III-16 plots the difference between δH curves deduced from the wedge's vertical displacement and the one measured on the sample as well as the difference between support and sample horizontal displacements.

The evolution of these curves demonstrates that an increasing difference between metallic parts, namely the wedge and the supports, and the sample occurs up to 110 seconds during this experiment. The peak of these curves coincides with the maximum load of the WST experiment, after which, the δH differences start to decrease. These results suggest that prior to the peak load of the WST, metallic part displacement rates are higher than that of the sample. This is most likely due to contact pressure between the metallic parts along with imperfect contact between the parts and the sample. The trend is reversed after the peak load as crack propagation occurs and sample displacement rate becomes higher than that of the metallic parts. The WST curve obtained from wedge displacements shows a clearly unusual curve shape at the beginning of loading, as schematised previously in Figure III-9. This curvature at the beginning hinders the slope during loading, therefore altering the actual material behaviour.

On the other hand, when COD is measured directly on the sample using DIC, the curvature problem is overcome. Moreover, while the curve shape at the beginning is different, the impact on the area under the curve is not so important after all. Indeed, only a slight difference is measured between both WST curves.

In the end, COD measured on the sample provides the best results as no altering of the material behaviour is induced by measurements coming from parasitic WST part displacements. Thus, a robust measurement of fracture energies can be achieved this way.

III.4. Refinement of fracture behaviour analysis in the WST: Application of 2P-DIC

III.4.1. Application of DIC during a WST

The application of DIC during a fracture experiment, such as the WST, can reveal crack presence and its propagation through strain field measurement and analysis. Indeed, the monitoring of crack propagation during a WST experiment can highlight essential features relating to a refractory's fracture behaviour.

By choosing small overlapping DIC subsets with dimensions of 32x32 px 2 spaced by 16x8 px 2 (Figure III-18), spatial resolution of the measurement can be improved.

Figure III-18: DIC Region Of Interest (ROI) and subset parameters for crack propagation analysis

However, this increased spatial resolution comes at the expense of measurement accuracy.

Therefore, a strain threshold must be used to isolate the crack from the measurement noise.

A discussion about this critical point will be presented later in this chapter. While the tortuous crack path can be clearly visualised and followed throughout the WST experiment, the crack spatial resolution is clearly not ideal and thus, not optimised for further measurements of crack features. Indeed, this limitation of DIC is due to the hypothesis of continuous material transformations within subsets during image processing. Therefore, the occurrence of a crack leads to a perturbation of the correlation coefficient, and thus to the strain field. In fact, when the crack is comprised within a subset, a pseudo-strain is observed even if no strain should be associated with the crack itself.

For this reason, the standard subset-based DIC method used for displacement field measurements is not optimised for the fracture analysis of the WST.

III.4.2. Refined DIC method: 2P-DIC principle

Given the aforementioned limitations of DIC application in fracture characterisation, an adaptation of the standard matching process is required for optimisation of crack spatial resolution and subsequent analysis [START_REF] Husseini | Adaptation de la méthode de corrélation d'images numériques pour la gestion des discontinuités du milieu et de la transformation[END_REF]. Therefore, a novel method developed by the PEM team in the Pprime institute, called Two-Parts DIC (2P-DIC), has been used for its proven reliability in fracture problems [START_REF] Dupré | Detection of cracks in refractory materials by an enhanced digital image correlation technique[END_REF] The 2P-DIC process uses the same principle as subset-based DIC detailed in section I.3.2. In this refined method, an additional hypothesis is introduced whereby each subset is likely to Therefore, for a given value of XC and , the correlation coefficient is formulated according to Eq. III.7.

𝐂 𝐗𝐂 (𝐗 𝐜 , 𝛉, 𝐐) = ∑ 𝐜 𝟐 (𝐪 𝟏 )

𝐃 𝟏 + ∑ 𝐜 𝟐 (𝐪 𝟐 ) 𝐃 𝟐
Eq. III.7

Where

q i = (u i , v i , ∂u i ∂x , ∂u i ∂y , ∂v i ∂x , ∂v i
∂y ) the vector of material transformation parameters in the part Di.(i=1,2). The vector Q represents all kinematic unknowns of D and is the gathering of two vectors q 1 and q 2 . The correlation coefficient, C XC (X c , θ, Q), is minimised during the optimisation process where optimal values of XC,  and Q are sought. This process is performed for each value of XC with increments of one pixel going from -n/4 to n/4 while  varies between -50° and 50° with a pitch given the limited accuracy of DIC when very small subsets are used. Given that local stresses associated to the crack are null, local strain gradients can be neglected in Q and only rigid body displacements may be considered. This whole process is performed in the ZOI of an image according to the initially defined subset dimensions and spacing. Given that cracks are not looked for in zones that are outside of the XC [-n/4, n/4] bracket, a horizontal spacing of n/2 is taken to avoid any dead zones during the calculations.

At the end of the analysis, crack position, opening and rotation are determined. However, since this method relies on the initial assumption of introducing displacement discontinuities in each subset, discontinuities are always found as long as there is strain. Therefore, unless the software is dealing with perfect images (without noise), a pseudo-strain threshold must be defined in order to separate the artificial cracks from the physical ones. In a similar way to standard DIC, a pseudo-strain threshold is defined to determine crack presence. It is calculated according to Eq. III.8 as the ratio between the initial distance between the centres of the two subset parts and the same distance evaluated in the deformed state.

𝛆 = √(𝐗𝐂 𝟐 -𝐗𝐂 𝟏 +𝐮 𝟐 -𝐮 𝟏 ) 𝟐 +(𝐯 𝟐 -𝐯 𝟏 ) 𝟐 𝐗𝐂 𝟐 -𝐗𝐂 𝟏 -𝟏
Eq. III.8

Subsequently, crack presence can be determined per a user defined pseudo-strain threshold εs. In fact, this threshold relates directly to crack opening, which is an important material fracture parameter.

With the refined 2P-DIC approach, the hypothesis of material discontinuity is applied to each subset and can lead to subset splitting. Therefore, an increased crack spatial resolution can be expected compared to standard DIC. In the end, a similar approach to that used in DIC analysis can be performed using 2P-DIC.

III.4.3. Theoretical accuracy of discontinuity characterisation using 2P-DIC

In order to validate the accuracy of 2P-DIC measurements, synthetic speckle images were generated and subjected to a series of tests using different correlation parameters [START_REF] Dupré | Detection of cracks in refractory materials by an enhanced digital image correlation technique[END_REF]. In this section, the case of discontinuity propagation will be considered to validate Moreover, noise can be added to the simulated images in order to be closer to experimental conditions. The results clearly indicate that 2P-DIC provides a much more accurate determination of crack position with very minimal random errors. While DIC can provide a similar mean error of one pixel with subsets of 32x32px 2 , the high standard deviation would lead to uncertain results.

Therefore, in discontinuity related aspects, such as crack length and position, 2P-DIC has proven to be much more reliable than DIC. In this sense, the 2P-DIC method can be used for the evaluation of crack length, which is an important addition to standard WST experiments as it can enrich fracture characterisation significantly.

III.4.4. Quantitative analysis of damage evaluation by 2P-DIC

III.4.4.1. Crack length measurement evaluation and choice of pseudo-strain threshold

The coupling of standard DIC and WST has been carried out in the past to visualise Given the enhanced crack spatial resolution of 2P-DIC images, the crack length can be measured using an appropriate pseudo-strain threshold based on the conclusions of section III.4.3. In practice, pseudo strain threshold values are chosen by taking into account technique limitations (anything below 0.001 is likely to be noise), image quality and material behaviour.

In fact, image quality can have a strong impact if a poor speckle pattern quality is used for calculations but this can be controlled as explained in III.2.2. Moreover, according to 2P-DIC measurement principle, the pseudo-strain threshold relates directly to material critical crack opening displacement rather than strain to rupture.

Therefore, during WST characterisation, a straightforward analysis, involving comparison of different threshold values, is performed to determine the optimal pseudo-strain threshold for crack length evaluation. As shown in Figure III-25, a threshold of 0.001 leads to a high discontinuity length value due to noise, but a value of 0.002 already seems to remove much of it. Nevertheless, a value of 0.003 is deemed optimal for crack length evaluation as most of the noise is removed at this point. The equivalent crack length corresponds to a straight line going from the root of the notch to the vertical position of the bottom-most subset that contains a crack. On the other hand, damage length calculates the sum of all vertical or inclined subset segments affected by a discontinuity, meaning all crack features including deviations and secondary branches.

However, as noted on Figure III-25 for all curves including for a threshold of 0.003, crack length evolution exhibits some drops from one image to the other. This suggests that crack length from state ti can be higher than crack length at state ti+1, which is not in accordance with the definition of a crack. This measurement artefact is due to the principle of discontinuity detection in 2P-DIC (and DIC methods in general) which is based on strain value thresholding, thus if a local strain value corresponding to a crack in ti decreases in ti+1, the discontinuity disappears from a numerical point of view. Local strain decrease is justified, and especially observed using The cumulated damage length takes into account all of the cracks that may have appeared during the WST experiment. This parameter will be used for the rest of the 2P-DIC analyses to highlight the degree of cracking during a WST and for comparison with the equivalent crack length to extract a damage zone length corresponding to FPZ influence on the fracture behaviour. This advanced fracture characterisation relies on accurate crack representation and quantification. Therefore, another step is taken to validate crack length quantification using 2P-DIC.

III.4.4.2. Validation of 2P-DIC crack length measurement using SEM observations

In order to validate crack length measurement by 2P-DIC, a post-mortem observation was performed on the WST sample presented previously using SEM. The main goal of this analysis is to compare crack features and length between 2P-DIC and SEM observations. Therefore, a cylinder with a diameter of 30 mm was machined from the upper part of the 

III.5. Conclusion

In this chapter, the WST was presented as a reliable fracture experiment to characterise the fracture behaviour of refractory model materials. This way, fracture energies can be measured and interpreted based on microstructure observations of model materials in the coming chapters.

Given the effectiveness of coupling DIC methods and the WST, a first investigation was carried out to determine the crack opening displacement accurately using DIC. After validating COD measurements on the sample as the least prone to parasitic displacements, the focus of DIC application shifted to crack propagation characterisation using a refined method developed by the Pprime Institue in Poitiers.

Indeed, the challenging topic of crack length measurement requires appropriate methods that can tackle limitations from continuum mechanics used in regular DIC. By using a novel subset-splitting procedure in the image treatment algorithm, 2P-DIC introduces a discontinuity hypothesis within each subset that allows detection of crack position with a one pixel accuracy.

The principle of the 2P-DIC method and its performances regarding crack length and position evaluation make it a powerful tool for crack propagation monitoring. Indeed, using 2P-DIC during a WST enabled the visualisation of the FPZ with an enhanced crack spatial resolution. Subsequently, different crack lengths were measured and used for the estimation of FPZ influence on the fracture behaviour. Especially since crack lengths measured by 2P-DIC have shown a very satisfactory accuracy when compared to measurements performed on the post-mortem sample using SEM observations and image analysis tools.

These conclusions highlight the main ideas and principles that will be used in the experimental approach dealing with the fracture behaviour of model refractory composites in the last chapter. Indeed, the combination of methods such as DIC, 2P-DIC and the WST opens up new perspectives for fracture characterisation.

Chapter IV

Chapter IV. Key microstructural features driving the thermomechanical behaviour of magnesia-based model materials

IV.1. Introduction

The microstructure design of magnesia-spinel refractories for thermomechanical applications relies on the promotion of thermally induced crack networks coming from the CTE mismatch between magnesia and members of the spinel group. In this sense, model materials (presented in Chapter II) containing spinel inclusions of different chemistry, namely regular spinel and hercynite, and in different amounts are investigated.

Firstly, microstructural observations and measurements relating to the microstructure are performed with an emphasis on peculiarities distinguishing each class of materials. The impact of these peculiarities is here assessed from a physico-chemical point of view. In particular, the main objective of this first part is to shed light on the occurrence of thermally induced damage and other phenomena given the extensive research existing in the literature.

Elastic property measurements were carried out at high temperatures in order to evaluate the thermomechanical behaviour of the model materials. In fact, a similar approach was applied during the PhD of Renaud Grasset-Bourdel (2011), dealing mainly with the thermomechanical properties of regular magnesia-spinel, which has proven to be effective in comparing different model materials. Given the range and industrial scope of materials investigated in this research, thermomechanical characterisations are expected to consolidate the results obtained by Renaud Grasset-Bourdel while providing new insight, especially for Hercynitecontaining materials.

Finally, by using the main conclusions from microstructure characterisation, an attempt is made to provide an understanding of the thermomechanical behaviour for each class of the model materials.

IV.2. Microstructure characterisation of magnesia-based model materials

IV.2.1. Microstructure observations and chemical analyses

The micrographs in While the material microstructure of MS is relatively easy to apprehend, especially given previous works, hercynite-containing materials exhibit added complexity from first microstructural observations. In addition to microcracks propagating from the hercynite aggregates, some bright spots can be identified in the magnesia matrix and also on the hercynite aggregate. Moreover, the presence of large pores within hercynite hints at a potentially faster diffusion rate of iron towards magnesia. This difference in diffusion rates leads to vacancy nucleation and coalescence in the hercynite grain leaving large holes within the grain [FaGZ07, LWZX08],

this phenomenon is also known as the Kirkendall effect. This effect, reported extensively in metallic alloys and in the fabrication of hollow nanoparticles [START_REF] Fan | Formation of nanotubes and hollow nanoparticles based on Kirkendall and diffusion processes: a review[END_REF], points to a vacancy driven diffusion mechanism where a differential in diffusion coefficients between two atoms might exist. The whole mechanism is summarised in Figure IV-7.

Figure IV-7: Schematic of diffusion mechanisms and pore formation effect in MH materials

In addition to this purely chemical aspect, some damage features and relatively fine microcracks mark the microstructure around this diffusion zone. Indeed, as highlighted in Indeed, microcracking patterns in these materials seem to be disturbed by the presence of precipitates in the diffusion zone, leading to some complex damage features. However, a clear pattern can be observed, especially in Figure IV-8, where microcrack networks have been formed through interconnection of cracks that propagated in a radial direction to the grains.

Figure IV-8: SEM micrograph of microcrack networks in an MH composite

These microcracking patterns imply possible interactions between stress fields coming from the large hercynite aggregate and the precipitates formed in the diffusion zone.

Finally, the presence of a diffusion zone in MH composites can be explained by the occurrence of vacancy driven interdiffusion mechanisms between magnesia and hercynite.

These phenomena lead to the formation of precipitates whose chemical composition hints at the presence of a spinel solid solution. Moreover, the addition of hercynite aggregates in a magnesia matrix has multiple effects on the microstructure, important of which is microcrack occurrence, as a direct consequence of the CTE mismatch. Indeed, this mismatch seems to operate on two scales, the first one being at aggregate size while the second one is related to small spinel solid solution precipitates. Consequently, the interaction of thermally induced stresses between these two scales seems to induce a specific microcracking behaviour, marked by "large" microcracks and finer ones surrounded by micro-damage.

IV.2.2. Phase identification and quantification

In order to investigate further the microstructure of the composite model materials, XRD As expected from the chemical composition of these simplified model composites, a limited number of phases was identified especially for MS materials. These results confirm the presence of a spinel solid solution resulting from high temperature diffusion processes between the original hercynite spinel (FeAl2O4) and the magnesia present in the magnesia matrix. Thus, compared to spinel, hercynite is much more reactive at high temperatures in the presence of magnesia. Therefore, one might expect that, during usage in high temperature conditions, more hercynite would react with magnesia and further change the microstructure of the material. In this regard, the influence of hercynite on the microstructure is quite important whereby it is likely to lead to an evolutive microstructure at high temperatures.

IV.2.3. Influence of microcrack presence on density

As explained in Chapter I and Chapter II, the thermal expansion mismatch between magnesia and the various spinels present in the matrix leads to thermally induced stresses that induce microcracks. In an attempt to measure the proportion of microcracks present within the magnesia matrix of each composite, a comparison between an estimated composite density with the composite measured density is performed. The latter is simply measured for each material using Archimede's principle for density measurements.

A composite density can be estimated by measuring the density of the matrix and the inclusions separately and then calculating the composite density from the known chemical composition. In this approach, an ideal microcrack-free composite is modelled conceptually by taking into account most microstructural features of actual composites such as granulometry,

pores (both open and closed) and diffusion zone occurrence.

In order to manage these measurements, raw aggregates of spinel were crushed to achieve the coarse granulometric distribution used in the actual composite, namely 1-3 mm in size.

Then, their respective densities were measured using a pycnometer (Table IV-1). On the other hand, magnesia matrix density was simply measured with Archimede's principle using a pure magnesia material (Table IV-1). Indeed, increasing inclusion fractions lead to more thermally induced damage, as confirmed for regular magnesia spinel materials in [START_REF] Grasset-Bourdel | Structure/property relations of magnesia-spinel refractories : experimental determination and simulation[END_REF]. Moreover, MSH composites tend to have the highest proportion of microcracks followed by MH and MS. Therefore, it is likely that the presence of a diffusion zone in hercynite containing materials leads to a higher occurrence of microcracks within the magnesia matrix, which in turn might have an impact on the thermomechanical behaviour of the composites.

In order to understand the impact of these thermally induced microcracks and to highlight the differences between the different sets of composites, the thermomechanical properties are presented in the next section, with an emphasis on the impact of damage occurrence.

IV.3. Microstructure related evolution of thermomechanical properties

The thermomechanical properties of magnesia-based composites depend mainly on single constituent properties and the resulting composite microstructure. As demonstrated in the previous sections of this chapter, microcrack occurrence is a key feature in the microstructure, where different microcracking patterns have been observed for spinel and hercynite containing materials.

Thus, given the importance of these features in enhancing material thermal shock resistance, their impact on Young's modulus and thermal expansion evolution will be investigated at high temperature. The main objective of this approach is to provide valuable insight on material design parameters that can be tuned to enhance the thermomechanical properties of magnesia-based composites.

IV.3.1. Young's modulus evolution at high temperature for MS, MH and MSH materials

The evolution of Young's modulus as a function of temperature was measured for each material using ultrasonic long bar method presented in II. The heating and cooling stages can be followed on the curve by using the red and blue arrows, respectively. In contrast with pure MgO material, all materials within the MS, MH and MSH sets exhibit a hysteretic evolution of Young's modulus. This phenomenon presents itself in three stages:

-First stage: A general decrease of elastic properties during the beginning of heating.

This stage is very similar to the behaviour of pure MgO. However, for MS materials, this decrease ends at 1000°C approx. while for MH and MSH it stops around 800¨C, except for MH25 and MSH25 since no decrease is observed during heating.

-Second stage: A progressive increase of Young's modulus takes place at the end of heating and accelerates at the beginning of cooling, leading to higher values of moduli compared to the initial ones. This increase is more pronounced for hercynite containing materials (MH followed by MSH) compared to MS ones. In particular, for MH15, and to a lesser extent MH25, the increase is considerable especially at the beginning of cooling.

-Third stage: Further cooling leads to a strong drop of Young's modulus, then a slow decrease continues until room temperature, leading to modulus values lower than the initial ones for materials containing 5% of inclusions (MS5, MH5 and MSH5). While all the materials share the three stages described above, some specific aspects of the curves, such as initial Young's modulus, maximum value at high temperature and finally, the temperature at which the drop occurs can be interesting indicators of a material's behaviour.

Indeed, these parameters are different for each material and can serve as a basis for a more detailed comparison (Table IV-2). Some strong correlations exist between Young's modulus, inclusion content and nature, which highlights some interesting differences between the different materials, namely:

 For each set of materials (MS, MH and MSH), increasing inclusion fractions always lead to lower Young's modulus values at room temperature. These lower Young's modulus values can be linked directly to the impact of microcrack networks (i.e microcrack %), which might present different characteristics with increasing inclusion fraction. In fact, microcracks could be more numerous and/or larger depending on the configuration and magnitude of stresses that are thermally induced in the magnesia matrix.

 Drop temperature increases with increasing inclusion fraction. In other words, microcracking starts earlier during cooling when inclusion content is increased. Indeed, increasing inclusion fractions leads to an increase of thermally induced stresses within the matrix [START_REF] Li | Micromechanical Stresses in SiC-Reinforced Al2O3 Composites[END_REF], which might entail higher Young's modulus drop as microcracks initiate earlier. This trend is especially observed for hercynite containing materials.

Indeed, increasing MgFeAlO4 content (precipitates formed from interdiffusion process) in the diffusion zone correlates more with drop temperature than the overall inclusion fraction.

 The amplitude of the difference between Young's modulus at room temperature and at high temperature (EMAX-ERT) depends mainly on the ability of the material microstructure to resorb and heal microcracks at high temperatures. This parameter correlates best with MgFeAlO4 content.

From the three points above, it can be concluded that inclusion fraction and type have an Moreover, from microstructural observations in IV.2.1 and previous studies [START_REF] Grasset-Bourdel | Structure/property relations of magnesia-spinel refractories : experimental determination and simulation[END_REF], smaller inclusions are more prone to induce finer microcracks in relative terms. Therefore, it is very likely that MH, MSH materials, as opposed to MS, embed finer, and more numerous microcracks comparatively. As a result, these microcracks would be easier to resorb by the material matrix, especially if it is aided by extensive diffusion mechanisms, which is the case for hercynite-containing materials.

These subtle differences entail important implications on the thermomechanical behaviour as the microstructure plays a key role in temperature dependant evolutions. In the end, hercynite containing materials provide an interesting synergy between their complex microstructure and Young's modulus evolution, which is likely to be beneficial.

IV.3.2. Acoustic emission at high temperature

In order to complement Young's modulus evolution, acoustic emission experiments were performed using the same experimental conditions (up to 1400°C at a rate of 5°C/min).

The main objective of this experiment was to detect damage occurrence as a result of CTE mismatch during cooling. As suggested by these curves, the number of hits during heating is negligible compared to the cooling phase. Indeed, starting at temperatures very close to those reported in Table IV-2 for Young's modulus drop, a strong increase of hits takes place, which can be associated with microcrack occurrence coming from CTE mismatch. The cumulated number of hits increases steeply for about 400°C after initiation, then this increase slows down until room temperature.

For composites containing 5% of inclusions, very similar values of cumulated hits are obtained regardless of the material. In comparison, composites containing 15% of inclusions exhibit a much higher number of cumulated hits, especially for hercynite containing materials. Indeed, within the 15% nuance of these composites, cumulated hits are highest for MH15, followed by Moreover, MgFeAlO4 content (present in MH and MSH composites) seems to have a stronger impact on AE hits than the overall inclusion content, once again demonstrating the peculiar behaviour induced by the so-called diffusion zone. Given the size of MgFeAlO4 precipitates in the magnesia matrix, it is most likely that microcracks generated from these grains are equivalently fine in size and more numerous, thus leading to a high number of AE hits.

Furthermore, the concentration of these precipitates around the so-called diffusion zone probably increases microcrack interconnections as a result of stress field interactions in the same zone.

These conclusions reaffirm some of the assumptions made in the previous section about thermal stress interactions and the resulting synergy between the microstructure and the thermomechanical behaviour.

IV.3.3. Dilatometric behaviour

The dilatometric behaviour of all materials was investigated up to 1400°C and during cooling to room temperature with a heating rate of 5°C/min. The thermal expansion curves of MS and MH composites are reported in Figure IV-22, while average thermal expansion coefficients were calculated and plot in Figure IV-23 at different temperature ranges. In addition to this, the composite approach of Hashin and Shtrikman [START_REF] Hashin | On some variational principles in anisotropic and nonhomogeneous elasticity[END_REF][START_REF] Hashin | A variational approach to the theory of the elastic behaviour of multiphase materials[END_REF] has been used to model thermal expansion values for non-damaged materials. Indeed, this approach considers spherical inclusions embedded within a continuous matrix with perfect matrix/inclusion interfaces. Upper and lower bounds are defined for composite thermal expansion coefficients [START_REF] Rosen | Effective thermal expansion coefficients and specific heats of composite materials[END_REF] depending on Young's modulus of single constituents (i.e the matrix or the inclusions).

The dilatometric curves exhibit a non-linear evolution during heating and cooling marked by some hysteresis. Moreover, these curves suggest that there is a clear impact of inclusion fraction on thermal expansion, especially during cooling where average CTE values were calculated. At the beginning of cooling, there is a very good agreement between experimental CTE1150-1100°C and the HS model prior to microcrack initiation for MS materials. Indeed, at this stage the material is in a stress-free state and can be described accurately using the HS -model.

However, in the same temperature range for MH materials, the experimental CTE do not agree very well with the HS model.

This peculiar behaviour associated mostly with MH15 can also be linked to the strong increase of Young's modulus at the same temperature range. This phenomenon can be attributed to the influence extensive diffusion occurring in MH materials in general, which seem to be more effective for a hercynite content of 15%.

On the other hand, at the end of cooling, an increasing gap can be noticed between experimental and HS model CTE with increasing inclusion fraction for both MS and MH materials. This gap in CTE values comes as a result of microcrack occurrence starting from 1000°C, as demonstrated previously in IV.3.2. Indeed, given that HS approach models damage-free composites, the calculated CTE is higher than the measured one since microcrack occurrence leads to thermal stress relaxation and thus, lower experimental CTE.

By using the HS approach as a reference for a damage-free composite, the impact of microcrack occurrence on the CTE was appreciated for both MS and MH materials especially at the end of cooling.

Lastly, from Figure IV-24, MSH materials exhibit a behaviour relatively similar to that of MH materials where CTE1150-1100°C does not decrease significantly as expected from diffusion phenomena involving hercynite and magnesia. In addition to this, different intrinsic CTE of spinel and hercynite at this temperature range (Chapter II) might also lead to a peculiar evolution for the material. 

IV.4. Conclusion

The combination of microstructural investigations and thermomechanical property characterisations allowed for a thorough study of magnesia-based composites. In particular, key microstructure-thermomechanical property relationships were established through correlation with some of the main material characteristics, namely inclusion fraction and nature (i.e regular spinel or hercynite).

In the one hand, microstructural investigations underlined some important differences between MS and hercynite containing composites (MH and MSH). Important of which is the occurrence of a diffusion zone in the latter, which is a consequence of extensive vacancy driven interdiffusion during sintering at high temperature. These mechanisms led to the formation of spinel solid solution precipitates in the magnesia matrix around hercynite aggregates.

Moreover, due to the CTE mismatch between magnesia and all types of spinel included within the matrix, microcracks were formed. A higher proportion of microcracks was observed systematically for higher inclusion fraction volumes. By comparing the different composites, some characteristic microcracking patterns were revealed, especially regarding hercynite containing composites. In the case of MS composites, relatively large microcracks were observed radially from the regular spinel inclusions. In contrast, due to the presence of the socalled diffusion zone in MH composites, fine interconnected microcrack networks around hercynite aggregates were the dominant microcracking pattern. Naturally, MSH composites exhibited both microcracking behaviours.

On the other hand, the impact of these thermally induced microcracks on the thermomechanical behaviour was investigated through the evolution of Young's modulus, acoustic emission and thermal expansion at high temperature. In essence, these results highlighted hysteretic and non-linear evolutions related to microcrack closure and opening mechanisms during a thermal cycle, which depend mainly on inclusion content and type.

Ultimately, these results provide insight on essential microstructure design parameters for improving the thermomechanical behaviour effectively. Based on the comparisons made in this study, it appears that hercynite containing composites offer a more interesting synergy between the microstructure and thermomechanical properties. In order to evaluate the extent of microstructure impact on the thermomechanical properties, the fracture behaviour will be investigated in the next chapter using the WST and optical methods (DIC and 2P-DIC).

Chapter V

Chapter V. Fracture behaviour analysis of magnesia-based model composites: From microcrack networks to FPZ development

V.1. Introduction

In order to provide a comprehensive investigation of magnesia-based materials' thermomechanical properties, it is necessary to consider the fracture behaviour of these composites. Indeed, as discussed in I.2, thermal shock resistance depends strongly on crack propagation resistance, which is improved through energy dissipating mechanisms in the Fracture Process Zone (FPZ).

Given the presence of microcrack networks in magnesia-based composites, a non-linear mechanical behaviour and a reduced brittleness are expected, where FPZ development contributes significantly to increase the fracture energy. Therefore, an energetic approach to fracture will be considered to describe the impact of FPZ mechanisms on the overall fracture behaviour.

Additionally, optical methods will be used to ensure that fracture energies are measured accurately, and that crack propagation is monitored during the WST. The latter point will be considered thoroughly to identify the main fracture mechanisms and quantify their impact on the fracture behaviour of the magnesia-based composites. In this regard, increasing inclusion fraction decreases the maximum load and increases the overall material strain that leads to higher COD values for a given loading state. The latter results mainly in an extended post-peak region that is linked to crack propagation behaviour.

V.2. DIC coupled to the

Therefore, materials with an initial microcrack network such as MS, induce relatively large postpeak regions which usually translate into higher fracture energies. These materials are commonly referred to as quasi-brittle due to their ability to promote stable fracture, allowing them to effectively slow down crack propagation.

On the other hand, for MH composites in While these materials exhibit a quasi-brittle behaviour with a non-linear evolution before the maximum load, increasing hercynite content does not lead to a systematic drop of the maximum load as noted for MS composites. In fact, a hercynite content of 15% increases the maximum load compared to MH5 and MH25. This peculiar fracture behaviour is yet another aspect of the distinctive thermomechanical behaviour of MH composites measured in the previous chapter.

As for MSH composites (in Figure V-3), the same trend as that of MS composites can be observed qualitatively. Increasing the combined regular and hercynite content decreases the maximum load systematically while enlarging the post-peak area.

Figure V-3: Horizontal load-displacement curves of MSH composites

In order to analyse the fracture behaviour of these materials and provide a thorough analysis, some essential fracture parameters such as nominal tensile strength σNT, specific fracture energy Gf, and the brittleness number B' were measured from WST curves. This way, the impact of inclusion nature and fraction can be discussed with regard to previously established microstructural considerations.

V.2.2. Impact of inclusion nature and weight on WST fracture parameters

As explained in I.2.2.3, fracture energies were measured from the total area under the horizontal load-displacement curves up to 15% of the maximum load divided by the fracture area. Consequently, specific fracture energies were deduced from the total energy by subtracting the elastic energy contribution. Moreover, the nominal notch tensile strength, σNT, (Eq. III.2) and the brittleness number B' were calculated for each material.

The brittleness number, first introduced by [GoGS78] is an energetic concept that relates to the ratio of elastic energy stored in the material at crack initiation to the total fracture energy.

Therefore, in order to improve crack propagation resistance and thus, thermal shock resistance, a reduced brittleness is sought. As suggested by [START_REF] Harmuth | A Fracture Mechanics Approach for the Development of Refractory Materials with Reduced Brittleness[END_REF], the brittleness number can be calculated as follows: 𝐵 ′ = 𝜎 𝑁𝑇 2 .𝐿 𝐺 𝑓 .𝐸 , where L is a WST specimen dimension.

As summarised in In order to propose a detailed comparison between the different materials, the impact of inclusion fraction and nature on fracture parameters have been plotted in Figure V-4Figure V-5Figure V-6. Measurement standard deviations (in Table V-1) were not included on the graphs for an enhanced readability.

Firstly, from Figure V-4 and as observed previously, increasing inclusion fraction leads to a systematic drop of the nominal notch tensile strength, especially when increasing from 0% (i.e pure MgO) to higher inclusion fractions. However, there is an exception when increasing hercynite content in MH composites from 5% to 15%. As such, increasing inclusion fraction increases the fracture energy systematically, except for MSH25 material where a drop is noticed going from 15% to 25% of inclusions.

In a similar way to the σNT parameter, the highest increase in fracture energy is observed going from 0% to higher inclusion fractions. Moreover, the highest energy values are exhibited by MSH composites, followed by MH and then MS.

Finally, by combining both parameters into B', the impact of inclusions on the brittleness of the composites is evaluated in Figure V-6. Overall, these results confirm the reduced brittleness induced by microcracks. In contrast, the brittleness number increases for a hercynite content above 5% mainly due to higher strength values, but remains reasonably low.

In order to link these fracture parameters with previously established microstructural The latter correlates negatively with inclusion content and microcrack proportion, as expected.

Conversely, the specific fracture energy correlates positively with inclusion content and microcrack volume while negatively with Young's modulus at room temperature. Moreover, the brittleness number B' correlates positively with Young's modulus and strength while a strong negative correlation is observed with the specific fracture energy and inclusion fraction. These conclusions support the fact that microcrack networks help considerably in reducing the brittleness of the materials by reducing the strength (σNT) and improving the crack propagation resistance (high values of Gf).

Comparing the impact of the two types of inclusions, namely regular spinel and hercynite, interesting conclusions can be drawn by combining microstructural considerations discussed in the previous chapter with WST results presented herein. Indeed, given the important impact of microcrack network occurrence on the fracture behaviour, relating these two aspects is primordial in understanding the main differences between MS, MH and MSH.

In essence, MS composites were likely to exhibit large microcracks propagating radially from spinel aggregates, while MH composites had a predominantly more confined microcracking zone comprised within the so-called diffusion zone. Therefore, it is expected that MSH composites exhibit a combination of both microcracking patterns, leading to a much more complex interpretation of microstructure-fracture behaviour relationships. For this reason, the main focus will be on analysing the fracture behaviour of MS and MH composites.

In the one hand, the impact of inclusion nature on microcracking patterns leads to varying degrees of strength evolution with increasing inclusion fractions. Indeed, as demonstrated previously, increasing inclusion fractions in MS materials leads to a systematic drop of strength, also reported extensively in [START_REF] Aksel | Mechanical properties of magnesia-spinel composites[END_REF][START_REF] Grasset-Bourdel | Tensile behaviour of magnesia-spinel refractories: Comparison of tensile and wedge splitting tests[END_REF]. However, in the case of MH composites, increasing hercynite content from 5% to 15% leads to a higher strength followed by minimal strength reduction for 25% of hercynite compared to other materials. This observation comforts the idea that extensive diffusion, coming from high amounts of hercynite, participates strongly in creating fine microcracks confined around hercynite aggregates in diffusion zones. Therefore, the influence of hercynite content on the fracture behaviour is not trivial due to the occurrence of the so-called diffusion zone.

On the other hand, regardless of the material, the specific fracture energy increases systematically with increasing inclusion fractions. Therefore, this fracture parameter is mostly influenced by the amount of microcrack networks generated as a result of CTE mismatch, which effectively depends on inclusion content. In fact, as discussed in I.2.2, microcrack networks participate extensively in the development of so-called fracture process zone (FPZ), which consumes most of the energy involved during fracture. Given the predominant effect of microcracks and the presence of large aggregates in the studied materials, the fracture mechanisms described in Figure V-8 are expected to be the main energy dissipating phenomena. Given the extensive measurements performed in the past for MS materials, leading to a deep understanding, the next part will focus on MH composites due to their relative complexity and peculiar fracture behaviour. In this sense, the refined 2P-DIC method will be applied to identify the underlying FPZ phenomena that lead to the quasi-brittle behaviour of MH composites.

V.3. FPZ monitoring using 2P-DIC and crack propagation resistance during the WST

V.3.1. FPZ monitoring of magnesia-hercynite materials using 2P-DIC

As demonstrated in the previous section, pure MgO exhibits a brittle fracture behaviour compared to MH composites based on the brittleness number analysis. The significant reduction of brittleness in MH composites results from a combination of diffuse damage and FPZ mechanisms that take place at the scale of the microstructure. The initial presence of microcrack networks in MH composites are key to enhancing the occurrence of energy dissipating mechanisms.

In order to identify the main fracture mechanisms and analyse the fracture behaviour, 2P-DIC calculations were performed to monitor crack propagation during the WST. Therefore, according to the 2P-DIC crack detection principle presented in III.4, an appropriate pseudostrain threshold has been defined for each material in order to remove measurement noise.

This way, damage length could be measured in the most accurate way using 2P-DIC.

Moreover, the evolution of damage is highlighted as the difference between the cumulated damage length and the equivalent crack length. This damage zone length represents the material's ability to develop fracture surfaces resulting from FPZ activation, mainly through its frontal zone. Combined with the visualisation of 2P-DIC fields, this quantification gives an insight on the predominant frontal process zone fracture mechanisms and, to a certain extent, their subsequent influence on the total fracture energy.

For each material, graphs describing the evolution of dissipated and elastic energies during loading and damage length are reported alongside 2P-DIC images. The latter relate to specific loading states marked in the load-displacement curves of each material. This representation facilitates correlations between fracture energy and damage zone length while observing the main fracture mechanisms on the actual 2P-DIC images.

As reported previously and according to Figure V-9, pure MgO exhibits a low fracture energy as well as limited average damage zone length, about 50 mm. Similar patterns have been observed for MS and MSH composites despite the important microstructural differences that exist between these materials. In fact, in order to observe differences in fracture mechanisms, which might exist given peculiar material microstructures, a finer measurement scale must be considered under an optical microscope or SEM. Such an approach is currently being carried out in the ATHOR European research project using the mini-WST developed by the University of Leoben.

The comparison between Pure MgO and MH materials clearly demonstrates the impact of microcracks initially engineered into the microstructure, whereby crack propagation progressively activates damage mechanisms at the crack tip and leads to further energy dissipation. In this regard, part of the energy is dissipated due to diffuse damage before localised damage takes place when a critical tensile stress is attained locally. Therefore, these results indicate the presence of a much larger process zone size with increasing inclusion fraction.

In the previous section, results demonstrated that MH composites retained strength despite adding more inclusions into the mix, which is presumably inconvenient for optimising the crack propagation resistance. Nevertheless, the microstructure of MH composites along with the existence of a network of microcracks are the leading factors in reducing the brittleness of the materials, thereby improving the crack propagation resistance.

From a fracture point of view, the crack propagation resistance of a material is considered to be the result of a good synergy between frontal process zone phenomena and process wake.

The latter drives crack propagation resistance increase through crack bridging while the former contributes to the overall extension of FPZ size through diffuse microcracking and crack branching.

In the current approach, the specific fracture energies were calculated by dividing the total area under the load-COD curve by the ligament area. This approach led to some interesting comparisons between the materials while highlighting the impact of the FPZ.

In order to enrich FPZ understanding, a resistance curve (R-curve) analysis will be performed by combining fracture energies and crack lengths measured by 2P-DIC.

V.3.2. Crack propagation resistance of some magnesia-based composites

As discussed in the state of the art in I.2.2.3, R-curves can be used for the analysis of the FPZ. In the standard R-curve calculation approach, a numerical simulation is used to model the evolution of compliance versus an equivalent elastic crack length within the LEFM (Linear Elastic Fracture Mechanics) framework. The equivalent elastic crack, determined using the compliance method [START_REF] Tada | The Stress Analysis of Cracks Handbook, Third Edition[END_REF], corresponds to the crack length that induces a compliance increase that is similar to experimental observations. Such an approach has been extensively used for materials that exhibit an elastic behaviour with a confined FPZ [START_REF] Knight | Mechanical Properties of Highly Porous Ceramics. I. Modulus of Rupture and Fracture Toughness[END_REF][START_REF] Tanaka | R-curve behavior in fracture of notched porous ceramics[END_REF].

However, limitations to this approach occur when deviations to linear elasticity are observed, which is the case for the materials studied herein. Indeed, as demonstrated in the previous section, the extent of FPZ size is increased by the occurrence of diffuse damage and crack branching phenomenon. Nevertheless, the compliance method has been applied on pure MgO, a material that is assumed to exhibit an elastic mechanical behaviour. For the rest of the study, crack lengths related to the development of the FPZ will be measured by the 2P-DIC method and used to calculate fracture energies during the WST in a novel approach.

As shown in the example in

As presented previously in V.3.1, fracture energies were calculated at each loading state by dividing the area under the load-COD curve by the ligament area, which is a constant value calculated from the dimensions of the specimen.

In the current analysis, the fracture energy will be calculated at each loading state of the WST using the corresponding crack length measured by 2P-DIC. In this sense, the equivalent crack length and cumulated damage length will be used for comparison. This analysis has been applied on model materials that contain 5% of inclusions. The objective of this approach is to evaluate the evolution of the crack propagation resistance of a material and, to a certain extent, the impact of FPZ on fracture energy.

In Figure V-18, the evolution of fracture energy as a function of equivalent crack length can be followed throughout the WST. In this case, the fracture energy is calculated by using the Where Leq,i is the equivalent crack length measured by 2P-DIC at a specific loading state i. As a reminder, this length corresponds to a straight crack going down from the bottom of the notch to the detected crack tip and B is the thickness of the WST sample. The grey area at the beginning of loading has been deliberately disregarded due to an unstable evolution of energy.

The overall curves of the materials exhibit the increasing trend that is associated with the rising R-curve effect reported in materials with toughening mechanisms. While the evolutions of fracture energy hint strongly at FPZ developments during the WST, the unstable character of the curves impedes the observation of the characteristic Rcurve plateau after an initial increase of fracture energy. Therefore, the influence of FPZ development on fracture energy could hardly be evaluated by relying on the equivalent crack length. Nevertheless, while the latter does not account for damage coming from FPZ phenomena, fracture energy jumps provided essential information. In this sense, by taking into account damage coming from the FPZ using 2P-DIC, a stable plateau can be expected.

Therefore, the cumulated damage length can be used to calculate an effective fracture energy according to Eq.V.2. consists of hercynite containing materials, exhibits higher values than the latter. This observation might be a consequence of the microstructure of these materials.

Indeed, as noted previously in IV.2.1 and IV.3, hercynite based materials are likely to contain fine microcracks as opposed to regular spinel. As such, the impact of these fine microcracks might be invisible to the 2P-DIC method at this measurement scale given that some damage related mechanisms occur at a much lower scale. Thus, higher effective fracture energies were measured for MH5 and MSH5. Indeed, if all damage features could be measured, very similar effective fracture energies would be measured for the investigated materials. In essence, fracture energy values could be as low as a few J.m -2 , in accordance with the surface energies of the studied materials.

The present analysis underlined the characteristic rising R-curve behaviour that is associated with the full development of the FPZ and its wake. By using 2P-DIC to measure crack propagation features such as crack branching, effective fracture energies could be measured for the materials with great accuracy. Nevertheless, given the nature of the material microstructures, especially that of hercynite containing materials, it appears quite clearly that a single measurement at macro-scale is not sufficient to account for all cracking features that consume energy. Ultimately, the R-curve approach makes use of the full potential of 2P-DIC in measuring the evolution of crack propagation resistance, which is an essential material property.

V.4. Conclusion

The fracture behaviour of model materials has been evaluated accurately by coupling the WST with DIC. Strength and fracture energy values highlighted some clear differences between the materials and trends regarding the influence of inclusion nature and fraction. As such, increasing inclusion fraction leads to a decrease of strength while fracture energy increases. This impact has been attributed to the presence of an initial microcrack network in model materials containing inclusions, which leads to the development of a FPZ that consumes energy during crack propagation.

Indeed, the influence of the FPZ has been identified in magnesia-hercynite materials by using the 2P-DIC method, which revealed the presence of crack deviation and the crack branching phenomenon. These two mechanisms are responsible for a large part of the consumed energy during fracture as they lead to the creation of many crack surfaces.

In a more refined analysis, the R-curve approach has been used to provide additional insight on FPZ development in conjunction with the respective microstructures of magnesiaspinel and magnesia-hercynite materials. By following the evolution of an equivalent fracture energy and an effective one, defined using the different crack lengths measured by 2P-DIC, the impact of crack branching on the consumed energy was clearly shown. Moreover, given the presence of a diffusion zone in magnesia-hercynite materials leading to fine microcracks, higher fracture energies were observed for materials containing hercynite.

General conclusion and perspectives

Thermal shock solicitations can lead to critical consequences for a refractory installation if material properties are not chosen accordingly. Moreover, this phenomenon is difficult to apprehend due to the complexity of thermal shock solicitations. In essence, severe and repeated thermal shocks can lead to brittle fracture, thus, materials with an improved crack propagation resistance are more likely to resist thermal shocks. In order to improve this property, an increased strain-to-rupture and a high level of fracture energy may be used as microstructure design criteria. Hence, materials with a non-linear mechanical behaviour, also known as "flexible" materials, can be considered. For instance, voluntarily introducing a network of microcracks in the initial material microstructure promotes energy dissipating mechanisms during loading, which increases the overall material strain while limiting crack extension.

As one of the key refractory properties, the characterisation of the thermomechanical behaviour and crack propagation resistance have been the main focus of the research work presented in this PhD thesis. In order to achieve this, Digital Image Correlation (DIC) methods have been applied extensively on model materials during fracture experiments.

Magnesia-spinel and magnesia-hercynite materials were specifically designed as model materials with a simplified composition in order to study the impact of inclusion nature (spinel or hercynite) and content (5, 15, 25 wt.%) in the magnesia matrix. In fact, these materials contain microcrack networks due to the thermal expansion mismatch between magnesia matrix and spinel/hercynite inclusions. The influence of this thermally induced damage on the thermomechanical properties of magnesia-spinel materials has been studied extensively in the past, as opposed to magnesia-hercynite. In fact, the latter exhibits enhanced thermal shock resistance according to industrial reports. Therefore, understanding the influence of hercynite on the thermomechanical properties and the fracture behaviour of magnesia-based materials might provide new insight on microstructure design. Especially since spinel and hercynite exhibit rather similar elastic and dilatometric properties.

The fracture behaviour of these model materials was investigated by applying Digital Image Correlation (DIC) methods during Wedge Splitting Tests (WST) in a novel approach.

The main idea behind the coupling of sophisticated characterisation methods (DIC) and advanced fracture experiments (WST) was to provide an accurate set of information about model material fracture. Indeed, with a particular attention to experimental conditions, DIC was primarily used to measure crack-opening displacements (COD) during WST experiments, leading to an accurate determination of load-COD curves.

For fracture monitoring, a refined DIC method, called 2P-DIC has proved to be more suitable than classic DIC for detecting and following crack propagation based on theoretical considerations. In conjunction with this, 2P-DIC proved its effectiveness in detecting cracks and quantifying their length with a very good accuracy during a WST experiment on a magnesia-based material. Indeed, this aspect has been validated by comparison with postmortem SEM observations of the main crack of a WST sample.

After validating this key experimental step, a series of measurements were performed on model materials in order to understand microstructure-thermomechanical property relationships versus temperature before moving on to the fracture behaviour at room temperature. Mainly, microstructural observations revealed characteristic patterns of damage within model materials. In addition to microcrack networks, magnesia-hercynite materials contained extensive diffusion zones around hercynite aggregates, which included spinel solidsolutions and multiple fine microcracks. In essence, materials containing spinel had mostly large microcracks while magnesia-hercynite had both large microcracks and finer, more numerous, microcracks within diffusion zones.

The impact of thermal damage occurrence was highlighted through a hysteretic evolution of Young's modulus versus temperature, a lower thermal expansion coefficients and a high level of acoustic emission hits during cooling. While increasing inclusion fractions led to lower Young's modulus at room temperature, inclusion nature had a pronounced impact on its high temperature evolution. Indeed, the hysteretic evolution of Young's modulus relied mainly on microcrack network characteristics and the ability of the microstructure to close them, at least partly, during heating. In this sense, it was difficult for materials containing only regular spinel inclusions to recover higher Young's modulus values at high temperature, contrarily to hercynite containing materials. This difference was attributed mainly to the presence of the socalled diffusion zone in materials containing hercynite, leading to finer interconnected microcrack networks that are easier to heal at high temperature, especially as extensive diffusion occurs between magnesia grains and hercynite aggregates.

The implications of an initially engineered network of microcracks on the fracture behaviour were clearly observed during WST experiments at room temperature. In this sense, increasing inclusion fractions led to lower strength, higher fracture energies and thus, a reduced brittleness as expected. The application of 2P-DIC enabled the observation of characteristic energy consuming mechanisms, such as the crack branching phenomenon, during WST. It was shown that higher inclusion fractions led to a more significant development of the Fracture Process Zone (FPZ) through damage lengths measured by 2P-DIC.

Moreover, the impact of diffuse damage and FPZ development resulting from an initial microcrack network was investigated in a refined Resistance-curve (R-curve) analysis.

Effective fracture energy evolutions demonstrated a dual tendency, one for materials containing only spinel and one for those with hercynite inclusions. In light of this, it has been concluded that diffuse damage in materials containing hercynite had an important energetic contribution at micro-scale alongside FPZ phenomena acting on a macro-scale.

These tendencies were again confirmed, this time under thermal cycling using a novel thermal shock experiment. Essentially, materials containing hercynite had a superior resistance to crack propagation as the extension of the main crack was limited by diffuse damage and FPZ phenomena.

Thanks to the coupling of sophisticated characterisation methods (DIC) and advanced fracture experiments (WST), novel fracture analyses were developed and applied to understand the influence of microcrack networks on crack propagation resistance. From this approach, key microstructure design patterns were discussed based on the investigation of different model materials.

In association with the research work presented in this PhD, many perspectives can be foreseen and considered as a prospect. From a material science point of view, further investigating the impact of hercynite in magnesia materials could provide new microstructure design patterns for an enhanced crack propagation resistance. Indeed, given the significant influence of the diffusion zone on thermomechanical properties, this phenomenon still needs further investigation to build a better understanding of its impact, especially on the fracture behaviour.

In hindsight, DIC and 2P-DIC measurements provided essential information on crack propagation but much of the information relating to the extent of process zone influence is yet to be unveiled by experiments at one observation scale. One way could be to produce very fine speckle patterns in combination with a very high camera resolution to observe more details about fracture during a WST at macro-scale. Otherwise, the mini-WST fracture experiment developed by Montanuniversitat (Leoben, Austria), can be performed under an optical microscope or SEM in order to observe, at a very fine scale, the micro-damage processes that contribute to increasing fracture energy in a non-negligible way. These mechanisms can then be linked directly to the microstructure and provide very useful insight on material design for improving crack propagation resistance. In combination with this, the crack detection algorithm of 2P-DIC must be enhanced, especially when cracks deviate in an almost horizontal way. Preliminary experiments have shown promising results in the monitoring of cracks originating from thermal shocks in different model materials (pure MgO, MS5 and MH5). In the comparisons that were made, MS5 and MH5 in particular demonstrated a limited extension of the main crack as opposed to brittle pure MgO. In fact, these experiments confirmed the strong relationship between an initially microcracked microstructure and an improved fracture behaviour, leading to a higher resistance to thermal cycling. These first encouraging results may serve as a basis for future developments of the ATHORNA device, such as optimising the laser sequence for more robust experimental conditions and highly accurate comparisons between the investigated materials. Moreover, the implementation of acoustic emission sensors coupled with the existing 2P-DIC method can lead to a highly effective fracture characterisation. In the end, the ATHORNA device may be a very appropriate thermal shock test bed for the validation of refractory thermomechanical behaviour laws.

Annex A : Marker tracking method

This non-contact optical method has been mainly used for local displacement and strain measurements [START_REF] Rotinat | Three Optical Procedures for Local Large-Strain Measurement[END_REF][START_REF] Bretagne | Development of the marks tracking technique for strain field and volume variation measurements[END_REF]. It is particularly well adapted for the monitoring of the boundary conditions of mechanical tests [START_REF] Belrhiti | Application of optical methods to investigate the non-linear asymmetric behavior of ceramics exhibiting large strain to rupture by four-points bending test[END_REF]. One simply needs to draw as many marker points, on the sample or loading device, as necessary for the measurement. Thus, each marker point can be followed to obtain displacements. Moreover, a high contrast between the markers and the support on which they will be defined needs to be achieved in order to perform accurate measurements (i.e: White markers on black background and vice versa).

The experimental setup for the application of the marker tracking method is shown in Where x(i,j) and y(i,j) are pixel coordinates, I(I,j) the light intensity of the pixel and IS the lower limit of the light intensity. The latter can be considered as a threshold that is used to distinguish the marker from the background throughout the measurement. This value is usually defined at the beginning of the analysis and is usually kept constant if no significant change of contrast occurs between the different images.

Annex B : Application of 2P-DIC in a novel thermal shock test bed

As part of an ongoing experimental development around in-situ thermal shock characterisation of refractories, a novel thermal shock test bed involving photomechanical and acoustic emission measurement tools has been designed in a previous research program (SFERA-II). The current developments are now being carried out under ATHORNA, the new research project, which is the acronym of "Advanced measurements for in-situ THermomechanical mORitoring of large samples uNder thermal gradient". The main objective of ATHORNA and in particular, the test bed, is to validate thermomechanical behaviour laws of refractory materials destined for thermal shock applications by subjecting samples to a thermal gradient while measuring, in-situ, the thermal and strain fields using infrared and optical cameras respectively. Within the ATHORNA project, a special attention is given to ensure that optical measurements of strain fields and crack patterns are accurate and reliable in the current approach. Therefore, in order to validate this crucial aspect, measurements have been performed on model materials presented herein using appropriate experimental conditions, which will be presented in the following. Moreover, throughout the analysis, numerical simulations have been performed by Rafael Oliveira (PhD from the ATHOR project) to support experimental data.

B.1: Experimental setup

The experimental setup of the ATHORNA thermal shock test bed is described in Figure B-1. Acoustic emission sensors, optical cameras and an infrared camera are used to monitor damage occurrence and strains coming from laser solicitations applied from above a disk sample. The disk sample is positioned on three isostatic points, whereby the laser focuses the top face and the bottom of the sample faces the cameras. A large laser profile has been privileged by removing focalisation lenses in the setup, leading to a laser diameter of 16 mm. This way, heating takes place over a larger zone in the middle of the sample to avoid overheating in the centre and brutal thermal gradients. The stereovision system consisting of two optical cameras can be used to provide out-of-plane displacements and 2D strain fields within the bottom surface.

In the current study, focus is on 2D measurements and especially crack monitoring by 2P-DIC. Therefore, images of the disk-shaped sample coming from one camera only will be analysed using DIC and 2P-DIC. The disk sample is subjected to a well-defined laser sequence that will be presented next.

B.2: Laser sequence and resulting thermal/mechanical fields of thermal shock experiments

The main purpose of the ATHORNA thermal shock experiment is to induce thermal gradients within the disk sample that lead to fracture in a progressive way. Therefore, starting from room temperature, a sufficiently low laser power (50 W) is applied initially and then incremented by 25 W at each cycle. Each cycle corresponds to a laser pulse that lasts 30 seconds in order to heat the sample, and then 60 seconds of off time are taken to observe a thermal gradient in the sample.

The laser sequence is presented in Figure B-2, with laser power starting at 50 W and going up to 400 W with an increment of 25 W at each cycle. This way, fracture could be monitored at each cycle throughout the laser sequence and comparisons can be made. In order to evaluate the impact of these thermal gradients for a given experiment, a preliminary analysis has been performed on an aluminium sample using marker tracking to measure thermomechanical strains. Firstly, principal strain fields (ε11 and ε22) on the bottom face of the sample were calculated by diagonalization of (ɛxx, ɛyy, ɛxy) strains field measured by marker tracking. Then, the orientation of these first principal strains was compared to x and y axes using the angle α in This way, the nature of the first principal strain field has been evaluated over the bottom face of the sample. Thus, it can be observed that the centre of the sample is in compression while the stress in the periphery becomes close to zero. From these calculations, the second principal strain, which is orthoradial, is also expected to be in compression in the middle of the sample but in tension in the periphery. Taking this into account, crack initiation is very likely to occur starting from the periphery of the sample and moving towards the centre.

Thanks to thermomechanical simulations performed by PhD candidate Rafael Oliveira from the ATHOR project, these experimental considerations have been validated using appropriate material properties and behaviour laws. From The same evolution can be noticed for all materials with some slight differences in maximal temperatures at each cycle, especially for MH5 as it exhibits the highest values. These differences might be the result of different material thermal properties, and emissivity in particular. In this sense, darker materials such as MH5 tend to absorb more heat leading to higher temperatures recorded by the infrared camera, as observed in the graph from Figure B-7. Despite these slight differences, it can be considered that the materials have been submitted to similar experimental conditions, allowing for a proper comparison of their fracture behaviours.

As explained in the previous section, the thermal gradient responsible for critical tensile stresses results from the large temperature difference between the middle and the periphery on top of the disk sample where the laser is applied. Indeed, this is confirmed by the crack patterns observed in For MgO the crack propagated in a relatively straight fashion towards the centre while MS5 and MH5 in particular exhibit some secondary cracks that limit the extension of the main crack.

Indeed, secondary cracks that occur in the middle of the sample are most likely induced by the thermal gradient between the top and the bottom of the sample, as discussed previously.

In association with the previous figure showing 2P-DIC images, the evolution of instantaneous crack lengths can be followed in For pure MgO, crack occurs in a relatively brittle way starting from C6 and attains a length of over 45 mm up to C8, almost reaching the centre of the sample. After C8, crack propagation is rather slow until the end of the experiment, where crack length reaches 90 mm due to the occurrence of diffuse cracks in the middle.

In the case of MS5, as expected from the quasi-brittle behaviour of this material and the lower strength exhibited during WST, the crack occurs earlier starting from C4. Indeed, from WST results and Young's modulus of MS5, a lower fracture initiation resistance was expected.

Moreover, from crack length evolution, crack propagation is much slower compared to pure MgO. From Figures B-8 and B-9, a lower overall crack extension is observed at C15 since the main crack stops before reaching the middle of the sample, with some secondary cracks forming around the centre of the sample as usual.

For MH5, the crack initiates later compared to MgO and MS5, at C8. In fact, as discussed previously in V.3.2 and given the presence of finer microcracks within the microstructure of this material (IV.2.1), it is strongly believed that diffuse damage, which is not perceived by 2P-DIC at this scale, plays a major role in delaying the occurrence of the main crack. After C8, the crack propagates in a stable way until the end of the experiment at C15. Moreover, a stronger increase of crack length can be noted from one cycle to the other compared to other materials.

This leads to a relatively high crack length value at the end of the experiment. In fact, from 

List of figures

List of tables

Résumé

Optimisation des méthodes optiques de mesure de champs de déformation pour la caractérisation du comportement à rupture des réfractaires: Application aux matériaux à base de magnésie.

Les briques de magnésie-spinelle et magnésie-hercynite sont fréquemment utilisées dans les fours rotatifs de cimenterie pour leur tenue aux chocs thermiques venant d'une résistance accrue à la propagation de fissures conférée par leur microstructure. Les réseaux de microfissures résultant du différentiel de dilatation thermique entre la matrice magnésienne et les agrégats de spinelle/hercynite favorisent l'activation de mécanismes dissipatifs d'énergie au sein de la zone d'élaboration de la rupture (FPZ) lors d'un chargement mécanique. Dans cette étude, le comportement à la rupture de matériaux modèles à base de magnésie a été étudié en couplant une méthode de corrélation d'images numériques (2P-DIC) adaptée aux problématiques de fissuration avec l'essai de « Wedge Splitting » (WST). Le couplage judicieux de ces méthodes innovantes a fourni des mesures précises des propriétés de rupture et a mis en évidence des mécanismes de rupture caractéristiques, tels que la bifurcation de fissures. L'étude des relations propriété-microstructure a démontré l'impact des microfissures introduites volontairement au sein du matériau sur le comportement thermomécanique de la magnésie-spinelle et la magnésie-hercynite. Malgré des propriétés élastiques et dilatométriques assez similaires entre les inclusions de spinelle et d'hercynite, des mécanismes de microfissuration différents ont été observés, en particulier pour la magnésie-hercynite. En effet, la diffusion entre la magnésie et l'hercynite pendant le frittage a conduit à la formation de solutions solides de spinelles autour des agrégats d'hercynite. Ces solutions solides ont contribué à leur tour à la création de nombreuses microfissures fines par l'effet d'un différentiel de dilatation thermique avec la magnésie. Initialement présents dans la microstructure, les réseaux de microfissures favorisent l'augmentation de l'énergie de rupture des matériaux modèles pendant le WST. De plus, l'analyse des champs de déformation mesurée par 2P-DIC a révélé d'importantes bifurcation de la fissure principale pour les matériaux magnésie-hercynite. Le couplage de la 2P-DIC avec l'essai du WST a démontré que les réseaux de microfissures favorisaient le développement de la FPZ, qui induisait à son tour une augmentation notable de l'énergie de rupture. Dans une approche affinée des courbes-R, des énergies de rupture effectives ont été calculées à l'aide des longueurs de fissure mesurées par 2P-DIC. Cela a permis d'établir des liens étroits entre le développement de la FPZ et une résistance accrue à la propagation de la fissure. Les tendances observées à température ambiante lors des essais de WST ont été confirmées à l'aide d'essais de cyclage dans un nouveau banc de chocs thermiques.

Mots-clés : Réfractaires, Magnésie-spinelle, Hercynite, Résistance aux chocs thermiques, Comportement à rupture, Zone d'élaboration de la rupture, Corrélation d'images numériques

  of the art regarding refractory thermomechanical and fracture behaviour along with optical kinematic field measurement techniques I.1. Origins of thermal stresses in refractories I.1.1. During processing of the refractory

Figure I- 1 :

 1 Figure I-1 : Slab subjected to a uniform temperature variation (adapted from [Gras11])

  configurations highlight the influence of the thermal expansion mismatch between the matrix and the inclusion (Δα= αmatrix-αinclusion) on the nature of the thermally induced stresses (Figure I-2).

Figure I- 2 :

 2 Figure I-2 : Configurations of stress distributions in the matrix during cooling for a) Δα=0, b) Δα<0 and c) Δα>0 (adapted from [Tess03])

Figure I- 3 :

 3 Figure I-3 : Temperature and stress distributions in cases of a) ascending thermal shock and b) descending thermal shock (adapted from [King55])

Figure I- 4 :

 4 Figure I-4 : Illustration of a) Submerged entry nozzle (SEN) before use, b) SEN in service [Peru00] and c) Cracked SEN [YOIN98]

Figure I- 5 :

 5 Figure I-5 : Typical tensile stress-strain behaviour observed in refractories [HTCG07]

Figure I- 6 :

 6 Figure I-6 : Detailed overview of the main FPZ mechanisms [ShSO95]

Figure I- 7 :

 7 Figure I-7 : Schematic of FPZ development in a refractory material [Brad04]

Irwin [ Irwi57 ]

 Irwi57 for different modes of fracture (Figure I-8). These SIFs depend on stress and geometry of the sample as well as crack tip coordinates.

Figure I- 8 :

 8 Figure I-8 : Different fracture modes: Opening (Mode I), In-plane shearing (Mode II) and Tearing (Mode III)

Figure I- 9 :

 9 Figure I-9 : Distinction of a propagating crack's coordinates and zones in an elastic medium

  Figure I-10, a graphical method is shown whereby, the decomposition of ΔUP into ΔUC and ΔUIR can be determined from an experimental load displacement curve. The graph highlights the load-displacement curve of a sample under a steady-state crack tip loading configuration at different loading states. The area under the loading and unloading path ABCD corresponds to ΔUP (total energy consumed during a crack extension Δa), where AEB corresponds to ΔUC and AEBDC relates to ΔUIR.

Figure I- 10 :

 10 Figure I-10: Graphical separation of the non-linear fracture toughness and the irreversible energy [SaBr86]

  sample in two halves. The most effective ways to circumvent this problem include reducing the elastic energy stored in the loading device and performing tests on pre-cracked or pre-notched samples. Most experiments in fracture mechanics rely on indirect tensile tests, such as three-point bending, brazillian test and the compact tension test. The single edge notched beam (SENB) test (Figure I-11) has been extensively used in the past for its simplicity and easy implementation to measure effective fracture energies. The samples usually contain a notch to force crack propagation in the region of maximum tensile stress in each of the mentioned experiments. The notch type can have an important influence on strength and on the stability of crack propagation. Indeed, from Figure I-11.c, the stress distribution at the front of a sharp notch points at an important stress concentration directly in front of the notch, which is likely to be released abruptly and lead to unstable fracture.

Figure I- 11 :

 11 Figure I-11 : Specimen configuration of SENB test with a) Blunt U-notch, b) sharp V-notch and c) Stress distribution at a blunt and sharp notch tip [JCCS17]

Figure I- 12 :

 12 Figure I-12 : Load displacement curves for a) Unstable, b) Semi-stable and c) Stable crack growth (adapted from [AkWa03])

  Figure I-13, the theoretical evolution of an R-curve as a function of crack length shows the impact of FPZ extension through the successive development of the frontal zone and the wake region. The interaction of the main crack with

Figure I- 13 :

 13 Figure I-13 : Theoretical evolution of R-curve in a microcracking brittle solid [EvFa84]

Figure I- 14 :

 14 Figure I-14 : Experimental R-curves of various ceramics from the compact tension test specimen [StRS90]

  which has two components of displacement (u,v) and four components of local gradients.

Figure I- 15 :

 15 Figure I-15 : Schematic of DIC principle [BCDD11]

Figure I- 16 :

 16 Figure I-16 : Systematic and random errors (ΔUmax and σumax respectively) as a function of number of pixels in a subset [DDHG15]

Figure I- 17 :

 17 Figure I-17 : Schematic of DIC acquisition setup and computation

ZOIF

  Figure I-18 : Example of an experimental spray-painted speckle pattern and its grey level distribution [RNCO07]

Figure I- 19 :

 19 Figure I-19: Strain errors induced by out-of-plane displacements

Figure I- 20 :

 20 Figure I-20 : Influence of external vibrations on the accuracy of DIC measurements by using large subsets with large spacing [Belr15]

Figure I- 21 :

 21 Figure I-21 : Influence of temperature variation on strain measurements using a) Halogenic lights and b) LED lights [Belr15]

Figure I- 22 :

 22 Figure I-22 : Comparison of refractory stress-strain curves obtained by strain gages and DIC during a four-point bending test

  Figure I-23.

Figure I- 23

 23 Figure I-23 DIC results for a mode I horizontal crack using "Standard" DIC and subset splitting method [PoBa10]

  latter is one of the main industrial installations in a cement plant; it serves to produce clinker mainly from limestone and clay with some other additions. The feed is primarily alkaline (basic) in nature, it travels the rotating kiln on a refractory lining at temperatures ranging from 1000°C to 1450°C in the different parts of the kiln shown in Figure II-1.

Figure II- 1 :

 1 Figure II-1 : Simplified schematic of a cement rotary kiln

  Figure II-2 summarises the main refractory wear mechanisms during rotary kiln operation. These results convey the importance of thermomechanical solicitations and infiltration by salts as crucial factors for refractories.

Figure II- 2 :

 2 Figure II-2 : Main wear mechanisms acting on refractories in cement rotary kilns based on postmortem analyses [BaSo01]

  3 . As shown in Figure II-4, aggregates (brown and white) are visible on the brick surface. On the micrograph in Figure II-4.c, a clear distinction can be made between the magnesia aggregates and the magnesia fine particles.

Figure II- 4 :

 4 Figure II-4 : Multiscale overview of a) "Pure" MgO brick, b) Aggregates within the brick and c) SEM micrograph of a typical microstructure

Figure II- 5 :

 5 Figure II-5 : Overview of a) sintered spinel and b) fused hercynite

Figure II- 6 :

 6 Figure II-6 : Evolution of the thermal expansion of MgO, Spinel and Hercynite combining experimental results and data from literature [Fei95]

  Figure II-7 exhibits some bricks (MS5, MSH5 and MH5) with their respective cross sections showing the coarse microstructure of the materials. Indeed, aggregates of different types can be distinguished within the MgO matrix, which is mostly of brown colour (with some white MgO aggregates). Moreover, spinel and hercynite have an offwhite and black colour respectively.

Figure II- 7 :

 7 Figure II-7 : Overview of brick and cross section of a) MS5, b) MSH5 and c) MH5

  FigureII-8 shows the main guidelines of the refinement strategy used in the analysis. Throughout the analysis, the background is modelled with a polynomial function with several refinable parameters.

Figure II- 8 :

 8 Figure II-8 :Step by step refinement strategy and important parameters[START_REF] Mccusker | Rietveld refinement guidelines[END_REF] 

Figure

  Figure II-9, showing the principle of the technique.

Figure II- 9 :

 9 Figure II-9 : Schematic of ultrasonic measurements in long bar mode [HuFG02]

Figure

  Figure II-10 : Typical Young's modulus evolution as a function of temperature for a nondamaged material and a thermally damaged material

Figure

  Figure II-11 depicts the experimental setup for the application of AE at high temperatures. A parallelepipedic sample, with dimensions of 5x5x25 mm 3 , is placed on top of a sharp alumina wave-guide.

Figure

  Figure II-11 : Schematic description of high temperature acoustic emission setup [CSLH08, Gour16]

  goals of this study is to provide an understanding of microstructure-thermomechanical property relationships that can help design materials with enhanced properties.

Figure

  Figure III-2.

Figure

  Figure III-2: WST preparation step, positioning of rolls on the same horizontal plane

  Figure III-3.a.

Figure III- 3 :

 3 Figure III-3 : Typical Horizontal load-COD curve and area under the curve corresponding to a) total energy and b) decomposition of total energy into fracture (red) and elastic (green) energies

Figure III- 4 :

 4 Figure III-4: Speckle pattern application on a sample surface

[ LSBS06 ,

 LSBS06 [START_REF] Su | Quality assessment of speckle patterns for DIC by consideration of both systematic errors and random errors[END_REF][START_REF] Park | Assessment of speckle-pattern quality in digital image correlation based on gray intensity and speckle morphology[END_REF].The final experimental setup is presented in Figure III-6. The WST sample is placed in front of a CMOS camera and LED lights are used as a cold light source to provide sufficient illumination without heating the sample, an effect that can have a strong impact on measurements as discussed in I.3.3. Moreover, markers were put on the metallic parts of the WST to follow their displacement during the test using the marker tracking method.

Figure III- 6 :

 6 Figure III-6 : Experimental setup for the application of DIC and marker tracking during WST

(

  not very sensitive to thermal variations due to a very low thermal expansion coefficient). Then, images were processed using widely spaced large subsets (256x64 px² subsets spaced by 800x64px²) to optimise measurement accuracy coming from Correla (DIC software). The images were acquired without any mechanical loading, only to assess the accuracy of DIC measurements.As shown in FigureIII-7, the external temperature of the camera during image acquisition increases by 0.7 °C during a period of approximately 5 minutes. This seemingly small external temperature variation corresponds to a variation of the camera sensor's temperature by approximately 7°C to 9°C, according to information displayed by the camera's software. This change is enough to provoke a non-negligible bias in strain measurements, therefore altering the characterisation of strain by DIC.

Figure III- 7 :

 7 Figure III-7: Influence of temperature on the strain measured by DIC on a sample

Figure III- 8 :

 8 Figure III-8: The evolution of strain as a function of time with limited measurement disturbance

Figure III- 9 :

 9 Figure III-9: Schematic description of WST curve shape at the beginning of loading

Figure III- 10 :

 10 Figure III-10: Markers and subsets used for displacement measurements

Figure III- 11 :

 11 Figure III-11: Evolution of the vertical displacement of the crosshead, wedge and rolls as a function of time during a WST

Figure III- 12 :

 12 Figure III-12: Evolution of horizontal displacements as a function of time for one marker position of metallic supports and average of the support displacements

Figure III- 13 :

 13 Figure III-13: Evolution of COD as a function of time for two marker positions on the metallic supports of the WST equipment

Figure III- 14 :

 14 Figure III-14: Amplified deformation of a WST sample from a linear elastic simulation

Figure III- 15 :

 15 Figure III-15: Evolution of wedge, supports and sample δH as a function of time during a WST

Figure III- 16 :

 16 Figure III-16: Horizontal displacement differences between the wedge, support and sample

Figure III- 17 :

 17 Figure III-17: WST curves plotted using COD measured directly on the sample and COD deduced from Wedge displacement

Figure

  Figure III-19 shows crack propagation during a WST, where some crack deviation occurs. This feature is an important phenomenon in microcracked materials such as refractories.

Figure III- 19 :

 19 Figure III-19: Crack propagation images during a WST using strain fields obtained from DIC

  contain a discontinuity. In this regard, each subset D is divided at the position x=XC in two separate parts D1 (x < XC) and D2 (x > XC) as shown Figure III-20 with an orientation  of the boundary. The pixels at the boundary, corresponding to XC position; are not taken into account in the matching process.

Figure III- 20 :

 20 Figure III-20: Schematic of 2P-DIC subset splitting procedure [DDBK17]

  of 10°. In this sense, values of XC outside the [-n/4, n/4] bracket are not taken into account

  crack position and length measurement accuracy by 2P-DIC. Therefore, a discontinuity of length Limp is created in the middle of the synthetic images and a horizontal displacement Uimp is imposed on the right part (as shown in Figure III-21 for a brittle fracture), then DIC and 2P-DIC calculations are performed using various subset sizes.

Figure III- 21 :

 21 Figure III-21: Synthetic speckle images used for accuracy evaluation of DIC and 2P-DIC [DDBK17]

Figure III- 22 :

 22 Figure III-22: Bias and random errors between discontinuity lengths calculated, by DIC and 2P-DIC, and known imposed ones (Lcal-Limp) for a noisy simulated image [DDBK17]

Figure III- 23 :

 23 Figure III-23: Discontinuity transversal position errors [DDBK17]

  crack propagation and measure crack length during mechanical tests, including the WST[START_REF] Belrhiti | Characterization of the Mechanical Behavior of Magnesia Spinel Refractories Using Image Correlation[END_REF][START_REF] Belrhiti | Etude de matériaux réfractaires à comportement mécanique non linéaire par mesure de champs de déformations[END_REF]. Given recent contributions to the development of 2P-DIC[START_REF] Husseini | Adaptation de la méthode de corrélation d'images numériques pour la gestion des discontinuités du milieu et de la transformation[END_REF][START_REF] Dupré | Displacement Discontinuity or Complex Shape of Sample: Assessment of Accuracy and Adaptation of Local DIC Approach[END_REF], it is now possible to develop a more systematic approach where crack length measurements are performed during WST experiments as a way to evaluate Fracture Process Zone (FPZ) influence in refractories. From sections I.2 and II.2.3, FPZ development in refractories, such as magnesia-spinel materials, depends on the presence of pre-fabricated microcrack networks. These microcracks can grow and promote the occurrence of the crack branching phenomenon, which is an important energy dissipating mechanism in the FPZ.As discussed previously, the application of 2P-DIC in a fracture analysis follows the same procedure as for standard DIC albeit with different subset dimensions for 2P-DIC due to its specific treatment requiring rectangular shapes. For comparison purposes, 2P-DIC was applied for the same set of images as those presented in Figure III-18, using subset dimensions of 64x16 px 2 spaced by 32x8 px 2 .

Figure

  Figure III-24 shows images of the evolution of the FPZ using standard DIC and compared to 2P-DIC during a WST of the same industrial magnesia-based refractory.

Figure III- 24 :

 24 Figure III-24: Comparison of DIC and 2P-DIC images relating to crack propagation during a WST experiment

Figure III- 25 :

 25 Figure III-25: Evolution of discontinuity length measured during a WST by 2P-DIC using different threshold values

Figure III- 26 :

 26 Figure III-26: Types of crack lengths quantified by 2P-DIC

  2P-DIC, when secondary cracks are away from the main crack tip during unloading because of stress decrease in the crack wake region[START_REF] Grasset-Bourdel | Structure/property relations of magnesia-spinel refractories : experimental determination and simulation[END_REF].Therefore, a cumulated damage length concept has been introduced which curbs this measurement artefact as shown in Figure 

Figure III- 27 :

 27 Figure III-27: Example of local strain decrease leading to artificial crack closure during a WST and cumulated damage measured by 2P-DIC

  cracked area, just below the notch in the post-mortem WST sample, 25 mm of which contains the crack. The same sample surface used for 2P-DIC measurements was prepared for SEM observations to ensure a proper comparison. Therefore, the paint layer used as a speckle was first removed and then successive steps of polishing were undertaken using relatively fine grained polishing paper to prepare a planar surface for SEM. Observations were then carried out and images were acquired then assembled to form one global image containing the whole 25 mm of the cracked sample. The global image is then treated using a series of image analysis tools to extract the main crack path and ignoring the secondary crack branches. The image treatment protocol is summarised in Figure III-28.

Figure III- 28 :

 28 Figure III-28: Global SEM image analysis steps to extract the main crack path

Figure III- 29 :

 29 Figure III-29: Comparison of SEM observation of post-mortem WST sample and 2P-DIC image of the same sample during the WST

  Figure IV-1, Figure IV-2 and Figure IV-3 provide an overview of the typical microstructure of pure magnesia, magnesia-spinel and magnesia-hercynite composites, respectively. From these micrographs, key microstructural features can be observed, such as grain boundaries in magnesia aggregates or microcracks within MS and MH composites.

Figure IV- 1 :

 1 Figure IV-1: SEM micrographs of a) Magnesia aggregate in magnesia matrix and b) high magnification zoom on the aggregate

Figure IV- 2 :

 2 Figure IV-2: SEM micrographs of a) Spinel aggregate in magnesia matrix and b) high magnification zoom on the aggregate

Figure IV- 3 :

 3 Figure IV-3: SEM micrographs of a) Hercynite aggregate in magnesia matrix and b) high magnification zoom on the aggregate

Figure IV- 4 :

 4 Figure IV-4: SEM micrographs highlighting a) a hercynite aggregate with large pores in the centre and b) a diffusion zone around hercynite

Figure IV- 5 :

 5 Figure IV-5: EDS analysis of the diffusion zone

Figure IV- 6 :

 6 Figure IV-6: Micrograph highlighting diffusion zone precipitates and micro-damage occurrence

Figure

  Figure IV-6, a micro-damage zone can be observed where many fine microcracks have propagated and numerous defects generated around the precipitates.

  measurements and Rietveld quantifications were performed according to the protocol presented in II.3.1. Firstly, from Figure IV-9, the main phases were identified in each set of materials:  MS materials contain only MgO and MgAl2O4 crystal phases  MH contains MgO, FeAl2O4 and MgFeAlO4 (spinel solid solution) crystal phases.  MSH contains MgO, MgAl2O 4 , FeAl2O4 and MgFeAlO4 (spinel solid solution)

Figure IV- 9 :

 9 Figure IV-9: Diffractograms of MS, MH and MSH materials

Figure IV- 10 :

 10 Figure IV-10: Composition of MS, MH and MSH materials in wt.% measured using Rietveld analysis

Figure IV- 11 :

 11 Figure IV-11: Spinel, hercynite and spinel solid solution content in wt.%

  Figure IV-12. The evolution of these densities as a function of each material can be observed on the graph below the schematic in Figure IV-12.

Figure IV- 12 :

 12 Figure IV-12: Schematic illustration of estimated composite density and measured composite density and corresponding density evolutions for each material

Figure IV- 13 :

 13 Figure IV-13: Evolution of calculated crack proportion in each material

  3.3. Experiments were performed up to 1400°C at a heating rate of 5°C/min for pure MgO and the three nuances of MS, MH and MSH materials. A comprehensive comparison between the different materials is performed to determine the impact of inclusion fraction and inclusion type on the thermomechanical behaviour. The curve in Figure IV-14 shows the evolution of Young's modulus for a pure MgO material.

Figure IV- 14 :

 14 Figure IV-14: Evolution of Young's modulus of a pure MgO material

Figure IV- 15 :

 15 Figure IV-15: Evolution of Young's modulus as a function of temperature for MS materials

Figure IV- 16 :

 16 Figure IV-16: Evolution of Young's modulus as a function of temperature for MH materials

  Figure IV-18 (Positive values up to "1" indicate a positive correlation between two parameters).

Figure IV- 18 :

 18 Figure IV-18: Correlation matrix of microstructure parameters and Young's modulus

  important impact on Young's modulus through microcrack network resorption during heating and propagation during cooling. While the impact of inclusion fraction suggests increased damage coming from microcracks (i.e lowering Young's modulus at room temperature), the characteristics of the generated microcrack networks are not explicit. However, comparing spinel nature (regular spinel or hercynite) impact on Young's modulus evolution, in conjunction with microstructural investigations, some indications about microcracking patterns can be underlined.Indeed, from the second point about drop temperature, it appears that inclusion distribution within the matrix might have a consequence on thermal stresses generated in the matrix, as schematised in Figure IV-19. Particularly so for hercynite containing composites, where interactions between thermal stresses coming from the large hercynite aggregate and the diffusion zone may take place, leading to an increase in micromechanical stresses locally within the matrix.

Figure IV- 19 :

 19 Figure IV-19: Schematic of the impact of CTE mismatch on thermal stress magnitude of spinel and hercynite containing composites

Figure

  Figure IV-20 shows the evolution of cumulated acoustic emission hits as a function of temperature for MS, MH and MSH materials containing 5% and 15% of inclusions.

Figure IV- 20 :

 20 Figure IV-20: Acoustic emission evolution as a function of temperature for MS, MH and MSH materials containing 5% and 15% of inclusions

  MSH15 and then MS15. A higher number of cumulated hits often indicates a higher occurrence of defect related phenomena within the sample, which is confirmed by lower values of Young's modulus at room temperature after cooling (i.e EMS5<EMS15 from Table IV-2).As suggested by Figure IV-21, AE hits correlate positively with all the parameters related to the impact of thermal damage such as EMAX-ERT or microcrack proportion.

Figure IV- 21 :

 21 Figure IV-21: Correlation matrix on the impact of microstructure and thermomechanical parameters on AE hits

Figure IV- 22 :

 22 Figure IV-22: Evolution of thermal expansion versus temperature for a) MS and b) MH materials

Figure IV- 23 :

 23 Figure IV-23: Comparison of calculated (using HS-model) and measured average CTE of a) MS and b) MH materials in the temperature ranges of 1150-1000°C and 150-100°C during cooling

Figure IV- 24

 24 Figure IV-24: a) Thermal expansion of MSH materials as a function of temperature and b) average CTE for MSH materials.

Figure IV- 25 :

 25 Figure IV-25: Correlation matrix showing the impact of thermally induced damage on CTE

  Figure V-1, Figure V-2 and Figure V-3. For an enhanced readability, the most representative experiments were presented.In Figure V-1, a comparison between pure MgO and MS materials can be followed whereby the influence of spinel inclusion addition can be clearly identified. Three stages can be distinguished on the WST curves:

Figure V- 1 :

 1 Figure V-1: Horizontal load-displacement curves of Pure MgO and MS materials

  Figure V-2, a different evolution can clearly be observed when increasing hercynite content in the magnesia matrix.

Figure V- 2 :

 2 Figure V-2: Horizontal load-displacement curves of MH composites

Figure V- 4 :

 4 Figure V-4: Evolution of σNT as function of inclusion content in wt. %

Figure V- 5

 5 Figure V-5 shows the evolution of specific fracture energy for the different composites and inclusion contents. Given that fracture energy is measured from the area under the loaddisplacement curve, high values of energy often result from extended post-peak regions observed in most of the composites.

Figure V- 5 :

 5 Figure V-5: Evolution of Gf as function of inclusion content in wt. %

Figure V- 6 :

 6 Figure V-6: Evolution of B' as a function of inclusion content in wt. %

  observations and measured properties, the correlation matrix in Figure V-7 summarises the main impact factors.

Figure V- 7 :

 7 Figure V-7: Correlation matrix showing the impact of thermally induced damage on fracture parameters measured during the WST

Figure V- 8 :

 8 Figure V-8: Schematic description of the main fracture mechanisms in a Fracture Process Zone

Figure V- 9 :

 9 Figure V-9: Fracture behaviour of Pure MgO a) Load-COD curve and evolution of energy, b) evolution of damage as a function of COD

Figure V- 10 :

 10 Figure V-10: 2P-DIC images of instantaneous crack propagation of Pure MgO during a WST

Figure V- 11 :

 11 Figure V-11: Fracture behaviour of MH5 a) Load-COD curve and evolution of energy, b) evolution of damage as a function of COD

Figure V- 12

 12 Figure V-12: 2P-DIC images of instantaneous crack propagation of MH5 during a WST

Figure V- 13 :

 13 Figure V-13: Fracture behaviour of MH15 a) Load-COD curve and evolution of energy versus horizontal displacement, b) evolution of damage as a function of COD

Figure V- 14

 14 Figure V-14: 2P-DIC images of instantaneous crack propagation of MH15 during a WST

Figure V- 15 :

 15 Figure V-15: Fracture behaviour of MH25 a) Load-COD curve and evolution of energy, b) evolution of damage as a function of COD

Figure V- 16

 16 Figure V-16: 2P-DIC images of instantaneous crack propagation of MH25 during a WST

  Figure V-17, even a relatively brittle MgO material with limited nonlinearity exhibits much more damage overall than what is obtained using the compliance method.

Figure V- 17 :

 17 Figure V-17: Comparison of experimental and simulated load displacement curves and the resulting crack lengths for pure MgO

  equivalent crack length measured by 2P-DIC as follows: 𝐆 𝐞𝐪,𝐢 = 𝟏 𝐋 𝒆𝒒,𝒊 .𝐁 (∫ 𝐅 𝐇 𝛅 𝐇,𝐢 𝟎 . 𝐝𝛅 𝐇 -𝟏 𝟐 . 𝐅 𝐇 𝛅 𝐇 ) Eq. V.1

Figure V- 18 :

 18 Figure V-18: Evolution of an equivalent fracture energy (Geq) as a function of equivalent crack length for MgO, MS5, MH5 and MSH5 with 2P-DIC images illustrating crack branching in MH5

  calculating the effective fracture energy, a much more stable plateau can be observed in Figure V-19 after an initial increase during crack propagation. Then, at the end of the experiment fracture energy increases due to FPZ confinement coming from the action of the compressive zone at the bottom of the sample.

Figure V- 19 :

 19 Figure V-19: Evolution of an effective fracture energy (Geff) as a function of cumulated damage length for MgO, MS5, MH5 and MSH5
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Figure A- 1 :

 1 Figure A-1: Experimental setup for the application of the marker tracking method

Figure B- 1 :

 1 Figure B-1: Experimental setup of the ATHORNA thermal shock test bed

Figure B- 2 :Figure B- 3 :

 23 Figure B-2: Description of the laser sequence used for thermal shock experiments

  Figure B-4.a.

Figure B- 4

 4 Figure B-4: a) Diagram of the orientation of first principal stress compared to the x and y axes and b) Schematic of the two principal directions

Figure B- 5 :

 5 Figure B-5: Calculation of the mechanical strain field in the first principal direction by decoupling the total strain and thermal strain fields for an aluminium sample

  Figure B-6, the distribution of orthoradial secondary principal stresses can be visualised over a quarter of the sample for two cycles, namely C4 and C8 (as reported back in Figure B-3).

Figure B- 6 :

 6 Figure B-6: Secondary principal stress obtained from numerical simulation in a) C4 and b) C8

Figure B- 7 :

 7 Figure B-7: Evolution of measured bottom temperature for Pure MgO, MS5 and MH5 during the experiment

  Figure B-8 for MgO, MS5 and MH5, where the crack initiates from the border of the disk-shaped sample.

Figure B- 8 :

 8 Figure B-8: 2P-DIC images of Pure MgO, MS5 and MH5 showing crack propagation at the top of C4, C8 and C15

  Figure B-9. The crack lengths follow a cyclic evolution similar to the actual thermal cycling. Therefore, crack length increases at the top of the thermal cycle and then decreases at the bottom of the cycle. This artefact, discussed in detail previously in III.4.4, is mainly due to local strain decrease below the pseudo-strain threshold used in the 2P-DIC crack detection process. In this case, this feature results from thermal unloading that leads to a lower strain. Moreover, the half-diameter of the sample has been reported on the graph (Figure B-9) using green dashed lines for an easier association with the 2P-DIC images shown previously.

Figure B- 9 :

 9 Figure B-9: Evolution of instantaneous crack length measured by 2P-DIC for Pure MgO, MS5 and MH5 during the different thermal cycles

Figure B- 8 ,

 8 Figure B-8, crack propagation at stages C8 and C15 can be compared. Only a small crack has propagated in C8 while in C15 numerous cracks can be observed with very limited main crack extension. In comparison to pure MgO and MS5, MH5 exhibits the highest crack propagation resistance under increasing thermal gradients.In the end, the comparison of different materials highlights some interesting differences in terms of crack propagation, especially considering brittle pure MgO and quasi-brittle MS5 and MH5. These observations were quite in line with previous results and discussions regarding the thermomechanical and fracture behaviour of these model materials.In future developments, further optimisation of experimental conditions may be considered to enhance the monitoring of fracture by 2P-DIC. Moreover, the implementation of acoustic emission sensors can provide quantitative information on the amount and the localisation of cracks during an experiment. Coupled with 2P-DIC, the instrumentation around ATHORNA device may provide a powerful validation experiment for the evaluation of thermal shock resistance of various refractory materials.
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. Digital Image Correlation (DIC) I.3.1. Overview on the development of optical methods and application of DIC

  

	The present PhD thesis is focused on the measurement of mechanical and thermomechanical behaviours. The field of application of DIC has expanded from standard mechanical
	properties of refractories as well as providing an understanding of microstructure property characterisation of materials to fracture mechanics and even to high temperature applications
	relationships. In this sense, RHI-Magnesita company has provided the materials for this involving refractories. However, given the mechanical behaviour of refractories [Davi79], low
	research work, which will be detailed in Chapter II. strains (<10 -2 ) are usually exhibited prior to fracture. Reliable and accurate measurements of
	strains between 10 -4 and 10 -2 are thus expected from DIC. The measurement of low strains
	remains a challenge for DIC techniques for various reasons related to image noise and errors specific to DIC used to process images [ABDD13]. Nevertheless, the application of DIC has been performed successfully at room temperature [BeHR05, RNCO07, BGGD12, BHCP14] to characterise the mechanical behaviour of refractories as well as their fracture behaviour I.3Non-contact optical methods for the measurement of kinematic fields have seen a [LRMB11, BPGD15, VNCR16, DaGH17]. On the other hand, the application of DIC at high
	surge in their development in the last 40 years. Given the recent development of CCD cameras temperatures is another challenging topic where the experimental conditions can alter strain
	and numerical processing techniques, optical methods are deemed as affordable and easy to measurements significantly [LRMB12, GLTC14, MCSZ16], despite the increased strains
	implement in an experimental setup involving mechanical characterization. In addition to the exhibited by refractories at high temperatures [Davi79]. During creep tests for instance,
	obvious practical advantage of non-contact methods over conventional contact techniques, attempts have been made to characterise the asymmetric behaviour of a refractory up to
	such as strain gages and extensometers, optical methods are considerably more effective in 1350°C [LeLH15]
	measuring and analysing kinematic fields. Indeed, the measurement area is only limited by the
	field of view, therefore giving access to a large amount of measurement points that can be
	used conveniently to obtain local or full kinematic fields. Consequently, the application of
	optical methods has become commonly accepted by many scientific communities as an
	Federation for International Refractory Research and Education (FIRE) is a network effective way to enrich classical analyses. Experimental mechanics have thus seen a notable
	of academic and industrial partners that promotes refractory research programs. Project FIRE evolution in the way experiments are designed, monitored and analysed.
	Delta is the latest program within this global network, operating between 2016 and 2020. The Digital image correlation (DIC) is one of the most commonly used optical methods for
	main partners within project FIRE Delta are: measuring full-field displacements. This technique was developed by a research group from
	 Academic partners: University of Aachen (Germany), University Leoben (Austria), South Carolina in the USA in the 80's [PeRa82, PRSC83] and has seen many important
	University of Limoges (France) and University of Orléans (France). developments that contributed to improving its measurement accuracy and computation time
	 Industrial partners: Raw material suppliers (Alteo and Imerys), refractory producers [SWPR83, ChRS85, BMSP89]. Many studies have sought to assess the uncertainties and
	(Pyrotek and RHI-Magnesita) and end-users (Posco and Tata Steel). errors coming from different sources in order to make DIC more robust and reliable for more
	applications. This has clearly led to the success of this method as an advanced mechanical
	The main topic of the project is the thermomechanical modelling of refractories. It involves a characterization tool. It has been used at different scales, depending on the acquisition device,
	multiscale approach, which goes from the microstructure to the validation of lining structure. going from the macroscopic scale using CCD cameras to microscopic scale with optical
	Indeed, the main objectives of the project are to provide a better understanding of microscopy and SEM acquisition [SuLM97, JiLK08]. 3D measurements are also made possible
	microstructure-property relationships, measure thermal and mechanical properties required for for various mechanical and fracture characterisation experiments thanks to calibrated
	numerical simulation and model industrial refractory linings using non-linear homogenisation stereovision systems using two cameras or more [LCSP93, LuCS94, Orte09].
	methods. Master and PhD students in partner laboratories, which have the necessary
	expertise, address these topics. Consequently, the ever-increasing performances of DIC and associated methods have
	sparked interest among researchers developing refractories to further understand material

Table II -1 : Physical properties of pure MgO brick

 II 

	Sample	True density (g/cm 3 )	Bulk density (g/cm 3 )	Porosity (%)	Thermal expansion (200-400°C)
	Pure MgO	3.58	2.98	14.3%	13.3.10 -6

Table II -2 : Physical properties of spinel group aggregates

 II 

	Aggregate (1-3 mm)	Theoretical density (g/cm 3 )	Bulk density (g/cm 3 )	Closed porosity (%)	Melting point (°C)
	Spinel	3.58	3.35	6.4%	2135
	Hercynite	4.39	4.21	4%	1780

Table II -3: Summary of measured and literature CTE values for magnesia, spinel and hercynite during heating

 II 

		Coefficient of thermal expansion (10 -6 °C-1 )
	Material	200-400 °C	1000-1200 °C
		Present work	Literature	Present work	Literature
	Magnesia	13.2	13.3	16.3	15.8
	Spinel	8.9	7.44	11.0	10.4
	Hercynite	8.7	6.96	11.7	12.1

Table II -4 : Composition (in wt. %) of refractory composite bricks

 II 

			Composition			
	Bricks	MgO	MgAl2O4	FeAl2O4	Bulk density (g/cm 3 )	Porosity (%)
		(Matrix)	(Aggregate)	(Aggregate)		
	MS5	95%	5%	_	2.94	15.24%
	MS15	85%	15%	_	2.91	15.93%
	MS25	75%	25%	_	2.9	16.25
	MH5	95%	_	5%	2.95	15.43
	MH15	85%	_	15%	2.98	15.91
	MH25	75%	_	25%	3.04	15.64
	MSH5	95%	5%	2.94	15.25
	MSH15	85%	15%	2.92	16.21
	MSH25	75%	25%	2.92	16.42

Table II -5: Polishing protocol for SEM sample preparation Polishing disc (From Struers) Abrasive Polishing time (in minutes)

 II 

	MD-Piano 500	Diamond 31 μm	2
	MD-Piano 1200	Diamond 12 μm	3
	MD-Largo	Polycrystalline diamond suspension 9 μm	12
	MD-Largo	Polycrystalline diamond suspension 3 μm	12
	MD-Nap	Polycrystalline diamond suspension 1 μm	12

Table II -6: US measurements' experimental parameters

 II 

	Sample dimensions	12x12x120 mm 3
	Transducer frequency	60 kHz
	Waveguide diameter	10 mm

Table IV -1: Measured and theoretical single constituent densities

 IV 

		Measured density (g/cm 3 )	Theoretical density (g/cm 3 )
	MgO (matrix)	2.98	3.58
	MgAl2O4 (inclusion)	3.35	3.58
	FeAl2O4 (inclusion)	4.21	4.28
	MgFeAlO4 (inclusion)	-	3.95

Theoretical inclusion densities and measured ones are not far off from each other, especially for hercynite, indicating that aggregates are quite dense, at least prior to sintering. The measured density of pure magnesia is naturally much lower than the theoretical one, since pores are taken into account in the measurement. The theoretical values are used for comparison purposes only, except for MgFeAlO4 where it was used in composite density calculation since no measurement was possible.

By using single constituent measured densities to calculate a composite density, composites with non-spherical inclusions contained in a porous matrix with no thermally induced microcracks are considered. Indeed, this description naturally leaves out microcracks and is illustrated in

Table IV -2: Summary of Young's modulus measurements at high temperature

 IV 

		ERT (GPa)	EMAX (GPa)		
	Materials			EMAX-ERT (GPa) Drop temperature (°C)
		Room temperature	During cooling		
	MS5	45	52	7	890
	MS15	21	30	9	960
	MS25	16	29	13	965
	MH5	33	42	13	940
	MH15	22	53	31	1035
	MH25	14	37	23	1095
	MSH5	33	50	17	935
	MSH15	17	34	17	990
	MSH25	14	29	15	1025

From Table IV-2, a few trends can be extracted from these evolutions according to the correlation matrix in

Table V -1: Average fracture parameter values obtained by WST on model materials

 V 

	Materials	Nominal notch tensile strength	Specific fracture energy	Brittleness number
		σNT (MPa)	Gf (J.m -2 )	B'
	Pure MgO	9.2	130	0.77
	MS5	5.1 ± 0.2	209 ± 33	0.27 ± 0.05
	MS15	3.8 ± 0.2	250 ± 7	0.27 ± 0.03
	MS25	3.24 ± 0.1	236 ± 22	0.28 ± 0.02
	MH5	4.55 ± 0.3	213 ± 24	0.29 ± 0.07
	MH15	5.06 ± 0.3	266 ± 9	0.44 ± 0.03
	MH25	3.90 ± 0.2	281 ± 24	0.39 ± 0.06
	MSH5	5.16 ± 0.3	283 ± 36	0.28 ± 0.07
	MSH15	3.91 ± 0.2	341 ± 21	0.26 ± 0.06
	MSH25	3.13	191.07	0.37

  Furthermore, given that refractories are employed at high temperature, usually above 1000°C, it would be interesting to conduct fracture experiments in combination with DIC and 2-DIC at those temperatures. In this study, DIC and 2P-DIC have been applied mostly at room temperature due to the complexity of coupling high temperature experiments with optical methods. Indeed, the application of DIC and 2P-DIC at high temperature would require the development of a temperature resistant speckle pattern while ensuring stable experimental conditions, which is difficult to achieve. These experiments would enable the observation of the main fracture processes during crack propagation at high temperature. Nevertheless, as part of an ongoing European research program (ATHOR), brazillian tests have been successfully coupled with 2P-DIC at high temperature.The advanced characterisation of the fracture behaviour of refractories would require the development of sophisticated measurement methods and experiments to enhance the understanding of refractory thermal shock resistance. In this perspective, some preliminary thermal cycling experiments have been performed during this PhD within the framework of the

novel ATHORNA device (Advanced measurements for in-situ THermomechanical mORitoring of large samples uNder thermal gradient), as presented in Annex B : Application of 2P-DIC in a novel thermal shock test bed. Model materials investigated under the ATHORNA device were subjected to laser solicitations that induce thermal gradients within the sample, while optical cameras and an infrared camera were used to monitor damage occurrence and strains.
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Abstract

Optimisation of optical methods for strain field measurements dedicated to the characterisation of the fracture behaviour of refractories: Application to magnesia-based materials.

Magnesia-spinel and magnesia-hercynite bricks destined for thermal shock applications in cement rotary kilns often show an enhanced crack propagation resistance due to an engineered microstructure design. In these materials, microcrack networks resulting from the thermal expansion mismatch between magnesia matrix and spinel/hercynite aggregates promote the activation of energy dissipating mechanisms within the so-called Fracture Process Zone (FPZ) during loading. In this research, the fracture behaviour of magnesia-based model materials was investigated by coupling a refined Digital Image Correlation method (2P-DIC) with the Wedge Splitting Test (WST). The coupling of these advanced characterisation methods has proven to be very effective in measuring important fracture parameters accurately and in highlighting characteristic fracture mechanisms, such as crack-branching. The investigation of microstructure-property relationships underlined the impact of thermally induced microcracks on the thermomechanical behaviour of magnesia-spinel and magnesia-hercynite materials. Despite the rather similar elastic and dilatometric properties of spinel and hercynite single constituents, peculiar microcracking patterns were observed, especially in magnesia-hercynite. In fact, extensive diffusion between magnesia and hercynite during sintering led to the formation of spinel solid solutions around hercynite aggregates. As a result of thermal expansion mismatch with magnesia, these solid solutions contributed to creating numerous fine microcracks confined within the diffusion zone. Initially present within the microstructure, microcrack networks promote an increase of the specific fracture energy during WST experiments. Moreover, the analysis of strain fields measured by 2P-DIC revealed extensive crack branching for magnesia-hercynite materials. In essence, 2P-DIC and WST measurements showed that microcrack networks promoted the development of the FPZ, which in turn induced higher fracture energies. In a refined R-curve approach, effective fracture energies were calculated using crack lengths measured by 2P-DIC, which helped establish strong links between FPZ development and an enhanced crack propagation resistance. The tendencies observed at room temperature during WST experiments were confirmed during thermal cycling experiments using a novel thermal shock device.