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Résumé

Cette thèse porte sur l'influence des transformations de phases solide-solide sur la propagation de fissure. On souhaite ainsi mieux comprendre les variations de ténacité en cours de soudage par exemple, ou bien pendant la réparation d'une fissure. Dans ce travail, la ténacité est obtenue à partir de l'intégrale J. Il existe de nombreuses méthodes expérimentales permettant d'obtenir la ténacité critique J IC mais qui sont difficilement applicables pour des essais se déroulant pendant une transformation de phase. C'est pourquoi nous avons proposé une méthode couplant essai mécanique et mesure par corrélation d'images avec de la simulation par éléments finis. Les essais sont réalisés sur de simples éprouvettes plates pré fissurées, faciles à usiner et simple à chauffer par induction. Les essais sont conduits pour différentes températures et jusqu'à rupture. En sus des mesures d'efforts et déplacements de traverse, la corrélation d'images nous fournit également les champs de déplacement sur chaque face de l'éprouvette. Chaque essai est ensuite simulé par éléments finis où la ténacité critique est calculée par la méthode G-Theta au maximum de la charge supportée par l'éprouvette. Les simulations précédentes intègrent les conditions aux limites obtenues par corrélation et le comportement mécanique considéré est celui que nous avons identifié sur des essais de caractérisation.

Deux nuances de matériau ont été étudiées avec cette méthode: l'acier inoxydale 15-5PH ainsi que l'acier ferritique 16MND5. L'acier 15-5PH est toujours sous forme martensitique alors que le 16MND5 peut être bainitique ou martensitique selon le traitement thermique. On notera que l'étude sur la transformation bainitique du 16MD5 dépendant du temps et de la température s'est révélée dans notre cas plus complexe que l'étude sur le 15-5PH dont la transformation martensitique ne dépend que de la température. Pour ces deux matériaux, différentes températures d'essai ont été choisies avant, pendant et après la transformation pour effectuer les essais de rupture ainsi que de caractérisation du comportement mécanique.

Les résultats de cette étude montrent que la transformation de phase peut avoir un impact non négligeable sur la ténacité. Ainsi, pour le 15-5PH, le taux d'austénite résiduelle est un facteur important et les essais pendant la transformation martensitique montrent que la ténacité critique peut être inférieure pendant celle ci à celle du matériau purement austénitique.

Dans le cas du 16MND5, la ténacité est beaucoup plus faible à 600°C (et bainitique) qu'à température ambiante ce qui est assez logique. Par contre, lors du refroidissement, depuis α [98] ............................................................................................................................. The mechanism of bainite transformation is not yet well understood, but they have an important effect on the material properties and toughness. We hence study a little bit more deeply the anisothermal (Continuous Cooling or CC)-isothermal bainite transformation in 16MND5, carbon movement during the bainite transformation and its effect on the martensite transformation starting temperature will be quantitatively estimated. The TTT curve which is also called C-curve will also be drawn.

List of figures

Nomenclature and Abbreviation

Once the transformation kinetics, mechanism in 15-5PH stainless steel and 16MND5 low carbon steel are better understood, we will perform mechanical experimental tests. A fatigue crack side is initiated in a thin Single Edge Notched Plate (SENP) specimen. This plate is submitted to a typical uniform thermal history and the monotonic load crack propagation tests are performed on the plate. The objective of our thesis is to evaluate how much the toughness is affected by the temperature history. We briefly illustrate the chosen method to evaluate the critical J-integral based fracture toughness (see figure 1.3). The usual CT specimen can't be used to evaluate the toughness directly, because they are rather thick and it is clear that the temperature history is not uniform along the crack front during fast cooling. Consequently the J 1C estimation would apply to a heterogeneous material. We have decided to use these flat specimens which ensure an uniform material state along crack front even for fast cooling. We first of all apply Digital Image Correlation (DIC) technique to find the boundary conditions of the fracture tests, in the other hand, round bar tests will be done to find the mechanical properties of the material such as yield stress or Young's modulus under the related same thermal history, then the J-integral based fracture toughness will be computationally estimated by CAST3M simulation. The structure followed this introduction of this thesis is summarized as below:

Chapter 2 will introduce the basic research methods we have known before, and then we will talk about the materials we will study. DIC and X-DIC will be introduced first of all and consequently we will introduce the well known dilatometry technique, Direct Current Potential Drop (PD) technology and Johnson's formula for fabricating the pre-crack. Then we will separately talk about our studied materials 15-5PH and 16MND5, together with their transformations during heat treatment. Meanwhile, the investigated effect of phase transformation on fracture toughness is introduced. On the other hand, the introduction and comparison of current methods to evaluate the J-integral based fracture toughness is discussed in the end of this chapter.

Chapter 3, after the analysis of advantages and disadvantages of nowadays J 1C estimation methods, we propose a method coupling PD, DIC and CAST3M to evaluate the J-integral of the studied materials. The Boundary Conditions (BC) will be extracted by DIC method for numerical simulation. The re-programmed G_theta method provided in CAST3M will give us the critical J-integral value.

Chapter 4, the effect of martenstic transformation on fracture toughness of 15-5PH stainless steel will be given in this chapter. At first, we will present stress-strain properties of the 15-5PH under the different thermal history. The round bar tests for materials are submitted to the same temperature history as the fracture tests with the SENP samples. The J 1C value is then calculated by our method. The fractography of fracture surface is also analyzed to study the fracture mechanism and the relation with fracture toughness.

Chapter 5, 16MND5 low carbon steel is studied at this chapter. More metallurgical investigation is done for this material as bainite transformation is more complex. Continuous cooling bainite transformation as well as isothermal bainite transformation was studied in this chapter. The continuous cooling-isothermal bainite transformation will be especially discussed. More microstructure investigation will be involved also. After all these, mechanical tests will be done and further the J 1C will be detected by our method. Like what we have done for 15-5PH martensitic stainless steel, we will also study the fracture mechanism by the fractography.

Chapter 6 contains the conclusions and perspectives.

Chapter 2 Methods and Materials

This chapter will introduce the methods and materials in our investagation. Our research is a combination of materials science, thermomechanics and fracture mechanics, so some basic knowledge will be mentioned such as metallurgical phase transformation and the dilatometry technique for studying the transformation kinetics. Digital image correlation technology and direct current potential drop method will be involved also. Our research is implemented on 15-5PH stainless steel and 16MND5 low carbon steel, two well-known materials. The later one has more complex transformation kinetics than 15-5PH, not only the transformation types but also the transformation mechanism. Back to our research purpose, the already invesgated effects of metallurgical phase transformation on crack propagation ability which is charactered by fracture toughness will be recalled and the current J 1C estimation methods will be introduced briefly in the end of this chapter.

DIC and X-DIC

Local displacement and strain measurement is always an important task for mechanical investigation especially when the thermomechanics will be also taken into account. So here we make a brief introduction of a whole-field and non-contact strain & displacement measuring method called Digital Image Correlation (DIC) and its improved version eXtended-DIC.

Digital Image Correlation (DIC)

The Digital Image Correlation (DIC) method was firstly introduced by Peters and Ranson [START_REF] Peters | Digital imaging techniques in experimental stress analysis[END_REF] in the early 80s. It is widely used in nowadays as it is an optical whole-field and non-contact strain & displacement measuring method. First of all, researchers will do a painting on the surface of the specimen, and then use the digital cameras to take some photos during the test, Zone Of Interest (ZOI) will be processed based on the matching pixel gray level values [START_REF] Chen | Two-step digital image correlation for micro-region measurement[END_REF][START_REF] Hwang | Strain measurement of SU-8 photoresist by a digital image correlation method with a hybrid genetic algorithm[END_REF][START_REF] Roux | Digital image correlation and fracture: an advanced technique for estimating stress intensity factors of 2D and 3D cracks[END_REF] of these photos to detect the strain and displacement etc. during the mechanical test. As shown in Fig. 2.1, in the reference image, a square reference subset centered at point P is picked. The matching procedure is to find the corresponding subset centered at point P * in the deformed image, which has the maximum similarity with the reference subset. Consequently [START_REF] Tang | Large deformation measurement scheme for 3D digital image correlation method[END_REF], the two central points P and P * are a couple of corresponding points of the two images.

Before deformation, 0 0 ( , ) ( , )

i i Q x y x x y y = = + ∆ + ∆ (2-2)
In which x ∆ and y ∆ are the distances from the subset central P to point Q. After the deformation, we have equation (2-3), ' 0

' 0 i x y i x y x x x u u x u y y y y v v x v y = + ∆ + + ∆ + ∆ = + ∆ + + ∆ + ∆ (2-3)
In which, x u , y u , x v and y v are the first-order displacement gradients of the reference subset.

[10].

The most used correlation parameter for a correlation technique are the least square and the crossed parameters [START_REF] Mugil-Touchal | Various experimental applications of digital image correlation method[END_REF][11] :

* * * 2 1 ( ( , ) ( , )) M C f x y f x y dx dy ∆ = - ⋅ ⋅ ∫ (2-4)
and:

* * * * * 2 2 * * * 2 ( , ) ( , ) 1 ( , ) ( , ) 
M M M f x y f x y dx dy C f x y dx dy f x y dx dy ∆ ∆ ∆ ⋅ ⋅ ⋅ = - ⋅ ⋅ ⋅ ⋅ ⋅ ∫ ∫ ∫ (2-5) 
Where, M ∆ represents the surface of the pattern in the initial image and * M ∆ denotes the subset in the deformed image.

The strains calculation on the plane could be done for one pattern or for a group of patterns.

This calculation uses the gradient of the transformation F and the Green-Lagrange tensor E [START_REF]Computerized Measurement Products Services[END_REF] :

11 12 21 22 [ ] F F F F   =     F and 1 [ ] ( ) 2 T = ⋅ ⋅ -Ι E F F (2-6)
With this components, the principal strains are given by: 

)

E E E E E E E E E E ε ε Ι ∏  = + + - + ⋅ +   = + - - + ⋅ +   (2-7)
More details about the principle of DIC could be found in the references [START_REF] Peters | Digital imaging techniques in experimental stress analysis[END_REF] [START_REF] Chu | Applications of Digital.Image-Correlation Techniques to Experimental Mechanics[END_REF][START_REF] Mugil-Touchal | Various experimental applications of digital image correlation method[END_REF][START_REF] Tang | Large deformation measurement scheme for 3D digital image correlation method[END_REF][START_REF] Chu | Application of Correlation Techniques to Experimental Mechanics[END_REF][START_REF]Computerized Measurement Products Services[END_REF].

eXtended Digital Image Correlation (X-DIC)

However, one drawback [START_REF] Réthoré | Shear-band capturing using a multiscale extendeddigital image correlation technique[END_REF] [START_REF] Chen | Deformation measurement across crack using two-step extended digital image correlation method[END_REF] of DIC is when localized phenomena arises such as cracks, shear-bands, sliding or frictional interfaces. They are not smooth and continuous in the selected zone of interest, or may simply prevent the convergence of the correlation procedure when the displacement jump across the discontinuity is large. Alternative approaches require the partitioning of the domain into different parts that are further reassembled to estimate the discontinuity.

But real deformation fields of the crack tip and the crack face are difficult to be precisely obtained. Consequently, an algorithm named eXtended Digital Image Correlation (X-DIC) [START_REF] Besnard | finite element displacement fields analysis from digital images: application to Portevin-LeChatelier bands[END_REF][START_REF] Réthoré | Extended digital image correlation with crack shape optimization[END_REF][START_REF] Roux | Digital image mechanical identification (DIMI)[END_REF] has been raised to measure the full-field displacements by using the partition of unity method as the eXtended Finite Element Method (X-FEM) [18][19]. This technique allows for very efficient modelling of discontinuities within the finite element framework and without any demand for a remeshing element. More details could be found in the references [START_REF] Réthoré | Extended digital image correlation with crack shape optimization[END_REF].

Icasoft, one software to process DIC

The softwares for DIC and image capturing equipment can be found as followed [START_REF] Lomov | Full-field strain measurements in textile deformability studies[END_REF]: 1). The ARAMIS_ software (http://www.gom.com) for DIC with 2D and 3D registration with image size 1280 × 1024 pixels.

2). The LIMESS software (VIC 2D) (http://www.limess.com) for DIC with 2D and 3D registration with image size 1392 × 1040 pixels.

3). The ICASOFT software (http://www.techlab.fr/Strain.htm#Icasoft) for DIC with 2D registration with CCD 8 bits (1024 • 1024 pixels) Kodak Mega+ Cameras. This software has been developed at LaMCoS in INSA de Lyon [START_REF] Moes | A finite element method for crack growth without remeshing[END_REF] [START_REF] Rethore | Estimation of mixed-mode stress intensity factors using digital image correlation and an interaction integral[END_REF].

As it says in [START_REF] Lomov | Full-field strain measurements in textile deformability studies[END_REF], all these hardwares and softwares are not difficult to use. Preparation of the optical system is not so difficult (even calibration is not needed for 2D measurements) and does not produce experimental 'overheads'. Processing of the images (calculation of the displacement/strain fields) may take few minutes, following processing of the displacement/strain fields (e.g., calculation of local shear angles, statistical parameters of the field, etc.) is done automatically (either using internal commands of the DIC software, or external processing of output ASCII files).

Dilatometry technique

Dilatometry technique is very important and easy-command for learning the phase transformation kinetics. There is expansion during heating period and contraction during cooling period, the dilatometry can give us the expansion rate and transformation starting/ending temperature from the dilatation curve versus temperature. The device for this technique is extensometer or dilatometer with LVDT etc. Figure 2.2 is an ideal schematic of the free dilatation curve during a whole heat treatment process. If there is a specimen which is heated under a constant rate to a certain meximum temperature for austenitization, after that it is cooled down by a constant rate until to room temperature or held at one isothermal temperature for a certain time, the dilatation curve will always look like figure 2.7 except there is no transformation in this kind of material or we failed to get the transformation under this heat treatment condition. during the continuous cooling process, while the MT2 lines shows you the isothermal transformation induced dilatation. Whether or not the MT2 line can touch the heating line? It depends on whether or not the isothermal transformation will finish completely. As widely accepted, isothermal or anisothermal bainite transformation is an un-completed transformation, it tells us that it couldn't touch the heating line (or expansion line) if there is a similar BT2 line in Figure 2.2. About the temperature parameters in abscissa, the lower temperature is the transformation finish temperature and the corresponded higher one is relatively the transformation starting temperature during the cooling period.

We can also investigate the transformation kinetics by dilatometry technique. From fig. . By the following equation, we can calculate the transformed phase fraction [START_REF] Wu | Experiment and numerical simulation of welding induced damage of stainless steel 15-5PH[END_REF]. 

DC potential drop method and Johnson's formula

The non-destructive Potential Drop (PD) method has been widely used to detect the crack length and control the fatigue crack since it was introduced by H. H. Johnson in September 1965 [START_REF] Johnson | Calibrating the electric potential method for studying slow crack growth[END_REF]. In this method, a constant Direct Current (DC) is passed through the specimen.

The electrical potential is measured across the crack mouth and is related to the crack length.

The electric potential across the crack mouth can be related to the unbroken crack ligament resistance. The change of the crack length will change the resistance of the unbroken ligament and further the potential drop between the mouths of the crack.

It has now been developed to Alternating Current (AC) PD and even for the non-conductive specimen by so many researchers later [START_REF] Hwang | A multi-frequency AC potential drop technique for the detection of small cracks[END_REF][START_REF] Cerny | The use of DCPD method for measurement of growth of cracks in large components at normal and elevated temperatures[END_REF][START_REF] Nayeb-Hashemi | New electrical potential method for measuring crack growth in nonconductive materials[END_REF][START_REF] Sato | Application of induced current potential drop technique for measurements of cracks on internal wall of tube-shaped specimens[END_REF]. The crack length measurement and fatigue crack fabrication control is based on Johnson's formula (see Eq.2-9), this equation is very convenient because it is independent of the material characteristics. Eq.2-9 gives a simple estimation of the fatigue crack length a using simply the comparison of the potential drop ( ) a U of the present crack with the one associated with the original known crack length 0 a (in our case 0 a is the notch length which is measured by microscope observation, see figure 2.4).

( 

( ) 0 0 cosh 2 arccos cos 2 cosh 2 arccos cos 2 a a y W h a U W y U W h a W π π π π ⋅       ⋅     = ⋅       ⋅     (2-9) ) 
( ) 1 0 ( ) cosh 2 2 cos cosh 2 cosh cos cos 2 a a y W W a y U W h a U W π π π π - - ⋅ = ⋅ ⋅     ⋅   ⋅     1 
Following figure 2.5 shows the set-up of the DC potential drop method for the fatigue test or fracture test. The red and blue wires are used to input the DC current, two small wires welded on two sides of the notch are applied to measure the potential drop. The distance from the two small wires to the notch must be the same to each other. However, we need to pay attention that this formula has the following limitations.

(1) The parameter of y and W must be clearly constant when one applies the load

The load must remain small such that plastic zone at crack tip is very limited. The thickness of the specimen must not change.

(2) The change of temperature must be avoided

The variation of the temperature will bring the variation of electrical conductivity and expansion or shrinking which also affect the strain and the value of y and W . This influence will be big when the temperature changes a lot. More details could be found in annexes [START_REF] Peters | Digital imaging techniques in experimental stress analysis[END_REF].

Hence this method will only be used for room temperature in our study.

(3) The conductivity of crack tip When the loading relaxed during the fatigue test, two sides of the crack tips maybe also connect physically which can also conduct electricity.

(4) The choice of starting / ending point As Johnson suggested, the sample starter geometry strongly influences the calibration between measured potential and crack length. Similarly, the crack-after propagation geometry also influences the calibration between measured potential and crack length. So it is important to choose an appropriate starting point and ending point.

So in our study, we need to take these four aspects into account for getting a better result of fatigue crack length. Taking the following figure for example, it is acquired during a fatigue test. We take the potential when the force arrives at the mean value of the sinus force designed as 0 ( ) a U , and take the final potential when the force decreases from the mean value to zero as ( ) a U . Then we can calculate the fatigue crack length by equation (2-10). Finally this method will only be used for the control of initiation of fatigue crack length and for the room temperature J 1C test. transformation. When it cools to 912°C, here goes the A 3 transition to α-Fe which is BCC also.

Materials studied and phase transformation

The α-Fe will re-obtain its magnetism if cooled to lower than 770°C which is the Curie temperature (Tc), or Curie point [START_REF] Zq | Metallurgy and heat treatment[END_REF]. 

Metallurgical phase transformation

Normally there is phase transformation phenomenon in the alloy during the heat treatment process. We here take the famous Fe-Fe 3 C phase diagram (Fig. 2.8) for the explanation. In figure 2.8, when the alloy has less carbon than 2.14% (wt), it is steel, while it is cast iron when it has more carbon content. Hypo eutectoid steel has less than 0.76% carbon while hyper eutectoid steel has more carbon than this value. We take hypo eutectoid steel for example, it is liquid above 1538°C, when it continues cooling, it crystallizes partly into single-phase δ-solid solution which has 0.09% carbon, and then becomes austenite (γ, Carbon dissolves in γ-Fe, FCC structure) by peritectic transformation at 1493°C. The ferrite (Carbon dissolves in α-Fe, BCC structure) will appear along the austenite grain boundary by eutectoid reaction when temperature is cooling below than 912°C. The microstructure of hypo eutectoid at room temperature is composed of pearlite and ferrite.

Generally speaking, metallurgy people will heat the steel to a predetermined temperature and keep at this temperature for a certain time, after that there will be kinds of cooling methods, this process is called heat treatment. During this process, it will bring several phase transformations. They are austenite (FCC structure) transformation during heating and pearlite transformation at very high temperature, martensite (BBC structure) transformation at lower temperature, bainite transformation at an intermediate temperature (upper bainite in 400°C-550°C and lower bainite in 250°C-400°C) during cooling. By appropriate heat treatment method, people can get better material properties and improve the microstructure.

Figure 2.9 shows you the typical metallographics of martensite, pearlite and bainite [START_REF] Dong | Iron and Steel[END_REF][START_REF] Dong | Iron and Steel[END_REF][START_REF] Yi | Observation and analysis of the balance organization of steel alloy[END_REF]. complex and it will be discussed in chapter 6.

As illustrated in Figure 2.10, the austenite consists of a mixture of square atoms and round atoms, and has the unit cell outlined in red rectangle. One way of changing the crystal structure is to do so without disrupting the relative order of the atoms. This can be done by generating the unit cell of ferrite by a homogeneous deformation of the parent austenite. For displacive mechanism, the overall shape of the sample must change in a manner consistent with the change in crystal structure. When this shape deformation occurs in the bulk of polycrystalline steel, its accommodation brings plenty of strain energy. This energy can be minimised if the ferrite adopts a thin-plate shape. Since transformation occurs by a deformation, the atoms maintain the sequence which existed in the parent phase. There is therefore, no change in the chemical composition during displacive transformation. There is also a one-to-one atomic correspondence between the ferrite and austenite, which is the basis of the shape memory effect.

The change in crystal structure can also be achieved in effect by breaking the bonds in the austenite and rearranging the atoms into the structure of ferrite while maintaining the overall shape. This requires atoms to diffuse over distances compared to the size of the transformation product. Thus, although the strain energy associated with displacive transformations is avoided, this reconstructive mechanism can only occur at temperatures where atoms get sufficient mobility. Given that atoms are mobile, certain species which are more soluble in a particular phase (ferrite or austenite) will tend to migrate preferentially into that phase, leading to a difference in the chemical composition between them. The atomic correspondence between the parent and product phases is lost in a reconstructive transformation. The shape of the transformation product is either determined by growth circumstances, or as equilibrium is approached, by a minimisation of the overall interfacial energy per unit volume. Obviously a large number of experiments is required to build up either a complete CCT diagram or a TTT curve.

Martensitic precipitation hardening stainless steel: 15-5PH

The material 15-5PH (Condition H1025) is a martensitic precipitation hardening stainless steel which is a precipitation of age hardened and heat solution-treated material at 1025°F for 4 hours and then air cooling. It is widely used in aerospace and nuclear areas due to its toughness and hardness are high and it has a good corrosion resistance due to some alloy elements were added such as Mo, Ti, Si and Cu [START_REF] Wu | Experiment and numerical simulation of welding induced damage of stainless steel 15-5PH[END_REF]. The following table 2.1 shows the chemical composition of 15-5PH. You can easily find 15-5PH is named by the weight percent of element chromium and nickel. The test is done with an initial heating rate of +5°C/s until the maximum temperature which is 900°C. The first linear response is the expansion of martensite. At about 770°C the austenite transformation starts and is finished at about 815°C. After the maximum temperature 900°C is reached the specimen is air-cooled. The first part of the decreasing curve is the linear contraction of austenite which stops at about 185°C where martensitic transformation starts.

The transformation is over at about 80°C. We will focus on the continuous cooling martensitic transformation of 15-5PH to study the effect of metallurgical phase transformation on mechanical behaviour. One can read in [START_REF] Hsu | Martensite transformation and martensite[END_REF] that the martensitic transformation of 15-5PH is temperature driven, that is to say, once the temperature stops decreasing the transformation will also stop. Our experimental results are consistent with this observation. This means that one can keep a constant phase proportion if the temperature is changed to be constant during the continuous cooling martensitic transformation and do the corresponding mechanical tests.

In the lower right corner of figure 2.14, seven points (A to G) are marked which means that we will study the mechanical behaviour for these seven states. Notice: α presents martensite, γ presents austenite, α /γ means martensite and austenite mixed.

The reason why there are two approximately equal symbol ≈ is that the phase transformation may be not finished completely, for example there may be some residual austenite exists at point G.

The fraction curve versus continuous cooling temperature is also given below. From figure 2.16, we can find that there is some residual austenite exists in the final material after one cycle heat treatment. Actually it can also be found by the dilatation curve in figure 2.14, when the temperature arrived at the room temperature, the final dilatation curve didn't meet the beginning of the dilatation curve which means that there is some retained austenite at point G.

The gap between the final dilatation curve and the beginning of the dilatation curve in figure 2.14 depends on the amount of the residual austenite. If we want to investigate the effects of phase transformation on the mechanical properties of 16MND5, two aspects must be studied. First, the appropriate cooling rate for pure bainite transformation; Second, when the temperature is kept as isothermal where the mechanical test is expected to be done, is there any isothermal bainite transformation or not. If there is, the mechanical tests should be launched after the end of isothermal bainite transformation. So, the investigation of bainite transformation kinetics in 16MND5 is meaningful to us.

Review of bainite transformation investigation

Bainite transformation is formed between the martensite transformation in lower temperature and the pearlite transformation in higher temperature. Normally from 250°C to 550°C is the bainite transformation region which contains the upper bainite from 400°C to 550°C and lower bainite from 250°C to 400°C [START_REF] Honeycombe | Steels: Microstructure & Properties[END_REF]. Since E. S. Davenport and Edgar Bain first introduced the bainite which is originally described as being similar to tempered martensite in the 1920s, So many investigations have been done to research the bainite transformation and transformation kinetics in kinds of materials. However the controversy on the bainite transformation mechanism is still unresoloved [47][48]. Undoubtedly, bainite transformation is the most complex decomposition of austenite under Ac1. A lot of people think that the displacive theory is reasonable for the bainite transformation just like martensite transformation, but some other people agree more with the diffusion theory [START_REF] Quidort | Isothermal Growth Kinetics of Bainite in 0.5% C Steels[END_REF][START_REF] Ohmori | Bainitic Transformation in View of Displacive Mechanism[END_REF][START_REF] Hillert | Escape of carbon from ferrite plates in austenite[END_REF][START_REF] Hillert | The nature of bainite[END_REF]. So many bainite transformation models have been also presented to study the kinetics and the following point has been agreed: the bainite transformation is the evaluation of carbon atom [49][53-56]. And researchers are also searching the basic understanding that why bainite transformation is an incomplete transformation [57][58]. F.G. Caballero et al. presented that the diffusionless growth of bainite subunits can explain the incomplete bainite transformation by some experimental evidence [59]. Meanwhile, the effects on bainite transformations of alloy elements and external stress are also widely studied to potentially produce some high proporties steels such as carbide-free banitic steel [START_REF] Shipway | The effect of small stresses on the kinetics of the bainite transformation[END_REF][START_REF] Takahashi | Recent progress: kinetics of the bainite transformation in steels[END_REF][START_REF] Jacques | Bainite transformation of low carbon Mn-Si TRIP-assisted multiphase steels: influence of silicon content on cementite precipitation and austenite retention[END_REF][START_REF] Quidort | The role of carbon on the kinetics of bainite transformation in steels[END_REF][START_REF] Chang | Microstructures and reaction kinetics of bainite transformation in Si-rich steels[END_REF][START_REF] Mahnken | On the simulation of austenite to bainite phase transformation[END_REF]. For example, P. Jacques et al. [START_REF] Jacques | Bainite transformation of low carbon Mn-Si TRIP-assisted multiphase steels: influence of silicon content on cementite precipitation and austenite retention[END_REF] and D. Quidort with Y. Bréchet [START_REF] Quidort | The role of carbon on the kinetics of bainite transformation in steels[END_REF] all experimentally proved the silicon can strongly prevent the cementite precipitation. L.C. Chang presented that carbide precipitates in ferrite component of lower bainite can align single or multiple variants under the influence of stress created by the formation of bainite [START_REF] Chang | Microstructures and reaction kinetics of bainite transformation in Si-rich steels[END_REF]. In 1999, Mr. Bhadeshia summarized the research achievement and discussed the unresolved issues of bainite transformation [START_REF] Mahnken | On the simulation of austenite to bainite phase transformation[END_REF], he presented his theory which can explain a lot of observations and make a number of predictions. The theory tells us that there is an invariant plane strain shape deformation during the bainite transformation and the shape deformation induces plastic accommodation which causes a loss of coherency and brings the growth process to a premature halt. His opinion on the bainite transformation mechanism can be illustrated in Fig. 2.20, some comments are marked on the figure for better understanding. Detail description can be found in reference [START_REF] Bhadeshia | The bainite transformation: unresolved issues[END_REF]. In 2010, F.G. From the above free dilatation curve, we can get the expansion coefficients of bainite and austenite, the compactness difference between them is also calculated. Fracture toughness is a property which describes the ability of a cracked component to resist the fracture, and is one of the important properties of any material. From energy side, the ability of a metal to deform plastically and to absorb energy in the process before fracture is termed toughness. The emphasis of this definition should be placed on the ability to absorb energy before fracture [START_REF]NDT Resouce Center[END_REF]. It is a very basic characterization of materials applied in such as aerospace, automotive, water pressure reactor and other engineering components. Whether one material has a good fracture toughness or not is a standard to evaluate the material for engineering application. Following picture 2.23 is one example to show the engineering issue when there is fracture. A crack was found on the axle of a train type used on the Shanghai-Beijing high-speed line and finally the cracked axle has to be replaced. As a consequence, the experimental measurement and estimation of fracture toughness play an important role in fracture mechanics for the damage tolerance evaluation, structure integrity assessment and residual strength analysis etc. for these usual components. There are two traditional parameters to quantitatively express the material fracture toughness, one is the stress intensity factor K which is proposed in 1957 by Dr. George Irwin, the father of fracture mechanics [START_REF] Irwin | Analysis of stresses and strains near the end of a crack traversing a plate[END_REF][START_REF] Landes | Elastic-plastic fracture mechanics: where has it been? Where is it going? In: Fatigue and fracture mechanics[END_REF][START_REF] Zhu | Review of fracture toughness (G, K, J, CTOD, CTOA) testing and standardization[END_REF]. Another one is J-integral introduced by James R. Rice in 1968 [START_REF] Rice | A path independent integral and the approximate analysis of strain concentration by notches and cracks[END_REF]. The stress intensity factor is normally applied for the elastic crack tip field, while the later Jintegral is usually used for the elastic-plastic mechanics.

So many aspects can affect the fracture toughness of material, such as the grain size, microstructure, material composition, alloy elements and phase proportion etc. All these aspects are also offen affected by the metallurgical heat treatment.

Effect of phase transformation on fracture toughness

A lot of work has been done on the effect of phase transformation on material properties especially fracture toughness in the last half century. Greenwood, Johnson and Magee respectively worked on the effect of an applied stress during the phase transformation, they showed that this stress could lead to an additional irreversible strain [START_REF] Greenwood | The deformation of metals under small stresses during phase transformation[END_REF][76], described by the phase TRansformation Induced Plasticity (TRIP). Furthermore, J.P. Bressanelli and A.

Moskowitz presented that TRIP can increase the strain-hardening rate which results in an overall increase of tensile strength and uniform ductility [START_REF] Bressanelli | Effects of Strain Rate, Temperature and Composition on Tensile Properties of Metastable Austenitic Stainless Steels[END_REF]. Consequently the TRIP high strength steel came out [START_REF] Zackay | The Enhancement of Ductility in High-Strength Steels[END_REF]. Subsequently many papers appeared dealing with the influence of mechanically-induced martensitic transformation on the general mechanical behaviour of metastable austenitic steels under monotonic and cyclic loading [START_REF] Gerberich | Preliminary Toughness Results on TRIP Steel[END_REF]. For example, Gerberich et al. [START_REF] Gerberich | Interactions Between Crack-Growth and Strain-Induced Transformation[END_REF] and Singh [START_REF] Antolovich | On the Toughness Increment Associated with the Austenite to Martensite Phase Transformation in TRIP Steels[END_REF] have researched the enhancement of fracture toughness due to TRIP phenomenon. Many constitutive equations and kinetic theories of isothermal martensitic transformation have been also presented [82][83]. Bhadeshia also found large regions of untransformed austenite in the microstructure is detrimental to toughness as they can transform to corresponding large regions of untempered and brittle martensite under the influence of external stress [84][85]. Sun and Hwang established a micromechanics constitutive model based on an internal variable theory to describe the stress-straintemperature relations during forward and reverse transformation processes [START_REF] Sun | Micromechanics modelling for the constitutive behavior of polycrystalline shape memory alloys[END_REF]. Hannink et a.,

Kelly and Rose found that the stress-induced martensitic transformation in zirconia ceramics involves predominately positive volumetric change, resulting in a reduction in the crack-tip stress-intensity factor [START_REF] Hannink | Transformation toughening in zirconiacontaining ceramics[END_REF], which in turn leads to an increase in the material fracture toughness. Sung yi et a. analysed the fracture toughening of Shape Memory Alloys (SMAs) with a macro-crack under mixed mode loads [START_REF] Yi | Fracture toughening mechanism of shape memory alloys under mixed-mode loading due to martensite transformation[END_REF]. The analytical results also show that the martensite transformation reduces the crack tip energy release rate and increases the toughness. The toughness of SMAs is enhanced by the transformation strain, which tends to limit or prevent crack growth.

By contrast, the phase transformation in SMAs involves negative volumetric change, which would result in an increase in the crack-tip stress-intensity factor and thus a decrease in fracture toughness [START_REF] Yan | Effect of transformation volume contraction on the toughness of super elastic shape memory alloys[END_REF]. P. Yan et al. found that Steel line pipes produced by high frequency induction welding can result in a low-toughness zone at the weld junction [START_REF] Yan | Tackling the toughness of steel pipes produced by high frequency induction welding and heat-treatment[END_REF]. Now let's review the investigation in the last decade about the influences of phase transformation on the fracture toughness with more details.

In 2001, the influence of austempering temperature on the microstructure and the mechanical properties of high carbon and high silicon (HCHS) steel at room temperature and ambient atmosphere were examined by Susil K. Putatunda [START_REF] Susil | Fracture toughness of a high carbon and high silicon steel[END_REF].The influence of microstructure on the plane strain fracture toughness of this HCHS steel was also investigated. Figure 2.24 shows that fracture toughness of the HCHS steel increases with austempering temperature, reaching a peak value at 350°C and then starts to decrease. The author found that the fracture toughness was found to depend on the parameter

X C d γ γ
where X γ is the volume fraction of the austenite, C γ is the carbon content of austenite and d is the mean free path of dislocation motion in ferrite. C γ is determined by the following equation 2-11 [92].

0.3548 0.0044

A C γ γ = + (2-11)
Where A γ is the lattice parameter of austenite in nm.

With this investigated result, the author concluded that it will be possible to produce very high fracture toughness in HCHS steel by maximizing the parameter X C d γ γ , i.e. by an increase in ( X C γ γ ) product and a simultaneous reduction in d values.

Takeshi Iwamoto and Toshio Tsuta from Hiroshima University investigated the mechanism of strain-induced martensitic transformation toughening for TRIP steel due to crack extension in 2002 [START_REF] Iwamoto | Computational simulation on deformation behavior of CT specimens of TRIP steel under mode I loading for evaluation of fracture toughness[END_REF]. In their paper, It was recalled that McMeeking and Evans derived the following equation to evaluate the transformation toughening in the ceramics due to crack extension [START_REF] Mcmeeking | Mechanics of transformation-toughening in brittle materials[END_REF]:

tip far K K K = + ∆ (2-12)
Where tip K and far K represent the stress intensity factors near the crack tip and in the far field, respectively. The value of K ∆ is the toughness enhancement due to transformation. If K ∆ <0 then transformation toughening occurs.

Then, Budiansky et al. [START_REF] Budiansky | Continuum theory of dilatant transformation toughnening in ceramics[END_REF] indicated that Eq. (2-12) can be derived from the viewpoint of energy conservation and can be rewritten using the J-integral as:

tip far J J J = + ∆ (2-13)
Where tip J and far J are the crack tip and the far field J-integral. J ∆ is the amount of transformation toughening and possesses a negative value in the case of toughening.

Based on these two equations, the following equation 2-14 for evaluating toughness enhancement factor te J ∆ due to strain-induced martensitic transformation (SIMT) can be derived in the form of the J-integral:

1 0 tip te far J J J ∆ = -≤ (2-14)
Takeshi Iwamoto and Toshio Tsuta simulated the deformation behaviors of CT specimens of TRIP steel under mode I loading at various temperatures for the cases of stationary cracks and stable crack extensions. They introduced the nodal release technique and concept of pull-back force in the case of a stable crack extension. They proposed a thermo-elasto-viscoplastic constitutive equation [START_REF] Iwamoto | Computational simulation on deformation behavior of CT specimens of TRIP steel under mode I loading for evaluation of fracture toughness[END_REF] including transformation strain rate and the 3 rd invariant of the deviatoric stress 3 J . The following figure shows that the two-stage sample exhibits the best combination of strength and fracture toughness which is at least 30% higher than the normal one stage heat treatment method. They think the double isothermal treatment leads to a bimodal distribution of bainite plate size and a geometrical division of residual austenite in such a manner that the mechanical toughness of the austenite is improved. α ) on fracture toughness of Ti-18Al-8Nb alloy, which undergoes stress-induced martensitic transformation (SIMT) [START_REF] Archana Paradkar | Influence of volume fraction of primary 2 α on the fracture toughness of Ti-Al-Nb alloy undergoing stress-induced martensitic transformation[END_REF]. They did a good materials characterization work with the tools TEM, SEM and XRD. The volume fraction of 2 α is varied by different heat treatment at different temperatures. They used the ASTM E399 Standard [START_REF]ASTM Annual Book of Standards[END_REF] to calculate the fracture toughness which is shown in equation 2-15.

( )

Q P a K f W B W = (2-15)
Where Q P is the critical load, B is the thickness, W is the width of the sample and a is the crack length, ( ) in the infinite plane, ψ is the orientation angle. So the net SIF at the crack tip due to the presence of the martensitic transformation zone is given by 4 ( , ) ( , )

a
s s s s A K K K f x y D x y dA Ι ΙΙ ∆ = ∆ + ∆ = ∫∫ (2-16)
Where: The similarly, the net SIF at the crack tip due to the presence of the ferroelastic transformation due to domain switching can be computed by the Green's function method:

K ∆ is
5 ( , , ) ( , )

A K K i K f r D r dA θ ψ θ Ι ΙΙ ∆ =∆ + ∆ = ∫∫ (2-17) 
where 5 ( , ) 

Evaluation of J-integral based fracture toughness

Characterization of crack propagation ability is done by fracture toughness. Even though Jintegral based fracture toughness is more complex and difficult to deduce than the stress intensity factor K, but it will give us more accuracy result about the effect of phase transformation on crack propagation. Now, we will review some remaining methods for the estimation of J-integral.

Some fracture specimens with typical geometry

Before we go into the J-integral and its evaluation, we make a brief introduction of the usual mechanical fracture samples with pre-crack. All these different specimens can be applied for J-integral estimation. Only the estimated result from the specimen with same standard geometry can be compared [START_REF] Besson | Local Approach to Fracture: Ductile Rupture[END_REF][107]. For the purposes of calculation, the energy release rate is defined as

U G A ∂ = - ∂ (2-18)
Where U is the potential energy available for crack growth and A is the crack area (crack

length for two-dimensional problems). The unit of G is 2 / J m .
The energy release rate failure criterion states that a crack will grow when the available energy release rate G is greater than or equal to a critical value C G .

C G G ≥ (2-19)
The quantity C G is the fracture energy and is considered to be a material property which is independent of the applied loads or the geometry of the body.

The stress intensity factor K is a general way to deduce the strain energy release rate for linear elastic material, but J-integral has to be introduced when there is large-scale plastic strain for the elastic-plastic fracture mechanics.

J-integral

The J-integral represents a way to calculate the strain energy release rate, or work energy per unit fracture surface area in a material [START_REF] Vliet | 032 Mechanical Behavior of Materials[END_REF]. The path-independent J-integral proposed by James R. Rice [START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF] is a method of characterizing the stress-strain field at the tip of a crack by an integration path taken sufficiently far from the crack tip to be substituted for a path close to the crack-tip region [START_REF] Rolfe | Fracture and Fatigue Control in Structures, Application of Fracture Mechanics[END_REF] (Elastic-plastic situation under radial loading). It is defined as follows: In Figure 2.36, if the fracture test is entirely controlled by the loading with force, (a) could be applied to determine the J-integral, while the loading is displacement imposed, the shadow in (b) then is the different potential energy [START_REF] Liebowitz | Fracture, An Advanced Treatise[END_REF].

( ) U J Wdy T ds x → → Γ ∂ = - ∂ ∫ (2-
2.6.2.3 Critical J-integral J 1C
The critical J-integral J 1C defines the point at which large-scale plastic yielding during propagation takes place under mode Ι [START_REF] Rice | A Path Independent Integral and the Approximate Analysis of Strain Concentration by Notches and Cracks[END_REF], it is taken when the crack extension was first encountered and regarded as the initiation toughness of crack propagation. So it is a criterion to assess quantitatively the toughness of one material.

Some current evaluation methods

In the latest paper of Xian-Kui Zhu and James A. Joyce from Battelle Memorial Institute, they made a systematic technical review of fracture toughness (G, K, J, CTOD, CTOA) testing and standardization [START_REF] Zhu | Review of fracture toughness (G, K, J, CTOD, CTOA) testing and standardization[END_REF]. In this section and based of this review, we will make a brief summary about the current evaluation methods for detecting the value of critical J-integral.

ASTM standard method

From the effort by many researchers and scientists worldwide for more than a half century, the ASTM fracture toughness test standards made a significant progress and grew step by step.

The present versions of ASTM E399-09e2, E1820-11, E1921-11, and others have been developed and improved over the last several decades to provide consistent and economical procedures to measure estimates of fracture toughness designated as K 1C , K-R curve, J 1C and J-R curve etc. to meet the needs of practical engineering applications . The mostly often used specimens in ASTM fracture test standards are C(T), SE(B) and M(T) specimens containing a through-thickness tensile crack, i.e., mode-Ⅰcrack. The mostly cited standard for the estimation of J-integral is E1820. While ASTM E399-09e2 and E1921-11 work well for brittle fracture situation which are not applicable for our case here.

We take single edge bend specimen for example to explain how the standard E1820 estimates the J-integral [START_REF] Astm E | Standard test method for measurement of fracture toughness[END_REF]. First of all, the total J will be separately calculated to elastic part and plastic part.

el pl J J J = + (2-22)
Where:

el J = elastic component of J, and pl J = plastic component of J.

The elastic part can be easily calculated by followed equation: The plastic part is calculated:

0 pl pl pl N A J B b η = (2-24) 
Where: Fig. 2.37 Definition of area for J calculation using the basic method [START_REF] Towers | Maximum load toughness[END_REF] This method is widely used in all of the world and it can give the researchers a convince result, but unfortunately, it demands strictly the specimen structure and size, for example, 0 a W is asked to be close to 0.5 and N B is asked to be the same to or half of W . This geometry is very difficult for us to obtain an uniform phase field when there is phase transformation. Also, it only recommends the CT and SE(B) specimen but no SENT or other types of specimens.

Notice that this method was conducted using the 'maximum load'-based J 1C estimates, as done by Joyce [START_REF] Joyce | On the mechanisms and mechanics of plastic flow and fracture[END_REF] and Towers and Garwood [START_REF] Towers | Maximum load toughness[END_REF]. Clearly, since the hardening masked crack initiation and growth in high strain hardening materials, the maximum load toughness did not give accurate J 1C results for these materials. On the other hands, it was required to determine J 1C , thus requiring the tests of plenty of specimens to obtain a resistance curve and then one material toughness value, this will definitely cost a lot [START_REF] Zhu | Review of fracture toughness (G, K, J, CTOD, CTOA) testing and standardization[END_REF].

EPRI solution

In the late 1970s and the early 1980s, Electric Power Research Institute (EPRI) in the United

States sponsored a series of major projects for establishing a J-integral handbook. An engineering estimation scheme for elastic-plastic fracture analysis was thus developed, and the J-integral solutions for many specimens and simple geometries in plane stress and plane strain conditions were obtained by Kumar et al. [START_REF] Kumar | An engineering approach for elastic-plastic fracture analysis[END_REF] using finite element numerical calculations.

In this method, the SENP or SENT specimen was taken into account and the total J is also split to the elastic part and plastic part. The elastic part is the same as equation 2-23, and the plastic part is estimated by:

1 0 0 1 ( ) ( ) 0 n pl a P J W a h W P ασ ε + = ⋅ -⋅ ⋅ ⋅ (2-25)
Where n and α are material constants defined by the pure stress-strain law, they can be very easily obtained by fitting the stress-strain curve according to the Ramberg-Osgood relation. 0 σ is the yield stress, 0 ε is the yield strain, 1 h is a function of / a W and n , it's value is given in Fig. 2.38 (for plane stress) and Fig. 2.39 (for plane strain) [107] [START_REF] Kumar | An engineering approach for elastic-plastic fracture analysis[END_REF]. In these figures, the dimension b is the total width. P is the applied load per unit thickness, and: This method provided a solution of J-integral for many specimens and simple geometries such as SENT (SENP), CT, CCP, SENB, DECP and even cylinder pipes, it also made a good connection between the experimental result and finite element calculation.

But unfortunately, it only concerned the maximum hardening exponent n 20, and also if the material is nearly perfect plasticity, that is to say n is very big, equation 2-25 then has a very big error which cannot be accepted. Even for the material with a small value of hardening exponent n , this method still has a bad accuracy as it is always difficult to find a very accurate yield stress and this make the 0 P has a big error and further also the pl J . Besides, not all stress-strain curves can be precisely approximated with the Ramberg-Osgood relation.

0.2 mm offset of Ja ∆ curve

As we emphasis the estimation of the critical J-integral but not the Ja ∆ curve or J-R curve, so we ignore the determination process of Ja ∆ curve here. The point is that when we have the Ja ∆ curve, how can we get the critical J-integral value? On the other hand, even the method we will mention is one partial content of the ASTM standard methods, but we still want to fetch it out as it is quite different to the ASTM E1820 method we have mentioned in 2.6.3.1.

From the Ja ∆ curve, ASTM E1820 adopts an engineering definition of J 1C at the intersection of a 0.2-mm offset construction line and the J-R curve, as shown in Fig. 2.40 [START_REF] Zhu | Review of fracture toughness (G, K, J, CTOD, CTOA) testing and standardization[END_REF]. This figure illustrates a typical construction procedure used to evaluate J 1C . At first, the J-R curve is defined as the test data in the region bounded by the coordinate axes and the J max and max a ∆ limits. To develop the construction lines, a blunting construction line is defined. Plot this blunting line, then draw an exclusion line parallel to the blunting line intersecting the abscissa at 0.15 mm. Draw a second exclusion line parallel to the blunting line intersecting the abscissa at 1.5 mm. Also draw a line parallel to the construction and exclusion lines at an offset value of 0.2 mm. The Ja ∆ data points that fall inside the region between the 0.15 mm and 1.5 mm exclusion lines are valid data that are used for fitting a power-law regression curve. The intersection of the power-law regression curve with the 0.2 mm offset line defines the provisional point-value J Q that is subject to qualification criteria to see if it is an acceptable value. The basic one is to guarantee a sufficient specimen size:

B≥25J Q / Y σ ,
where Y σ is the effective yield stress equal to the average of yield stress and tensile stress. If this qualification requirement and others defined in Section A9.8 of E1820 are met, the J Q is J 1C . This single specimen technique can also give us the estimation value of critical J-integral. But it implied two difficult questions. First, it didn't mention how to find the crack initiation moment and actually it is not easy. Second, it is not easy to find the accurate 0.2mm crack extension.

All above is the brief summary of the current methods to estimate the critical J-integral. Of course, there is surely other evaluation ways such as CTOD and CTOA methods, but we just introduce the most widely used ones. Details could be found in the reference [START_REF] Zhu | Review of fracture toughness (G, K, J, CTOD, CTOA) testing and standardization[END_REF]. All these methods have made a great contribution for the estimation of toughness parameters, while the work to improve test procedures has been a constant topic of interest, debate and incremental research is still on.

Chapter 3 A New Method of Toughness Evaluation

In this chapter, we will introduce one cost-save and effective method to estimate the critical Jintegral with a sole Single Edge Notched Plate SENP (SENP) specimen. The Direct Current Potential Drop (DCPD) method is applied to obtain the initial fatigue crack length. DCPD is compared with Digital Image Correlation (DIC) at room temperature to evaluate the crack propagation initiation load. It is observed that slightly before the load drops, the crack starts to propagate. DIC will also help us to get the Boundary Conditions (BC) for Numerical Simulation in which the method G_theta will give us the critical J-integral.

A new method to evaluate the critical J-integral

We choose SENP specimen to do the fracture test. In the beginning, PD method is applied to control the fatigue crack fabrication. The fracture test will then be done on the pre-cracked SENP. The 1C J value is to chosen to be the J value when crack starts to propagate on the SENP specimen. The method is first tested at room temperature for which the material is more brittle. The global load displacement curve was correlated with the DIC measures which give the crack tip position, the image processing of the two faces of the specimen which are used to check the previous prediction and the PD method provides a third measure of the crack tip position. The comparison of these three measures permits to decide when the crack starts to propagate.

Meanwhile, the stress-strain curve is obtained by the round bar test. Notice that, the PD method will not be applicable when electrical induction coil is working, but the result of crack propagation initiation point we found in room temperature is applicable to other cases in high temperature. One observes at room temperature with those three means that the crack starts to propagate slightly before the maximum load.

The 1C J value then is extracted using a careful finite element analysis of the experiments. The finite element analysis was conducted as follows: DIC is used to define the real Boundary Conditions (BC) to be applied to the finite element model for the fracture test for the load level. The test has then been simulated by a refined finite element plane stress analysis, using the material properties extracted from the standard stress strain curve obtained at the corresponding thermal history. The load displacement curve predicted by FEM is compared to the experimental one to check the quality of the simulation as well as the adequate choice of the stress strain curve. 1C J value is then extracted by the G_theta method using the elastoplastic evaluation of J. The original G_theta method provided in CAST3M couldn't be applied in our case, because the plastic zone was much larger than the region defined by the nine disks around the crack tip. Consequently we had to reprogram the G_theta method. 

An example to obtain the J 1C value

In this section, we will introduce our method to evaluate the critical J-integral and illustrate with an example. In our study, all the fracture samples are designed as followed Figure 3.2

shows, the thickness is only 2 mm and the pre-crack length is 1.5mm or 2.5mm. The available supplied material (cylindrical bar of 25 mm diameter) imposed a size of the specimens, which is small. The benefits of this geometry are to provide cheap specimens, which are also easy to control on temperature. Associated with electrical induction heating, the rates of heating and cooling are higher than what you can impose in a furnace and so, much more representative of welding processes. On the other hand, the surface of gripping is small and the gradient of temperature along the axis of the specimen (far from the crack) does not allow imposing perfect boundary conditions. The two big holes of the SENP specimen are used to fix the sample, and the two small holes permit to input the current and produce a controlled fatigue crack using Potential Drop (PD) technology which is showed in Fig. 3.2. The notch has been enlarged in the Figure 3.2 and precisely defined in Detail B. The initial fatigue crack length is measured by the PD method using Johnson's formula [START_REF] Johnson | Calibrating the electric potential method for studying slow crack growth[END_REF] coupled with optical microscope and DIC (see annexe 2). Let's also note that the crack length (around 2 mm) is large compared to the size of the microstructure (approx. 0.02 mm).

Fatigue crack fabrication

Fracture test

Boundary conditions given by DIC

Finite element numerical simulation

Round bar tensile test to identify the material parameters of 15-5PH for points A to G Certainly it is impossible to process all the data we acquired. Frankly, we fetch some points from the beginning of the fracture test to the one the crack has propagated a lot. During elastic part, we fetch one point every 10 seconds, when there is the plastic strain, more and more points are selected around the maximum fracture force. At last, the density of points is decreased. Just as the following Fig. The red rectangle in figure 3.7 is the original selected ZOI for our reference. We can connect every picture's information with the mechanical information expressed in Fig. 3.3. propagate. Before this critical picture, we observe that the large strain zone becomes larger and larger, the crack mouth displacement becomes bigger and bigger, while there is no significant crack propagation. After this critical picture, the crack already grows significantly and the butterfly has been entirely broken. On this critical picture at 100 seconds, we can see that the mesh around the crack tip is being teared but hasn't been yet broken, while it is broken by the lower crack tip in the next picture. From these observations we deduce that the second mutated point at 100 seconds is the critical time when crack starts to propagate. The shorter is the time between these pictures, the better DIC accuracy is.

By comparison the result given by DIC in figure 3 As Fig. 3.8 shows the boundary conditions given by our method for 16MND5 material at room temperature (pre-crack length is 2.5mm). Now with the basic stress-strain curve of this specimen and the boundary conditions provided in Fig. 3.8, we can estimate the critical J-integral by finite element simulation. Elastoplastic plane stress analysis with large strain was performed using CAST3M [START_REF] Constantinescu | An introduction to finite elements based on examples with Cast3m[END_REF][START_REF] Fichoux | Présentation et Utilisation de CAST3M 2000[END_REF][START_REF] Fleuret | Prise en main de CAST3M 2000 par l'exemple[END_REF] finite element software in order to evaluate J 1C . A special attention is taken to build an appropriate mesh. It consists of a circular part of 10 layers of elements around crack tip. Quadratic 6 and 8 nodes finite elements in plane stresses are used elsewhere. Top and bottom sides are described by 10 elements as we can see in figure 3.9 where the mesh has 1358 elements. After the simulation, J 1C is extracted using the modified G-theta method [144][145], which permits to compute the energy release rate for elasto-plastic radial loading. As we know, the original G-theta method in CAST3M works well for J 1C evaluation when there is no plastic strain or when plastic zone is confined into the inner domain. When the plastic zone is larger than the nine disks, the J 1C estimated by the CAST3M G-theta method is no longer valid because it is no longer path independent.

Hence, for our elastic-plastic fracture mechanics situation, we have to reprogram the original CAST3M G-theta method. We change the integration path to a large domain shown in figure 3.12. Second, we calculate the strain energy density or work by the actual strain in the integration domain which is shown in Eq. (3-1). .

ij i k k j p p J U dS W dS σ Ω Ω = Θ - Θ ∫ ∫ (3-1)
In equation 3-1, U , σ : are solutions of the mechanical problem with true boundary conditions, and the theta components:
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While W is the strain energy density:

∫ = ε ε σ 0 : d W (3-5)
It is practically calculated incrementally by: ( )

1 1 1 2 - = - - ×       + ≅ ∑ i i n i i i W ε ε σ σ (3-6)
dS is a surface element and equal to dS dx dy = ⋅ .

Equation 3-1 in a compact writing is:

: . . J grad U grad dS W div dS σ θ θ → → → Ω Ω       = -             ∫ ∫ (3-6)
With this G_theta method, we can numerically evaluate the critical J-integral value. Annexe [START_REF] Chen | Two-step digital image correlation for micro-region measurement[END_REF] gives the "Gibiane" program of this method. Now we show the verification of path independence of J-integral obtained by this method. We highlighted three paths in figure 3.13

where blue one is contour 1, green one is contour 2 and red one is contour 3. We can see in two figures 3.14 and 3.15, the result of J 1C obtained by our G-theta method is good and path independent. ( )

2 2 a K J E E ϕσ π = = (3-7)
In which, the geometrical coefficient ϕ is given by equation (3-8) [107]. The method has also been successfully compared with the basic G_theta produce of CAST3M with a small plastic zone. All above is an example to show how our method to estimate the critical J-integral coupled the DIC/PD technology and FEA. With this method, we can now investigate the effects of phase transformation on J-integral based fracture toughness of material 15-5PH and 16MND5.

Some comments on our J 1C estimation method

Those experimental approaches we mentioned in section 2.6.3 impose to have specified specimen geometries and most of them are associated with rather expensive experiments.

Moreover all these experimental methods can't be applied to the determination of 1C J in case of phase transformations situations, because one cannot ensure, with thick specimens that the temperature fields around the crack tip region within the specimen is uniform. This implies that one do not know what is the material state within the specimen and along the crack front without making complex 3D computations, which is heavy and debatable if not compared with ad hoc measures. Besides, the EPRI method has a big error when the material hardening exponent is big and when the yield stress is not evaluated precisely (see the exponential equation 2.26).

It was then decided to use our non conventional method to extract the 1C J value. The 1C J value is determined on the base of observation of crack propagation on thin cracked plane specimen. We applied the thin and small Single Edge Notched Plate (SENP) as our fracture samples. Later after the fracture test, the 1C J value is extracted using a careful finite element analysis of the experiments. One could argue that this finite element computation can be avoided because DIC contains all the information. This is an interesting and efficient processing of the results but, in case of elastoplastic response, this method relies on the input of a stress strain law. It has been measured in our case and hence a purely experimental method could be directly applied. The interest of the chosen method is to cross check the use of the bar specimen stress law choice for the cracked plate specimen response, the quality of the choice of the stress strain curve is checked by the quality of the global force displacement law.

Another point is that the pre-crack length is too short to get a comparable and reference critical J-integral value as there is the effects of crack-tip constraint on that fracture toughness parameter. And some standards demand the pre-crack length should be more or less 1/2 of the width of the fracture sample (see figure 3.16).

Fig. 3.16 Relation between J 1C with the pre-crack length [START_REF] Besson | Local approach to fracture[END_REF] In our case here, the pre-crack length is 1.5mm or 2.5mm which means the value of a/W is 0.15 or 0.25, the blue rectangle in figure 3.16 is the area of our a/W. We can see that there is no big error induced by the non-standard pre-crack length compared to the value from the standard a/W=0.5. let's step one foot back, our investigation purpose is to look for the effect of phase transformation on the critical J-integral based fracture toughness, so we applied same specimen with same pre-crack length and same geometry, that means, for our study purpose, the 1C J valued estimated by our method is comparable and enough to find the answer to our thesis.

This method was then used to get the 1C J at room temperature. The value we obtained has been compared with others from some literatures [START_REF] Hausild | The influence of ductile tearing on fracture energy in the ductile-to-brittle transition temperature range[END_REF][START_REF] Rossoll | Fracture Toughness Determination of a Nuclear Pressure Vessel Steel by Instrumented Charpy Impact Test[END_REF][START_REF] Renevey | Approches globale et locale de la rupture dans le domaine de transition fragile-ductile d'un acier faiblement allié[END_REF][START_REF] Iskander | Results of Crack-Arrest Tests on irradiated A508 Class 3 steel[END_REF][START_REF] Chapuliot | Thermomechanical analysis of thermal shock fracture in the brittle/ductile transition zone. Part I: description of tests[END_REF][START_REF] Priest | Irradiation surveillance data for an A508 forging and associated weld metal[END_REF]. The critical J-integral was converted to critical stress intensity factor by the equation (3-7). In 3.17, the four black squares are the values from others, our value is the blue cycle point.

We observe the results are consistent. Another aspect is that the error of our method is rather small.

Chapter 4 Effect of Martensitic Transformation on 15-5PH

Fracture Toughness

In this chapter, we applied our method for the estimation of fracture toughness for 15-5PH stainless steel after different kind of heat treatments. When we get the critical J-integral values, we will discuss the influences of phase transformation on material fracture toughness together with the investigation of fractography and metallography.

Specimens

There are two kinds of specimens for 15-5PH, one is the SENP for fracture test and it has been shown in Fig. 3.2, another one is the round bar sample for the tensile test which is shown in Fig. 4.1. The automated configuration includes the controller, a PC, and the system software bundle.

For DIC, two 4 Mpx cameras were placed in front of each face of the specimen to record digital images of the two sample surfaces (5 pictures every 2 seconds, see figure 4.4). 

Tensile tests results

The tensile tests were done by a displacement rate of 0.5mm/min. As we already described in 

Fatigue crack fabrication

For each testing conditions (points A to G) at least two samples with different pre-crack length were produced. We make use of a sine loading to fabricate a fatigue crack, the maximum loading is calculated by equation (4-1), the minimum loading is 1/10 of the maximum, and the frequency of the sinus loading is 20HZ. In equation (4-1), y σ is yield stress of 15-5PH, a is the crack length and actually is equal to the size of notch, W and B are the width and thickness separately of the SENP. max 0.6 ( )

y F W a B σ = ⋅ -⋅ (4-1) 
Johnson's formula [START_REF] Johnson | Calibrating the electric potential method for studying slow crack growth[END_REF] in equation (2-9) was applied to control the fatigue crack fabrication as we expected to produce a 2.5mm pre-crack. Here 0 a is the notch size, Finally all the SENP samples are given in table 4.2. 

Fracture tests results

The fracture tests were also done by a displacement rate 0.5mm/min on pre-cracked SENP One may be surprised about table 4.2 that the maximum force of the samples with different crack length are not always consistent with the initial crack length, for example, it needs bigger force to make the sample with longer pre-crack propagate. The reason has been found to be due to a difficult control of the "grip" conditions of the specimen into the machine. This difficulty is created by the extremely simple design of the specimen with small pre-crack difference but has been solved using DIC and finite element simulation of the experiments. When one compares the size of the microvoids, A and B have larger microvoids than others.

B has bigger dimples than A. For point G, the dimples are much smaller than for case A and their density is consequently higher.

Meanwhile, from the fractography, there are few inclusions, their influence on the fracture toughness should then be small.

Numerical simulation

When we have all the boundary conditions of every fracture test and stress-strain curves at every experimental point, we impose the boundary conditions to the finite element analysis, the re-programmed G_theta method will then give us the simulated result of critical J-integral.

The comparison of experimental and simulated force vs. mean displacement at every point is shown in following figure 4.11.

Case A Case B

Force vs. mean displacement (Point A) The synthesis of the analysis is given on the following table 4.3. Figure 4.12 displays the J 1C estimated value for each experimental case (A to G) 

Results analysis

The results presented in figure 4.12 show that the heat treatment and metallurgic phase transformation has an influence on the fracture toughness of 15Cr-5Ni stainless steel.

We predict an as-received 15-5PH J 1C value of 259 KJ/m 2 . If we convert this value to the stress intensity factor by equation (3-7) and compare it with the ASME recommended value or others in figure 4. [START_REF] Réthoré | Shear-band capturing using a multiscale extendeddigital image correlation technique[END_REF], we find that our value is very similar to the one given by I.I. If one now compares cases A and B, which are all fully martensitic, but at different temperature, A has a bigger J 1C value than B. The reason is not obvious. The difference is of about 20%. This observation should be confirmed by a larger number of experiments.

One now compares the toughness at 200°C but with two distinct metallurgic states: cases B (fully martensitic) and C (fully austenitic). J 1C for case B is clearly smaller than the one of case C. 15-5PH in austenitic phase is tougher than in martensitic one.

Comparing the toughness J 1C of cases A and G, the material after a whole cycle heat treatment has higher fracture toughness than the original material. This should be due to some residual austenite in the material after the heat treatment. This is confirmed by the fractographic analysis of the failure zone which shows a more ductile fracture mode.

For cases D, E and F, both martensite and austenite phase (their proportion is given in table.

2.3) exist in the specimens. Globally the toughness is smaller during the phase transformation than when it is finished or not started. But the decrease is not huge.

Overall, one can conclude that austenite enhance the ductility and then the toughness J 1C of the material. Let us also observe that these experiments do not give enough information for the evaluation of the pertinence of a mixture rule between austenite and martensite toughness.

Chapter 5 Effect of Bainite Transformation on Mechanical

Properties and Fracture Toughness of 16MND5 Low Carbon Steel

In this chapter, we will firstly study more deeply about the bainite transformation especially the isothermal bainite transformation in 16MND5 low carbon steel, the good understanding of isothermal bainite transformation is useful to do the mechanical experiments at one isothermal temperature and to do the analysis of the influences of bainite transformation on fracture toughness. After that, we follow the same procedure as for 15-5PH stainless steel (chapter 3).

Detail research of bainite transformation in 16MND5

In section 2.4.5, we have mentioned some points about the transformation in the 16MND5 low carbon steel. We talked about the continuous cooling bainite transformation investigated by others, we have also shown the continuous cooling bainite transformation gotten from -5°C cooling condition. If we want to do the same mechanical experiments as what we did for 15-5PH stainless steel, we need to control that no phase transformation occurs at temperature higher than Bc. If there is no dilatation during temperature hold, we can start the mechanical tests at once. Otherwise, we need to wait for the end of isothermal transformation and then launch the mechanical test.

Isothermal bainite transformation at temperature higher than Bc

As what we did in 15-5PH, we will also choose seven points for the mechanical tests. Here we choose 600°C before continuous cooling bainite transformation and 573°C, 550°C, 530°C during the bainite transformation for the following isothermal bainite transformation investigation. Similarly the as received 16MND5 and the one after the whole heating and cooling process, together with one point with the same temperature at 600°C but before the austenitization are all selected also. These seven points are also named from A to G which is marked on the following figure 5.1. Notice that figure 5.1 is part of the figure 2.21. On figure 5.3, we observe that the free dilatation curves also changed at constant temperature higher than Bc. Similarly the dilatation curves went higher at temperature lower than Bc during continuous cooling bainite transformation which will be discussed with more details in section 5.1.2. For each point, isothermal phase transformation is finished after a certain hold time. In figure 5.3, after the isothermal transformation, there is no further anisothermal bainite transformation as the following heat treatment condition can normally bring us bainite transformation. We also observe that the further martensite transformation starting temperature decreases. This is probably due to carbon movement induced by the isothermal transformation in the high temperature region. On the other hand, the upper limiting temperature of the bainite formation should be that of the eutectoid reaction which is 750°C in our material [START_REF] Caballero | New experimental evidence on the incomplete transformation phenomenon in steel[END_REF][START_REF] Aaronson | The decomposition of austenite by diffusional processes[END_REF][START_REF] Aaronson | The mechanism of phase transformations in crystalline solids[END_REF][START_REF] Aaronson | A progress report on the definitions of bainite[END_REF][START_REF] Reynolds | An investigation of the generality of incomplete transformation to bainite in Fe-C-X alloys[END_REF]. This can tell us that the reason why the dilatation curve at constant temperature went higher is due to the isothermal bainite transformation.

Let us observe the free dilatation experiment at isothermal temperature 680°C. The dilatation curve is shown in figure 5 Following figure 5.6 is the micrograph of 16MND5 at room temperature after isothermal temperature at 680°C. From this metallurgical photo, we may observe that there are lots of bainitic ferrite plates which come from the isothermal transformation at 680°C, and the photo also shows that there is some martensite which comes from the later martensite transformation from the retained austenite after the earlier isothermal bainite transformation. The X-ray diffraction test result shown in figure 5.7 proves that there is no pearlite after the isothermal transformation at 680°C. As three peaks are typical peaks of BCC α-Fe. In figure 5.12, we can also deduce that the bianitic ferrite ξlaths growth rate is not constant. It is first very quick then slow down, finally it proceeds very slowly. This is rather different from what D. Quidort and Y. Bréchet found in 0.5% C steels as they found the bainite growth rate is a constant [START_REF] Quidort | Isothermal Growth Kinetics of Bainite in 0.5% C Steels[END_REF]. Anyway, notice should be paid attention that the heat treatment procedure and material are all different. We will go deeper in this point later.

Isothermal bainite transformation at temperature lower than Bc

Similarly to the isothermal transformation happened at temperature higher than Bc, the dilatation curve went higher also when the cooling temperature is changed to be constant during the continuous cooling bainite transformation. In following figure 5.13, we observe that when the cooling temperature is kept constant at one temperature (point D at 570°C, point E at 550°C or point F at 530°C) lower than Bc, the dilatation curves is increasing. The whole transformation here will be called hereinafter 'continuous cooling-isothermal bainite transformation'. Note that the martensite transformation is going on after the former 'continuous cooling-isothermal bainite transformation': this is probably due to the retained austenite after the former bainite transformation. Figure 5.17 shows the phase fraction of transformed bainite with this process. One observes that the lower isothermal temperature is, the more bainite is produced by anisothermal and consquentely less bainite is produced by isothermal bainite transformation. The results are summarized in the following table. Displacive movement has no strong dependence on high temperature; 4) austenite at high temperature is more stable. So, we can maybe conclude that the bainite transformation in 16MND5 is a transformation that obey the displacive theory but with the carbon evaluation.

Incomplete isothermal bainite transformation and it's half C-curve

As we all know that bainite transformation is an incomplete transformation. It was explained by Zener C. as when the bainitic ferrite formed the supersaturated carbon which would be expelled to the surrounding austenite thus thermodynamically stabilising it against further transformation [161]. Bhadeshia and Edmonds [START_REF] Bhadeshia | The mechanism of bainite formation in steels[END_REF] explained that it is a manifestation of the formation of essentially supersaturated bainitic ferrite, so that the original bainitic ferrite retains much of the carbon content of the parent austenite [59]. In our material here also exists the situation especially the isothermal bainite transformation in high temperature region. The reason could be that the austenite in high temperature is stable as bainite transformation in our material implements at a high temperature ( majority higher than 500°C, see figure 2.21). This temperature is normally regarded as the highest temperature of upper bainite. The alloy element in 16MND5 could be another reason, but silicon can be absolutely excluded. D.

Quidort and Y. Bréchet said in their paper [START_REF] Quidort | Isothermal Growth Kinetics of Bainite in 0.5% C Steels[END_REF] that 0.5% in mass of silicon is not enough to prevent the cementite precipitation and further the bainite transformation. However there is only 0.015% silicon in 16MND5. Hence we think that 1.3 wt% Mn in 16%MND5 can make the TTT-curves go to the right which means it needs more time to finish the transformation [START_REF] Bhadeshia | Steels Microstructure and Properties[END_REF]. when the maximum force of the fracture test is small. Otherwise, we did the fracture test on the machine which can provide maximum force 250KN. Figure 5.24 shows you the set-up of the Gleeble 3500 system. The upper picture is the overall view of the Gleeble system with control panel, operating platform and experimental chamber. Lower left one is the front view of the experimental chamber while lower right one is the side view. During the tensile test of 16MND5 material at different heat treatment situation, dilatometer was used to measure the dilatation and transverse strain. Meanwhile extensometer measures the dilatation also and longitudinal strain, the distance between two sticks of the extensometer is 10 mm. Cooling

Air was applied for cooling the measurement devices such as dilatometer and extensometer as the maximum temperature during the tensile test for majority points is 900°C.

For the heating control, three thermocouples were welded on the surface of the round bar specimen for tensile tests. The centre thermocouple is in the center of the specimen, the distance between every thermocouple is 5 mm. For the fracture test, we also used three thermocouples, the centre thermocouple is in the same horizontal line with the pre-crack.

Another two thermocouples are symmetrically welded in the two sides of the central thermocouple, the distance between each thermocouple is around 7.5mm. given by the extensometer during the experiment is not meaningful. Strain at failure for point D is also not available because the extensometer lost the signal after the maximum force. Fracture tests were also accomplished with a displacement rate of 0.5mm/min until the crack growth to about one half of the width. During the fracture test, PD and DIC were also recorded at room temperature. Figure 5.27 shows the fracture curves at every experimental point (from A to G). The abscissa is the total displacement in the loading direction and the ordinate is the applied loading, loading line displacements and forces are all given by the hydraulic machine.

(a) short pre-crack length (b) long pre-crack length 

Boundary conditions from DIC for the FEM simulation

Similar to what we have done for 15-5PH stainless steel, we used DIC again to find the boundary conditions for the finite element analysis. We only display the displacement at the four points E, PE, F and PF. 16MND5 is more ductile than 15-5PH which has the consequence that the displacement history of point E, PE, F and PF is no longer proportional.

Once we have the displacement conditions at every picture on the four points, we will directly impose the boundary conditions on the mesh nodes in the simulation. Actually, during our tensile test at point B where the temperature is 600°C, we found that there was creep. We decided not to go deeper here for point B as said before.

Numerical simulation

Then we imposed the displacement loading which has been shown in figure 5.27 to the nodes E, PE, F and PF, figure 5.30 displays the comparison between experimental and simulated result about force versus mean displacement after the simulation. For the toughness at the same temperature 600°C but with two different metallurgic status: cases B (fully bainite) and C (41% bainite + 59% austenite, see figure 5.9), J 1C for case B is clearly smaller than the one of case C. It means that 16MND5 with mixed phases of bainite and austenite at 600°C has a better fracture toughness than another one situation with pure bainite at same temperature. Let us observe that 16MND5 at point C at 600°C shows no creep.

Comparing the toughness J 1C of case A and G, the as received material has a slightly higher fracture toughness than the material after a whole cycle heat treatment, but if we take the estimation error of these two results, we can find that the difference between them is not significant. It means that one cycle heat treatment hasn't significant influence on the fracture toughness of the bainitic 16MND5 low carbon steel.

For cases D, E and F, both bainite and austenite phase co exist in the material and their proportion is given in figure 5.13. The J 1C value is similar to each other at these three cases, we think the effect from the phase proportion is neutralized with the influence from temperature change.

Overall, we can conclude that bainite transformation hasn't a huge influence on the fracture toughness of 16MND5 low carbon steel. This is not correlated to the stress-strain results which show that the material has a much higher ultimate stress at room temperature after a cycle heat treatment. The fact that fracture toughness at 600°C before austenitization is much lower could explain the crack propagation in parent material close to repair regions during the refilling operation. This point has to be checked with great care. The presented results

showing the important effects of thermal history on material non linear properties clearly show that this topic should be investigated more deeply to ensure a good quality of the complex welding simulations. The observed loss of toughness during heating phase is of prime importance for the estimation of safety during severe accidents like the recent Fukushima accident.

Chapter 6 Conclusions and Perspectives

Conclusions

A lot of experiments and simulation works have been done in our study whose objective is dedicated to find the effects of metallurgical phase transformation on crack propagation. This may help us to better understand the change of fracture toughness of the material during the crack repair process by welding. Critical J-integral characterizes the fracture toughness which can express the resistance ability of crack initiation for the material. After comparing several current estimation method of critical J-integral, we proposed an economic and practicable method to evaluate J 1C with only one single edge notched plate specimen which combined digital image correlation, potential drop and finite element analysis technologies. First of all, potential drop method controlled the pre-crack fabrication and gives us the expected pre-crack length, then potential drop method was applied again with digital image correlation during the fracture test at room temperature, these two technologies could help and confirm to each other to find the crack initiation moment. We successfully did a good painting for the mechanical tension at higher temperature resisting to a maximum temperature 900°C and high mechanical test temperature 600°C. Once we found that critical moment, digital image correlation method was applied again to supply the local boundary conditions for the later finite element simulation. Meanwhile, the basic characteristic was provided to the simulation by the traditional tensile test. Then the critical J-integral value was computed using the G_theta method.

With this J 1C estimation method, we did our research on the 15-5PH martensitic stainless steel and 16MND5 low carbon steel. In 15-5PH, there exists only martensite transformation during cooling period, while there are pearlite transformation, bainite transformation and also martensite transformation in 16MND5 in different cooling conditions. Hence we studied in details phase transformations in these two materials at different situations, before doing the mechanical tests. Dilatometry technology was then applied to study the transformation kinetics and to calculate the phase fraction which could explain the effect of metallurgical phase transformation on fracture toughness. We found for 15-5PH steel that the martensite transformation starting temperature is around 185°C and the related martensite transformation ending temperature is nearly 80°C when the cooling rate is -5°C/s. While for 16MND5 low carbon steel, we did the similar heat treatment which (+5°C/s heating and -5°C/s cooling) the bainite transformation would take place around 585°C and finish around 450°C. The bainite transformation kinetics found by dilatometry technology proved that the bainite transformation is an incomplete bainite transformation. Moreover there is no isothermal transformation in 15-5PH which implied that we can start the mechanical test just after control the temperature is obtained, while there exists isothermal bainite transformation in 16MND5. This forces us to wait for the end of the isothermal bainite transformation when we want to do the mechanical test.

After the transformation kinetics was studied for 15-5PH and 16MND5, we chose seven study points in each material which they are the receiving condition point, the one after one whole cycle heat treatment, three points during the martensite transformation in 15-5PH or three points during the bainite transformation in 16MND5, and two points with one just before the related transformation and another one at the same temperature but before the austenitization.

Then we applied our J 1C estimation method to do the mechanical research.

Investigation result shows the influence of metallurgical phase transformation on the fracture toughness and further crack propagation.

For 15-5PH the influence is significant. The result of J 1C value shows that the pure martensitic 15-5PH has higher fracture toughness at room temperature than the one at 200°C. The toughness is also higher than the original material after one cycle heat treatment, which is probably caused by some residual austenite. Meanwhile, pure austenite 15-5PH has a higher fracture toughness than pure martensitic 15-5PH at 200°C. The J 1C value of the dual phase 15-5PH during the martensitic transformation also shows that possibly austenite can enhance the ductility of the material as well as fracture toughness.

For 16MND5 low carbon steel the influence is not large except at 600°C where creep occurs.

The material at receiving condition has much bigger J 1C value than the situation where it was heated to 600°C. On the other hand, the material at 600°C just before isothermal bainite transformation after the austenitization during cooling process also has higher fracture toughness than the one at 600°C before austenitization. These two conclusions are consistent well with the result of 15-5PH. But 16MND5 after one cycle heat treatment has a slightly smaller J 1C value compared with the as received situation. It means that one cycle heat treatment hasn't a significant influence on the fracture toughness of the bainitic 16MND5 low carbon steel. When both bainite and austenite phase co exist in the 16MND5 material, the J 1C value is similar to each other at these three cases during the bainite transformation, we think the effect from the phase proportion is neutralized with the influence from temperature change.

Conclusions of our research show that we should pay attention to the heating period before austenitization of the base material. When people weld for crack reparation, the high temperature will bring lower fracture toughness during this phase of the process. While during cooling period, the fracture toughness doesn't change a lot. 15-5PH martenstic stainless steel has even a better fracture toughness after the martensite transformation than the as-received condition.

Perspectives

This thesis concerns the critical J-integral estimation which is difficult to obtain and some problems need to be studied in the future.

The first one is the estimation method of J 1C for ductile materials. We proposed an economic and practicable method to evaluate the critrical J-integral value, but it still needs to be discussed even the comparison result has shown that the J 1C result obtained by our method is similar to others. What is the best geometry to be chosen for the experimental J 1C estimation and efficient numerical estimation? Can one reduce the difference between the simulated and experimental force versus mean displacement? Does the difference always exists or it is due to the pre-crack size and shape?

In the transformation kinetics aspect, does 15-5PH has some residual austenite after the martensite transformation at room temperature? This needs XRD examination.

What is the isothermal transformation before and during the anisothermal bainite transformation in 16MND5? The fact that bainite transformation takes place during the isothermal state when the cooling process is stopped is interesting. It could help to better understand the bainite transformation mechanism which is still in debate for many years provided that some in-situ observation and carbon movement tracking works could be done by some advanced machines and research methods.

Moreover, the reason which causes the change of the fracture toughness for all cases need to be understood more deeply. Does the residual austenite enhance the 15-5PH J 1C after one whole cycle heat treatment? In the three points we have chosen during the martensite or bainite transformation for these two materials, what's the relation between the temperature, phase proportion and fracture toughness? Can we find a mathematical expression for J 1C as a function of temperature and phase proportion? Another problem is that, 16MND5 low carbon steel has a similar J 1C value after one cycle heat treatment compared to the original material. This is the opposite effect with the result of 15-5PH. We have explained some results we found by macroscopic point of view, but it should be better explained with some microstructure explanation.

One last interesting thing is the creep phenomenon at 600°C of 16MND5 low carbon steel. It was found that the tensile test in a short time and several creep experiments with constant stress provides the creep laws. The effect should be taken into account with a viscoplastic model for the fracture toughness evaluation for 16MND5 at 600°C. This has to be taken into account for a good control of crack propagation estimation during welding process for this important industry materal.

Annexes

(1) Some experimental apparatus  Micro-welding machine

During our study, we used one micro-welding machine many times, for example, weld the thermocouples on the specimen or weld the electrical wires besides the crack mouth to measure the potential drop during the fatigue test. Hence, here we introduce the 700 Portable Strain Gage Welding and Soldering Unit from Vishay Precision Group [163]. Figure a1 is the overall appearance of our micro welding machine. The control panel is shown in figure a2.

Details could be found in reference 154. 
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 1 Fig. 1.1 Industrial crack reparation: welding [1-3]
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 2 Fig. 1.2 Relation between Thermal, metallurgy and mechanics
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 3 Fig. 1.3 Methodology to get J 1C from experiments
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 2 Principle of digital image correlationConsider an object that is illuminated by a light source. The light-intensity patterns are reflected from the undeformed and deformed object surfaces. Intensity patterns( , ) f x y and * * * ( , ) f x y corresponds to the reflected light from the undeformed and deformed object configurations. Relative to the intensity patterns, ( , ) f x y and * * * ( , ) f x y , respectively, they are assumed to be in unique, one-to-one correspondence with the respective object surfaces. and ( , ) v x y represent the displacement components of the reference subset center in x and y directions. Therefore, using this basic assumption, one may measure the deformations of small subsets of the image and thereby obtain deformations of small subsets of the actual object surface[8][9].
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 2 Fig. 2.1 Schematic for the principle of digital image correlation
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 22 Fig. 2.2 Ideal schematic of dilatation curve during all kinds of transformations

  2.2,we can first of all easily get the expansion coefficient of every phase by the slope and further the difference of compactness between two phases

  measured in the phase transformation ifference of compactness of phase compared to phase at T
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 23 Fig. 2.3 Schematic definition of geometrical parameters of Johnson's formula
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 24 Fig. 2.4 The notch size from the views of two faces
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 25 Fig. 2.5 Set-up of DC potential drop method
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 26 Fig. 2.6 Fatigue crack controlled by potential drop technique
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 27 Fig.2.7 Crystal lattice form[START_REF] Aamir | Cubic Unit Cells[END_REF] 

Fig. 2 . 8

 28 Fig. 2.8 Fe-Fe 3 C phase diagram[START_REF]Fe-Fe 3 C diagram[END_REF] 
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 29 Fig. 2.9 Typical metallographics of martensite (left), bainite (middle) and pearlite (right)
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 2 Fig. 2.10 The displacive and reconstructive mechanisms[START_REF] Bhadeshia | Interpretation of the Microstructure of Steels[END_REF] 

Figure 2 .

 2 Figure 2.11 given below is a typical CCT diagram of a steel (Chemical composition in wt% of: 0.95 C, 0.25 Si, 1.2 Mn, 0.48 Cr, 0.13 V, 0.55 W, Fe for balance) [36].

Fig. 2 .

 2 Fig. 2.11 CCT Diagram of one high carbon steel[START_REF] Knives | Heat Treatment[END_REF] 

Fig. 2 .

 2 Fig.2.12 TTT Diagram of 80WCrV8 alloy steel[START_REF]Time-Temperature Transformation (TTT) Diagram, Oyal Metal[END_REF] 
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 43 Phase transformation in 15-5PH Like others metals, 15-5PH experiences phase transformation during specific heat treatment. This material is in the family of dual phase ones because it only experiences austenite and martensitic transformation but no ferrite or pearlite transformation. The research on phase transformation effects on toughness is then easier.Figure 2.14 displays the dilatation curve of 15-5PH with a whole heat treatment cycle.

Fig. 2 .

 2 Fig. 2.14 Elongation during a heat loading cycle, heating rate: +5°C/s, max T is 900°C and air cooling

Figure 2 .

 2 15 displays the measured temperatures loading during the test. The cooling rate is between 0.6°C/s and 0.2°C/s during the martensitic transformation.

Fig. 2 .

 2 Fig. 2.15 Temperature history and cooling rate during the martensitic transformation

  For example points A and G are two tests performed at room temperature one before the heat treatment as received condition (A) and one after a whole cycle heat treatment (G). Point B is fully martensite at 200°C while point C is totally austenite at the same temperature just before the martensitic transformation; Point D, E and F are three points during the martensitic transformation at respectively 170, 140 and 110°C. By the dilatometer technique, we can get: And consequently, equation 2-8 can give us the phase fraction during the martensite transformation.
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 2 Fig. 2.16 Phase fraction versus time in the 15-5PH martensite transformation
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 45 Phase transformation in 16MND5Like other metals or alloys, 16MND5 also has several phase transformations during the heat treatment process. M.Martinez did a lot of experiments and plotted the following CCT (Continuous-Cooling-Transformation) curve of 16MND5[START_REF] Martinez | Jonction 16MND5-INCONEL 690-316LN par Soudage Diffusion Elaboration et Calcul des Contraintes résiduelles de procédé[END_REF]. As it shows, 16MND5 will start austenitization around 730°C (Ac1) and finish at about 830°C (Ac3), martensitic transformation begins at 415 °C (Ms) under a cooling rate quicker than 30°C/s., bainite transformation goes with a cooling rate quicker than 3°C/s and slower than 30°C/s.
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 2 Fig. 2.19 CCT diagram of 16MND5 steel[START_REF] Willschuetz | FEM-Calculation of Different Creep-Tests with French and German RPV-Steels[END_REF] 

Fig. 2 .

 2 Fig. 2.21 Free dilatation curve of continuous cooling bainite transformation in 16MND5

  And equation 2-8 can give us the phase fraction versus time during the continuous cooling bainite transformation (see figure 2.22).
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 2 Fig. 2.22 Bainite fraction transformed during the continuous cooling bainite transformation

Fig. 2 .

 2 Fig.2.23 Cracked axle was found on a CRH380BL train in 2011[START_REF][END_REF] 
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 2 Fig.2.24 Influence of austempering temperature on the fracture toughness of HCHS steel[START_REF] Susil | Fracture toughness of a high carbon and high silicon steel[END_REF] 

Figure 2 .

 2 Figure 2.25 denotes that the maximum fracture toughness is obtained in this steel with a upper bainitic microstructure when the microstructure contains about 35% austenite.

Fig. 2 .

 2 Fig.2.25 Influence of volume fraction of austenite on the fracture toughness of HCHS steel[START_REF] Susil | Fracture toughness of a high carbon and high silicon steel[END_REF] 

Figure 2 .

 2 Figure 2.26 is their result of the toughness enhancement J ∆ from Eq. (2-13) and difference of J ∆ between TRIP steel and austenite. It revealed that J ∆ for austenitic material has a peak near room temperature.
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 222 Fig.2.[START_REF] Nayeb-Hashemi | New electrical potential method for measuring crack growth in nonconductive materials[END_REF] The toughness enhancement J ∆ from Eq. (2-13) and difference of J ∆ between TRIP steel and austenite[START_REF] Iwamoto | Computational simulation on deformation behavior of CT specimens of TRIP steel under mode I loading for evaluation of fracture toughness[END_REF] 

  te J ∆ increases with crack propagation. It can be said that the transformation plasticity in TRIP steel is also a major source of toughness enhancement due to SIMT (Stress Induced Martensitic Transformation). The maximum fracture toughness enhancement effect is obtained in a very small length of crack propagation.As a result, they concluded that the toughness enhancement for TRIP steel was larger than that for austenite near room temperature. The opposite relationship was observed in a lower temperature range. Therefore, the transformation toughening effect and fracture toughness are reduced when large amounts of martensite are formed. The transformation zone grows, and the high stress region moves and becomes larger during stable crack propagation. far J tends to increase slightly and the toughness enhancement factor used by Okada et al.(1992) increases with crack extension. In the case of stable crack extension, the transformation toughening effect by SIMT was also reproduced. K. Hase et al. in 2006 found that the use of a two-stage isothermal heat treatment (see figure 2.28) to generate a microstructure consisting of bainitic ferrite and retained austenite has been found beneficial to the mechanical properties of a particularly strong steel [97].
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 2 Fig. 2.28 The form of the 2-stage heat treatment
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 2 Fig.2.29 Fracture toughness as a function of tensile strength[START_REF] Hase | Bimodal size-distribution of bainite plates[END_REF] 

  f W is a geometry factor. Then they got the relation between fracture toughness and the volume fraction of primary 2 α (see figure 2.30). Obviously the fracture toughness decreases with increase in volume fraction of primary 2 α .
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 2298 Fig. 2.30 Variation of fracture toughness of Ti-18Al-8Nb alloy with volume fraction of primary 2 α
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 222 Fig. 2.31 Schematic of Richard's model [98][100]

Fig. 2 .

 2 Fig.2.32 Transformed zone in front of a crack tip under remote load[START_REF] Ma | Fundamental formulation for transformation toughening[END_REF] 

  the total transformation toughening amount while K Ι ∆ and K ΙΙ ∆ is respectively the transformation toughening value in model Ⅰand Ⅱ. 4 ( , ) s s f x y is the influence function of SIF and ( , ) s s D x y is the transformation density function over the transformation zone.And for the ferroelastic transformation case, The toughening mechanism of ferroelastic transformation results from the 90° ferroelastic domain switching (interchanging of the ferroelastic long and short axes)[START_REF] Jones | Crack tip process zone domain switching in a soft lead zirconate titanate ceramic[END_REF]. This procedure can be briefly illustrated with figure 2.33.

Fig. 2 .

 2 Fig. 2.33 Schematic demonstration of the toughening mechanism due to 90° ferroelastic domain switching near a crack tip: (a) Pre-switching; (b) Post-switching (in dashed circle)[START_REF] Jones | Crack tip process zone domain switching in a soft lead zirconate titanate ceramic[END_REF] 

  is the influence function for the net SIF due to the elementary domain switching and ( , ) D r θ is the transformation density function also. ( , ) r θ is the polar coordinates of the transformed circular region R . The author set some simple examples to demonstrate the good validity and relevance of the fundamental formulations (2-16) and (2-17) which could pave the way for more rigorous studies of transformation toughening problems.

Figure 2 .

 2 Figure 2.34 illustrates five conventional fracture specimens: CT, SENB, SENT, CCP and DECP. All in-plane sizes of these specimens are marked in this figure, in which a is the crack length, W is the specimen width and 2H is the specimen length. The specimen thickness is denoted by B. These specimens are used most commonly in the current fracture test [108].

Fig. 2 .

 2 Fig. 2.34 Fracture test specimen geometries: (a) CT; (b) SENB; (c) SENT; (d) DECP; (e) CCP

Γs

  = any contour surrounding the crack tip as shown in Figure 2.35. = arc length along Γ .

Fig. 2 .

 2 Fig. 2.35 Definition of J-integral

K

  is the stress intensity factor, ' E is equal to the elastic modulus E when plane stress and where ν is the Poisson ratio.

plA

  = area under force versus displacement records shown in Fig 2.37, pl η = 1.9 if the load-line displacement is used for pl A , = 3.785 -3opening displacement record is used for pl A (if it is CT specimen, the expression of pl η is different ), N B = net specimen thickness ( N B = B if no side grooves are present)

h

  Fig. 2.38 1 h versus 1/n for a SENT, plane stress

Fig. 2 .

 2 Fig.2.40 A typical J-a∆ curve with test data points, construction lines and limitation bounds required[START_REF] Zhu | Review of fracture toughness (G, K, J, CTOD, CTOA) testing and standardization[END_REF] 

Figure 3 .

 3 Figure 3.1 is a sketch of the methodology.

Fig. 3 .

 3 Fig. 3.1 The methodology to get 1C J from experiments

Fig. 3 . 2

 32 Fig. 3.2 Fracture test SENP specimen (left) and fatigue test set-up (right) in our investigation

  photos, we plot the curve of force versus displacement and the curve of PD versus

Fig. 3 . 3

 33 Fig. 3.3 Fracture test and potential drop acquisition

Fig. 3 . 4

 34 Fig. 3.4 Three mutational points on the potential drop curve

Figure 3 .

 3 Figure 3.4 and 3.5 show that there are three significant critical points on the green curve. The first is at 50 second, it compares to the end of the elastic strain. Second critical point is around 100 second which is associated with the change of y value due to plasticity at crack tip or crack propagation initiation. These two points correspond very well with the blue load-time curve. The last critical point is at 140 second. It can be explained by two reasons. First, the crack starts to propagate. Second, the crack propagation rate suddenly increases. We then use DIC to better understand the load-displacement curve.

Fig. 3 . 5 Fig. 3 . 6

 3536 Fig. 3.5 Slope of the three mutational points on the potential drop curve

Fig. 3 . 7

 37 Fig. 3.7 The Green Lagrange strain field of one of our fracture tests given by DIC at room temperature

  Fig. 3.8 Vertical displacements obtained from DIC, material is 16MND5 at room temperature, loading rate is 0.5mm/minute, pre-crack length is 2.5mm

Figure 3 .

 3 8 (a) shows that the displacement at critical moment along the segment E-PE or F-PF is almost a straight line, and the displacement at the four points E, PE, F and PF of ZOI is different at every moment before the crack propagation during the fracture test.

Fig. 3 . 9

 39 Fig. 3.9 Mesh constructed in CAST3M for our finite element simulations

Figure 3 .Fig. 3 .Fig. 3 .

 333 Figure 3.10 shows the simulation result of displacement and accumulated plastic strain field.(a) displays the Uy displacement which is just in the same direction to the loading, (b) presents the accumulated plastic strain around the crack tip. Figure3.11 compares the simulation result of force vs. mean displacement between two top segments of the ZOI with the experimental result for our example. The agreement is very good which confirms the quality of the numerical simulation and validates the methodology as well as stress strain characterization.

Fig. 3 .

 3 Fig. 3.12 Integration domain of modified G-theta method, (a) is the G-theta field on the boundary and (b) is the integration domain.

Fig. 3 .

 3 Fig. 3.13 Verification of path independent of J 1C obtained by modified G-theta method

Fig. 3 .

 3 Fig. 3.14 J obtained by modified G-theta method for elastic situation

  3.14 and 3.15 are from the as received material 16MND5 whose geometrical data can be found in figure3.2 and pre-crack length is 1.5mm. Hence the geometrical coefficient ϕ calculated by equation (3-8) is 1.268.

Fig. 3 .

 3 Fig.3.17 Comparison of stress intensity factors from different sources[START_REF] Hausild | The influence of ductile tearing on fracture energy in the ductile-to-brittle transition temperature range[END_REF][START_REF] Rossoll | Fracture Toughness Determination of a Nuclear Pressure Vessel Steel by Instrumented Charpy Impact Test[END_REF][START_REF] Renevey | Approches globale et locale de la rupture dans le domaine de transition fragile-ductile d'un acier faiblement allié[END_REF][START_REF] Iskander | Results of Crack-Arrest Tests on irradiated A508 Class 3 steel[END_REF][START_REF] Chapuliot | Thermomechanical analysis of thermal shock fracture in the brittle/ductile transition zone. Part I: description of tests[END_REF][START_REF] Priest | Irradiation surveillance data for an A508 forging and associated weld metal[END_REF] 
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 442 Fig. 4.1 15-5PH round bar sample for tensile tests

Fig. 4 . 2 Fig. 4 . 3

 4243 Fig. 4.2 Extensometer with 15mm distance between two sticks

Fig. 4 . 5

 45 Fig. 4.5 Position of thermocouples and induction coil devices for mechanical tests

Figure 4 .

 4 Figure 4.6 shows the central part of the SENP specimen for fracture test in the set-up shown in figure 4.4, the left one of figure 4.6 is one side surface of the fracture specimen, right one is another side.

Fig. 4 . 6

 46 Fig. 4.6 Central part of the specimen for fracture test in the set-up, left one is one side of the specimen, right one is another side

figure 2 .

 2 figure 2.14 at section 2.4.3, we did the tensile tests after different heat histories marked from point A to G.Figure 4.7 shows the engineering stress-strain curves of 15-5PH after different

Figure 4 .

 4 [START_REF] Roux | Digital image correlation and fracture: an advanced technique for estimating stress intensity factors of 2D and 3D cracks[END_REF] shows the engineering stress-strain curves of 15-5PH after different heat treatment histories.

Fig. 4 . 7

 47 Fig. 4.7 Stress-strain curves of 15-5PH after different heat treatment history

U

  is the potential during the fatigue test. y is the distance between two wires for measuring the PD in figure2(b). Johnson's formula, DIC, and optical microscope observation after later broken by fracture test were used to get the mean value of fatigue crack length a .

  samples. Force vs. global displacement curves of the specimens which have the similar initial crack length are plotted in the figure 4.8. The abscissa and ordinate values are given by the electro-mechanical testing machine. Maximum forces of every fracture test have been shown in table 4.2.

Fig. 4 . 8

 48 Fig. 4.8 Fracture curves of 15-5PH after different heat treatment history

4. 3 . 4 Fig. 4 . 9

 3449 Fig. 4.9 Boundary conditions got by DIC of 15-5PH fracture tests at every experimental point

Fig. 4 .

 4 Fig. 4.10 Fractography of all specimens (A to G). Crack propagation direction is from the right to the left of the picture

ForceFig. 4 .

 4 Fig. 4.11 Experimental and simulated comparison (force vs. mean displacement) for each point from A to G

Fig. 4

 4 Fig. 4.12 1C J of 15-5PH at different temperature

Fig. 4 .

 4 Fig. 4.13 Comparison of stress intensity factors of 15Cr-5Ni stainless steel from different sources [153-155]

Fig. 5 .

 5 Fig. 5.1 Explanation of investigated points

Fig. 5 . 2

 52 Fig. 5.2 Schematic of the heat treatment to study the isothermal transformation

Fig. 5 . 3

 53 Fig. 5.3 Free dilatation curves of the isothermal transformation at temperature higher than Bc

Fig. 5 . 4

 54 Fig. 5.4 Magnification of the free dilatation curves of the isothermal transformation at temperature higher than Bc

. 5 .

 5 In this figure, one observes three parts between the inflection points. Part 1 is due to the austenitization, part 2 is caused by the isothermal bainite transformation in our opinion. After part 2, when the sample is cooled again by -5°C/s, it gives part 3 which is martensite transformed from retained austenite after the isothermal bainite transformation (part 2).

Fig. 5 . 5

 55 Fig. 5.5 Free dilatation curves of 16MND5 at the isothermal temperature 680°C and then cooling to room temperature by -5°C/s

Fig. 5 . 6

 56 Fig. 5.6 Micrograph of 16MND5 at room temperature after isothermal temperature 680°C

Fig. 5 .

 5 Fig. 5.7 X-ray diffraction test result of 16MND5 after isothermal transformation at 680°C

Fig. 5 . 8

 58 Fig. 5.8 Phase fraction changes with the temperature (for 680°C isothermal temperature)

Fig. 5 . 9 Fig. 5 .

 595 Fig. 5.9 Free dilatation curves of the isothermal transformation before CCT Bc

Fig. 5 .

 5 Fig. 5.11 Ms temperature decreases as more austenite transformed

Fig. 5 .

 5 Fig. 5.12 Transformation rate comparison of continuous cooling (CC) and isothermal bainite transformation

Fig. 5 .Fig. 5 .Fig. 5 .

 555 Fig. 5.13 Free dilatation curves of the continuous cooling-isothermal transformation at temperature lower than Bc

Fig. 5 .

 5 Fig. 5.16 Transformation kinetics of continuous cooling followed by an isothermal transformation at 530°C

Fig. 5 .Figure 5 .

 55 Fig. 5.17 Bainite transformed by continuous then isothermal transformation respectively

Fig. 5 .

 5 Fig. 5.18 Ms temperature decrease linearly with more bainite fraction produced (Error of T is +/-5°C and error of fraction is +/-0.02)

  4.19. (a), (b) and (c) is respectively the metallographic of the specimen submitted to the isothermal transformation at 570, 550 and 530°C. Bright areas are bainite, the dark ones are residual austenite and a little martensite transformed from retained austenite after the bainite transformation. From (a) to (c), more and more austenite has been transformed and bainite becomes more and more fine due to increased nucleation rate. Small temperature difference makes the refinement be not very clear. Obviously, specimen (c) has more bainite than (a) and (b). More information needs to be found by XRD.

Fig. 5 .

 5 Fig. 5.19 Metallography of bainite given by continuous cooling-isothermal bainite transformation separately at (a) 570°C, (b) 550°C, (c) 530°C. Amplification: ×4000, etching in 2% Nital

Figure 5 .

 5 Figure 5.20 compares the results obtained with our experiments with half C-curve for 16MND5 low carbon steel, they are consistent. We have plotted the starting temperatures as 5% bainite transformation until 50% bainite fraction transformed. One observes that transformation is fastest at 680°C and that the curve is symmetric around the same 680°C.

Fig. 5 .

 5 Fig. 5.20 Half C-curve of isothermal bainite transformation in 16MND5

Fig. 5 .

 5 Fig. 5.21 16MND5 round bar sample for tensile test of point A on Gleeble machine

Fig. 5 .

 5 Fig. 5.24 Schematic of Gleeble 3500 system and setup of measuring devices

Fig. 5 .Figure 5 .

 55 Fig. 5.25 Stress-strain curves of 16MND5 low carbon steel after different heat treatment

Fig. 5 .

 5 Fig. 5.26 Round bar samples after rupture

Fig. 5 .

 5 Fig. 5.27 Fracture test results of all the 16MND5 SENP samples

Figure 5 .

 5 Figure 5.27 (a) shows the result obtained with short pre-cracks (1.5 mm). The longer ones are shown in figure 5.27 (b).

Figure 5 .

 5 [START_REF] Zq | Metallurgy and heat treatment[END_REF] compares the displacement at every point found by DIC and imposed to the corresponding nodes in the simulation. The abscissa is time proportion in the fracture experiment or step proportion in the simulation related to experimental time.

Fig. 5 .

 5 Fig. 5.28 Boundary conditions detected by DIC and imposed in the simulation

Fig. 5 .

 5 Fig. 5.29 Fractography of 16MND5 at different condition

Fig. 5 .

 5 Fig. 5.30 Comparison between experimental and simulated result

Figure 5 .

 5 Figure 5.31 is our result of critical J-integral estimation result of 16MND5 low carbon steel after different heat histories.

Fig. 5 .

 5 Fig. 5.31 Critical J-integral of 16MND5 after different heat treatment

Fig. 5 .

 5 Fig. 5.32 Microstructure 16MND5 low carbon steel. The left one is the as-received condition [42] and the right one is the one after one cycle bainite transformation

Fig. a1 overall

  Fig. a1 overall appearance of 700 Portable Strain Gage Welding and Soldering Unit

Fig.

  Fig. a3 SEISS optical microscope

Fig. a5 FEI

 a5 Fig. a5 FEI Quanta 600 SEM

Fig. a6

 a6 Fig. a6 Bruker X-ray Diffraction apparatus (In MATEIS)

Fig. a7

 a7 Fig. a7 Machine for recording the potential

Fig. a8 ( 3 )

 a83 Fig.a8The two "optical" crack length estimations: the left photo shows the DIC image used for initial crack length estimate DIC a , the right one is the fatigue crack surface through the specimen observed after failure on which initial fatigue crack is easy to "see" with the microscope.The pre-crack length is defined by:

Figure a9 shows three

  Figurea9shows three kinds of paint we applied in our study. The left one is the white paint and the middle one is the black paint. These two can be used in one maximum temperature 600°C. That means they can glued to the sample surface well at 600°C but it doesn't mean that when there is mechanical tension or compression, they can still well glued to the sample surface. The right one is the black 'Thermal Paint' (en Français: 'Peinture Thermique' ) which can stick well at a maximum temperature 900°C.

Fig. a9

 a9 Fig. a9 Three kinds of paints we utilized

Fig. a10

 a10 Fig. a10 Zone of interest with thermal painting in the bottom layer and white paint for outside layer

Fig. a11 Displacement field processed by Icasoft ( 4 )Fig. a13 Elastic strain induced potential drop ( 5 )

 45 Fig. a11 Displacement field processed by Icasoft
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  The research presented in my thesis is linked to the basic problem of life extension for expensive components. The following problem is often encountered by the industry: a critical defect or crack is detected during the life of a component, what is the decision to take for metallic components: change the component or repair the crack? This is a recurrent question for aerospace parts and nuclear components as well as for railways carriages.Crack reparation is attractive because it is less expensive, but it is very often not chosen for important components, because people fear the consequences of this reparation on the future
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Table 2

 2 

.2 gives the basic mechanical properties of receiving condition 15-5PH. Figure

2

.13 gives the micrography of as received 15-5PH stainless steel.

Table .

 . Fe wt% 15.440 4.500 3.160 0.020 0.660 1.00 N/A Balance Table. 2.2 Basic mechanical properties of 15-5PH at room temperature

				2.1 Chemical composition of 15-5PH
	Element	Cr	Ni	Cu	C	Mn	Si	Other alloys
	Property	Young's Modulus	Yield stress		Ultimate stress	Hardening exponent n	Material constant α'
	Quantity 205 GPa 900 MPa 1148 MPa		30	0.0014

Fig.

2

.13 Micrography of as received 15-5PH stainless steel

[START_REF] Wu | Experiment and numerical simulation of welding induced damage of stainless steel 15-5PH[END_REF] 

Table 2

 2 .[START_REF] Atteberry | How welding works[END_REF] shows the phase proportion at each point[START_REF]Time-Temperature Transformation (TTT) Diagram, Oyal Metal[END_REF][39][40][START_REF] Coret | Experimental study of the phase transformation plasticity of 16MND5 low carbon steel under multiaxial loading[END_REF].

Table . 2

 . .3 Analysis points related to the phase

	Point	A	B	C	D	E	F	G
	Phase	α	α	γ	α /γ	α /γ	α /γ	α
	% of α	100%	100%	≈0%	25%	60%	80%	≈100%

Table .

 . 

			2.4 Chemical composition of 16MND5	
	Element	C	Mn	Ni	Mo	Si	Other alloys	Fe
	wt%	0.16	1.30	0.74	0.48 0.015	N/A	Balance

Table 2 .

 2 [START_REF] Chen | Two-step digital image correlation for micro-region measurement[END_REF] shows basic mechanical properties of 16MND5 low carbon steel at room temperature. Figure2.17 shows the typical microstructure of 16MND5 low carbon steel.

		Table. 2.5 Mechanical properties of receiving 16MND5
	Property	Modulus Young's	stress Yield	stress Ultimate	exponent n Hardening	Material constant

Figure 2.18 gives an example of experimental PWR sample [44] which has the same structure to the real PWR but has been minified by 10 times.

Fig. 2.17 Typical microstructure of as received 16MND5 low carbon steel [42] ' α Quantity 191 GPa 450 MPa 610 MPa 19.62 0.031 Fig.2.18 16MND5 in a pressure water reactor vessel sample (scale 1:10) [44]

  evidence of carbon supersaturation in bainitic ferrite at the early stage of transformation. Based of this, they stated that the bainite transformation is essentially displacive in nature[START_REF] Caballero | Carbon supersaturation of ferrite in a nanocrystalline bainitic steel[END_REF].

	Carbon supersaturated plate	
	(Bainitic ferrite)	
		10 μm	
	into austenite Carbon diffusion 0.2 μm	precipitation in ferrite austenite and carbide Carbon diffusion into
	Big size inter-plate carbides	Carbon precipitation from austenite	Small size inter-plate carbides and carbides in bainitic ferrite
	Upper bainite	Lower bainite
	(high temperature)	(low temperature)
	Difference between upper and lower bainite:
	Distribution of cememtite articles	
	Fig. 2.20 Illustration of bainite transformation mechanism [65]
	2.4.5.2 Pure continuous cooling bainite transformation in 16MND5
	With the help of 16MND5 CCT diagram from M.Martinez's thesis [68], we imposed a heat
	rate 5°C/s to maximum temperature of 900°C and stayed there for 30 seconds. Consequently
	it was cool down by -5°C/s. The free dilatation curve is given as below. It shows us the
	austenitization temperature is from 750°C to 840°C, the continuous cooling bainite
	transformation begins at 585°C. These data agree well with the result of M.Martinez's thesis.
	It is 100% bainite transformation without any pearlite or martensite transformation.

Caballero et al. effectively monitored the decarburization of super-saturated bainitic ferrite during the bainite transformation for the first time with Atom Probe Tomography (APT) and provided strong

  Strain energy release rateIn 1920s, Griffith's crack theory was published[START_REF] Moes | A finite element method for crack growth without remeshing[END_REF][START_REF] Griffith | The Theory of Rupture[END_REF], The basic idea of the Griffith theory is that at onset of unstable fracturing, one can equate the fracture work per unit crack extension to the rate of disappearance of strain energy from the surrounding elastically strained material[START_REF] Liu | Mechanics and Mechanisms of Fracture: An Introduction[END_REF]. Based of Griffith's crack theory, Irwin introduced his strain energy release rate concept which is also called The Griffith-Irwin Energy Balance.Strain energy release rate (or energy release rate) is the energy dissipated during fracture per unit of newly created fracture surface area. This quantity is central to fracture mechanics because the energy that must be supplied to a crack tip for it to grow must be balanced by the amount of energy dissipated due to the formation of new surfaces and other dissipative processes. Actually, this energy rate can be regarded as composed of two terms: (1) the strain energy loss rate associated with extension of the fracture accompanied only by plastic strain local to the crack surface. This term is called G . (2) The strain energy loss rate associated with non recoverable displacements of the points of load application; however, this term is assumed to zero[START_REF] Liu | Mechanics and Mechanisms of Fracture: An Introduction[END_REF][START_REF]Strain energy release rate[END_REF].

2.6.2 J-integral and critical J-integral 2.6.2.1

Table . 4

 . .1 Tensile test result of 15-5PH at every experimental point

Table .

 . 

			4.2 Fracture test results of 15-5PH
	Experimental Point	Temperature [°C]	Sample	Fatigue initial crack length [ a ,mm]	Maximum force of the fracture test [KN]
	A	20	A1 A2	1.654 2.060	18.87 18.51
	B	200	B1 B2	1.579 1.264	16.78 16.73
	C	200	C1 C2	1.587 2.504	11.85 10.47
	D	170	D1 D2	1.557 2.486	13.83 11.67
	E	140	E1 E2	1.566 1.249	15.12 16.33
	F	110	F1 F2	1.693 1.265	15.54 16.93
	G	20	G1 G2	1.571 1.260	16.99 17.41

Table . 4

 . .3 Critical J-integral results of all samples given by the simulation

	Experimental Point	Temperature [°C]	Sample	J 1C [KJ/m 2 ]	Mean J 1C [KJ/m 2 ]
	A	20	A1 A2	247 270	259
	B	200	B1 B2	190 182	186
	C	200	C1 C2	298 337	318
	D	170	D1 D2	239 276	258
	E	140	E1 E2	292 211	252
	F	110	F1 F2	269 257	263
	G	20	G1 G2	306 323	315

Table . 5

 . .1 Summary of martensite transformation temperature and bainite fraction after different isothermal temperature holding

	Isothermal T(°C)	Bainite fraction	Martensite transformation T(°C)
	740	0.21	354
	720	0.53	328
	700	0.55	302
	680	0.68	260
	660	0.70	229
	640	0.80	210
	620	0.66	300
	600	0.49	310

Table . 5

 . .2 Summary of martensite transformation temperature and bainite fraction transformed by continuous cooling-isothermal bainite transformation

	Hold temperature	Bainite	Ms temperature
	(°C)	fraction	(°C)
	570	0.41	360
	550	0.49	321
	530	0.63	252
	Micrography obtained by SEM is given in fig.	

Table .

 . 

		5.3 Summary of material parameters of 16MND5 at different temperature
	Experimental	Yield stress	Young's modulus	Ultimate stress	Strain at	Section shrinkage
	point	(Mpa)	(GPa)	(Mpa)	failure (%)	at failure (%)
	A	420	210	610		67
	B	198	141	344	40.33	67
	C	101	51	280	51.13	76
	D	153	96	338		74
	E	194	123	405	73.97	70
	F	162	93	467	55.02	68
	G	364	203	840	32.53	48
	5.2.4 Fracture toughness				
	5.2.4.1 Fatigue crack fabrication			
	Potential drop method was used again to produce the pre-crack for the later fracture tests on
	SENP specimen. Table 5.4 displays the pre-crack information of every SENP sample. One

can find that for each experimental point, we produced two pre-cracked fracture samples, one shorter pre-crack length is around 1.5mm while the longer one is about 2.5mm.

Table . 5

 . .4 Fatigue crack fabrication of 16MND SENP samples

	Experimental point Sample number	Fatigue crack length (mm)
	A	A1 A2	1.478 2.522
	B	B1 B2	1.494 2.509
	C	C1 C2	1.499 2.493
	D	D1 D2	1.482 2.517
	E	E1 E2	1.499 2.507
	F	F1 F2	1.486 2.501
	G	G1 G2	1.472 2.595
	5.2.4.2 Fracture tests results		

Table . 5

 . .5 Critical J-integral results of all 16MND5 SENP samples

	Experimental point	Sample number	Experimental temperature (°C)	Critical J-integral (KJ/m 2 )	Mean J 1C (KJ/m 2 )
	A	A1 A2	20	308 260	284
	B	B1 B2	600	66 88	77
	C	C1 C2	600	177 260	219
	D	D1 D2	570	259 244	252
	E	E1 E2	550	241 238	240
	F	F1 F2	530	232 284	258
	G	G1 G2	20	243 237	240
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