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Introduction

Evaluating the embrittlement of materials is an important issue for the integrity assessment of components in pressurized water reactor (PWR). Parts of PWR are manufactured by forging of heavy-ingots. Macro-segregation of carbon, alloy elements and impurities occurs due to long solidification times in such ingots. The macro-segregated zones are generally removed during the fabrication process but it has been observed that macro-segregation could remain in certain parts of the material. Macro-segregation of carbon and alloy elements can lead to significant variations in fracture toughness in the Ductile to Brittle Transition (DBT) zone [START_REF] Lefever | Flamanville EPR RPVs heads carbon segregation: vessel heads manufacturing[END_REF][START_REF] Lee | Effect of carbide distribution on the fracture toughness in the transition temperature region of an SA 508 steel[END_REF]. To understand these evolutions, detailed metallurgical analysis of material microstructures and numerical modelling are needed.

The brittle fracture toughness of ferritic steels can be modelled by local approach models like [START_REF] Beremin | A local criterion for cleavage fracture of a nuclear pressure vessel steel[END_REF] or the global approach like the Master Curve (MC) method [START_REF] Wallin | The scatter in K IC -results[END_REF]. The Master Curve describes the fracture toughness variation with a single parameter, the reference temperature T 0 which corresponds to the temperature where the median fracture toughness of a 1T size specimen has the value 100 MPa √ m. The advantage of the Master Curve is that T 0 can be easily calibrated as specified in ASTM E1921. However, the MC method also shows limitations and needs corrections to insure transferability between different geometries because of constraint effect. In contrast, local approach models could describe, to some extent, geometry effects and integrate various mechanisms of fracture. Micro-structural information of materials can also be introduced into these models to evaluate their impacts on the fracture properties.

The current work aims at contributing to the understanding of the macro-segregation effect on fracture toughness of low alloy steels of heavy forgings. Three model alloys chemically representative of the compositions encountered in macro-segregated zones were manufactured and analysed. Fracture toughness properties were measured by compact tension (CT) specimens for these three materials. In order to assess the effect of carbon and alloy elements, the metallurgical characterisations were focused on the determination of carbide size distributions. The microstructureinformed brittle fracture (MIBF) local approach model was then applied to predict the scatter and evolution of brittle fracture toughness. This model is developed based on the Beremin model and has already been successfully applied to the Euro A material database [START_REF] Forget | Application of local approach to fracture of an RPV steel: effect of the crystal plasticity on the critical carbide size[END_REF].

The MIBF model is formulated at 3 different scales. The bainitic packet is the smallest micro-structural feature included in this model. Carbides are embedded in these packets. Each carbide inside a bainite packet is considered spherical and produces a penny-shaped crack when plasticity arises in the surrounding matrix, thus the critical fracture stress σ c can be given by the Griffith approach.

σ c = πEγ f 2(1 -v 2 )r (1)
where r is the radius of a broken carbide, γ f is the effective surface separation energy of the material, E is the Young modulus and v is Poisson ratio. The elementary volumes V 0 which contains several bainitic packets is the intermediate scale. Each elementary volume V 0 is subjected to a stress field σ V 0 for an applied load on the specimen. Due to the crystallographic disorientations, the local stress is not uniform inside V 0 . Each packet has a different stress field σ * . The failure of an elementary volume is initialised from a single carbide. The fracture occurs when σ * overcomes the critical stress. Therefore, the failure probability of a carbide with size r in V 0 is given by:

P(σ * > σ c (r)) = exp - σ c (r) k h σ V 0 I m h (2)
where k h and m h are parameters related to local stress distributions and assumed to be constant during loading. In finite element simulations, the average maximum principal stress σ V 0 I is calculated for each element which corresponds to V 0 . The failure probability of carbides is expressed as

P(carb) = +∞ 0 dF(r) dr P(σ * > σ c (r))dr (3)
where the carbide size distribution density dF(r)/dr is introduced as a weight function. As presented in eq. 3, this model involves two sources to control the scatter and evolution of fracture toughness: the stress distribution inside a representative volume of the bainitic microstructure and the size distribution of carbides which are assumed to be the brittle fracture initiators. The failure probability of an elementary volume V 0 is equal to the probability of sampling at least one critical fracture-triggered carbide in V 0 . Applying the weakest link theory inside V 0 , the failure probability of V 0 is

P(V 0 ) = 1 -(1 -P(carb)) n c V 0 (4)
where n c is the carbide density per volume unit. Finally, the failure probability of the specimen is equal to find at least one failed elementary volume. Applying again the weakest link theory, we can obtain the final failure probability of the specimen:

P f = 1 -exp       1 V 0 V p ln (1 -P(V 0 )) dV       (5) 
where V p denotes volumes in which plastic deformation occurs.

Materials

Chemical compositions

The chemical compositions of these three model alloys are shown in Table 1. These three materials were named after their carbon content (wt%) in the current work which are, respectively, 0.38%, 0.29% and 0.19%. It could be noticed that other chemical elements are also different. These compositions were determined by taking into account cosegregations that occur in real segregated zones. Small laboratory heats of these three model alloys were produced, forged in flat bars, and heat treated in laboratory by Framatome. Metallurgical characterisations and mechanical tests were conducted on different specimens taken from these flat bars. 

Carbide density and size distribution analysis

As shown in Figure 1, two different micro-structural areas can be observed in these materials. The harder heavily segregated zones (black) are surrounded by softer lightly segregated zones (white). Fig. 2 shows scanning electron microscopy images (SEM) of carbides in these two zones. This type of image was used to determine the statistics (size distribution and number density) of the carbide populations. Only the carbides with surfaces larger than 0.01 µm 2 (10 pixels) were taken into account since very fine carbides are not suitable for accurate measurement. The size of a carbide is defined by its equivalent radius which is the radius of the circle having the same surface area as the carbide. The statistics of carbides are presented in Table 2.

In the following, we still assume that the cleavage fracture initiates from carbides that can be located in the soft or hard zones.The global size density function dF/dr is expressed as a mixing law of the size distribution in hard and soft zones weighted by the area proportion of hard zone f HZ :

dF dr = f HZ dF dr HZ + (1 -f HZ ) dF dr S Z (6) 
where dF/dr HZ and dF/dr S Z are the carbide size distribution in the hard zone and in the soft zone, respectively. A three parameter Weibull distribution is used to describe the size distribution as proposed in [START_REF] Lee | Effect of carbide distribution on the fracture toughness in the transition temperature region of an SA 508 steel[END_REF]:

F = 1 -exp - 2r -γ β α , dF dr = 2α β 2r -γ β α-1 exp - 2r -γ β α (7)
The obtained global carbide size distributions of these three materials are shown in Fig. 3. It can be noted that, as expected, it is easier to find large carbides in materials with higher carbon content. 

Fracture toughness evaluation

Fracture toughness tests were performed by CEA under a Framatome contract on these 3 model alloys with CT12.5 type specimens. The thickness of these specimens was reduced to 11 mm or 10 mm (several specimens of 0.19%C alloy) because of the limited thickness of the received plates. The experimental results of fracture toughness and Master Curve are presented in Figure 4. Only conditions leading to cleavage without significant ductile tearing (>0.2 mm) were extracted from the experimental database elaborated by [START_REF] Brimbal | Private Communication, Framatome[END_REF]. As can be seen in Figure 4, the average toughness of the material with 0.19%C is higher than the other two. The toughness values for the material with Thanks to SEM fractographic analysis, it can be confirmed that the dominant fracture mechanism in these three materials is transgranular cleavage fracture. Areas of micro dimples and micro cleavage were observed on the fracture surfaces of specimens for the two higher carbon content materials. These areas coincide with the hard zones. These areas were not observed in the material with 0.19%C. For materials with higher carbon content, the cleavage initiation site was often found close to these areas. For the material with lower carbon content (0.19%C), the initiation site showed no preference.

Tensile tests

Tensile tests were conducted at 3 temperatures around the reference temperature T 0 . Axisymmetric smooth tensile specimens having a gauge length of 12.5 mm and a cross-section diameter of 2.5 mm were used. Duplicate tests were performed for each testing condition. The true stress-strain relationship up to the onset of necking was obtained by a virtual extensometer thanks to digital image correlation (DIC). The cross section reduction were measured for the post-necking part of the stress-strain curve by analysis of ombroscopy images. With the onset of necking, nonuniform deformation begins along the specimen. The stress state in the cross section also turns out to be non uniform. The Bridgman correction [START_REF] Bridgman | Studies in large plastic flow and fracture[END_REF] was applied to convert this triaxial situation into a uniaxial one so that a complete true stress-strain relation can be obtained.

The elasto-plastic behaviour of these materials is described by a two-term isotropic hardening equation:

R(ε) = R 0 + Q 1 (1 -exp(-b 1 ε)) + Q 2 (1 -exp(-b 2 ε)) (8) 
The first term (Q 1 , b 1 ) describes the hardening behaviour at small deformations. The second term (Q 2 , b 2 ) is used for the hardening at large deformation. R 0 represents the elastic limit which was adjusted based on the experimentally measured values by eliminating the Lüders plateau. In the tested temperature range, the hardening parameter Q 1 and b 1 could be fitted with linear functions. The chosen expressions for R 0 (T ), Q 1 (T ) and b 1 (T ) are given below:

R 0 (T ) = σ a + b exp(-cT ) Q 1 (T ) = -pT + q b 1 (T ) = 26 + 0.095T (9) 
where R 0 (T ) is able to describe the temperature dependency of R 0 as well as the saturation plateau at higher temperatures. Assuming that the carbides do not change dislocation mobility, b and c are considered to be constant for these 3 model alloys. To reduce the amount of parameters to be calibrated, Q 2 and b 2 are chosen constant. The temperature effect on the hardening at large deformation is neglected. The values of Q 2 and b 2 were obtained by fitting several tensile curves from Bridgman analysis. Identified parameters are summarized in Table 3.

Table 3: Parameters of the stress-strain behaviour. 

E (GPa) v σ a (MPa) b(MPa) c p(MPa) q(MPa) Q 2 (MPa) b 2 0.

Load-displacement curves of CT specimens

Simulations of the fracture toughness tests were conducted using the finite element code Cast3M. The FE mesh of the CT12.5 specimen with side grooves is shown in Fig. 5. The full geometry is reduced to the quarter symmetry FE model. The appropriate symmetry boundary conditions and constraints were applied to the geometry. Six layers of meshes are constructed in the thickness direction including one border layer for the side groove. A refined mesh is created around the crack tip with an element size of 50 µm×50 µm in the plane perpendicular to the crack front line. This size is chosen to be in the order of two times the austenite grain size of this type of material so that a few tens of bainitic packets will be contained in an element.

The simulated load-displacement curves of CT specimens are compared with experimental ones as shown in Figure 6. The modelling with the identified elastoplastic model gives quite good results for the global load-displacement curves of CT specimens.

Fracture toughness predictions and effective surface energy variation

The parameters related to the distribution of stress are determined by crystal plasticity as presented in (Vincent et al., 2011), i.e., m h = 7.0 and k h = 1.1. As indicated above, carbide size distributions and densities were measured from image analysis (see Table 4 for parameters; α, β and γ are for the 3 parameter Weibull distribution). The only parameter needed to calibrate the MIBF model is the effective surface energy γ f . The calibration could be made by fitting the K Jc -probability curve at each temperature as used in previous works for the Beremin model (Andrieu, 2012) and for MIBF model [START_REF] Forget | Application of local approach to fracture of an RPV steel: effect of the crystal plasticity on the critical carbide size[END_REF]. However, the number of tests is small in the present study compared to the Euro A material database [START_REF] Heerens | Development of the Euro fracture toughness dataset[END_REF]. Only 3 to 5 tests are available per test temperature in the current database. The use of K Jc -probability curve to calibrate the MIBF model is unreasonable under these circumstances. The effective surface energy γ f was therefore adjusted based on the K Jc -temperature data for each material. Indeed, the 50% failure iso-probability line was fitted to the experimental median values of K Jc through an optimisation process. The data used for calibration are shown by red points in Figure 7. 

f (J m -2 ) m h k h n c (m -3 ) α β (m) γ(m) 0.19% C
11.7 7.0 1.1 0.34 × 10 18 1.11 0.88 × 10 -7 1.15 × 10 -7 0.29% C 11.9 7.0 1.1 0.43 × 10 18 1.22 1.04 × 10 -7 1.08 × 10 -7 0.38% C 15.1 7.0 1.1 1.02 × 10 18 1.31 1.21 × 10 -7 1.12 × 10 -7

The iso-probabilities of fracture predicted by the MIBF model are shown in Figure 7(a)(b)(c) for each material. Most of experimental data points are covered by the 1%-99% iso-probabily lines. The 50% failure probability lines follow correctly the evolution of fracture toughness. The T 0 obtained by MIBF 50% iso-probability line at 100 MPa √ m are very close to those obtained from the MC approach as shown in Figure 7(d). The identified γ f are shown in Table 4. The values for 0.19%C and 0.29%C are very close, however the value for 0.38%C is much higher. The effective surface energy γ f is considered as a material constant. True surface energy (or bond energy) associated with transgranular cleavage of steels is estimated on the order of 2 J m -2 . Due to inevitable plastic dissipation, the effective surface energy often ranges from 6 to 15 J m -2 . Lots of estimations have been reported in this range such as Ortner (2002) for 6 J m -2 , [START_REF] Im | Effect of microstructure on the cleavage fracture strength of low carbon MnNiMo bainitic steels[END_REF] for 12.4 J m -2 , [START_REF] Curry | The relationship between fracture toughness and microstructure in the cleavage fracture of mild steel[END_REF] for 15 J m -2 or [START_REF] Gerberich | New contributions to the effective surface energy of cleavage[END_REF] for a much higher value. The identified effective surface energy γ f for these 3 materials are also within this range. However, the observed variation of γ f could be induced by a significant microstructural evolution due to the increase in carbon and alloy elements contents. Indeed, it had been observed that the microstruc-ture can change from upper bainite for low carbon content to lower bainite for the highest carbon content. So the γ f increase could be possibly seen as the consequence of the refinement of the microstructure which counterbalance the effect of the increase of number and size of carbides.

Conclusions

Experimental and numerical studies were carried out on 3 model alloys containing 0.19, 0.29, and 0.38%C, the chemical compositions of which are representative of those encountered in macro-segregated areas of large size ingots. The carbide size distributions have been analysed based on SEM images. 3D FE simulations on CT12.5 specimens were carried out using Cast3M. The experimentally determined size distributions of carbides were introduced into the MIBF model to predict the fracture toughness of these materials. The main result of this work is the identification of a beneficial effect of a micro-structural evolution that can counter balance the detrimental effect of carbon increase.
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 12 Fig. 1: Cartography of segregated zones observed by microscopy.
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 3 Fig. 3: Global carbide size distributions (equivalent radius r) obtained by a mixing law of the size distribution in hard and soft zones weighted by the area proportion of hard zone.
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 4 Fig. 4: Fracture toughness evolution in the ductile-brittle transition region.
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 5 Fig. 5: 3D finite element mesh for CT12.5 type specimens.

Fig. 6 :

 6 Fig. 6: Experimental load-displacement curves of CT specimens.

  γ

  Fig. 7: Experimental fracture toughness results compared with the failure iso-probability envelop predicted by MIBF model.

Table 1 :

 1 Chemical compositions of the three model alloys (wt%)[START_REF] Brimbal | Private Communication, Framatome[END_REF].

	Model alloys	C	S	P	Si	Mn	Ni	Cr	Mo	Cu	Al	N
	0.38%C	0.376 0.0048 0.008 0.265 1.626 0.891 0.142 0.580	0.002	0.023 0.0085
	0.29%C	0.292 0.0029 0.006 0.236 1.512 0.839 0.132 0.540	0.002	0.018 0.0057
	0.19%C											

0.189 0.0013 0.004 0.188 1.386 0.764 0.122 0.484 <0.001 0.02 0.0026

Table 2 :

 2 Carbide number and density characteristics.

	Model alloys	Zone	f HZ % Nb of carbides Nb of carbides/µm 2
	0.38%C	Hard	22	6207	1.60
		Soft		3293	0.85
		weighted average			1.01
	0.29%C	Hard	6	5471	1.41
		Soft		1997	0.51
		weighted average			0.57
	0.19%C	Hard	4	6183	1.59
		Soft		1736	0.45
		weighted average			0.49
	0.38%C				Area ratio of hard zone
					22%
	0.29%C				
					6%
	0.19%C				
					4%

Table 4 :

 4 Parameters of the MIBF model.
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