Abdelatif Lebaili 
  
Soltane Lebaili 
  
Fiqiri Hodaj 
email: fiqiri.hodaj@grenoble-inp.fr
  
Interfacial interactions between 304L stainless steel and Zy-4 alloy during isothermal holdings at 1050°C

Keywords: interfaces, partial transient liquid phase bonding, reaction product, growth kinetics, zircaloy-4

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Dissimilar metal joints have applications in a variety of major technological areas such as nuclear power plants, aerospace, petrochemical, thermal, cryogenic and microelectronics industries [START_REF] Sun | The application of electron beam welding for the joining of dissimilar materials: an overview[END_REF][START_REF] Joseph | Evaluation of residual stresses in dissimilar weld joints[END_REF]. In the nuclear field, thermal reactors such as the pressurized water reactor (PWR), the boiling water reactor (BWR) and the pressurized heavy water reactor (PHWR) use zirconium-based alloys as structural internal material. The main reasons that led to the choice of these materials lie in the conjunction of several essential properties: a very low absorption of thermal neutrons, high melting point, low toxicity, satisfactory mechanical properties, good stability of these materials under flux neutrons, very good resistance to corrosion by water at high temperature and, finally, ease of manufacture [START_REF] Joseph | Evaluation of residual stresses in dissimilar weld joints[END_REF][START_REF] Murty | An introduction to nuclear materials: fundamentals and applications[END_REF]. The out-ofcore components are usually made of stainless steel (SS). The SS-304L type has good forming and welding properties, high corrosion resistance and strength as well as good draw skills. It can be shaped in a variety of shapes, reasons for which, it is widely used in different industries.

There are many situations where cladding materials and structural materials need to be joined together. Therefore, the joints between the Zr-based components and the SS are formed at different locations of the thermal reactors [START_REF] Bhanumurthy | Diffusion bonding of nuclear materials[END_REF] and need to be specifically studied. Joining these two alloys by classical techniques (called partial or total fusion-welding process) is undesirable because of the formation of brittle structures in the fusion zone (intermetallic compounds and phases). Fusion-welding processes can cause local changes in the composition of the welded material that may alter its mechanical and corrosion properties [START_REF] Ahmad | Hardness and microstructural studies of electron beam welded joints of zircaloy-4 stainless steel[END_REF]. These phenomena are not allowed in the nuclear industry because they can lead to uncontrollable consequences [START_REF] Murty | An introduction to nuclear materials: fundamentals and applications[END_REF].

The joining of Zircaloy-4 (Zy-4) and SS by conventional welding, leads to the formation of brittle intermetallic compounds such as Zr(Cr,Fe)2 and Zr2(Fe,Ni) in the weld pool, in a quantity and morphology which are very difficult to control, which impair the strength of the joint. Further, because of large variation in thermal expansion coefficient and elastic moduli, high residual stresses develop during cooling of welding joint leading to failure of the joint. Thus, conventional fusion welding is not a viable option for joining Zy-4 and SS because it confronts two metallurgically incompatible materials, and as a result, their joining requires the use of unconventional welding processes [START_REF] Srikanth | Joining of stainless steel 304L with zircaloy-4 by diffusion bonding technique using Ni and Ti interlayers[END_REF][START_REF] Perona | Study of zircaloy-2 stainless steel diffusion bonds[END_REF][START_REF] Shabban | Investigation of diffusion-bonding between zircaloy-4 and 304 stainless steel[END_REF].

Several attempts and processes of nonconventional techniques are used to join SS and Zr based alloys in different works. The junction produced by explosive welding, electron beam welding, and swaging process were also explored for joining Zr-based alloys with stainless steel [START_REF] Hairong | TEM study of microstructure in explosive welded joints between zircaloy-4 and stainless steel[END_REF][START_REF] Ahmed | Microstructure and characterization of phases in TIG welded joints of zircaloy-4 and stainless steel[END_REF][START_REF] Brutto | Diffusion bonding of zircaloy-2 to steel by swaging[END_REF].

Diffusion bonding, proceeding without fusion or with partial fusion of the materials to be joined, has emerged as a competitive advanced technique in joining similar and dissimilar materials which are difficult to join using conventional methods. These processes involve diffusion and limited deformation to produce high quality joints between the materials to be assembled [START_REF] Bhanumurthy | Diffusion bonding of nuclear materials[END_REF][START_REF] Kazakov | Diffusion bonding of materials[END_REF][START_REF] Bartle | Diffusion bonding as a production process -Information Package Series[END_REF][START_REF] Atabaki | Microstructural evolution in the partial transient liquid phase diffusion bonding of zircaloy-4 to stainless steel 321 using active titanium filler metal[END_REF].

Studies on the direct diffusion welding between SS and Zy-4 show complex interfaces, formed of layers of variable thicknesses (from tens to hundreds of micrometers). This is associated with the coexistence of a multitude of different types of phases: α-(Fe,Cr), α-Zr solid solution and Zr2(Fe,Ni) and ε-Zr(Cr,Fe)2intermetallic compounds [START_REF] Taouinet | Characterization of the interface to diffusion bonding of zircaloy-4 and stainless steel[END_REF][START_REF] Zaid | Microstructure and corrosion cspects of dissimilar joints of zircaloy-4 and 304L stainless steel[END_REF][START_REF] Gr | Microstructural features of hot pressure bonding between stainless steel type AISI-304 l and zircaloy-2[END_REF][START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF]. The formation of these phases, their morphology, dispersion and localization at the interface depend enormously on the experimental conditions of the realization of the junction which are temperature, pressure and isothermal holding time. The major problem encountered during diffusion bonding is the formation of brittle intermetallics in the diffusion zone due to reaction of interdiffusing elements.

The SS/Zy-4 junctions obtained at 1000°C during isothermal holdings of 30 minutes [START_REF] Atabaki | Microstructural evolution in the partial transient liquid phase diffusion bonding of zircaloy-4 to stainless steel 321 using active titanium filler metal[END_REF] and 45 minutes [START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF], indicate the presence of liquid fractions in the Reaction Product Zone (RPZ) and the junction is then obtained by the Partial Transient Liquid Phase Bonding (PTLPB) process. The junctions carried out at higher temperatures (>1000°C) show the presence of eutectic fractions Zr2(Fe,Ni) + α-Zr and Zr(Cr,Fe)2 + α-Zr at the interface. The PTLPB process leads to a large thickness (~ 600 µm) of RPZ formed by the juxtaposition of three layers (L): LI = α-(Fe,Cr) single-phase, LII = α-Zr + Zr(Cr,Fe)2 biphasic and LIII = Zr2(Fe,Ni) + Zr(Cr, Fe)2 + α-Zr, multiphase. The large thickness of RPZ and the presence of intermetallic compounds, reduce the optimal mechanical properties of the junction. The improvement in this type of assembly seems to depend on both the thickness of RPZ and the presence of intermetallic compounds by their nature and their volume fraction [START_REF] Shabban | Investigation of diffusion-bonding between zircaloy-4 and 304 stainless steel[END_REF][START_REF] Taouinet | Characterization of the interface to diffusion bonding of zircaloy-4 and stainless steel[END_REF][START_REF] Zaid | Microstructure and corrosion cspects of dissimilar joints of zircaloy-4 and 304L stainless steel[END_REF][START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF][START_REF] Zheng | Chemical interactions between pre-oxidized zircaloy-4 and 304 stainless steel-B4C melt at 1300 °C[END_REF]. With an aim of improving the joint quality, several attempts in joining SS with Zy-4 have been made by various researchers. Other works opt for the use of barriers against the diffusion of certain chemical elements, with the interposition of soft interlayer materials with good flow characteristics. These inserts of "sandwich" type SS/M/Zy-4 structure use different metals (M) as interlayer (M = Ta [START_REF] Akther | Diffusion bonding of stainless steel to zircaloy-4 in the presence of a Ta intermediate layer[END_REF], Ti [START_REF] Ahmad | Hardness and microstructural studies of electron beam welded joints of zircaloy-4 stainless steel[END_REF][START_REF] Pan | An investigation on diffusion bonding of Zircaloy-4 and 304L stainless steel with Ti and Ag multiple interlayers[END_REF], Ni [START_REF] Chen | Effect of Ni interlayer on partial transient liquid phase bonding of Zr-Sn-Nb alloy and 304 stainless steel[END_REF] and Cu [START_REF] Aboudi | Microstructure evolution of diffusion welded 304L SS/Zircaloy4 with copper interlayer[END_REF]). In addition to limiting the formation of brittle intermetallics at the interface, these interlayers often assist in achieving bonding at reduced temperature and pressure, but the problem still persists.

Several attempts on the direct SS/Zy-4 junction have been made by various researchers [14-19, 21, 25]. The work focuses mainly on the microstructural evolution of the interface of the joints during different isothermal holdings in the presence of transient liquid fractions at T > 1000°C [START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF]. In particular, it has been shown in Refs [START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF][START_REF] Nagase | High temperature interaction between zircaloy-4 and Stainless Steel Type 304[END_REF][START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF] that during isothermal holdings for 45 minutes at 1000, 1020, 1050, 1100 and 1150°C, the growth kinetics of the RPZ is relatively slow at T = 1000 and 1020°C while it drastically increases at T = 1100 and 1150°C. The growth rate of the RPZ at T = 1050°C shows an intermediate behaviour and moreover, the LIII layer consists of a liquid phase which was not the case at lower temperature. Note however that no study exists in the literature on the evolution with time of the SS/Zy-4 system at 1050°C.

Thus the aim of this work is to fill this gap by studying the metallurgical microstructure evolution and interfacial interactions between 304L stainless steel and Zy-4 alloy during isothermal holdings at 1050°C for holding time varying from 0 to 45 minutes. These isothermal holdings involve the partial transient liquid phase bonding (PTLPB) process which is very interesting from both theoretical and practical points of views.

Materials and methods

The materials used in this study are the 304L austenic stainless steel (SS) and Zircalloy-4 (Zy-4).

The 304L austenitic SS is lightly carbon (0.03 wt%) loaded and contains high contents of Cr (18 wt%) and Ni (10 wt%). Its low carbon content minimizes harmful carbide precipitation and thus it can be used "as welded" in corrosive environments.

The Zy-4 is used for ducts and the tubes-guides of pressurized water reactor (PWR) fuel assemblies. Zr presents the compact hexagonal structure α-phase at room temperature. It undergoes allotropic transformation at 865°C leading to β-phase, bcc structure. The Zy-4 contains 1.4 wt% soluble Sn in Zr where it is as a substitute. Its addition has a hardening effect on the alloy and improves its mechanical strength. The addition of very small quantities of transition metals provides an improvement in the corrosion resistance. Fe, Cr and Ni are elements called β-eutectoids Zr. They are relatively soluble in β-Zr phase and substantially insoluble in α-Zr phase. At room temperature, they form intermetallic compounds such as Zr(Fe,Cr)2 and Zr2(Fe,Ni) [START_REF] Hairong | TEM study of microstructure in explosive welded joints between zircaloy-4 and stainless steel[END_REF][START_REF] Ahmed | Microstructure and characterization of phases in TIG welded joints of zircaloy-4 and stainless steel[END_REF][START_REF] Taouinet | Characterization of the interface to diffusion bonding of zircaloy-4 and stainless steel[END_REF][START_REF] Aboudi | Microstructure evolution of diffusion welded 304L SS/Zircaloy4 with copper interlayer[END_REF]. The β → α phase transformation in a current grade of Zy-4 containing 1200 ppm of oxygen occurs at 980°C [START_REF] Combie | Matériaux industriels, zirconium et alliages de zirconium, matériaux métalliques[END_REF][START_REF] Chen | Phase Stability in the Fe-rich Fe-Cr-Ni-Zr alloys[END_REF].

The samples were shaped to obtain a cylindrical dimension ∅8x6mm and the bases of the cylinders have undergone a rectification. One side of the sample is polished with 1200 grade emery paper. The surface of the materials is flat, without cracks, scratches or oxide layer. This made it possible to obtain an approximate roughness Ra of around 0.25 μm, which is necessary for smooth bonding. Then, the samples were cleaned in an ultrasonic tank. A pair of the samples was positioned between the moving axis and the support of experimental device we had made in the laboratory. Its description is reported in part in our previous works [START_REF] Taouinet | Characterization of the interface to diffusion bonding of zircaloy-4 and stainless steel[END_REF][START_REF] Taouinet | Diffusion bonding between zircaloy-4 and 304L stainless steel in the presence of an eutectic[END_REF][START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF][START_REF] Aboudi | Microstructure evolution of diffusion welded 304L SS/Zircaloy4 with copper interlayer[END_REF]. It consists of two parts: one composed of a pneumatic cylinder coupled to a movable axis, exerting pressure on the samples to be joined, the other serving as support for the entities to be assembled (Fig. 1a).

These two parts are introduced into a vertical furnace (Adamel type TV3) (Fig. 1b). The assembly makes it possible to carry out diffusion bonding treatments. The bonding experiments were performed under an argon atmosphere at 1050°C which corresponds to the domain of the β structure of Zy-4 [START_REF] Combie | Matériaux industriels, zirconium et alliages de zirconium, matériaux métalliques[END_REF][START_REF] Chen | Phase Stability in the Fe-rich Fe-Cr-Ni-Zr alloys[END_REF]. The thermal cycles corresponding to different isothermal holdings at 1050°C are illustrated in Fig. 2. Some selected holding times are similar to those applied in the industrial applications range between 15 and 60 minutes [START_REF] Bhanumurthy | Diffusion bonding of nuclear materials[END_REF][START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF][START_REF] Atabaki | Microstructural evolution in the partial transient liquid phase diffusion bonding of zircaloy-4 to stainless steel 321 using active titanium filler metal[END_REF][START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF][START_REF] Chen | Effect of Ni interlayer on partial transient liquid phase bonding of Zr-Sn-Nb alloy and 304 stainless steel[END_REF][START_REF] Aboudi | Microstructure evolution of diffusion welded 304L SS/Zircaloy4 with copper interlayer[END_REF].

The pressures exerted on the SS/Zy-4 couples are described in our previous works [START_REF] Zaid | Microstructure and corrosion cspects of dissimilar joints of zircaloy-4 and 304L stainless steel[END_REF][START_REF] Gr | Microstructural features of hot pressure bonding between stainless steel type AISI-304 l and zircaloy-2[END_REF][START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF][START_REF] Nagase | High temperature interaction between zircaloy-4 and Stainless Steel Type 304[END_REF][START_REF] Taouinet | Diffusion bonding between zircaloy-4 and 304L stainless steel in the presence of an eutectic[END_REF][START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF]. They decrease with increasing temperature and vary between 30 and 0.2 MPa depending on the thermal cycle. The application of a temporary over pressure at the beginning of the bonding produces the crushing of the surface asperities [START_REF] Bartle | Diffusion bonding as a production process -Information Package Series[END_REF][START_REF] Taouinet | Characterization of the interface to diffusion bonding of zircaloy-4 and stainless steel[END_REF][START_REF] Nagase | High temperature interaction between zircaloy-4 and Stainless Steel Type 304[END_REF]. For bonding temperatures of 1050°C the applied pressures is 0.2MPa. After the bonding process, the load on the SS/Zy-4 assembly was released and the furnace was allowed to cool naturally.

The obtained bonded samples were perpendicularly cut to the SS/Zy-4 junction and prepared for the different characterizations by using conventional metallographic techniques such as coating, polishing and cleaning. The solution of the chemical etching used to reveal the structures formed in some pairs of bonded samples at their preliminary observation by optical microscope (OM) is composed of 47% HNO3 + 3% HF + 50% H2O2.

Observations on fine scale polished samples are conducted by using an environmental scanning electron microscope (Philips XL30 ESEM-FEG). This equipment is coupled to an energy dispersive spectroscopy X-ray probe (EDS) for chemical analysis (ESEM-EDS). The ESEM observations are carried out on non-attacked polished samples using imaging obtained from the backscattered electrons (BSE).

After the standard metallographic preparation, the final polishing was carried out with a solution of colloidal silica (0.25 μm) with a Struers Lectropol-5 electropolisher for electron backscattered diffraction (EBSD), with a solution composed of 600 ml of methanol, 300 ml of butoxyethanol and 60 ml of perchloric acid (60%). ESEM-EBSD analyses were performed on a ESEM-FEG Zeiss Gemini equipped with a Hikari Super CCD camera. This technique is used for simultaneously characterizing the microstructure and the local crystallographic texture of the junctions. It gives access not only to orientation maps but also to those of the phases.

Quantitative chemical analysis of different phases is performed by using an electron probe micro analyser-wavelength-dispersive-spectroscopy (EPMA-WDS), Cameca SX-50, that quantitatively analyses the elements present in a volume of about 1μm 3 of a polished sample. The analyses were performed at 15 kV using as standards the pure elements for Cr and Fe and Zr2Ni7 and SnO2 crystals for Zr, Ni, Sn and O. The values of the quantitative analysis are presented after the ZAF correction between elements.

Results and discussion

This section is organized in three parts. In the first part we discuss the initial conditions of the SS/Zy-4 diffusion couple just after heating at 1050°C (t = 0). In the second part the evolution of the interfacial system during isothermal holdings at 1050°C for different holding times (5 to 45 minutes) are presented and discussed. In the third part a mechanism of the formation of the reaction product zone (RPZ) during these isothermal holdings is proposed.

Initial conditions of the SS/Zy-4 diffusion couple just after heating at 1050°C (t = 0)

Before studying the evolution with holding time at 1050°C of the interfacial zone between SS and Zy-4, we performed two specific experiments by stopping the heating of the diffusion couple at T1 = 950°C and T2 = 1050°C (Fig. 2). The aim is to quantify the interfacial interactions during heating up to the experimental temperature of 1050°C, i.e. to characterize the initial state of the SS/Zy-4 interface at the time t = 0 at 1050°C. Fig. 3 gives ESEM-BSE micrographs of cross-sections of SS/Zy-4 interface after heating up to 950°C during about 50 minutes (see point T1 in Fig. 2) and cooling to room temperature. It shows that a reaction product zone (RPZ)with an average thickness of ~ 20-25 µm is formed at the interface. This RPZ consists of three distinct layers noted LI, LII and LIII in Fig. 3b.

The L1 layer is localized on the SS side, its average thickness is ~ 2μm and it seems consisting of a single phase (dark phase). SEM-EDS and EPMA analysis of this layer indicate that it contains about 58-61 at% Fe, 35-38 at% Cr, 2-4 at% Ni and 1-2 at% Zr. The composition of LI corresponds to the bcc α-(Fe,Cr) solid solution that is much richer in Cr and poorer in Ni than the γ-(Fe,Cr,Ni) solid solution. It is well revealed in the EBSD-(α-Fe) imaging (Fig. 4c). According to the literature this layer can act as a barrier layer to the diffusion of Fe and Cr toward the reactive interfaces of the SS/Zy-4 diffusion couple [START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF][START_REF] Nagase | High temperature interaction between zircaloy-4 and Stainless Steel Type 304[END_REF][START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF].

The average thickness of the LII layer is ~ 18 μm and its microstructure consists of a mixture of two phases: a dark grey phase and a grey phase. The analysis performed on these phases showed that the composition of the dark grey phase (36-38 at% Zr, 23-29 at% Cr, 35-39 at% Fe and less than 0.5 at% Ni) corresponds to that of the ε-Zr(Cr,Fe)2 phase. It consists mainly of polygonal fine grains, which are well revealed in the BSE electronic imaging (Figs. 4a and4b) and EBSD-ZrCr2 imaging (Fig. 4c). The composition of the grey phase (63-70 at% Zr, 24-29 at% Fe and 5-9 at% Ni) corresponds to that of the Zr2(Fe1-xNix) phase with 0.15 < x < 0.25 [START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF][START_REF] Chen | Phase Stability in the Fe-rich Fe-Cr-Ni-Zr alloys[END_REF][START_REF] Mukherjee | Interaction between SS-302 and zircaloy during fuel pin welding[END_REF].

The LIII layer, situated on the Zy-4 side, has an average thickness ~5μm, it consists of a single phase and its composition corresponds to that of the Zr2(Fe,Ni) phase.

Thus, during heating up to 950°C the interfacial reaction at SS/Zy-4 interface takes place by solid-state diffusion and at 950°C the experimental diffusion path in this diffusion couple can be given by the configuration:

γ-(Fe,Cr,Ni) / α-(Fe,Cr) / ε + Zr2(Fe,Ni) / Zr2(Fe,Ni) / Zr i.e. SS / LI / LII / LIII / Zy-4 The heating from 950°C to 1050°C takes ~ 25 minutes (see points T1 and T2in Fig. 2). As mentioned above, the point T2 = 1050°C indicates the time t = 0 for the isothermal holdings at 1050°C. The RPZ at t = 0 presents a homogeneous thickness of 26-29 µm all over the interface (Figs. 4a and4b). Thus the total thickness of the reaction layer at 1050°C is only slightly larger than that at 950°C. Fig. 4c gives a higher magnificent SEM-EBSD image of the interface in order to analyse the thin LI layer as well as the distribution of the α-(Fe,Cr) and ε-Zr(Fe,Cr)2 grain boundaries inside L1 and LII layers. Fig. 4 clearly indicates that, as in the previous case (T1 = 950°C), three different layers can be observed at the interface.

A thin and homogeneous LI layer ~ 2-3 μm in thickness consisting of α-(Fe,Cr) phase is seen on the SS side of the diffusion couple (Fig. 4c). As it is shown in Fig. 4c, the LI layer is poly-granular and often this layer consists of only one α-(Fe,Cr) grain in perpendicular direction to the interface (Fig. 4c) meaning that the nucleation of new grains of this phase appears to be difficult during heating up to 1050°C. Note moreover that the thickness of the LI layer is almost the same as at 950°C.

The LII layer ~ 8 µm thick consists of a mixture of two phases: fine polyhedral Zr2(Fe,Ni) phase matrix (grey phase) ~ 1-2 µm in size and ε-Zr(Fe,Cr)2 phase precipitates (dark grey phase) as it was the case for the experiment at 950°C. Within LII layer, the grains adjacent to the LI layer have smaller size that those away from the LI/LII interface. This result strongly suggests that the nucleation of ε phase takes place in the zone close to LI/LII interface.

The LIII layer ~ 20-25 µm thick is situated on the Zy-4 size. It consists mainly of the Zr2(Fe,Ni) phase and some small precipitates of α-Zr phase (light grey phase).

While comparing the microstructures and thickness of different layers after experiments at 950°C and 1050°C, it is very interesting to note three main differences between them:

(i) The thickness of the LII layer at 1050°C (~ 8 µm) is significantly smaller than that at 950°C (~ 18 μm).

(ii) The thickness of LIII layer at 1050°C (~ 20-25 µm) is much larger than that at 950°C (~ 5 µm).

(iii) While the LIII layer consists of only one single Zr2(Fe,Ni) phase at 950°C, that obtained at 1050 °C consists of Zr2(Fe,Ni) and α-Zr phases.

At this stage, the following question arises: which phenomenon is at the origin of the significant decreasing of the LII layer thickness and of a huge increasing of LIII layer thickness, when the temperature increases from 950°C to 1050°C?

According to Ref. [START_REF] Atabaki | Microstructural evolution in the partial transient liquid phase diffusion bonding of zircaloy-4 to stainless steel 321 using active titanium filler metal[END_REF], an isothermal heating of a SS/Zy-4 diffusion couple longer than 30 minutes at 1000°C leads to the formation of a liquid fraction at the interface. The same observation is reported in Ref. [START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF], after an isothermal holding of the same diffusion couple for 45 minutes at 1000°C.

In our case, the heating of the sample from 1000°C to 1050°C lasts about 15 minutes (see Fig. 2) and the diffusion distance attained during this stage could be equivalent to that attained during an isothermal heating for 30 minutes at 1000°C if the activation energy (Q) of the diffusion process through the intermetallic compounds (IMCs) found in the reaction product (ε-Zr(Cr,Fe)2 and Zr2(Fe,Ni) IMCs) is sufficiently high. The activation energy of the diffusion in IMCs is given by the relation Q ≈ 0.13 Tm± 20% in kJ.mol -1 [START_REF] Nakajima | Diffusion in intermetallic compounds[END_REF] which, for ε-Zr(Cr,Fe)2 and Zr2(Fe,Ni) IMCs with melting points higher than 1600K [START_REF] Yang | Thermodynamic modeling and experimental study of the Fe-Cr-Zr system[END_REF][START_REF] Yang | Experimental investigation of phase equilibria in the Ni-Fe-Zr ternary system[END_REF], leads to a very high value of Q (> 210 kJ.mol -1 ).

A careful observation of the sample heated up to 1050°C and immediately cooled at room temperature showed that in most cases the microstructure of the LIII layer seems to be very similar to a microstructure obtained after a solidification from the liquid state (see Fig. 5). The formation of the liquid phase at the zone close to Zr2(Fe,Ni)/Zy-4 interface could be initiated by the rapid diffusion of Zr through the grain boundary of Zr2(Fe,Ni) phase and leading to the eutectic reaction : β-Zr + Zr2(Fe,Ni) → Liquid phase [START_REF] Lebaili | Effect of isothermal hold on the microstructural evolution of the stainless steel 304L/zircaloy-4 interface[END_REF].

Although four elements are involved in the SS/Zy-4 chemical interaction, the binary Ni-Zr, Fe-Zr and Cr-Zr phase diagrams offer a reasonable explanation of low temperature liquid phase formation in the quaternary Fe-Zr-Ni-Cr system despite the fact that no data on this quaternary system are available in the literature. In the binary Ni-Zr system [START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF][START_REF] Chen | Effect of Ni interlayer on partial transient liquid phase bonding of Zr-Sn-Nb alloy and 304 stainless steel[END_REF], the lowest eutectic point at about 960°C is situated on the Zr-rich side and the diffusion of only about 2% Ni into β-Zr phase results in the formation of a liquid phase at this low temperature. The lowest eutectic temperature in the binary Fe-Zr system at about 930°C is situated also on the Zr-rich side [START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF][START_REF] Arias | The Fe-Zr (Iron-Zirconium) system[END_REF], while the eutectic temperatures in the binary Cr-Zr system (1332 and 1592°C) are much higher [START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF][START_REF] Yang | Thermodynamic modeling and experimental study of the Fe-Cr-Zr system[END_REF]. A relationship between the microstructure observed in the RPZ and the ternary Zr-Ni-Fe and Zr-Cr-Fe phase diagrams at 1000°C is established in Refs. [15, 17-19, 21,29]. In these studies it is suggested that diffusion of Fe and Ni elements up to the Zy-4/Zr2(Fe,Ni) interface can lead to the formation of a liquid phase even at 1000°C if the holding time is sufficient long.

We can thus conclude that just at the moment when the temperature 1050°C is attained during heating (t = 0), the diffusion couple can be represented as below: In the following, this state will be called the ″initial″ state of the diffusion couple at T = 1050°C and t = 0.

Evolution of the interfacial system during isothermal holdings at T = 1050°C

As it is mentioned before, isothermal holdings at T = 1050°C for 5, 7.5, 10, 15, 30 and 45 minutes have been performed for the SS/Zy-4 couples.

As it will be seen below, whatever the holding time at 1050°C, the RPZ consists always of three layers (LI, LII and LIII), despite the fact that the morphology of LII and LIII layers strongly evolves with the holding time.

The values of the average thickness (e) of each reaction layer as well as the total thickness of the RPZ measured after different holding time at 1050°C are given in Table 1. It shows that the thickness of the LIII layer is much higher than thicknesses of LI and LII layers. Moreover, the thickness of LI layer is much lower than that of LII layer.

Fig. 6 shows the microstructures (a) and the curves (b) of variation of the thickness of the RPZ and of each layer (LI, LII and LIII) after variable isothermal hold times between 0 and 45 minutes at 1050°C.

The variation of the thickness of different layers with the reaction time is given in Fig. 7. Fig. 7a shows that the thickness of the LI layer changes very little (from 2 to 6 µm) throughout the thermal cycle. The thickness of the LII layer increases very rapidly during the first 10-15 minutes, it remains almost constant from 15 to 30 minutes and afterwards it increases once again. The growth kinetics of the LIII layer (and thus of the RPZ) is relatively slow for short contact times followed by a significant acceleration after 7.5 minutes of reaction.

In order to determine the growth law of each reaction layer, we assume that the growth kinetics follows a power law [START_REF] Dybkov | Growth Kinetics of Chemical Compound Layers[END_REF]:

n n t k e = (1)
Where e is the thickness of the layer at time t, n is a growth exponent and kn the kinetic growth coefficient. Note that Eq. ( 1) is only valid if it operates during the growth of the layer from t = 0 (e = e0) to t = t (e = e). The value of n is calculated by plotting logarithm of e as a function of logarithm of t shown in Fig. 8. Despite the fact that the curve loge = f(logt) is not a rigorous straight line, it allows to obtain a general estimation of the average thickness of the reaction product with the reaction time up to 45 minutes. The slope of these graph gives the values of n and the intercept gives the values of kinetic growth coefficient kn. An average value of n1 ≈ n2 ≈ 1/3 is obtained for the growth kinetics of LI and LII layers whereas for the LIII layer the growth exponent is n3 ≈ 1.33.

Note that an acceleration of the growth kinetics of a reaction layer, as it was the case of the LIII layer (n3 > 1) in this study, is not met often in reaction diffusion processes [START_REF] Dybkov | Growth Kinetics of Chemical Compound Layers[END_REF]. Before discussing the growth kinetic laws of different layers and proposing a mechanism of the formation of the reaction product, we present first the evolution of the microstructure of the reaction layers and of the diffusion path during isothermal holdings by combining SEM-EDS-EBSD characterizations of all samples that have undergone isothermal holdings from 5 to 45 minutes at 1050°C:

t = 5 minutes

Fig. 9a presents an image of the interface taken at low magnification. It shows that the thickness of the RPZ is homogeneous all over the interface. The details of the microstructures formed in the RPZ are given in Figs. 9b and9c. The thickness and morphology of LI and LII layers are much better characterized by EBSD technique (see Fig. 9d). This figure clearly shows that the LI layer consists of only one single α-(Fe,Cr) phase (dark phase in Figs. 9b and9c). The LII layer consists of a mixture of three phases: fine α-Zr phase (light grey), Zr2(Fe,Ni) phase (grey) and ε-Zr(Fe,Cr)2 phase (dark grey phase) in ESEM-BSE imaging, Figs. 9b and9c. The polygonal fine grains of ε phase are well revealed in the EBSD-ZrCr2 imaging (Fig. 9d). Fig. 9d shows that the LI layer is poly-granular and, as it was the case in Fig. 4c, this layer consists of only one α-(Fe,Cr) grain in perpendicular direction to the interface meaning that the nucleation of new grains of this phase appears to be difficult during isothermal holdings at 1050°C.

Thus when the reaction time increases from 0 to 5 minutes the microstructure of the LII layer at room temperature changes from matrix Zr2(Fe,Ni) + ε precipitates (t = 0, Figs. 4 and5) to matrix Zr2(Fe,Ni) + ε precipitates + α-Zr solid solution (Fig. 9).

The presence of α-Zr phase inside the LII layer strongly suggests that a liquid phase is formed inside this layer. Thus at the experimental temperature, the LII layer will consist of ε-Zr(Fe,Cr)2 + Zr2(Fe,Ni) phases (formed by solid-state diffusion) and a liquid phase formed by reaction between the diffusing species and Zr2(Fe,Ni) up to its total consumption inside this layer. The solidification of this liquid leads to the eutectic reaction: Liquid → β-Zr + Zr2(Fe,Ni) followed by β-Zr → α-Zr solid-state transformation.

The LIII layer consists of fine α-Zr phase inside Zr2(Fe,Ni) matrix, as it was the case at t = 0. Note however that the fraction of α-Zr phase inside LIII layer has significantly increased when the holding time increased from 0 to 5 minutes. Thus, as for the case at t = 0, the LIII layer consists of Zr2(Fe,Ni) matrix and a liquid phase formed at the grain boundaries of Zr2(Fe,Ni) phase by reaction between the diffusing species and Zr2(Fe,Ni) phase. The solidification of this liquid, reach in Zr, leads to the eutectic reaction: Liquid → β-Zr + Zr2(Fe,Ni) followed by β-Zr → α-Zr solid-state transformation.

Under these conditions the diffusion couple after 5 minutes at 1050°C can be presented as below:

γ-(Fe,Cr,Ni) / α-(Fe,Cr) / ε + Liquid + Zr2(Fe,Ni) / Zr2(Fe,Ni) + Liquid / Zr SS / L I / L II / L III / Zy-4

t = 7.5 and 10 minutes

Figs. 10a and 11a present images of the interfaces taken at low magnification after 7.5 and 10 minutes at 1050°C respectively. They show that the thickness of the RPZ is homogeneous all over the interface. The corresponding details of microstructures formed in the RPZ are given in Figs. 10b,c and11b,c respectively. In both cases the LI layer consists of only one single α-(Fe,Cr) phase, the LII layer consists of a mixture of two phases (ε + α-Zr) and the LIII layer of three phases (ε + α-Zr + Zr2(Fe,Ni)).

From Figs. 9 to 11, it can be seen that the fraction of the α-Zr solid solution (light grey phase) in LII and LIII layers, formed during the solidification of the liquid phase, increases with the increasing holding time. Thus the quantity of the liquid formed during isothermal holdings, by reaction between diffusing species and Zr2(Fe,Ni) compound (formed by a solidstate diffusion process) increases with the holding time. This increase in the liquid fraction inside LII and LIII layers promote the detachment of a certain number of ε grains of LII layer leading thus to their movement inside the liquid zones of the LIII layer. This point will be discussed in detail in the following section (3. 3).

Under these conditions the diffusion couple after 7.5 to 10 minutes at 1050°C can be presented as below: 

t = 15 minutes

Fig. 12 presents images of the interfaces taken after isothermal holding of 15 minutes at 1050°C. The corresponding details of microstructures formed in the RPZ are given in Fig. 12b. Compared with microstructures obtained for RPZ after 7.5 and 10 minutes (Figs. 10 and 11), the images taken after 15 minutes of isothermal holding, show that the detachment of ε grains (crystals) is strongly pronounced in such a way that some of the detached ε crystals are found to be at the liquid/Zr interface (Fig. 12). This means that inside the LIII layer, the fraction of the liquid phase increases with the holding time while the fraction of the Zr2(Fe,Ni) phase (formed initially by solid-state reaction) decreases considerably with the holding time. This liquid phase is formed on the grain boundaries of Zr2(Fe,Ni) phase by reaction between the diffusing species and Zr2(Fe,Ni) phase. The solidification of this liquid, reach in Zr, Fe and Cr, leads to the eutectic reaction: Liquid → β-Zr + Zr2(Fe,Ni).

Note finally that, in all zones around large ε-Zr(Fe,Cr)2 crystals, an eutectic mixture α-Zr + ε is found, which strongly suggests that the detachment of ε crystals is followed by their dissolution in the liquid around ε-Zr(Fe,Cr)2 crystals.

Under these conditions, the diffusion couple after 15 minutes at 1050°C can be presented as below:

γ-(Fe,Cr,Ni) / α-(Fe,Cr) / ε + Liquid / ε + Liquid + Zr2(Fe,Ni) / Zr SS / L I / L II / L III / Zy-4

t = 30 and 45 minutes

Fig. 13 gives the microstructure of the RPZ formed after 30 and 45 minutes of isothermal holding at 1050°C. It shows that three layers are observed at the interface and the microstructure of the RPZ is similar for both reaction times. By comparing Fig. 13 with Fig. 12 (t = 15 minutes), it can be seen that no significant change is observed for LI and LII layers. On the contrary, the microstructure of LIII layer has significantly changed when the reaction time increases from 15 to 30 minutes. This is mainly due to two differences:

(i) The formation of large dendrites of α-Zr phase all over the LIII layer and especially on the zone close to the LIII/Zy-4 interface.

(ii) No large crystals of ε-Zr(Fe,Cr)2 phase are observed inside the LIII layer after experiments for 30 and 45 minutes. This means that the large crystals of ε phase are dissolved in the liquid phase when the reaction time increases from 15 to 30 minutes. Moreover, the microstructure of LIII layer is a typical microstructure of a solidification process starting from the liquid state with the formation of the primary β-Zr dendrites followed by two eutectic transformations: Liquid → β-Zr + ε and Liquid → β-Zr + Zr2(Fe,Ni) and β-Zr → α-Zr, solidstate transformation.

Thus the diffusion couple after 30 (and 45) minutes at 1050°C can be presented as below:

γ-(Fe,Cr,Ni) / α-(Fe,Cr) / ε + Liquid / Liquid / Zr SS / L I / L II / L III / Zy-4

Schematic representation of the evolution of the interfacial system -interaction mechanisms at 1050°C

Based on the experimental results presented in the previous section, we propose here below a five stages schematic evolution of the SS/Zy-4 diffusion couple (Fig. 14) during heating and isothermal holdings at 1050°C: (i) During heating from room temperature to 950°C, the interdiffusion in solid-state of Fe, Cr and Ni from SS to Zy-4 side and of Zr from Zy-4 to SS side, leads to the formation of a reaction product zone (RPZ) consisting of three layers: LI = α-(Fe,Cr), LII = ε-Zr(Cr,Fe)2 + Zr2(Fe,Ni) and LIII = Zr2(Fe,Ni) phases respectively (Figs. 14a and14b).

(ii) During heating from 950°C to 1050°C, the thickness of the two-phase LII layer (Zr2(Fe,Ni) matrix + ε-Zr(Cr,Fe)2) decreases significantly from about 18 µm to 7 µm while the thickness of the LIII layer (consisting of Zr2(Fe,Ni) phase at 950°C and of Zr2(Fe,Ni) + liquid phases at 1050°C) drastically increases from ~5µm to 25 µm in about 25 minutes (Fig. 14c). This means that during the interdiffusion process a large part of ε-Zr(Cr,Fe)2 phase is transformed into Zr2(Fe,Ni) phase. This transformation occurs at the LII/LIII interface by reaction between ε-Zr(Cr,Fe)2 phase and Ni and Zr atoms arriving at this interface by diffusion through the LII and LIII layers respectively: yZr(Fex,Cr1-x)2 + (4x-y)Zrdiff + 2x(1-y)Nidiff→2xZr2(Fey,Ni1-y) + 2y(1-x)Crdiff

(2) In Eq. ( 2), the symbol Zrdiff,Nidiff, and Crdiff denote the respective diffusing atom species in the reaction product zone; they do not represent the elementary substances [START_REF] Paul | Physico-chemical analysis of compound growth in a diffusion couple with two-phase end-members[END_REF]. At this stage, it is important to recall that the LIII layer contains less than 0.5 at% Cr after heating at 950 or 1050°C (t = 0). Thus, almost all Cr atoms released at LII/LIII interface by reaction (2) diffuse through the LIII layer and, at the LIII/Zy-4 interface, dissolve into the Zy-4 phase. The solubility limit of Cr in solid Zr between 950°C and 1050°C is relatively high (~ 5 at%) [START_REF] Arias | The Fe-Zr (Iron-Zirconium) system[END_REF]. Moreover, the interdiffusion process of Fe, Cr and Zr atoms through the grain boundaries of the Zr2(Fey,Ni1-y) phase (LIII layer) leads to the formation of a liquid phase at the grain boundaries (Fig. 14c -corresponding to t = 0 at 1050°C).

(iii) When the holding time at 1050°C increases (5 minutes), the interdiffusion process leads to the dissolution of the Zr2(Fe,Ni) compound into the liquid phase and thus to an increase of the liquid fraction into the LIII layer (Fig. 14d). Afterwards, the interdiffusion process through the LII layer leads to the formation of a liquid phase at the grain boundary of ε-Zr(Cr,Fe)2 phase while the interdiffusion through the LIII layer leads to an increase of the liquid fraction inside this layer (Fig. 14d -corresponding to t = 5 minutes).

(iv) This phenomenon coupled with the complete wetting of the grain boundary of ε-Zr(Cr,Fe)2 phase leads to the detachment of some crystals of ε-Zr(Cr,Fe)2 phase and their displacement from the LII layer to the liquid zones of the LIII layer (Fig. 14e -corresponding to t = 7.5 and 10 minutes). Note that the formation of a liquid phase inside the LII layer leads also to an acceleration in the growth kinetics of this layer as it is shown in Fig. 6. The fraction of the liquid phase in the LIII layer increases significantly when the holding time increases from 10 to 15 minutes (Fig. 14g). Moreover, the detachment of ε crystals inside the LII layer and their coalescence in LIII layer are accelerated after 10 minutes at 1050°C.

(v) Afterwards, the dissolution process of ε-Zr(Cr,Fe)2 crystals inside the LIII layer starts after 15 minutes (Fig. 14g). All Zr2(Fe,Ni) and ε-Zr(Cr,Fe)2 crystals inside this layer are completely dissolved in the liquid phase after 30 minutes (Fig. 14h). Finally, after about 30 minutes of isothermal holding at 1050°C the LIII layer consists exclusively of a liquid phase (Fig. 14i). This phenomenon leads to an acceleration of the growth kinetics of the LIII layer around t = 30 minutes (Figs. 6b and14h). This acceleration is even greater at 45 minutes (Figs 6b and14i).

Note that whatever the holding time at 1050°C, the liquid layer is situated always on the Zy-4 side. As it was mentioned here above, the binary Fe-Zr, Ni-Zr and Cr-Zr phase diagrams indicate that eutectic reactions occur in each system [17-18, 25, 36]. The lowest eutectic temperature in the Fe-Zr system at about 930°C is situated on the Zr-rich side. The Ni-Zr system has four eutectic temperatures situated between 960 and 1170°C. The diffusion of only about 5 % of Fe or Ni into Zr is necessary to liquefy large quantities of Zr even at this low temperature. On the contrary, on the SS side, the melting temperatures of binary Fe rich and Cr rich eutectics with Zr are much higher (about 1337°C in the Fe-Zr system and 1332 and 1592°C in the Cr-Zr system). Thus, it is clear that the diffusion of Ni and Fe from SS/RPZ interface to the RPZ/Zy-4 interface is responsible for the formation of lowtemperature eutectics at RPZ/Zy-4 interface. Even if the diffusion of Zr from RPZ/Zy-4 interface to the SS/RPZ interface occurs in this system, it is not sufficient to form a liquid phase on the SS side as indicated in other works [17 -18].

If we assume that the dissolution kinetics of Zr in liquid phase is not the limiting step, the growth process of the RPZ can be described as follows:

(i) Dissolution of Zr in the liquid phase at LIII/Zy-4 interface.

(ii) Diffusion of Fe, Cr and Ni atoms from SS/LI interface through LI and LII layers towards the LII/LIII interface. (iii) Formation of the liquid phase by reaction between Fe, Cr, Ni and Zr atoms at LII/LIII and/or LIII/Zy-4 interface leading to the growth of the liquid LIII layer. Under these conditions, and given the fact that the thickness of LI and LII layers remains almost constant after about 15 minutes at 1050°C, the growth kinetics of the RPZ can be limited either by the diffusion process of reactive species in the liquid phase and/or by their detachment kinetics at solid/liquid interfaces.

Finally, the cooling of the liquid phase from 1050°C leads first to the formation the primary β-Zr dendrites, followed by the successive formation of β-Zr + ε-Zr(Cr,Fe)2 and β-Zr + Zr2(Fe,Ni) binary eutectic mixtures respectively and by β-Zr → α-Zr solid-state transformation.

Thus, we give a detailed explanation to the complex structures formed in the SS/Zy-4 interface junctions using the PTLPB process. This basic information obtained in this work can also be used for studies on the progression of the fuel bundle fusion during severe accident simulations in the thermal reactors (nuclear field) [START_REF] Hofmann | Chemical interactions between as-received and preoxidized zircaloy and stainless steel at high temperatures[END_REF][START_REF] Nagase | High temperature interaction between zircaloy-4 and Stainless Steel Type 304[END_REF][START_REF] Zheng | Chemical interactions between pre-oxidized zircaloy-4 and 304 stainless steel-B4C melt at 1300 °C[END_REF].

Conclusions

This works focuses on the study of the metallurgical microstructure evolution of the SS/Zy-4 interfacial system in the partial transient liquid phase bonding (PTLPB) process at T = 1050°C during isothermal holdings varying from 0 to 45 minutes. The main conclusions of this study may be summarized as follows: (i) During heating up to 950°C a RPZ is formed by solid-state diffusion consisting of three layers: LI = α-(Fe,Cr), LII = ε-Zr(Cr,Fe)2 + Zr2(Fe,Ni) and LIII = Zr2(Fe,Ni) phases respectively. (ii) During heating from 950°C to 1050°C, a drastic decrease of the LII layer (from ∼18 to 7 µm) occurs accompanied by a significant increase of the thickness of the LIII layer. (iii) During isothermal holding at 1050°C, the RPZ consists always of three layers. When the holding time increases from 0 to 45 minutes, the thickness of the L1 layer increases only slightly (from ∼2 to 6 µm) while the morphology and thickness of LII and LIII layers change significantly from ∼6 to 45 µm and 20 to 590 µm respectively. (iv) The formation of liquid phases inside LII and LIII layers and the wetting of grain boundaries of Zr(Cr,Fe)2 phase in LII layer by the liquid lead to a particular phenomenon of detachments of ε-Zr(Cr,Fe)2 crystals and their displacement from LII layer to the liquid zones of the LIII layer.

(v) The liquid fraction inside the LIII layer increases significantly with the holding time.

For holding times higher than 30 minutes the LIII layer consists of a single liquid phase and an acceleration of the growth kinetics of this layer is observed. (vi) Based on the experimental results of this study a schematic evolution of SS/Zy-4 system and mechanisms of interfacial interactions at SS/Zy-4 interface during isothermal holdings at T = 1050°C are proposed. (vii) The diffusion bonding process compared to conventional welding methods is a controllable process. It produces high quality joints, allows for bonding at reduced temperature and pressure, but the problem of formation of brittle IMCs still persists. (viii) This basic information obtained in this work can also be used for studies on the progression of the fuel bundle fusion during severe accident simulations in the thermal reactors (nuclear field). 
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 1 Figure captionsFig. 1. Schematic representation of diffusion bonding setup. (a) The diffusion bonding device, (b) Assembling the device with the furnace(1-jack, 2-air inlet, 3-airoutlet, 4-piston, 5-stem of the jack, 6-specimens couple Zy-4/SS-304L, 7-support of the device, 8-pressure gauge, 9compressor, 10-argon inlet, 11-argon outlet, 12-the oven, 13-alumina tube).

Fig. 2 .

 2 Fig. 2. Thermal cycle T(t) with variable holding time between 0 and 45 minutes at 1050°C.

Fig. 3 .

 3 Fig.3.ESEM-BSE micrographs of cross-sections of SS/Zy-4 interface after heating up to 950°C during about 50 minutes (see point T1 in Fig.2).Phase contrast: ε-Zr(Cr,Fe)2 (dark grey), Zr2(Fe,Ni) (grey), α-Zr (light grey).

Fig. 4 .

 4 Fig. 4. Morphology of the SS/Zy-4 interface obtained by the combination of the ESEM-BSE-EBSD allowing the differentiation between the interface LI/LII/LIII layers. Sample obtained after isothermal holding time of 0 minute at 1050°C and P = 0.2MPa (see point T2 in Fig. 2). (a) and (b): ESEM-BSE micrographs, phase contrast: ε-Zr(Cr,Fe)2 (dark grey), Zr2(Fe,Ni) (grey), α-Zr (light grey). (c): EBSD map and(d)is the key to image (c). (The colours of this map are only used to visualize the individual grains).

Fig. 5 .

 5 Fig.5. Morphology of the SS/Zy-4 interface obtained by ESEM-BSE. Sample heated up to 1050°C and immediately cooled at room temperature (see point T2 in Fig.2). Phase contrast:ε-Zr(Cr,Fe)2 (dark grey), Zr2(Fe,Ni) (grey), α-Zr (light grey).

Fig. 6 .

 6 Fig. 6. Microstructures ESEM-BSE (a) and curves (b) giving the variation of the thickness of the zone of the reaction product zone (RPZ) and of each layer: LI, LII and LIII after variable isothermal hold times between 0 and 45 minutes at 1050° C.

Fig. 7 .

 7 Fig. 7. Variation with holding time at 1050°C of thickness of layers LI, LII, LIII and of the total thickness of the reaction product zone (RPZ).

Fig. 8 .Fig. 9 .

 89 Fig. 8. Variation with holding time at 1050°C of thickness of LI, LII and LIII layers. Logarithmic scale.

Fig. 10 .

 10 Fig. 10. Microstructure of the SS/Zy-4 interface obtained by ESEM-BSE allowing the differentiation between different LI, LII and LIII reaction layers. Sample obtained by PTLPB, after isothermal holding time of 7.5 minutes at 1050°C and P = 0.2 MPa.

Fig. 11 .Fig. 12 .

 1112 Fig. 11. Morphology of the SS/Zy-4 interface obtained by ESEM-BSE allowing the differentiation between different LI, LII and LIII reaction layers. Sample obtained by PTLPB, after isothermal holding time of 10 minutes at 1050°C and P = 0.2 MPa.

Fig. 13 .

 13 Fig.[START_REF] Bartle | Diffusion bonding as a production process -Information Package Series[END_REF]. Microstructure of the RPZ formed after 30 and 45 minutes of isothermal holding at 1050°C. Phase contrast: ε-Zr(Cr,Fe)2 (dark grey), Zr2(Fe,Ni) (grey), α-Zr (light grey).

Fig. 14 .

 14 Fig. 14. Stages schematic evolution of the SS/Zy-4 diffusion couple during heating and isothermal holdings at 1050°C.
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Table captions Table 1 .

 captions1 Average thickness (in µm) of different layers of the reaction product formed at the SS/Zy-4 interface after different isothermal holdings at 1050°C and at T1 = 950°C.

Table 1 .

 1 Average thickness (in µm) of different layers of the reaction product formed at the SS/Zy-4 interface after different isothermal holdings at 1050°C and at T1=950°C.

	time (min)→	0	5	7.5	10	15	30	45	*T1= 950°C
		LI	2-3	2-3	2-3	3-4	3-4	4-5	4-6	2
	Thickness	LII	6-8	8-10	15-18	15-18	20-25	20-22	40-45	18
	(µm)	LIII	20-25	30-32	36-38	88-90	160-162 256-260 580-590	5
		RPZ	28-35	40-45	55-60 108-112 183-188 280-285 625-630	24-30