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Chromium-coated zirconium alloys are being studied as Enhanced Accident Tolerant Fuel Cladding for Light Water Reactors (LWRs). Those materials are especially studied to improve the oxidation resistance of LWRs current fuel claddings in nominal and at High Temperature (HT) for hypothetical accidental conditions such as LOss of Coolant Accident. Beyond their HT behavior, it is essential to assess the materials behavior under irradiation. A ﬁrst generation chromium/Zircaloy-4 interface was thus irradiated with 20 MeV Kr8þ ions at 400  C up to 10 dpa. High-Resolution Transmission Electron Microscopy and chemical analysis (EDS) were conducted at the Cr/Zr interface. The atomic structure of the interface reveals the presence of Zr(Fe, Cr)2 Laves phase, displaying both C14 and C15 structure. After irradiation, only the C14 structure was observed and atomic row matching was preserved across the different interfaces, thus ensuring a good adhesion of the coating after irradiation. © 2018 Elsevier B.V. All rights reserved.
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1. Introduction



* Corresponding author. E-mail address: [email protected] (J. Ribis). https://doi.org/10.1016/j.jnucmat.2018.01.029 0022-3115/© 2018 Elsevier B.V. All rights reserved.



In order to increase the oxidation resistance of zirconium alloy nuclear fuel claddings both in nominal and accidental conditions such as LOss of Coolant Accident (LOCA), different protective
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coatings are being studied [1e13]. Among the different coatings considered so far, including nitride, MAX phase and metallic ones, chromium coatings showed promising results [14e21]. Studies on unirradiated samples have shown good behavior of these coatings, both in autoclave (415  C, steam, 100 bars) with conditions close to nominal ones and at high temperature oxidation (vapor, up to 1300  C) mimicking accidental conditions [15,16,18,19]. However, if the behavior under steam oxidation at HT is promising, the stability of chromium under irradiation has only been scarcely studied [22e29]. Only few experimental studies assessing the stability under neutron irradiation of some other coatings such as CrN, TiAlN and AlCrN have been recently initiated [30e32]. These studies have been performed in the experimental HALDEN reactor under PWR/ BWR representative environment. It has been shown that some of the coatings studied (especially those containing aluminium) entirely disappeared after irradiation showing the great interest of studying the Cr coating/Zr interfaces behavior upon irradiation [32]. This paper presents the ﬁrst HRTEM observations and chemical analysis (EDS) done on chromium/zircaloy-4 interface before and after ion irradiation at 400  C. A ﬁrst paper presenting a ﬁne characterization of an unirradiated chromium/zircaloy-4 interface shows a polytyped structured Laves Phases in the vicinity of the interface and a preserved crystallinity throughout the Zr/Cr interface [33]. However, in order to compare directly the unirradiated material to the ion irradiated material, this ﬁne characterization is necessary on our sample. That is why, we ﬁrst present, the chemistry and structure of the as-received material. Then, the chemistry and structure of the ion irradiated material is presented. At last, the irradiated material is compared to a 400  Ce7 h 45 min heat treated sample (same time and temperature as the irradiated material) to distinguish the effect of temperature to those of irradiation. The discussion compares the results of the three materials and allows to conclude on the effects of ion irradiations on the Cr/Zirc-4 interface.



Fig. 1. SRIM calculated damage (Kinchin-Pease mode) at the interface chromium/zirconium alloy for 20 MeV Kr8þ ions irradiation at a ﬂuence of 4.8  1015 ions.cm2 superimposed on a TEM micrograph.



treatment, a thin foil sample was prepared from a sample that went through the same temperature history as the irradiated sample (400  C e approximately 7 h 45 min: which corresponds to the irradiation time plus 30% for ﬂux measurements). 3. Results 3.1. Unirradiated sample



2. Materials and experimental procedure The base material is a low-tin Zircaloy-4 sheet (thickness 1.2 mm) coated with chromium by a lab scale PVD process developed and patented by CEA [17]. This material corresponds to ﬁrst generation chromium coated claddings and thus, the results illustrated here are not fully representative of the last generation of Crcoated materials currently developed in the framework of CEAEDF-AREVA collaborative program. In order to irradiate the whole coating thickness with accelerated ions, an approximately 2.5 mm thick chromium coating has been studied here. The bulk material is irradiated thanks to the Jannus-Saclay Facility [34] using 20 MeV Kr8þ ions. The irradiation temperature was set to 400  C and controlled with a thermocouple and a thermal camera. The average ion ﬂux was 2.24  1011 ions.cm2.s1. The damage caused in the material was calculated with the simulation software SRIM 2008 using the Quick Damage Kinchin-Pease mode as recommended by Stoller et al. [35]. The displacement energy for chromium and zirconium is set at 40 eV. According to this calculation, the maximum damage is 10 dpa at the chromium/zirconium alloy interface (Fig. 1). Irradiation parameters are summarized in Table 1. Cross sectional thin foil samples were extracted from the irradiated material and from the as-received reference using FEI Helios Nanolab 650 microscope (Focus Ion Beam using Gallium ions coupled with Scanning Electron Microscope). High Resolution Transmission Electron Microscopy (HRTEM) observations and chemical analysis of the two samples were performed using 200 keV Transmission Electron Microscope (TEM) JEOL 2010F coupled with Energy Dispersive Spectroscopy (EDS) Inca X Sight Oxford Instrument. To distinguish the effect of irradiation from the effect of heat



Fig. 2a shows the unirradiated sample displaying both zirconium and chromium region. At this magniﬁcation, a contrasted band is observed at the interface with a thickness of 40e100 nm. To determine the composition of this band, chemical composition of the interface was investigated. At least ten different EDS scans through the interface were collected. Fig. 3a presents the superposition of the different chromium and zirconium concentration proﬁles through the interface. It is seen that along the interface the chemical composition is quite homogeneous. The concentration proﬁles look alike interdiffusion proﬁles between zirconium and chromium elements. The interdiffusion area extends over 50 nm. Further, for the particular sample studied here, from the chemical analyses, it has been noticed that the interface is slightly enriched in iron, which is linked to speciﬁc fabrication parameters that are not representative of the more industrial coatings. Fig. 4a shows the superposition of the iron concentration over the different sites explored at the unirradiated interface. However, discrepancies in the iron concentration are observed from one proﬁle to the other one (compare Fig. 5a and b). The concentration varies at the interface from 1.5 wt percent (wt%) to 3.3 wt%. The average concentration at peak is 2.3 wt%. In chromium and Zirc-4, the average concentration is close to 0.2 wt%. To understand the variation of iron concentration, the chemical analyses were correlated to their position in the sample. The variation of iron concentration observed on Fig. 5a and b could be related to the different chromium grain investigated, suggesting that the nature of the interface chromium/Zircaloy-4 (orientation of Zr hcp crystal to Cr bcc crystal) plays a role in the distribution of iron. High Resolution TEM (HRTEM) observations were also performed at the interface. Along the interface, two zones were
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Table 1 Experimental irradiation conditions of the present study. Material



Ions



Energy (MeV)



Displacement damage at the interface Cr/Zirc-4 (dpa.s1)



Chromium coated Zirc-4



Kr



8þ



20



4.7  10



4



Fluence (ions.cm2)



Temperature (K)



4.8  1015



673



dpa 10



Fig. 2. TEM observation of a) the unirradiated interface b) the irradiated interface (FIB samples).



investigated, labelled Zone A and Zone B in Fig. 6a. HRTEM observations of Zone A (Fig. 6b) show the presence of Laves phases region below the chromium region which corresponds to the contrasted band. Four different regions with different structures can be observed. Regions 1, 2 and 3 correspond to Laves phases whereas Region 4 corresponds to the interface C14 phase with the chromium. Fig. 6b, thus, displays a complex polytype structure at the interface. It is constituted of an alternation of two phases. Indeed, Region 1 and 3 display the same structure whereas Region 2 is different. Also, it is noticeable that Region 1 and 3 are larger than Region 2. A deeper analysis of the different structures is presented on Fig. 7 and Fig. 8. On Fig. 7a, Fast Fourier Transform (FFT) of Region 1 indicates the presence of C15 metastable face cubic centered Zr(Fe,Cr)2. This phase was observed with a typical Zr(Fe,Cr)2 or ZrCr2 chemical stoechiometry by X.Q. Chen et al. [36] and V.N. Shishov et al. [37], with a lattice parameter equal to a ¼ 0.709e0.721 nm. The lattice parameter calculated from the FFT is a ¼ 0.71 nm, which is in agreement with the literature. The second phase found corresponds to C14 hexagonal closed packed Zr(Fe,Cr)2 (Fig. 7b). Indeed, the FFT of this phase is found to be in zone axis ½1213 and the calculated lattice parameters a ¼ 0.50 nm and c ¼ 0.82 nm are in agreement with the literature, that are a ¼ 0.504 nm and c ¼ 0.825 nm [38]. Fig. 7c presents the interface between these two structures. The two phases are coherent along the C15 ½220 direction and the C14 ½0111 direction. Region 4 is presented on Fig. 8a and corresponds to the interface between C14 Zr(Fe,Cr)2 and chromium. The FFT shows that the lattice parameter of body-centered cubic (bcc) chromium is a ¼ 0.28 nm which is in accordance with the literature that is a ¼ 0.287 nm [39]. The HRTEM micrograph of this interface shows steps on the chromium side and a zigzag interface on the C14 Laves phase side. The interface with chromium could be considered as a ledged interface with an array of [110]bcc steps of different heights, while the interface with the Laves phase region presents a zigzag conﬁguration. Also, there is plan continuity and atomic matching along the direction [110]bcc for chromium and [0111]hcp for the C14-Laves phase can be noted. Fig. 8b presents the zirconium/Laves phase C14 (hcp) interface. From the FFT, an orientation relationship can be observed and written as: (1011)hcp-????//(2202) [0111] hcp-??14, hcp????//[1213]hcp-??14. On one hand, the C14 Laves phase is in zone axis



[1213], whereas on the other hand, zirconium is in zone axis [0111]. The interface is oriented along the [1123] and [1212]14 direction and can be described as an alternation of terraces and steps on both sides. On the C14 side, the terraces are contained in the (1011) plan. On the zirconium side, they are contained in the oriented along (2020)14 and a zigzag interface on the C14 Laves phase side. Also, there is plan continuity and atomic matching along (0112) and (0222)14. HRTEM observations of Zone B (Fig. 6c) reveal another arrangement of the chromium/zircaloy-4 interface from the one observed in Zone A (Fig. 6b). Fig. 9 presents the HRTEM imaging of Zone B and associated FFT. At this interface, which is just below Zone A, no Laves phases are observed. The interface is made of zirconium in zone axis ½1213 and of chromium in zone axis ½001. The presence of these two zones with different interfaces proves the discontinuity of the Laves Phases and the complexity of their distribution along the interface. The interface between chromium and zirconium shows once again plan continuity. There is an orientation relationship between the two phases which is: ð1213ÞhcpZr // ð001ÞbccCr and ½1101hcpZr // ½110bccCr .The interface is again a ledged interface on the chromium side with an array of [110]bcc steps of different heights. To conclude on this analysis, the contrasted band observed corresponds to Laves phases (C14 or C15) and indicates that the interface Chromium/Zircalloy-4 is far from being abrupt, nor incoherent. The study of Zone A and B on the unirradiated sample highlights the fact that the chromium/zirconium alloy interface is complex and discontinuous even before irradiation. The different interfaces observed are crystalline and display atomic row matching. These results are in accordance with the paper of Ribis et al. [33] on the atomic-scale structure of Cr-coated Zircalloy-4 alloy. 3.2. Irradiated sample As for the unirradiated sample, chemical analyses were performed on the irradiated interface. The interface studied has been irradiated up to 10 dpa (Fig. 1a) with Kr ions at 400  C. Fig. 2b shows the irradiated interface. At this magniﬁcation, the contrasted band observed on the unirradiated sample is still visible. As for the unirradiated sample, chemical composition of the
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Fig. 3. Chromium and zirconium concentration proﬁles of a) the unirradiated interface b) the irradiated interface c) Overlap of the unirradiated and irradiated proﬁle.



interface was investigated using EDS. Fig. 3b presents the superposition of the chromium and zirconium concentrations through the interface. The chemical composition is still homogeneous and the concentration proﬁles still looks alike interdiffusion proﬁles. Concerning the evolution of the iron enrichment previously observed on the unirradiated material, Fig. 4b shows iron



Fig. 4. Iron concentration of a) the unirradiated interface b) the irradiated interface c) Overlap of the average iron concentration of the unirradiated and irradiated sample: each point is an average over 20 nm distance.



concentration over the irradiated interface and Fig. 5c and d shows the separated eleven proﬁles. The iron concentration at peak varies from 1 wt% to 3.3 wt% with an average value of 2 wt%. In chromium, the average concentration is 0.5 wt% and is close to 1 wt% in Zirc-4.
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Fig. 5. Iron concentration correlated to its position a) the unirradiated interface TEM micrograph b) iron concentration of the unirradiated interface c) the irradiated interface TEM micrograph d) iron concentration of the irradiated interface.



Fig. 6. a) High resolution cross sectional lattice imaging of unirradiated interface chromium/zirconium alloy b) Cross sectional HRTEM micrograph of the Laves phases region i.e. Zone A c) Cross sectional HRTEM micrograph of the interface of Zone B.
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Fig. 7. Unirradiated sample - Zone A a) HRTEM imaging of Area 1 and associated FFT (b) HRTEM imaging of Area 2 and associated FFT (c) HRTEM imaging the phase transition between Area 1-2 and associated FFT.



Fig. 8. Unirradiated sample - Zone A Area 4 (a) C14/Cr interface HRTEM imaging and associated FFT (b) C14/Zr interface HRTEM imaging and associated FFT.



Fig. 9. Unirradiated sample - Zone B (a) HRTEM imaging of Area 1 and associated FFT (b) HRTEM imaging of Area 2 and associated FFT (c) HRTEM imaging of Area 3 and associated FFT.



The variation of iron concentration from one position to another is also observed for the irradiated sample on Fig. 5b. When comparing the chemistry of the interface before and after irradiation (Fig. 3c), we can notice that the interface has slightly sharpened. This slight sharpening could be an artefact of the experiment, as the irradiation was not conducted in situ. However, some authors have reported interface sharpening on unirradiated interfaces, either due to heat treatment [40] or to large diffusion asymmetry across the interface owing to difference in vacancy formation and migration energies between the substrate and the coating [41]. Stress effects should also be considered as Erdely et al. [40] reported such mechanism as one of the most relevant effect. Also, internal stresses can enhance diffusion under irradiation [41,42], which may promote interface sharpening through enhanced demixing. High Resolution TEM (HRTEM) observations along the interface were performed. Four zones were investigated (Fig. 11). HRTEM observations of Zone 1-3 show the presence of C14 (hcp) Laves phases Zr(Fe,Cr)2 region between the chromium and the Zircaloy-4. The analysis of this region is performed on Fig. 12a. The FFT indicates that the phase in Zone 1 is in zone axis ½2132 and the lattice parameters calculated from it are equal to those found both before irradiation and in the literature (a ¼ 0.504 nm and c ¼ 0.825 nm) [38]. The Zr(Fe,Cr)2 C14 phase presented in Zone 3 is oriented along the ½0002 zone axis. Zones 2 and 4 present the interface of these two phases with zirconium. On Zone 2, Zr is oriented along the
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½1213 zone axis and its calculated lattice parameters are equal to those found before irradiation (a ¼ 0.32 nm and c ¼ 0.51 nm). On zone 4, Zr is oriented along the ½0001 zone axis (Fig. 13 a and b). The different interfaces between Zr and Zr(Fe,Cr)2 were studied and are illustrated in Fig. 13. Fig. 13a presents the interface between the hcp C14 Laves phase and Zr. The orientation relationship between those two is ð1213ÞZr // ð2132ÞC14 and ½1010Zr // ½1210C14 . As for the unirradiated interface, steps are observed on the C14 side between C14 hcp Zr(Fe,Cr)2 and Zr. The interface could be considered as a ledged interface with an array of [1210]hcp steps. On the other hand, a disoriented interface below the one described in Fig. 13a was observed (Fig. 13b). The interface is not well deﬁned on the high resolution image, although the FFT proves the presence of a misoriented interface. Indeed, the FFT shows a disorientation between all the directions (that is to say: [1100]hcp-Zr and [2200]hcpC14; [1100]hcp-Zr and [2200]hcp-C14; [1100]hcp-Zr and [2200]hcp-C14). Fig. 14b presents the interface between chromium and Laves phase C14 Zr(Fe,Cr)2. We notice that the crystallinity of the interface and atomic row matching between those two phases are kept after ion irradiation. The interface is disoriented and the FFT shows a disorientation between all the directions, that is to say: [011]bcc-Cr and [2200]hcp-C14; [101]bcc-Cr and [2020]hcp-C14; [110]bcc-Cr and [0222]hcp-C14. Concerning the structure of the interface, it is a ledged interface on the Laves phase side with steps along the [0222]hcp-C14 direction and a zigzag interface on the chromium side. To conclude on this analysis, the chemistry of the chromium/ Zircaloy-4 interface does not change signiﬁcantly after irradiation, even at the nanometric scale. Moreover, no C15-fcc Zr(Fe,Cr)2 phases were observed. Also the atomic row matching and crystallinity is kept after ion irradiation between C14 Zr(Fe,Cr)2/Zr and C14 Zr(Fe,Cr)2/Cr. The presence of two misoriented interfaces after irradiation (Figs. 13b and 14b) has to be noted. 3.3. Heat treated sample After studying the irradiated interface, the heat treated reference is studied to separate the potential effect of thermal annealing from the pure irradiation contribution. For that purpose, FIB thin foil was extracted from a sample that went through the same temperature history as the irradiated sample (400  Ce8 h). EDS chemical analyses from both the ion-irradiated and the heat treated samples were compared (Fig. 10). The chromium and zirconium concentration proﬁles are very similar (even though the concentration proﬁles are a little bit more scattered after heat treatment). Concerning the iron concentration, it is observed that after irradiation, there is a rise of the iron concentration in the vicinity of the interface, while no rise of iron concentration has been observed after thermal annealing. Therefore, the rise of iron concentration could be attributed to irradiation.



Fig. 10. (a) Chromium and zirconium concentration proﬁles of the as-received interface supperimposed to the heat treated sample (400  Ce12 h) (b) Iron concentration proﬁle of the as-received interface supperimposed to the heat treated sample (400  Ce12 h).



4. Discussion 4.1. Zirc-4/Cr interface before irradiation 4.1.1. Atomic structure Before irradiation, the HRTEM images of the Cr/Zirc-4 interface reveal a complex interface atomic structure varying along the interface region (Fig. 6). These variations are due to the existence of small Cr grains with distinct orientations at the interface and also to the chemical variation between the different interfaces. Indeed, the chemistry at the interface varies with the relative orientation of chromium grains compared to zirconium grains. This multiplicity of relative orientations induces different interfaces and as an atom diffuses preferentially along some directions in the zirconium, and as all the zirconium grains are not oriented in the same direction,



Fig. 11. High resolution cross sectional lattice imaging of irradiated interface chromium/zirconium alloy.



then the chemistry at the Cr/Zr interface varies. The lattice images of the different interfaces found, either between C14 and chromium (Fig. 8b) or between chromium and zirconium (Fig. 9b), demonstrate that the crystalline structure is preserved throughout the
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Fig. 12. Irradiated sample - C14 Laves phases (a) HRTEM imaging of area 1 and associated FFT (b) HRTEM imaging of Area 3 and associated FFT.



interface region. The inter-phase between C14 and C15 shown on Fig. 7c also presents a crystalline structure. The atomic planes of the coating are observed to be in direct contact with the atomic planes of the Laves phase, and the atomic planes of the Laves phases are also observed to be in direct contact with each other, indicating a fully dense interface. Figs. 7c, 8 and 9b show atomic row matching between respectively, the ð220ÞfccZrðFe; CrÞ and ð0011ÞhcpZrðFe; CrÞ , 2 2 the ð001ÞCr and ð0111ÞhcpZrðFe; CrÞ2 , the ð110ÞCr and ð1101ÞZr . As pointed out by Ribis et al. [33] for a thicker Cr coating, this crystal continuity visible over several micrometers is a strong evidence pointing towards local heteroepitaxy. Also, they state that this high degree of local epitaxial growth achieved using the HIPIMS technique is expected to translate into strong adhesion of the overall coating. They also model the interface structure in order to identify likely structure and the atom to atom coherence relationships, since the HRTEM images do not directly reveal atomic positions. The interface that they observed also displays C14 and C15 Zr(Fe,Cr)2 Laves phases so that their conclusions can also be applied to our interface. They reported that the interface which displays a zigzag structure presents a high degree of coherency despite the lattice parameter misﬁt. They also discuss the mechanical properties of such interface and state that the Laves phases formation allows a gradually variation of the mechanical properties (elastic modulus) at the interface thus participating to the good adhesion of the coating on the substrate and to good overall mechanical properties at the macroscopic scale. 4.1.2. Chemical composition It has to be noted that the physical interface between Zy-4 alloy and chromium is hard to deﬁne because we do not know the value of the chromium diffusion coefﬁcient in the Laves phases DCr/C14=C15 , nor the zirconium diffusion coefﬁcient in the Laves phases DZr/C14=C15 . Indeed, according to the Kirkendall effect, if one of the diffusion coefﬁcients is higher than the other, the interface moves in the opposite direction than the higher elemental ﬂux. Not knowing those values, we arbitrarily chose the Cr/Zy-4 physical interface where there is 50%wt of chromium and 50%wt of zirconium. Moreover, the chemical proﬁles were made on



250 nm across the interface, the following results present tendencies over this whole interface region. Before irradiation, an interdiffusion-like proﬁle is observed (Fig. 3a). As explained by Ehiasarian et al. [43] on another system (CrN or CrN/NbN based coatings on stainless steel substrate), this observation could be due to the PVD-type process consisting in a highly energetic pretreatment that forces the intermixing of elements at the interface and also promotes diffusion due to a local rise of temperature. However it has to be mentioned that the observed Cr-Zr inter-diffusion spatial extent is limited to approximately 100 nm. Also, for this ﬁrst generation chromium coated sample, some iron enrichment is observed at the interface before ion irradiation (Fig. 4a). Iron is believed to come from the zirconium alloy as the chemical composition of the industrial grade Zircaloy-4 exhibits ~0.2 wt% of iron. It is assumed that iron segregates at the interface because it is thermodynamically favorable. S.A. Dregria and P. Wynblatt [44] have seen the same phenomenon on the segregation of Au on a Cu-Ag interface at 500 K. They have shown that Au segregates signiﬁcantly at the interface (when present as an impurity at ﬁrst in the system Cu-Ag) and reduces the interfacial energy. In the case of the particular sample studied here, during the deposition process, the Zirc-4 substrate should have undergone some temperature incursion not representative of more industrial coatings, which should be responsible for the slight Fe segregation observed at the Zr-Cr interface in as-received conditions. Also, Fig. 5 shows the dependence of iron concentration with the different interfaces (relative orientation of chromium grains compared to zirconium grains) which is also predicted by their model. Indeed, the diffusing atoms have preferential diffusion directions, thus explaining the different iron concentration at the different interfaces. In addition to that, the different interfaces do not have the same interfacial energies. Thus, assuming that the segregation of Fe atoms is thermodynamically favored to lower the interfacial energy of the system, the different interfaces do not need the same amount of Fe atoms to reach a “local thermodynamic equilibrium”. The segregation of iron at a chromium/Zircaloy-2 (Zirc-2) interface has also been observed by W. Xiang and S. Ying [45], when heating a chromium/Zirc-2 diffusion couple but for much higher annealing time and temperature (up to 1023 K for 49 h). At this temperature, just below the allotropic transformation of Zra into Zrb, formation of intermetallic phases Zr(Fe,Cr)2 was observed at the interface. Upon further heating at this temperature, they observed the thickening of the intermetallic layer. Moreover, it has to be mentioned that Fe is an ultrafast (interstitial-like) diffusor in a-Zr which could favor its (fast) segregation at the planar Zr/Cr interface at quite low temperature [46e50]. For the particular Cr-coated zircaloy-4 sheet sample studied here, Laves phases C14-hcp Zr(Fe,Cr)2 and C15-bcc Zr(Fe,Cr)2 were found at the interface. Although these two phases are found in industrial grade Zircaloys [51e55], their presence at the interface is likely related to the iron enrichment. As conﬁrmed by thermodynamic calculation using “Thermocalc” and “Zircobase” thermodynamic tools [56] and discussed by Ribis et al. [33], the stability of C14-hcp is favored by Fe addition as it increases the average electron concentration ratio (e/a) which is deﬁned for transition elements as the average number of (p þ d) electrons per atom. Thus, localized Fe enrichment or depletion at the interface observed on Fig. 5 may explain the presence of either C14 hcp Zr(Fe,Cr)2 or C15 bcc Zr(Fe,Cr)2 at the interface. Indeed, the diffusion of Fe depends on the orientation of the zirconium crystal enabling to reach the interface faster or slower if the Fe atoms diffuse along the a-axis or the c-axis. Also, the relative orientations of Cr grains compared to Zr grains do not have the same interfacial energies, thus different iron atomic concentrations are needed between the different interfaces
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to reach their equilibrium state. The iron concentration at the interface thus depends on the nature of the interface that is to say to the local orientation of adjacent Zra grains to the chromium grain. 4.2. Zirc-4/Cr interface after irradiation 4.2.1. Atomic structure After irradiation, a multiplicity of interface's natures are still found: supposedly coherent interface between C14-hcp Zr(Fe,Cr)2 and the substrate (Fig. 13a) as well as misoriented interfaces are observed. However, the plan continuity has been kept during irradiation which proves the good microstructural stability of the interface after irradiation for the tested conditions, even if C15 phases seem to have disappeared. Overall, the crystallinity of the interface is kept after irradiation as the plan continuity. This tends to ensure the residual good coating adhesion by avoiding a too sharp decrease of the elastic modulus when going from chromium to zirconium [33]. Note that investigations on the mechanical properties of ion irradiated Cr/Zirc-4 interface are in progress. 4.2.2. Chemical composition After ion irradiation up to 10 dpa at 400  C the interface, no C15 phases are observed. It could be explained because TEM examination is very local and the C15 phase was not found in the limited spatial zone observed on the FIB lamella by HRTEM. However, it could also be explained by the rise of Fe concentration in the vicinity of the interface (Fig. 4b), which increases the e/a ratio and stabilizes the C14 over the C15, thus leading to the disappearance of C15 phases after ion irradiation. To conﬁrm the potential disappearance of C15 Zr(Fe,Cr)2, in situ TEM irradiation experiments are on-going at CEA, up to a higher irradiation damage dose. Conventionally, under neutron irradiation, the Zr(Fe,Cr)2 phases are subjected to crystalline to amorphous transformation [55e57]. Under ion-irradiation, the same phenomenon is observed. Amorphisation of Zr(Fe, Cr)2 is reported but depends on irradiation temperature, doses reached and ﬂuences [55,58e60]. For example, under Kr8þ (97.5 MeV) ion irradiation, amorphisation of Zr(Fe,Cr)2



Fig. 13. Irradiated sample e C14/Zr interface (a) HRTEM imaging of area 2 and associated FFT (b) HRTEM imaging of Area 4 and associated FFT.



Fig. 14. Irradiated sample e Cr/Zr interface (a) High resolution cross sectional lattice imaging of irradiated interface chromium/zirconium alloy (b) HRTEM imaging of Area 1 and associated FFT.



is observed at 602  C for 100 dpa at a ﬂuence of 1.6  1016 ions.cm2. The displacement production was 2.8  103 dpa.s1 [60]. F. Lefebvre et al. [60] explained the amorphisation thanks to collision cascades induced by heavy ion irradiation which destabilizes the Zr(Fe,Cr)2 phases. The disorder induced by irradiation acts then as the driving force for amorphisation. In both neutrons and ions irradiations, destabilization of Zr(Fe,Cr)2 by irradiation accounts for the amorphisation. The ion irradiation study presented in this paper does not show any amorphisation of Zr(Fe,Cr)2. The experimental irradiation conditions of our experiment are reminded in Table 1. Compared to the Kr ions irradiation realized by F. Lefebvre et al. [60], the ion irradiation realized in the present study occurs at lower temperature and the displacement damage is one order of magnitude lower than theirs. It is thus possible that the irradiation damage at the Zirc-4/Cr interface is too low to induce any intermetallic phases amorphisation. However, at 400  C iron is highly mobile in a-Zr and irradiation could induce an interstitial state in irradiated Zr which enhances its diffusion as reported by Grifﬁth et al. [56]. Fig. 3c shows the overlap of the chromium/zirconium concentration proﬁles through the interface before and after ion irradiation. It is observed that after irradiation, the concentration proﬁles did not change much. This result is surprising as ion irradiation was reported to accelerate interdiffusion at interfaces by ion-beam mixing. Several authors reported intermixing at the metal-metal interface at room temperature [61e64]. However, the ion beam mixing is found at low temperature (typically room temperature) whereas the irradiation performed in this present study was made at 400  C. When looking at the concentration proﬁle of Fe before and after irradiation, we may notice that there has been during the irradiation process an incoming ﬂux of iron from the zirconium region to the chromium region through the interface. This effect is believed
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to be mainly due to irradiation as no additional Fe enrichment is observed on the 400  C heat treated unirradiated sample (Fig. 10b). Also, at this temperature, the chromium/zirconium concentration proﬁle does not change compared to the unirradiated non-heated sample. Thus, irradiation should be responsible for the (slight) additional diffusion of iron at the interface. This diffusion can either be explained by the ion beam mixing or by the accelerated diffusion of iron under irradiation. The increase in iron concentration should stabilize the C14 phases. The amorphisation of Zr(Fe,Cr)2 is not observed as the irradiation damage is too low to destabilize enough the phases. It can be assumed that the iron comes from the partial dissolution of Secondary Phase Particles (SPPs) of the zircaloy-4 substrate near the interface under irradiation. This phenomenon has been reported under irradiation by several authors but needs to be veriﬁed. To assess this assumption, more experiments are on-going on the same material. In particular, carbon replicas of the Zirc-4 SPP's before and after ion irradiation are being produced and will be observed to conﬁrm e or not - their potential loss of iron after irradiation. In the end, in our speciﬁc irradiation conditions, the interface appears stable. However since the irradiation has been conducted on a short time period, the stability of the interface under neutron irradiation is not guarantee and will be the subject of a further work.



5. Conclusion Chromium coated zirconium alloys are potential candidates as Enhanced Accident Tolerant Fuel for LWRs. In this study, the behavior of these materials after irradiation is assessed. To do so, a ﬁrst experiment of ion irradiation was performed on ﬁrst generation chromium coated Zy-4 using 20 MeV Kr8þ at 400  C with a damage at the interface of 10 dpa. The unirradiated, heat-treated and irradiated materials are characterized by means of High Resolution Transmission Electron Microscopy and Energy Dispersive Spectrometry. For this particular sample, before irradiation, a polytype interface layer of 50e100 nm in thickness and consisting of a mixture of Zr(Fe,Cr)2 C14 and C15 phases is observed. Their respective interface structures were investigated at atomic scale in distinct zones along the interface region. Different atomic conﬁgurations are reported suggesting a large variety of interface structure along the interface region. Crystallinity throughout the Cr/Zr interface and atomic row matching of the different interfaces was observed. After irradiation atomic row matching is kept. However misoriented interfaces were observed as well as the C15 disappearance. This disappearance is believed to be due to the continuous incoming ﬂux of iron at the interface during irradiation which stabilizes the C14. Overall, good chemical and microstructural stability of the Zr/Cr interface is observed after this speciﬁc ion irradiation. On-going tensile tests of ion-irradiated coated samples show a high residual adhesion of the Cr-coating, thus in good agreement with the microstructural and microchemical observations reported in the present paper.
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