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1. Introduction 
 

Metallic fuel for a sodium-cooled fast reactor (SFR) 
has many advantages such as a good thermal 
conductivity, high neutron economy, inherent passive 
safety and compatibility with sodium. However, fuel 
cladding chemical interaction (FCCI) is one of the 
factors limiting the performance of metallic fuel. In 
order to avoid eutectic melting from FCCI, the 
maximum fuel-cladding interface temperature should be 
kept lower than the eutectic melting temperatures 
around 725oC for U-Zr fuel and 650oC for U-Pu-Zr fuel. 
Insertion of diffusion barrier layers onto cladding inner 
wall has been proposed in order to retard FCCI[1]. 
Recent preliminary screening tests showed that V and 
Cr have good diffusion barrier performance when 
compared with other candidate materials such as Zr, Ti, 
and Nb[2]. Electroplating of Cr on the inner wall of a 
cladding was carried out by Yang et al.[3]. Cr layers of 
20 µm in thickness were electroplated on 
ferritic/martensitic steel (FMS) and their diffusion 
barrier performance was evaluated by diffusion couple 
tests between a metallic fuel and FMS. When the 
diffusion couple tests using Cr-plated FMS were 
conducted at temperature of 700, 740, and 800oC and 
compared with diffusion couple tests without a Cr-
plated layer, plated Cr layer retard a eutectic melting 
between U-Zr and FMS effectively up to 800oC for 25 
h. However, a penetration of U along the cracks in the 
Cr layer was observed. The penetration of U through 
the Cr layer should be avoided in order to minimize 
cladding wastage. 

In this study, Cr plating layers on FMS disks were 
nitride in order to inhibit the U penetration through the 
cracks in the Cr plating layer. FCCI barrier 
performance of nitrided Cr plating layer was evaluated 
by diffusion couple tests between U-Zr or U-Zr-Ce and 
Cr plated T91 cladding steels. 

 
2. Experimental Procedures 

 
U-10wt%Zr and U-10wt%Zr-6wt%Ce were used as  

fuel materials. They were fabricated by an induction 
melting and low pressure gravity casting by using  
elemental lumps of U, Zr and Ce. Each rod with a 
diameter of 10 mm was cut into a disk with 1 mm in 
thickness. T91 (Fe-9Cr-1Mo-0.2V-0.1C-0.45Mn-0.4Si-
0.08Nb-0.05N) disks were used as a FMS cladding 
material. Their diameter and thickness were 8 and 1.5 
mm, respectively. Cr was electroplated on the polished 
surface of T91 in a bath containing 250 g/l of chromic 
acid and 2.5 g/l of sulfuric acid. Cr plated T91 disks 
were nitride at 750oC for 3 hours in a flowing ammonia 

(NH3) atmosphere. The surface structure of nitride layer 
was measured by X-ray diffraction(XRD). The 
fuel/cladding diffusion couples were heat-treated at 
temperature of 700oC for 96 hours and 800oC for 25 
hours in a vacuum tube furnace, where the vacuum 
level was 5x10-3 torr. The cross-sectional 
microstructures of the diffusion couple were 
characterized by using scanning electron microscopy 
(SEM) and energy dispersive X-ray spectroscopy 
(EDS). 
 

3. Results and Discussion 
 

Crystalline structure of Cr is bcc (a=/2.884 Å), Cr2N 
is hcp (a=/4.811Å, c=/4.484 Å) and CrN is fcc (a=/4.140 
Å). Fig. 1 is XRD patterns of nitrided surface of Cr 
plating showing diffraction peaks mainly for Cr2N and 
a few peaks for CrN phase. It is reported that a mixture 
of Cr and Cr2N is formed between 600 and 700oC and 
two-phase structure of CrN and Cr2N is formed 
between 700 and 1100oC[4]. After gas nitriding at 
750oC in this study, Cr2N and CrN seem to be the main 
phases according to XRD patterns. EDS analyses on 
nitrided layer showed that a nitrided layer has a 
composition closer to Cr2N than CrN. It was difficult to 
measure nitrogen content in the remaining Cr plating 
layer by EDS analyses, but nitrogen can be dissolved 
into the Cr plating layer. Volume expansion for a 
conversion from Cr to Cr2N is 250% and for Cr to CrN 
is 150%[4]. Compressive stress is applied to remaining 
Cr matrix after nitriding of Cr plating and it will make 
diffusion through the layer more difficult. In addition, 
cracks in a Cr plating layer can be removed by the 
conversion of its surface layer to chromium nitrides 
because surface diffusion of nitrogen is activated along 
cracks. Therefore, diffusion barrier performance of the 
Cr plating layer can be improved by a gas nitriding 
treatment. A gas nitriding temperature higher than 
780oC is not recommended because a tempering 
temperature for FMS is usually around 780oC.  
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Fig. 1. XRD patterns of a nitrided Cr plating layer. 
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(a) 
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Fig. 2. Back-scattered electron images of diffusion couple 
samples tested at 800oC for 25 h; (a) U-10Zr-6Ce vs. Cr 
plated T91, (b) U-10Zr vs. Cr plated T91 after nitriding, (c) 
U-10Zr-6Ce vs. Cr plated T91 after nitriding.  

 
 
Fig. 2 shows cross-sectional micrographs of 

diffusion couples annealed at 800oC for 25 h. Although 
the maximum fuel cladding interface temperature is 
about 600-650oC for SFR fuel, diffusion couple tests at 
800oC were carried out in order to simulate transient 
conditions. When a diffusion couple of U-10Zr-6Ce vs. 
Cr plated T91 was tested (Fig. 2a), no eutectic melting 
was observed after annealing at 800oC. But uranium-
rich phase was found along the cracks of Cr plating and 
Ce-rich phase was penetrating through the cracks and 
reached a T91 cladding surface. It seems that the 
addition of rare earth elements enhances the 
interdiffusion of uranium through the crack surfaces. It 
is necessary to reduce the cracks which can be fast 
diffusion paths for uranium, plutonium, minor actinides 
or rate earth elements. When the Cr plating layers were 

nitrided by ammonia gas treatment at 750oC for 3 hours, 
the penetration of uranium or cerium was not observed 
after diffusion couple tests at 700 or 800oC(Fig. 2b, 2c). 
In addition to changes in chemical affinity by nitriding, 
compressive stress by volume expansion, and crack 
closure after nitriding may be the reasons for the 
reduction of uranium and cerium penetration through 
the Cr plating layers. Considering the large thermal 
expansion mismatch between chromium nitrides and 
FMS, surface nitriding of Cr-plated FMS is an adequate 
multilayer formation for FCCI barrier coatings on FMS 
cladding inner wall. In future, gas nitriding condition 
should be optimized in order to minimize detrimental 
effects on the mechanical properties of FMS cladding. 
Plasma or ion-beam assisted nitriding processes can be 
applied to enhance the nitriding efficiency of Cr plating 
layers on FMS cladding. 
 

4. Conclusions 
 

Although Cr plating exhibited good FCCI barrier 
performance against U-Zr fuel, U and Ce penetration 
was observed extensively in a diffusion couple of U-Zr-
Ce and Cr-plated T91. When the Cr-plating layer on 
T91 was nitrided under an ammonia stream, the U or Ce 
penetration was not found after diffusion couple tests at 
700oC for 96 hours and 800oC for 25 hours. Gas 
nitrided Cr-plating layers showed excellent FCCI 
barrier performance especially against rare earth 
elements containing metallic fuel.  
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