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� 1  FeCrAl/ZrNbCu<=3�� 

Fig.1  Morphologies of FeCrAl/ZrNbCu dual layer tube:      

(a) appearance, (b) cross section, and (c) joint surface 
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Table 1  High-temperature steam oxidation test parameters 

Project Test parameter 

Temperatures/h 1000, 1100, 1200 

Oxidation time/s 3600, 21600 

Heating rate/K·min

-1

 50 

Relative humidity/%RH 90 

Ar flow rate/mL·min

-1

 20 

 

 

 

 

 

 

 

 

 

 

 

� 2  FeCrAl/ZrNbCu`FeCrAl`ZrNbCu�>?@ADE 

Fig.2  High-temperature steam oxidation results of FeCrAl/ 

ZrNbCu, FeCrAl, ZrNbCu materials at 1000 h  (a), 

1100 h (b), and 1200h (c) for 3600 s 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 3  FeCrAl/ZrNbCu<=3@Aq��e OM�� 

Fig.3  OM images of FeCrAl/ZrNbCu dual layer tube after steam 

oxidation at 1000 h (a), 1100 h (b), and 1200 h (c) 

for 3600 s 
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� 4  FeCrAl=
Fe@A�X SEM��� EDSDE 

Fig.4  SEM morphologies and EDS analysis results of oxidation products of FeCrAl after high-temperature steam oxidation at 1200 h 

for 6 h: (a) cross section, (b) surface, (c) spinel type, and (d) EDS spectrum of oxidation products 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 5  FeCrAl=
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Fig.5  XPS analysis results of FeCrAl alloy after steam oxidation at 1200 h: (a) spectra of Fe 2p, (b) spectra of Cr 2p, (c) spectra  

of Al 2p and (d) spectra of Al 2s 

740 730 720 710 700

3000

3500

4000

4500

FeCr

2

O

4

Fe

2

O

3

a

 

 

C
o
u
n
t
s
/
s

605 600 595 590 585 580 575 570 565

2500

3000

3500

4000

Cr

FeCr

2

O

4

Cr

2

O

3

b

 

 

85 80 75 70 65

500

1000

1500

2000

2500

3000

c

 

 

C
o
u
n
t
s
/
s

Binding Energy/eV

Al

2

O

3

128 126 124 122 120 118 116 114 112 110

500

1000

1500

2000

2500

3000

d

Al

2

O

3

 

 

Binding Energy/eV

a 

b 

400 nm 

10 µm 

10 µm 

c 

+ 

d 

2     6    10    14    18 

Energy/keV 

48.5

38.8

29.1

19.4

9.7

0.0

I
n

t
e
n

s
i
t
y

/
�

1
0

3

 
c
p

s
 

O 

Al 

Cr 

Fe 



�3074�                                      �������	
                                               � 49� 

Al

2

O

3

����� Dong Jun Park��

[16]

�	
��


��������� Fe�Cr�Al ���� O ���

������ !"#$%&'()*���+�,

-.(�/��� Al

2

O

3

0 O�123456789(

�:;< Al

2

O

3

�=>?@AB"��CDE(FG

#H" Fe�Cr���������(� Fe

2

O

3

�Cr

2

O

3

I FeCr

2

O

4

���J��?@�AB"KLM��N

� Al

2

O

3

��O()*���PQ-�(��RS�

Al

2

O

3

TUVW(X�=>! Al �YZ[��(\]

^_�=>`a��RM Al

2

O

3

�b� 

�O(c=def FeCrAl=>�gh��i(j

k�^lX� Al

2

O

3

�Fe

2

O

3

�FeCr

2

O

4

�Cr

2

O

3

���J

��)*��im�VW(��lnoVW(=>`a

-�5 Al �YZ[��(��M Al

2

O

3

�b��/�

�R(675 O�12(pqDE5=>���rs� 

ZrNbCu=>t 1200 u�� 3600 sv^B��R

wx�yz{ 7|}�~{L�(��� !��J

���#AB��(X����X��{ 8� ZrNbCu

��R^B��XPS���{�
�^�(t 1200 u

����� 3600 sv(ZrNbCu=>��J�� ZrO

2

I Nb

2

O

5

� 

2.3  FeCrAl/ZrNbCu �������� 

{ 9�c=d� 1000(1100(1200 u�� 3600 s

v FeCrAl-ZrNbCu =>AB SEM ����X�I

EDS ��
��� 1000 uho���(ZrNbCu I

FeCrAl=>A������(!m�p12lX��{

9a����0�B"b����������{ 9b�

LM ¡(c=dSe 2 ¢F£`a�b�����

�AB"¤¥¦§¨©(ª� 2 ¢`a«p-�12

_¬�t 1100I 1200 u��v(FeCrAlI ZrNbCu

=>ABF­®�z{ 9c�9e�(ª� 2 ¢=>�¯ 

 

 

 

 

 

 

 

 

 

 

 


 6  FeCrAl������ XRD
� 

Fig.6  XRD pattern of oxidation products of FeCrAl after 

high-temperature steam oxidation at 1200 � for 6 h 

 

 

 

 

 

 

 

 

 


 7  ZrNbCu��������������SEM�� 

Fig.7  Cross section morphology of ZrNbCu after steam oxidation at 

1200 � for 3600 s 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


 8  ZrNbCu��������� XPS�  

Fig.8  XPS analysis results of ZrNbCu alloy after high- 

temperature steam oxidation at 1200 �: (a) spectra of 

Zr 3d and (b) spectra of Nb 3d 
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 9  FeCrAl/ZrNbCu���/� SEM0123456 EDS�  

Fig.9  Interface morphologies (a, c, e) and element distribution (b, d, f) of FeCrAl/ZrNbCu dual layer tube after high-temperature  

steam oxidation at 1000 �7(a, b), 1100 � (c, d), and 1200 � (e, f) for 3600 s 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


 10  1200 ��� 3600 s� FeCrAl/ZrNbCu'�( SEM89:456 EDS�  

Fig.10  SEM cross-section image (a) and element distribution (b~d) of FeCrAl/ZrNbCu dual layer tube after high-temperature steam 

oxidation at 1200 � for 3600 s: (b) ZrNbCu layer, (c) FeCrAl layer, and (d) FeCrAl-ZrNbCu diffusion layer 
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High Temperature Steam Oxidation Behavior of FeCrAl/ZrNbCu Dual Layer Tube 

Cladding 

 

Bai Guanghai, Xue Fei, Liu Erwei, Zhang Yanwei, Geng Jianqiao, Shang Can, Dang Jianwei, Liu Xiangbin, Yu Weiwei 

(Suzhou Nuclear Power Research Institute, Suzhou 215004, China) 

 

Abstract: The high-temperature steam oxidation behavior of FeCrAl/ZrNbCu dual layer tube was studied. The results show that the 

outer layer FeCrAl material has excellent high temperature steam oxidation resistance, and the inner ZrNbCu alloy layer can be 

effectively protected by FeCrAl alloy. The concave and convex morphology of oxide film of FeCrAl alloy is formed, and the oxidation 

products are Fe

2

O

3

, FeCr

2

O

4

, Cr

2

O

3

 and Al

2

O

3

. The oxide film of ZrNbCu alloy grows perpendicular to the surface, and the oxidation 

products are ZrO

2

 and Nb

2

O

5

. Element diffusion at the interface of the dual layer tube cannot be found when it is oxidized at 1000 °C; 

there is obvious element diffusion at the interface when it is oxidized at 1100 °C and 1200 °C. From the outer side to the inner side of the 

dual layer tube, FeCrAl oxide film, FeCrAl alloy, FeCrAl-ZrNbCu diffusion layer, ZrNbCu alloy and ZrNbCu oxide film are formed in 

sequence; the original mechanical bonding transforms to metallurgical bonding when the temperature is above 1100 °C. 

Key words: nuclear fuel cladding; FeCrAl/ZrNbCu dual layer tube; high-temperature steam oxidation; oxide film; element diffusion 
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