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Fig.1  Morphologies and phase composition of Cr-coated Zr: 

(a) surface morphology, (b) cross-sectional morphology, 

and (c) XRD pattern 
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Fig.2  Oxidation kinetics curves of bare and Cr-coated Zr in 

steam with different temperatures: (a) 900 1, (b) 1000 1, 

and (c) 1100 12
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Table 2  Oxidation kinetics parameters of bare and Cr-coated 

Zr at different temperatures in steam environment 
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Fig.3  XRD patterns of bare and Cr-coated Zr in steam 

environment with different temperatures: (a) bare Zr and 

(b) Cr-coated Zr 
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Fig.4  High resolution spectra of Cr-coated Zr in 1000 ! steam 

environment: (a) Cr 2p, (b) Zr 3d, and (c) O 1s 
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Fig.5  Cross-sectional morphologies of bare Zr after steam oxidation for 3600 s at different temperatures: (a) 900 !, (b) 1000 !, (c) 1100 ! 
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 6  � Cr�� ������#�� 3600 s��:+;<�=>>?  

Fig.6  Cross-sectional morphologies (a, c, e) and element distributions (b, d, f) of Cr-coated Zr after steam oxidation for 3600 s 

at different temperatures: (a, b) 900 !, (c, d) 1000 !, and (e, f) 1100 ! 

e 

Zr ZrO

2

 Cr

2

O

3

 

Cr 

Zr 

Cr 

Cr

2

O

3

 

 

c 

Zr 

Cr 

Cr

2

O

3

 

a 

0 3 6 9 12 15

b

 Zr

 Cr

 O

I
n

t
e
n
s
i
t
y
/
a
.
u

.
 

Distance/µm

Zr Cr Cr

2

O

3

0 3 6 9 12 15

d

 Zr

 Cr

 O

Distance/µm

Zr Cr

Cr

2

O

3

0 3 6 9 12 15 18

 Zr

 Cr

 O

Distance/µm

fCr

2

O

3

Cr

ZrO

2

Zr

a 

ZrO

2

 

Zr 

ZrO

2

 Zr 

 

b 

Voids 

Zr ZrO

2

 

Spalling 

 

c 



�1670�                                        �������	
                                             � 50� 

� 1/9�1/19���� Cr @A����&'()Ìõ

à
"#$2 

Q��"#$Ñ5 Cr @A�6()���(Q)�

e�()���¿��/û���N�������

�2���(3)Arrhenius�Ï�Í� d lnK

p

-1/T��

!1 7"42 

( )

p

exp /K A Q RT= −

                       (3) 

�8�AQ{��mg

2

/(cm

4

·s)#QQ()����J/mol#

RQ$%D${��8.314 J/(mol·K)#TQ���K2 

���5 Cr @AÑ"#$()���?mQ

293.17� 258.12 kJ/mol�û&�
*&���"�\

'( Cr@A*��ëÜ|"%��&'8()+,�

5 Cr@A�"�
)Îá���&'()Ì�2 

5 Cr@A*Z��ï 4 µm21 634�� 900 �

&'() 3600 s*�LA Cr:()� Cr

2

O

3

2+ Cr

2

O

3

[� Pilling-Bedworth�Q 2.07�!e�H Cr()*

�
$(G¹�Cr

2

O

3

�,Ô Cr[A-��.SG«�

ïQ 5.2 µm2% 1000 �()*�[A-��OPG

«�ïQ 5.5 µm2P�% 1100 �&'��8��\

Cr

2

O

3

A��ÖQ 2.5 µm���Aó� Cr�¶ß��

O��ï 3 µm�� >?"#$:().�ï 6 µm

� ZrO

2

[2 

1 8 34�"CEF(R3)�/Ò0_Ê��)1

|�Zr 2 Cr �3Ð()2� 3 34�o¶����

(% Cr

2

O

3

8�VW��õ|
 ZrO

2

9α-Zr � β-Zr

8(�VW���+è�o���"#$()[4¸

�(01 5)2R
 Cr @A67�%()*Z���+

EF�/Ò0_Ê��)Q5�(01 8� R1)�LA

�H Cr,6BC&'EF�.� Cr

2

O

3

A�7()A

��¹ù�Ü|(�#$ô>VW+�2% 1100 ��

���8 CrA:9:ý*�Cr

2

O

3

/Zr©\ø>? Cr

2

O

3

: Zr ¡���n Cr�#$().� ZrO

2

(01 8 � 

 

 

 

 

 

 

 

 

 

 


 7  ��@ABCD���E� 

Fig.7  Variation of oxidation rate constant with the temperature 
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Fig.8  Standard Gibbs free energy of relevant reactions at  

different temperatures 
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Table 3  Diffusion coefficients of oxygen in ZrO
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High Temperature Steam Oxidation Behavior of Cr-coated Zr Fabricated by Filtered 
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Abstract: A Cr coating of about 4 µm thick was prepared on pure zirconium by filtered cathodic vacuum arc ion deposition technology 

(FCVAD), and the high-temperature oxidation properties of bare and Cr-coated Zr were measured using a thermogravimetric analyzer 

(TGA) in steam environment at different temperatures. The phase composition, microstructure and composition distributions before and 

after the steam oxidation tests were characterized by X-ray diffraction analyzer (XRD), X-ray photoelectron spectroscopy (XPS), scanning 

electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS). It was found that the mass gain per unit area of Cr-coated Zr 

is only 1/4, 1/6 and 4/9 of that of bare Zr after 3600 s exposure in 900, 1000 and 1100 � steam environment, respectively. In the initial 

stage of steam oxidation, a compact and uniform Cr

2

O

3 

layer is formed on the surface of Cr layer, significantly reducing oxygen or steam 

diffusion inwards. After Cr coating is completely oxidized into Cr

2

O

3

, Zr substrate is gradually oxidized, but the Cr

2

O

3

 at Cr

2

O

3

/Zr 

interface is reduced to form Cr. In addition, the oxidation activation energy of the Cr-coated Zr is up to 293.17 kJ/mol. 

Key words: pure zirconium; filtered cathodic vacuum arc ion deposition; Cr coating; high-temperature steam oxidation; oxidation kinetics 
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