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Abstract: Corrosion tests with two approaches of distinct time intervals for heating and cooling in autoclave were carried out 

to investigate the stress, defect density in the oxide film and corrosion resistance of Zr-1Nb alloy in the 0.01 mol/L LiOH 

aqueous solution at 360 °C, 18.6 MPa. The stress and defect density in the oxide film were measured by a curl method and the 

Ion Migration Method (IMM), respectively. Results show that the stress level and defect density in the oxide film in the shorter 

interval corrosion tests are lower than those in the longer interval corrosion tests at the initial stage of corrosion. The corrosion 

resistance in the subsequent stages of corrosion is better in the shorter interval corrosion tests. It indicates that at the initial 

stage of corrosion the mass gain shows no obvious difference between the two approaches of corrosion tests in autoclave under 

different time intervals for heating and cooling. However, the stress level and defect density in the oxide film exhibit 

noticeable differences, which leads to two distinct microstructural evolution rates of the oxide film and then results in different 

corrosion resistance in the subsequent corrosion stages. 
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Zirconium-based alloys have been used for fuel cladding 

in water-cooled nuclear power plants due to their unique 

nuclear properties. Their main failure modes during service 

include waterside corrosion, creep, hydrogen embrittlement, 

fatigue and so on. The waterside corrosion of zirconium al-

loy cladding is a main factor affecting the service life of 

fuel elements

[1]

. 

The oxidation of zirconium occurs at the oxide/metal 

(O/M) interface. Oxygen ions or hydroxyl ions diffuse 

through the oxide layer to the O/M interface to react with 

zirconium to form new zirconium oxide film

[2-4]

. Therefore, 

the characteristics and the microstructural evolution of the 

oxide film during the corrosion process will affect the cor-

rosion resistance of zirconium alloys. Compressive stress 

exists inevitably in oxide film due to the Pilling-Bedworth 

ratio of 1.56 for zirconium. Also, defects such as vacancies 

and interstitials form in zirconium oxide crystals. The dif-

fusion, annihilation, and condensation of defects under 

stress and temperature would occur, which results in the 

microstructural evolution of oxide film. When vacancies 

were absorbed by grain boundaries, micro-pore clusters in 

nano-scale were formed and then further developed into 

micro-cracks during oxidation. The microstructural evolu-

tion causes the relaxation of stress in the oxide film, the 

acceleration of diffusion of O

2−

 or OH

- 

, and the decrease of 

protective characteristic of the oxide film

[2,4-9]

. Thus, it can 

be seen that the stress and defects affect the microstructural 

evolution of oxide film and then further influence the cor-

rosion process.  

Geng et al.

[10]

 investigated the effect of corrosion tem-

perature and water chemistry on the compressive stress in 

oxide film formed on Zircaloy-4 tubular specimens before 
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the thickness was about 2 µm. Results showed that for Zir-

caloy-4 specimens the compressive stress in the oxide film 

decreased in the sequence of 360 °C deionized water,   

400 °C super-heated steam, and 360 °C lithiated water. It 

was thought that Li

+

 and OH

-

 ions incorporated into the 

oxide films decreased the surface free energy of oxide film 

and higher temperature accelerated the diffusion of defects. 

As a result, the diffusion of vacancies, formation of pores, 

and development of micro-cracks were accelerated to make 

stress relaxation quicker. Hence, corrosion conditions may 

affect the stress in the oxide film on zirconium alloys and 

then further influence the growth of oxide film.  

Currently, scanning electron microscopy (SEM), trans-

mission electron microscopy (TEM), transmission and back 

scattering scanning electron microscopy (T-EBSD), elec-

tron energy loss spectroscopy (EELS), and three dimen-

sional atom probe (3DAP) are widely used to investigate 

the growth and evolution process of the oxide layer by ob-

serving microstructure of oxide layer, oxidation process of 

second phase particles and their effect on the microstructure 

of oxide layer, defects and strain in the oxide layer, the 

evolution of meta-stable zirconia, and so on

[11-21]

. SEM can 

be used to observe the thickness of oxide film, grain mor-

phology, porosities, and micro cracks. The fine structures of 

oxide film such as dislocations, grain boundaries, 

nano-pores, crystal structures and grain orientations can be 

observed in TEM. However, there are many limitations in 

the analysis of micro defects in oxide film by SEM and 

TEM. For example, the observation area is generally lim-

ited to less than 10 µm× 10 µm and the results observed are 

affected by sample preparation. Most importantly, no quan-

titative data can be obtained

[22]

. 

Ions have different sizes. If the size of defects in the ox-

ide film is larger than that of ions, the ions will pass 

through the oxide film. Therefore, the scale and distribution 

density of defects in the oxide film can be quantitatively 

analyzed by investigating the migratory behavior of certain 

ions under the action of electric field, which is denoted as 

Ion Migration Method (IMM)

[22]

. In this research, the in-

ternal stress and defect density in the oxide film on zirco-

nium alloys were investigated to further understand the re-

lationship between microstructural evolution of the oxide 

film and the corrosion resistance of zirconium alloys. 

1 Experiment 

Zr-1Nb tubular and flaky specimens were corroded by 

static autoclave tests at 360 °C, 18.6 MPa in 0.01 mol/L 

LiOH aqueous solution. The specimens were pickled in a 

mixed acid solution of 10% HF, 30% HNO

3

, 30% H

2

SO

4

, 

and 30% H

2

O (volume fraction), and then rinsed in cold tap 

water. Finally, they were rinsed in boiling deionized water 

before corrosion tests.  

The specimens tested in autoclave were subjected to a 

thermal cycle during heating and cooling. The redistribu-

tion and relaxation of the stress in the oxide film formed on 

the specimen can partially occur during thermal cycles. If 

one specimen was subjected to more thermal cycles than the 

other in the same period of testing, the stress in the oxide 

film formed on the specimen subjected to more thermal cy-

cles could be lower. The microstructural evolution of oxide 

film could be slowed down and the growth of the oxide film 

would be retarded. Thus, better corrosion resistance for the 

specimens subjected to more thermal cycles could be ex-

pected. The relationship among stress, defects, microstruc-

tural evolution in oxide film, and the corrosion resistance 

will be better understood. Therefore, corrosion tests in 

autoclave with two approaches of time intervals for heating 

and cooling were adopted to study the relationship between 

stress, defects in the oxide film, and the corrosion resis-

tance of zirconium alloys. One approach was to cool down 

the autoclave by powering it off after a longer time interval, 

which is defined as longer interval corrosion tests. The 

other approach was to cool down the autoclave after a rela-

tive shorter time interval, which is defined as shorter inter-

val corrosion tests. In a longer interval corrosion test, sam-

ple weighing and aqueous solution replacement were con-

ducted at 1

st

 d, 3

rd

 d, 14

th

 d, and then every 30-day interval. 

The autoclave was cooled down every 30-day periodically. 

In a shorter interval corrosion test, sample weighing and 

aqueous solution replacement were carried out at 1

st

 d, 3

rd

 d, 

14

th

 d, 44

th

 d, and then every 30-day interval. The autoclave 

was cooled down from 360 °C to 100 °C at the 2

nd

 d, 6

th

 d, 

10

th

 d, and every 10-day interval after a 14 d exposure, and 

then it was reheated to 360 °C. The operation schedules for 

autoclave heating and cooling during the longer and shorter 

interval corrosion tests are shown in Fig.1. Note that the 

mass gain at 54 d was also measured for the flaky speci-

mens due to their inferior corrosion resistance. 

Zr-1Nb tubular specimens were used to study compres-

sive stress in the oxide film by a curl method, while Zr-1Nb 

flaky specimens were applied to study the defects in the 

oxide film. When an oxide layer forms on the outer surface 

of a tubular specimen, the diameter of the tube and its cir-

cumference will increase. The compressive stress of oxide 

is higher in the longitudinal direction than in the circum-

ferential direction because the dimension change of the ox-

ide is less restricted in the circumferential direction than in 

the longitudinal direction. After the metal matrix is com-

pletely removed by immersing the specimens in acid, the 

oxide layer will curl upwards along the longitudinal direc-

tion to form small rolls. By measuring the diameters of the 

rolls and the thickness of the oxide layers, the stress gradi-

ent along the oxide thickness direction can be calculated 

since the elastic modulus of zirconium oxide is known 

(2.06× 10

5

 MPa [30 × 10

6

 psi])

[23,24]

. It is assumed that the 

stress at the outer surface of the oxide film formed on the 
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tubular specimens is zero and the stress gradient along the 

thickness remains constant. Therefore, the compressive 

stress at the O/M interface can be calculated as: 

t

r

σ µ=

                                    (1) 

Where µ is Young's modulus (here µ=2.06×10

5

 MPa), t and 

r represent the thickness and the curvature radius after 

curling, respectively. 

In fact, the above assumption is not strictly true. Only 

when the oxide film is thick enough, the stress at its outer 

surface is zero. Moreover, in the process of oxidation, the 

microstructures of oxide film evolve gradually, which re-

sults in the differences in distribution of pores and mi-

cro-cracks along the thickness direction of oxide film

[4,7,9]

. 

Therefore, the stress gradient and Young's modulus will 

vary at different thicknesses of the oxide film. In order to 

simplify the calculation process, the same Young's modulus 

is adopted in this study. In fact, there is a difference be-

tween the calculated value and the actual value of stress. 

However, the two values are proportionally correlated, 

which does not affect the analysis on the change trend of 

the internal stress of the oxide film in the corrosion proc-

ess

[10,25]

. 

The fractural surface morphology of the oxidized speci-

mens was examined by a JSM-6700F scanning electron mi-

croscope (SEM). The defect density in oxide film was 

measured by IMM in the Science and Technology on Reac-

tor Fuel and Materials Laboratory in Nuclear Power Insti-

tute of China

[22,26]

. As shown in Fig.2a, there are positive 

and negative ions in CuSO

4

 aqueous solution. Under the 

action of the electric field, the positive and negative ions 

move toward their opposite electrodes to produce a loop 

current. As the zirconium oxide film contains fewer defects, 

fewer ions can move through the oxide film, and thus, the 

impedance is high. On the contrary, when there are more 

defects in the oxide film, the impedance is low. 

The equivalent circuit is shown in Fig.2b. The total 

current I in the ammeter can be approximated as� 

v i e

s i v v e e i i v e

( )

( )

VR R R

I

R R R R R R R R R R

+

=

+ + +

      

(2) 

Where V is voltage value, R

s

 is internal resistance of exter-

nal DC power supply, R

v

 is internal resistance of the volt-

meter, R

e

 is electron conduction resistance of the oxide film, 

and R

i

 is ion migration resistance in the oxide film. 

The total current I mainly consists of electron conduction 

current I

e

 and ion migration current I

i

. If the oxide film does 

not have macro-defects, the electron conduction resistance 

of the oxide film is very large (more than 3×10

9 

Ω) and I

e

 is 

very small. For the zirconium oxide film with about 2 µm in 

thickness, the I

e

 is less than 500 nA at 40 V and the I

e

 is less 

than 50 nA under the 10 V voltage by the hollow electrode 

with inner cavity radius of 6 mm when filled with liquid  

 

 

 

 

 

 

 

Fig.1  Schematic diagram showing longer (A) and shorter (B) in-

terval corrosion tests in autoclave for heating and cooling 

at 360 °C, 18.6 MPa in 0.01 mol/L LiOH aqueous solution 

(solid dot on behalf of weighing time, open dot on behalf 

of operation time with cooling and reheating) 

 

 

 

 

 

 

 

 

Fig.2  Principle of Ion Migration Method (a) and the equivalent 

circuit diagram (b)

[22,26]

 

Note: R

c

 is internal resistance of the ammeter, R

m

 is 

equivalent resistance of the metal substrate circuit, R

a

 is 

equivalent resistance of the electrolyte solution  

 

metal gallium (Ga). Therefore, the total current I mainly 

depends on I

i

 and the micro-defects in the oxide film have 

great impact on I

i

[22,26]

.  

2  Results and Discussion 

2.1  Corrosion behavior of Zr-1Nb alloy 

Fig.3 shows the corrosion mass gain curves of Zr-1Nb 

alloy specimens in 0.01 mol/L LiOH aqueous solution at 

360 °C, 18.6 MPa. The mass gain of Zr-1Nb tubular speci-

mens is about 62.6 mg/dm

2

 for 164 d exposure in the 

shorter interval corrosion tests, which is 82.7% less than 

that (360.1 mg/dm

2

) in the longer interval corrosion tests. 

For the flaky specimens, the mass gain in the shorter inter-

val corrosion tests is 803.8 mg/dm

2

 for 74 d exposure, 

which is 22.3% less than that (1034.8 mg/dm

2

) in the longer 

interval corrosion tests. The corrosion resistance of tubular 

specimens is better than that of flaky specimens under two 

approaches of autoclave tests. For both tubular and flaky 

specimens, their corrosion resistance in the shorter interval 

corrosion tests is obviously better than that in the longer 

interval corrosion tests. The difference in corrosion resis-

tance may be correlated to the stress state in the oxide film 

of flaky and tubular specimens in the two testing ap-

proaches. 

2.2  Cross-sectional microstructure of oxide film 

Fig.4 shows the cross-sectional micro-structure of the 

oxide film formed on Zr-1Nb tubular specimens in the short  
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Fig.3  Mass gain vs exposure time of Zr-1Nb alloy specimens in 

two approaches of autoclave tests in lithiated water with 

0.01 mol/L LiOH at 360 °C and 18.6 MPa 

 

interval corrosion tests for 74 d exposure. The average 

thickness of oxide film is 2.68 and 2.75 µm at the outer and 

inner wall of Zr-1Nb tube, respectively, which indicates that 

there is little difference between them. Micro-cracks are 

observed in certain local areas and the cross section of the 

oxide film is relatively flat. 

Fig.5 shows the cross-sectional micro-structure of the 

oxide film formed on Zr-1Nb tubular specimens in the 

longer interval corrosion tests. The average thickness of the 

oxide film at the outer and inner wall is 2.82 and 2.79 µm, 

respectively, which shows little difference. The oxide layer 

mainly consists of columnar grains and the number of 

equiaxed grains is small. Compared with Fig.4, more cracks 

and pores appear on the oxide fractural surface with obvi-

ous undulations, which is indicated by the arrows in Fig.5b, 

5d. The corrosion rate will be accelerated when O

2−

 or OH

- 

invade into the O/M interface through these micro-cracks 

and pores.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Fractural morphologies of the oxide films on the outer (a, b) and inner (c, d) walls on Zr-1Nb tubular specimen corroded for 74 d in 

lithiated water with 0.01 mol/L LiOH at 360 °C and 18.6 MPa under shorter interval corrosion tests 

 

2.3  Internal stress and defects in the oxide film on 

Zr-1Nb alloy specimens 

Fig.6 exhibits internal stress v s thickness of oxide film 

on Zr-1Nb tubular specimens in the two approaches of 

corrosion tests. It is clear that the internal stress in the 

oxide film decreases gradually when the thickness of ox-

ide film increases. It can also be seen that the thickness of 

the oxide film for specimens corroded by two different 

approaches shows little difference before 44 d exposure. 

However, the stress level in the shorter interval corrosion 

tests is always lower than that in the longer interval cor-

rosion tests. Besides, quicker stress relaxation occurs in 

the shorter interval corrosion tests. These results illustrate 

that increasing the frequency of the thermal cycles can 

indeed accelerate the relaxation of internal stress in the 

oxide film to reach a lower stress level. Moreover, while 

the mass gain has no difference between two approaches 

of corrosion tests before an exposure of 44 d (see Fig.3), 

the stress level in the oxide film has exhibited some dif-

ferences. 
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Fig.5  Fractural morphologies of the oxide films on the outer (a, b) and inner (c, d) walls on Zr-1Nb tubular specimen corroded for 74 d in 

lithiated water with 0.01 mol/L LiOH at 360 °C and 18.6 MPa under longer interval corrosion tests 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Internal stress in the oxide films of Zr-1Nb tubular speci-

mens corroded by two ways of autoclave tests in lithiated 

water with 0.01 mol/L LiOH at 360 °C and 18.6 MPa 

 

The flaky specimens for 44 d exposure in the longer interval 

corrosion tests and 54 d exposure in the shorter interval corro-

sion tests were selected to study the defects in the oxide film. 

The mass gain of the former is 34.37 mg/dm

2

, while the mass 

gain of the latter is 54.11 mg/dm

2

 as shown in Fig.3. Cur-

rent density (J)-electric field intensity (E) curves of the ox-

ide film on Zr-1Nb flaky specimens in the two approaches 

of corrosion testing are shown in Fig.7. The onset of current 

breakaway of the curve directly reflects the micro-defect 

density in the oxide film. A small E value of onset 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  J-E curves of the oxide film on Zr-1Nb flake specimens 

under two ways of autoclave tests in lithiated water with 

0.01 mol/L LiOH at 360 °C and 18.6 MPa 

 

of the curve reflects a higher defect density in the oxide 

film. The E value of onset for curve � is about 4 V/µm, 

while that for curve�is above 10 V/µm. It means that the 

defect density in the oxide film after corrosion for 54 d ex-

posure in the shorter interval corrosion tests is obviously 

lower than that for 44 d exposure in the longer interval 

corrosion tests. However, the mass gain of the former is a 

little higher than that of the latter. 

At the initial stage of corrosion, although the mass gains 

in two approaches of autoclave tests have little difference 
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(Fig.3), the stress and micro-defects in the oxide film are 

significantly different (Fig.6 and 7). These differences lead 

to different microstructural evolution rates of oxide films at 

the later stage of corrosion. In the shorter interval corrosion 

tests, the compressive stress level in the oxide film is lower 

at the initial stage of corrosion (Fig.6), which results in 

fewer defects in the oxide film (Fig.7). Meanwhile, the 

lower compressive stress slows down the formation of mi-

cro-pores and micro-cracks by delaying the diffusion, anni-

hilation and condensation of defects in the oxide film. In 

the longer interval corrosion tests, the compressive stress 

level in the oxide film is higher, which not only results in 

more defects in the oxide film but also accelerates the for-

mation of micro-pores and micro-cracks in the oxide film. 

SEM observation on the fractural surface of oxide film 

shows that more micro-pores and micro-cracks appear on 

the fracture surface of oxide film formed on the specimens 

in the longer interval corrosion tests (Fig.5). 

Accordingly, the corrosion rate of the specimens at the 

later exposure time is faster in the longer interval corrosion 

tests (Fig.3). This further illustrates that the stress level and 

defect density in the oxide film are important factors in af-

fecting the corrosion resistance of zirconium alloys, and the 

relationship between the corrosion resistance and the stress 

as well as defect density in the oxide film formed on zirco-

nium alloys can be studied by different approaches of auto-

clave tests with distinct time intervals for heating and 

cooling. 

Moreover, it has been reported that Zr-Nb series alloys 

exhibit very poor corrosion resistance in lithiated water 

with 0.01 mol/L LiOH at 360 °C, 18.6 MPa. The corrosion 

rate of the alloy increased significantly after corrosion 

transition, and the mass gain reached hundreds of milli-

grams per square decimeter for dozens of day exposure

[27-29]

. 

The reason has been explained in our previous work from 

the viewpoint of the oxidation of β-Nb particles and the 

dissolution of oxidation production Nb

2

O

5

[13,29-33]

. 

3  Conclusions 

1) The relationship between the stress, defect density in 

the oxide film and the corrosion resistance of the Zr-1Nb 

alloy specimens was studied by different approaches of 

autoclave tests with distinct time intervals for heating and 

cooling. When Zr-1Nb alloy is corroded in 0.01 mol/L 

LiOH aqueous solution at 360 °C, 18.6 MPa, at the initial 

stage of corrosion there are differences in the stress level 

and defect density in the oxide film in different approaches 

of autoclave tests. In the shorter interval corrosion tests, the 

stress level and defect density in the oxide film are both 

lower than that in the longer interval corrosion tests, which 

lead to better corrosion resistance in the later corrosion 

stage.  

2) The mass gains from the two testing approaches are 

similar in the initial stage of corrosion. However, the stress 

and defects in the oxide film have obvious differences, 

which lead to different microstructural evolution rates of 

the oxide film. Consequently, corrosion resistance of the 

alloy differs at the later corrosion stage. 
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