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a b s t r a c t

The fatigue crack propagation behaviors of Z3CN20.09M duplex stainless steel (DSS) were

investigated by studying oxide films of specimens tested in 290�C water and air. The results

indicate that a full oxide film that consisted of oxides and hydroxides was formed in 290�C

water. By contrast, only a half-baked oxide film consisting of oxides was formed in 290�C

air. Both environments are able to deteriorate the elastic modulus and hardness of the

oxide films, especially the 290�C water. The fatigue lives of the specimens tested in 290�C

air were about twice of those tested in 290�C water at all strain amplitudes. Moreover, the

crack propagation rates of the specimen tested in 290�C water were confirmed to be faster

than those tested in 290�C air, which was thought to be due to the deteriorative strength of

the oxide films induced by the mutual promotion of oxidation and crack propagation at the

crack tip. It is noteworthy that the crack propagation can be postponed by the ferrite phase

in the DSS, especially when the specimens were tested in 290�C water.

© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

Duplex stainless steels (DSSs) consisting of ferrite (a) and

austenite (g) are extensively used in the chemical and oil

industries, marine engineering and nuclear power plants.

They often have outstanding mechanical and corrosion

properties [1e9]. Among the DSSs, Z3CN20.09M DSS (MaNuEr

Nuclear Power Equipment Company, YanTai, ShanDong

Province, China) has been widely used to produce the

primary coolant pipes of pressured water reactor nuclear

power plants. It is well known that the temperature and

pressure of water in the component often fluctuate during

operation, which can subject the pipes to cyclic thermal

stresses. Meanwhile, the startup and shutdown processes of

a nuclear power plant can also induce similar results [10].

Consequently, the primary coolant pipes are known to often

suffer corrosion fatigue (CF) failure under the combination of

cyclic stress and high temperature water environment during
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the service period [11e14]. However, because of the

complexity of the CF process, only a few studies have been

aimed at the CF behavior of stainless steels [15].

Undoubtedly, the fatigue crack propagation rate can be

accelerated by a high temperature water environment. The

effect of the environment on crack propagation is often

attributed to the interaction of the environment and the crack

tip during fatigue tests [12, 16e18]. It is well known that fresh

metal on a crack tip can be oxidized or hydrogenated easily in

high temperature water, which can induce hydrogen embrit-

tlement or hydrogen assisted cracking [12, 16, 17]. Meanwhile,

the metal atoms in the crack tip can be dissolved by high

temperature water [16, 17, 19]. Both of these processes can

accelerate crack propagation and decrease the fatigue life of

stainless steels. However, all of the studies only speculated on

the deterioration mechanism of the crack tip, without related

evidence to verify that mechanism. To some extent, the effect

of high temperature water environment on fatigue crack

propagation can be regarded as an oxidation process at the

crack tip. Thus, the composition andmechanical properties of

an oxide film formed in a high temperature water environ-

ment should play an important role in the crack propagation

behavior of stainless steels. In fact, a number of studies have

focused on identifying the morphology, thickness, composi-

tion, and structure of oxide films formed on the surface of

stainless steels in high temperature water [20e25]. However,

very little work has been aimed at establishing a correlation

between the oxidation and the fatigue crack propagation of

stainless steels.

In this study, the fatigue crack propagation behaviors of

Z3CN20.09M DSS in water and air at a temperature of 290�C
were investigated. The composition, elastic modulus and

hardness of the oxide films formed in both environments

were identified. Based on the experimental results, the effect

of oxidation on the fatigue crack propagation process was

analyzed. Moreover, a postponing effect of the ferrite phase in

Z3CN20.09M DSS on crack propagation was also elucidated.

2. Materials and methods

2.1. Material

The outer diameter and wall thickness of the pipe used for the

tests were 935 mm and 65 mm, respectively. All specimens

were cut from the middle of the cross section. The chemical

composition of Z3CN20.09M DSS is shown in Table 1. The pipe

was fabricated by first using electric-arc and argoneoxygen

decarburization melting, and then by using casting and solu-

tion treatment at 1,180�C for 8 hours. The typical microstruc-

ture is an island-like ferrite (a) and austenite (g) matrix. The

volume fraction of the ferrite is about 15%, as shown in Fig. 1.

2.2. CF test

According to the standard of ASTM (American Society for

Testing of Materials) E606, cylindrical fatigue specimens with

gauge length and diameter of 14 mm and 7 mm, respectively,

were used for the CF test, as shown in Fig. 2. All fatigue tests

were conducted on a CF cracking system (PO103, KNR Com-

pany, Gyeonggi-do, Republic of Korea) with a capacity dy-

namic load of 20 kN and an SS static autoclave. The

instrument was operated by a computer-controlled servo

electric system. All fatigue tests used the strain control mode.

The strain was measured using a linear variable differential

transformer extensometer. The solution used for the testswas

distilled water. The fatigue test parameters and the water

chemistry are shown in Table 2. Prior to the crack propagation

tests, each specimen was given a precrack with a depth of

300 mm in the middle of the gauge. During the CF tests, the

precrack depths were measured by sequentially interrupting

after different cycles using optical microscopy. After the CF

Table 1 e Chemical composition of Z3CN20.09M DSS
(wt.%).

C Si Mn P S Cr Ni Mo N Fe

0.024 1.09 1.11 0.023 0.039 20.16 9.06 0.26 0.033 Balance

DSS, duplex stainless steel.

Fig. 1 e Microstructure of the Z3CN20.09M DSS. DSS,

duplex stainless steel.

Fig. 2 e Schematic layout of the corrosion fatigue testing

specimen (mm).
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tests, fractures were observed by scanning electron micro-

scopy (SEM; Zeiss Supra55; Carl Zeiss, Jena, Germany). All fa-

tigue tests were carried out in 290�C water and air in same

autoclave.

2.3. Oxide film test

As is well known, the fatigue fractures of specimens are too

rough to be studied by X-ray photoelectron spectroscopy (XPS)

and nanomechanical probe. Therefore, substitute specimens

must be prepared. During the CF test, the fresh metal aroused

at the crack tip was active and easy to oxidize. Thus, the ox-

ygen content in the crack tip of the specimen was often nearly

the same as that in the oxide film of the specimen tested for a

longer time under the same environment. The energy-

dispersive X-ray spectroscopy results shown in Table 3 indi-

cate that the oxygen contents in the crack tips were approxi-

mately equal to those in the oxide films after testing for 72

hours under the same environment. So, the oxide films of the

specimens oxidized for 72 hours can act as fractures. To

compare the two kinds of oxide film, specimens were evalu-

ated after they were heat treated at 290�C in a vacuum envi-

ronment, which was also conducted using a nanomechanical

probe. All tests were conducted using the continuous stiffness

measurement (CSM) mode.

3. Results and discussion

3.1. Compositions and mechanical properties of oxide
films

Figs. 3Ae3C show the detailed XPS spectra of Fe 2p3/2, Cr 2p3/2

and Ni 2p3/2 of the oxide films tested in 290�C water and air,

Table 2 e Test parameters and high temperature water chemistry.

Wave form Strain amplitude Strain rate Temperature Pressure Dissolved oxygen pH Conductivity

Triangle ±0.5%, ±1.0% 0.1% s�1 290�C 8 MPa 10 ppm (wt.%) 6.6 0.15 mS/cm
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Fig. 3 e Detailed XPS spectra peaks collected from oxide films tested in 290�C water and air. (A) Fe 2p3/2. (B) Cr 2p3/2. (C) Ni

2p3/2. XPS, X-ray photoelectron spectroscopy.

Table 3 e Oxygen contents in the fatigue fractures and
films oxidized for 72 hours in 290�C water and air
environments (at.%).

Specimen/
environment

Fracture Oxide film

Water Air Water Air

Oxygen content 40.19 5.92 40.01 6.14
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respectively. The background subtraction was obtained by

Shirley type [26,27]. All the main peaks were fitted by

XPSPEAK4.1 software to obtain the subsidiary peaks. During

the quantitative evaluation, all species were distinguished

based on their binding energies shown in the NIST X-ray

Photoelectron Spectroscopy Handbook [28]. From this figure, it can

be seen that the intensities of the peaks for the specimens

tested in 290�C water were much higher than those tested in

290�C air. In the 290�C water environment, the main peaks of

Fe 2p3/2, Cr 2p3/2 and Ni 2p3/2 positioned at approximately

710.62 eV, 577.82 eV, and 856.34 eV, respectively, can likely be

attributed to Fe2O3 and FeOOH, Cr(OH)3, CrO3 and Cr2O3, as

well as Ni(OH)2. In the 290�C air environment, the main peaks

of Fe 2p3/2, Cr 2p3/2, and Ni 2p3/2 positioned at approximately

711.01 eV, 577.29 eV, and 856.51 eV, respectively, were likely

attributable to Fe2O3 and metallic Fe, Cr2O3 andmetallic Cr, as

well as NiO [22]. These results are in agreement with those of

previous studies [21,22,24,26].

In summary, a full oxide film consisting of oxides and hy-

droxides was formed in the 290�C water environment. By

contrast, only a half-baked oxide film consisting of oxides was

formed in the 290�C air environment. Fig. 4 shows the SEM

morphologies of the oxide films tested under both environ-

ments. The figure indicates that Z3CN20.09M DSS was easier

to oxidize in 290�C water than in 290�C air. The oxygen

contents of the oxide films further verify this judgment, as

shown in Table 3.

Fig. 5 shows the elastic modulus and hardness of the sur-

face of the specimens after they were tested under 290�C
vacuum, water, and air environments. Obviously, the spec-

imen tested in 290�C vacuumhad the highest values among all

the specimens, showing that both 290�C water and air can

deteriorate the elastic modulus and hardness of the oxide

films, especially 290�C water. Fig. 4 also shows that a number

of compound particles were distributed on the surface of the

specimen tested in 290�C water, which destroyed the

consecutiveness of the oxide films, whereas only a few par-

ticles were distributed on the surface of the specimen when

tested in 290�C air. Meanwhile, the surface of the specimens

can also be corroded by the high temperature water. There-

fore, the elastic modulus and hardness of the oxide films

tested in 290�C water were worse than those tested in 290�C
air.

3.2. Crack propagation of Z3CN20.09M DSS

Fig. 6 shows the cyclic stress response curves of the

Z3CN20.09MDSS specimens tested in 290�Cwater and air. One

can see that the fatigue lives of the specimens tested in 290�C
air were about twice those of specimens tested in 290�C water

Fig. 4 e Oxide film morphologies of specimens tested for 72 hours in different environments. (A) 290�C water. (B) 290�C air.
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Fig. 5 e Elastic modulus and hardness of the specimen

surface after tested in 290�C vacuum, water, and air

environments for 72 hours.
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Fig. 6 e Cyclic stress response curves of the specimens

tested in 290�C water and air at different strain amplitudes.
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at all strain amplitudes. Fig. 7 shows the crack depths as a

function of the fatigue cycles of the specimens tested in 290�C
water and air at strain amplitudes of ±0.5% and ±1.0%,

respectively. It can be seen that all cracks in 290�C water

reached the limit depth earlier than those in 290�C air. Obvi-

ously, oxidation at the crack tips of the specimens tested in

290�C water can accelerate the fatigue crack propagation

process.

During the fatigue test, the precrack propagation rate

increased as the fatigue cycle continued. It can be divided into

three stages, i.e., crack propagates at very slow rate, slow rate,

and fast rate [29e31]. At the beginning of the first stage, the

precrack tip was negative and the process of oxidation was

slow. Fig. 8A shows the precrack morphology. After a long

period of oxidation, the oxide film formed at the precrack tip

and its strength deteriorated. Because of the lower strength of

the oxide films formed in 290�Cwater, the precracks started to

propagate earlier. In the second stage, the crack propagation

rate increased. One can see obvious fatigue stripes on the

fracture even though the separation between those stripes

was narrow, indicating that the crack propagation rate was

slow, as shown in Fig. 8B. In the third stage, the crack propa-

gation rate was the fastest owing to the increase in crack

depth and stress intensity. So the separation of the fatigue

stripes in the fracturewaswide, as shown in Fig. 8C. During all

three stages, the oxidation was always promoted by crack

propagation because of the fresh metal aroused at the crack

tip, especially at the last stage. On the other hand, crack

0 2,000 4,000 6,000 8,000
0

2

4

6

8

C
ra

ck
 d

ep
th

 (m
m

)

Cycles

 Water
 Air

(A) 

0 500 1,000 1,500 2,000 2,500 3,000
0

2

4

6

8

C
ra

ck
 d

ep
th

 (m
m

)

Cycles

 Water
 Air

(B) 

Fig. 7 e Crack depths as a function of fatigue cycles of the specimens tested in 290�C water and air at different stain

amplitudes. (A) ±0.5%. (B) ±1.0%.

Fig. 8 e Fatigue stripes morphologies at the different crack propagation rates of the precracked specimen tested in 290�C
water at strain amplitude of ±0.5%. (A) Precrack morphology. (B) At slow rate. (C) At fast rate.
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propagation was also promoted by oxidation, which induced a

low strength of the oxide films at the crack tip. This means

that crack propagation and oxidation can promote each other

for the whole fatigue process of the precracked specimen [32].

Consequently, crack propagation for the specimens tested in

290�C water was faster owing to the more serious oxidation.

Fig. 9 shows the fatigue stripe morphologies of the precracked

specimens tested in different environments and strain am-

plitudes in the third stage. The average separations of the

fatigue stripes for the four precracked specimens were

approximately 3.7 mm, 1.9 mm, 12.6 mm, and 5.4 mm, respec-

tively. They are in coincidence with the average crack propa-

gation rates of the specimens in the third stage. In fact, the

three stagesmentioned abovewill occur in any general fatigue

process, and can be accelerated by a detrimental environment

such as high temperature water.

3.3. Effect of ferrite phase on crack propagation rate

According to previous studies [33,34], the corrosion re-

sistances of ferrite and austenite phases in a DSS often

depend on the pitting resistance equivalent numbers (PRENs).

The pitting corrosion resistance is better for a higher PREN,

which can be calculated as PREN¼%Crþ 3.3%Moþ 20%N. The

PRENs calculated for ferrite and austenite in the Z3CN20.09M

DSS are shown in Table 4. Obviously, the ferrite phase has a

better corrosion resistance.

Moreover, the austenite phase is softer than the ferrite

phase because of its different crystal structure [35,36]. Thus,

the austenite phase wasmore easily deformed than the ferrite

phase, and persistent slip bands (PSBs) often formed in the

austenite phase during the fatigue test. Undoubtedly, the PSBs

can damage the crystal structure and deteriorate the corro-

sion resistance of the austenite phase [11,37,38]. Therefore,

the austenite phase in the specimens should be preferentially

corroded in 290�C water. Similarly, the deformed austenite in

the crack tip can also be easily corroded by 290�Cwater during

the CF test. Consequently, the ferrite phase in the specimens

can postpone crack propagation because of the higher

strength and relative better corrosion resistance. This process

can be explained by using a model, as shown in Fig. 10.

During the CF test, short cracksweremainly initiated in the

austenite phase, as shown in Fig. 10A. As the fatigue loading

continued, PSBswere formed in the austenite phase, as shown

in Fig. 10B. The deformed austenite phase at the crack tip was

easily corroded by high temperature water. Then, the ferrite

phase was aroused with the crack propagation, as shown in

Fig. 10C. As mentioned previously, the ferrite phase has a

relatively better corrosion resistance and higher strength than

the austenite phase at the crack tip, so crack propagation can

be postponed by the ferrite phase, as shown in Fig. 10D.

Consequently, the island-like ferrite phase decreased the

crack propagation rate and enhanced the fatigue life of the

specimens when tested in 290�C water.

In fact, the ferrite phase can often retard fatigue crack

propagation in an air environment of the DSS. Some

Fig. 9 e Fatigue stripe morphologies for the different environments and strain amplitudes at the third stage. (a) ±0.5% in

290�C water, (b) ±0.5% in 290�C air, (c) ±1.0% in 290�C water and (d) ±1.0% in 290�C air.

Table 4 e PREN values of ferrite and austenite phases of
Z3CN20.09M DSS.

Phases Cr Mo N PREN

Ferrite 25.84 0.28 0.023 27.22

Austenite 19.71 0.23 0.037 21.21

DSS,duplexstainlesssteel;PREN,pittingresistanceequivalentnumber.
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researchers [3,39,40] have measured the crack length using in

situ experiments, with results indicating that crack propaga-

tion often slows down for a certain period in the ferrite phase

during fatigue testing of DSS. This has often been attributed to

the effective barriers of the phase boundary and high strength

of the ferrite phase. In the present study, the combined effect

of the better corrosion resistance and the higher strength of

the ferrite phase finally decreased the crack propagation rate.

4. Conclusion

(1) The oxidation of Z3CN20.09M DSS was more serious in

290�C water than in 290�C air. A full oxide film consist-

ing of oxides and hydroxides was formed in 290�C
water. By contrast, only a half-baked oxide film con-

sisting of oxides was formed in 290�C air.

(2) There are more compound particles formed in oxide

films tested in 290�C water than in oxide films tested in

290�C air, which decreases the elastic modulus and

hardness of the oxide films, especially in 290�C water.

(3) The fatigue lives of specimens tested in 290�C air were

about twice of those tested in 290�C water. The crack

propagation rates of specimens tested in 290�C water

were markedly faster than those of specimens tested in

290�C air.

(4) In 290�C water, the austenite phase of the Z3CN20.09M

DSS was easily deformed with lower PREN and thus

could be corroded more easily than the ferrite phase.

The island-like ferrite phase can postpone fatigue crack

propagation, especially when the specimens were

tested in 290�C water.
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