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Abstract: The fretting corrosion testing of A690 with a sliding amplitude of 100 µm and a normal 

force of 20 N was conducted in a manually designed equipment with a tube-on-plate contact 

configuration exposed to simulated pressurized water reactor (PWR) secondary water. While A690 

exhibits superior corrosion resistance, the fretting wear results in a two orders of magnitude faster 

oxidation rate at the contacting surface. A detailed characterization reveals that the fretting wear-

induced dynamic stress/strain does not only constantly break the integrity of the oxide scale but also 

accelerate the consumption of Cr in the near-surface metal matrix. The degradation of corrosion 

resistance of A690 under fretting wear can be mainly attributed to 1) the decrease of oxide scale 

thickness; 2) the introduction of nanocavities and nano-cracks at the grain boundaries of the oxide 

scale; 3) the formation of a nano-grained Cr-depleted matrix zone under the oxide scale. These findings 

suggest that, for the structural alloys serviced at elevated temperatures, even a small amplitude motion 

with low normal stress against their contacting surface could significantly deteriorate their corrosion 

resistance. Hence, the service lifetime of the structural alloys needs to be reconsidered once friction is 

existing. 
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1. Introduction 

To reduce the emission of CO2, nuclear power has been selected as one of the most promising 

substitutional energies of fossil fuel [1]. Currently, most of the in-service nuclear reactors are Gen-II 

and Gen-III [2], with Gen-IV nuclear reactors being actively developed by various institutes to further 

improve the safety and thermal efficiency [3-7]. As one of the most widely constructed nuclear reactors, 

PWRs are expected to prolong their lifetime from 40 years to 60 years, or if possible, to 80 years [8]. 

For this purpose, it is critical to preserve the integrity of the structural components in the harsh PWR 

environments during the prolonged operations. 

Among the variety of structural components in PWRs, the normal operation of steam generators (SGs), 

which are primarily responsible for the heat exchange between the primary and secondary circuits and 

isolating the radioactive products from the primary to the secondary circuits, is directly related to the 

safety of the nuclear power plants [9]. The service environment for the SG tubes is exceptionally harsh, 

mainly due to high temperature, high stresses, and severe chemical corrosion [2]. Compared with 

ferritic/martensitic and austenitic stainless steels, Ni-based alloys tend to have much better corrosion 

resistance in high-temperature aqueous environments [5]. Consequently, the SG tubes were initially 

made of Ni-based 600 alloy (Ni-16Cr-7Fe) and then replaced by Ni-based A690 (Ni-30Cr-10Fe) due 

to the severe stress corrosion cracking (SCC) of 600 alloy after a relatively short service time [10-12]. 

The content of Cr was increased to ~30 wt.% in A690 to improve its corrosion resistance in the high-

temperature water, as a result, obtaining an excellent SCC resistance. To date, the high-Cr Ni-based 

A690 has exhibited much better in-service SCC resistance than 600 alloy and no incidence of SCC of 

A690 has been reported in PWRs in service in either primary or secondary circuits since its first use 

in the late 1980s [10-12]. Consequently, A690 has been widely believed to be immune to SCC-induced 

failures in PWRs [8, 13]. 

Besides SCC, the small amplitude oscillatory motion of the SG tubes against the support plates, due 

to the flow-induced vibration (FIV), will lead to fretting wear at contacting surfaces between SG tubes 

and anti-vibration bars (AVBs) [2, 9]. Furthermore, the corrosion resulted by the high-temperature and 

high-pressure water in the secondary circuit will aggregate these damages together with the fretting 

wear. The simultaneous occurrence of fretting wear and corrosion, also named as fretting corrosion, is 

very common among the SG tubes, and such failures are difficult to overcome and avoid due to the 

lack of mechanistic understanding of loss of corrosion resistance under fretting corrosion conditions. 

A survey conducted by Dow [14] reported that many fretting-induced leaks occurred on the SG tubes 

in around 60 PWRs from 1992 to 1993. In addition, Hwang et al. [15] also found severe fretting 

corrosion related damages in Korean nuclear power plants. Moreover, such damages caused an 

unexpected shutdown in San Onofre Nuclear Generating Station Unit 3 in 2012 [16]. 

To alleviate the fretting corrosion related damages of SG tubes, many research efforts have been paid 

on the studies of the degradations of SG tubes under different conditions. However, the complicated 

environment in nuclear reactors complicates the study of fretting corrosion of SG tubes. In PWRs, the 

outer surfaces of the SG tubes and the AVBs are exposed into the secondary water, in which the 

temperature ranges from 270 to 290 C, the pressure is ~6.7 MPa, and the pH value ranges from 9.5 to 

10 [9, 17]. According to the experimental environments, the current research about the fretting 

corrosion of SG tubes can be mainly divided into four categories [2]: (a) Dry condition in air at room 

temperature [18-25]; (b) Dry condition in air at high temperatures [26-30]; (c) Water condition at room 
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temperature [31, 32]; (d) High-temperature and high-pressure water condition [17, 28, 33-41]. 

Although all these research works have significantly advanced our understanding of the fretting 

corrosion behaviors of SG tubes, the SG tubes, in practical conditions, are always serviced in the high-

temperature and high-pressure secondary water environment, which could introduce different types 

and/or extents of corrosion compared with those tested in other environments [8, 13]. As a result, the 

experiments conducted in air/water at room temperature may simplify the influence of the corrosion 

on the degradation of SG tubes. Also, the corresponding conclusions may not be applicable to the SG 

tubes operated in PWR secondary water. For example, it is found that the worn scars formed on A690 

tubes in water at room temperature are completely different from that in water at high temperature 

(285 C) [17]. The oxide scale formed on the worn scar in room-temperature water was loose with 

clear cracks, while it was compact in high-temperature water, which indicated different fretting 

corrosion mechanisms of A690 in water at room temperature and high temperature. Hence, to obtain a 

more reliable understanding of the degradation of SG tubes caused by the fretting corrosion in the 

operating condition, it is necessary to conduct the experimental testing in a simulated secondary water 

environment. 

A comprehensive understanding of the underlying mechanisms controlling the fretting corrosion of 

A690 in the simulated nuclear reactor environment is critical to avoid/alleviate fretting corrosion-

induced leaks in SG tubes. To date, a thorough understanding of the degradation of corrosion resistance 

of A690 in a simulated secondary water environment is still largely lacking due to the difficulties in 

collecting the requisite experimental scale of observations (micro-to-atomic) on the fretting corrosion 

damage zones, although the studies on this topic are progressing in recent years [17, 28, 33-41]. Recent 

advances in high-resolution microscopic techniques, which allow for a more detailed characterization 

of material microstructures, have greatly advanced our understanding of a variety of previously 

unsolved phenomena [42-47]. Here, we undertake a fundamental study on the cross-sections of A690 

tubes after the fretting corrosion testing using characterization techniques that span a number of length 

scales. The unprecedented micro-to-nano scale observations obtained in this study shed light on the 

underlying mechanisms controlling the accelerate corrosion of high Cr corrosion-resistant Ni-based 

alloys.  

2. Experimental 

The SG tubes used in this study were commercial nuclear grade A690 with a length of 16 mm, and 

inner and external diameters of 15.5 and 17.5 mm, respectively. 405 stainless steel (405 SS) was used 

as the AVB specimen, with a plate shape with dimensions of 7.6 × 12.2 × 3 mm3. The chemical 

compositions are listed in Table 1. Fig. 1 shows the electron backscattered diffraction (EBSD) images 

of the cross-section of A690 tubes. It is seen that the average grain size of A690 was ~70 µm. The 

microstructure of 405 SS was not examined in this study and it was reported to have a ferritic structure 

with an average grain size of 50 µm [37]. All the specimens were ultrasonically cleaned with deionized 

water and then dried with hot air before and after fretting corrosion tests. 

Table 1 Chemical compositions of the materials used in this study (wt.%) 

Materials C Cr Fe Si Mn P S Al Ni 

A690 0.023 30.3 9.6 0.30 0.23 0.008 0.002 0.25 Bal. 

405 SS  0.056 12.5 Bal. 0.60 0.58 0.025 0.013 0.15 0.50 
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Fig. 1. EBSD analysis of the A690 tube before the testing (step size= 0.5 µm). 

The fretting corrosion testing was conducted in a manually designed equipment with a tube-on-plate 

contact configuration inside an autoclave (Fig. 2a). The autoclave was connected to a water chemistry 

control loop [37] to maintain a simulated secondary water chemistry of PWR. The temperature, 

pressure, dissolved oxygen (DO), and pH of the secondary water were set as 285 C, 8.6 MPa, no more 

than 5 ppb, and 9.75, respectively. The axial direction of A690 tube was parallel to the horizon and 

perpendicular to the fretting direction (Fig. 2a). The normal force and sliding amplitude were 

controlled to be 20 N and 100 µm, respectively, which were chosen based on the practical operating 

conditions of the SG tubes [17, 48]. The fretting frequency and total cycles were set to be 5 Hz and 

500000, respectively. The total fretting corrosion time was ~28 h. It is noted that each test was repeated 

for at least 4 times and the corresponding results were averaged to ensure the accuracy in this study. 

  

(a)                                      (b) 

Fig. 2. Schematic diagram showing (a) the experimental equipment for the fretting corrosion testing 

and (b) the orientation of the TEM foils relative to A690 tube. 

The surface morphology of A690 tubes after fretting corrosion tests was analyzed using a Zeiss Merlin 

scanning electron microscope (SEM). A 3-dimensional optical microscope (OM, Bruker ContourGT-

1) was used to measure the wear volumes. Thin foils were prepared from A690 tubes after exposure 

by a dual-beam Zeiss Nvision 40 focused ion beam (FIB), which orientations are shown in Fig. 2b. 

The microstructure was analyzed by an aberration-corrected JEOL ARM200F transmission electron 

microscope (TEM), while the compositions and elemental distributions were detected by an electron 

energy loss spectroscopy (EELS) detector. Relative errors in EELS quantification were dominated by 

uncertainties in theoretical cross-sections and can be assumed to be ∼10% for most measurements. A 

Zeiss Merlin SEM equipped with an on-axis transmission Kikuchi diffraction (TKD) detector was used 
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for crystallographic analysis of the thin foils.   

3. Results 

3.1 OM and SEM analysis  

After the fretting corrosion testing in the simulated secondary water of PWR, a 3-dimensional OM was 

used to measure the volumes of the worn scars. The representative 3-dimesional profile micrograph is 

shown in Fig. 3a. The averaged wear volume and depth of the worn scars were measured to be ~3.49× 

106 µm3 and ~2.6 µm, respectively. The wear coefficient can be calculated based on the Archard 

equation [49-51]: 

V=KFS                                  (1) 

where K is the wear coefficient, V is the wear volume, F is the normal force, and S is the sliding 

distance. The calculated wear coefficient was 0.88 × 10-3 µm2/N. The representative SEM 

morphologies of the worn scars are shown in Fig. 3b. The surface of the worn scars was generally 

smooth. Many grooves were observed on the surface of the worn scars, and these grooves were parallel 

to the wear direction. Nearly no craters were observed on the surface of the worn scars, while a large 

number of detachments were observed, indicating a delamination wear mode [2, 9]. Oxide debris was 

occasionally observed on the worn scar surface, and the size was smaller than 100 nm. The 

representative SEM morphologies of the unfretted surface are shown in Fig. 3c. It is seen that the 

surface which was free of fretting wear had been oxidized during the fretting wear testing and was 

uniformly covered by discrete oxide particles. These oxide particles were widely reported as Fe-rich 

spinel oxides [2, 9]. 

 

(a) 

 

(b) 
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(c) 

Fig. 3. (a) The 3D-profile micrographs of the worn scars on A690; SEM-SE images showing the 

surface morphologies of the (b) worn scars and (c) unfretted surface. 

3.2 TEM/EELS analysis  

To study the effect of fretting wear on the corrosion of A690, three TEM foils (TEM foil 1-3, Fig. 3b) 

were prepared from the worn scar and two TEM foils (TEM foil 4-5, Fig. 3c) were prepared from the 

unfretted surface. The positions of these TEM foils are highlighted by the white rectangles (Figs. 3b 

and c). The TEM foils prepared from the unfretted surface only experienced corrosion during the 

testing. They were used to compare with those prepared from the worn scars, which experienced 

corrosion and fretting wear simultaneously during the testing. The orientations of the site-specific TEM 

foils relative to A690 tube are shown in Fig. 2b. After the TEM foils were thinned to a thickness of 

~50 nm, the morphologies of the TEM foils were preliminarily examined by SEM-InLens/SE imaging. 

The representative SEM-InLens and SEM-SE images of the TEM foils prepared from unfretted surface 

and worn scar are shown in Figs. 4a and b, respectively. The oxide and metal matrix can be 

distinguished by the different image contrasts. The surfaces of the worn scars and the interfaces 

between the oxide and metal matrix are highlighted by the yellow dashed lines.   

 

(a) 

 

(b) 

Fig. 4. The representative SEM-InLens/SE morphologies of the TEM foils prepared from (a) the 

unfretted zone (TEM foil-4) and (b) the worn scar (TEM foil-1).  
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3.2.1 Corrosion of A690 without fretting wear 

To study the corrosion of A690 without fretting wear in the secondary water, high-angle annular dark 

field (HAADF) and bright field (BF) imaging were conducted to examine the cross-section of A690, 

as shown in Fig. 5. In the HAADF and BF images, the oxide and the metal matrix can be easily 

distinguished due to their different image contrasts. It can be seen that the oxide scale was very thin, 

with an average thickness of ~10 nm. The discrete surface oxide particles observed on the outer surface 

(Fig. 3c) were also observed in Fig. 5. The diffraction contrasts in the BF images show that there was 

a nano-grained matrix layer with a thickness of about 1 µm under the surface oxide scale.  

 

Fig. 5. The HAADF and BF images showing the morphologies of the cross-section of A690 without 

fretting wear after the fretting corrosion testing. 

To examine the chemical composition of the oxide scales, EELS mapping was conducted. Fig. 6a 

shows a cross-section of a region where the inner oxide scale had no outer surface oxide particles 

above. As can be seen, the thin oxide scale was mainly enriched in Cr. The representative chemical 

composition measured from Region A was 55% Cr, 6% Fe, 3% Ni, and 36% O. Hence, the thin oxide 

scale was very likely to be composed of Cr2O3. Fig. 6b shows the cross-section of the inner oxide scale 

where it was covered by an outer surface oxide particle. The chemical composition of the thin inner 

oxide scale (Region B) under the outer oxide particle was similar to that of Region A. The chemical 

composition of the outer oxide particle (Region C) was 55% O, 1% Cr, 29% Fe, and 15% Ni, which is 

very likely to be NiFe2O4. It is worth noting that the matrix under the inner oxide scale was not 

effectively protected since discrete Cr-rich oxide precipitates were observed, suggesting internal 

oxidation might have occurred. The chemical composition measured from the specific regions are 

summarized in Table 2.  
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(a) 

 

(b) 

Fig. 6. HAADF images and related qualitative EELS chemical composition maps showing the 

elemental distribution of O, Cr, Fe, and Ni of A690 without fretting wear: (a) surface oxide zone 

without oxide particle and (b) surface oxide with oxide particle. 

Table 2 Site-specific chemical compositions measured by EELS. 

Regions 
Composition (at. %) 

O Cr Fe Ni 

A 36 55 6 3 

B 37 53 9 1 

C 55 1 29 15 

D 56 15 19 10 

E 0 18 8 74 

F 0 21 9 70 

G 0 27 9 64 

H 0 32 10 58 
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3.2.2 Corrosion of A690 with fretting wear 

Fig. 7 shows the HAADF and BF images of the cross-section of A690 prepared from the worn scar, 

where no obvious inner and outer oxide layers are observed. The average thickness of the oxide scale 

was ~2.5 µm, which was higher than that formed on the surface without fretting wear (Fig. 6). Further 

observation shows the existence of metallic phase. The shapes of the metallic phase were irregular, 

and the sizes ranged from several nanometers to several microns. In addition, a crack was observed in 

the oxide scale. The BF images show that the metal matrix under the oxide scale was composed of 

nano-sized grains. The metal phase in the oxide scale also appeared to consist of nano-sized grains.  

 

Fig. 7. The HAADF and BF images showing the morphologies of the cross-section of A690 with 

fretting wear after the fretting corrosion testing. 
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The chemical composition distribution on the cross-section of A690 prepared from the worn scar was 

analyzed by EELS. The HAADF image and the corresponding EELS chemical composition maps are 

shown in Fig. 8a, in which the oxide was enriched with Fe and depleted in Cr and Ni. Based on the 

data from the spot analysis, the oxide in Region D seemed to be Cr- Fe-Ni spinel (57% O, 13% Cr, 19% 

Fe, and 11% Ni). The metal phase in Region E was composed of 25% Cr, 6% Fe, and 69% Ni. Besides, 

Cr in Region F was much lower than that in the original metal matrix (Region H, Fig. 7). In addition, 

Cr-rich carbides were observed in the matrix and expected to have formed before the ferreting 

corrosion tests. The HAADF image and the corresponding EELS chemical composition maps around 

the oxide/matrix interface are enlarged in Fig. 8b. A large number of nano-sized metallic particles, 

mainly composed of Ni, were observed. The elemental distribution across the oxide-metal matrix 

interface was revealed by an EELS line-scan, as shown in Fig. 8d. It is seen that the chemical 

compositions in the oxide scale and the metal matrix under the oxide scale were not uniform. The Cr 

content in the matrix decreased towards the oxide scale, suggesting that Cr was depleted in the near-

surface metal matrix. The content of Ni in the near-surface matrix showed an opposite trend, while the 

content of Fe nearly remained constant. Further observation shows that the oxide scale consisted of 

nano-sized oxide grains (Fig. 9c), and a large number of nanocavities and nano-cracks were observed 

at the grain boundaries of nano-sized oxide, as highlighted by dashed circles. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 8. (a) HAADF image and related qualitative EELS chemical composition maps; (b) higher 

resolution HAADF image and related qualitative EELS chemical composition maps; (c) magnified 

HAADF image of Area 1; (d) EELS line-scan showing the qualitative chemical composition 

distribution of O, Cr, Fe, and Ni. 

3.3 TKD analysis 

The cross-section of A690 without fretting wear was analyzed by on-axis TKD. According to the 

different image contrasts, the forward scatter detector (FSD) image in Fig. 9a can distinguish the 

surface oxide and the metal matrix, and the oxide/metal matrix interface is considered as the original 

surface of the specimen, as highlighted by a white dashed line. The thickness of the surface oxide scale 

was ~10 nm. Furthermore, it shows a nano-grained layer under the original surface and a plastic 

deformation layer with many deformation bands, as pointed out by the black arrows, under the nano-

grained layer. The nano-grained layer/plastic deformation layer interface is highlighted by a yellow 

dashed line. The position of the interface is mainly identified based on the morphology of the grain 

shape. The pattern quality map in Fig. 9b and the inverse pole figure (IPF) maps in Fig. 9d shows 

clearer images. Moreover, the detailed morphologies of the nano-grained layer are shown in a 

magnified grain shape map, as shown in Fig. 9e. The size of the grains was not uniform ranging from 

less than 10 nm to 500 nm and much smaller than the average size of A690 (70 µm, Fig. 1). Fig. 9c 
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shows the distribution of different phases in the cross-section. The metal matrix, Cr-rich carbide and 

oxide are indexed as austenite, Cr23C6, and spinel, respectively. The austenite and spinel cannot be 

distinguished effectively by TKD because of the similar crystallographic structure, as shown in Fig. 

9c.  

 

(a) 

  

(b)                           (c) 

 



 13 / 24 

 

(d) 

 

(e) 

Fig. 9. TKD analysis on the cross-section of A690 without fretting wear after the fretting corrosion 

testing (step size=3 nm, collected Kikuchi pattern resolution=800 × 1200). (a) FSD map; (b) pattern 

quality map; (c) phase map (austenite in red, spinel in green, Cr23C6 in blue); (d) IPF maps with 

orientation legend of FCC phase; (e) magnified image showing the distribution of grain shapes. 

Fig. 10a shows the FSD image of the cross-section of A690 prepared from the worn scar. It is seen that 

a metal phase existed in the oxide scale, and a nano-grained layer and a plastic deformation layer under 

the oxide scale. The surface of oxide scale is highlighted by a white dashed line, the oxide scale/metal 

matrix interface is highlighted by a red dashed line, and the nano-grained layer/plastic deformation 

layer interface is highlighted by a yellow dashed line. The different features can also be observed in 

the pattern quality map (Fig. 10b) and the IPF maps (Fig. 10d). The size of grains in the nano-grained 

layer increased from ~200 nm to ~800 nm along the direction towards the matrix (Fig. 10b). Fig. 10c 

shows the phase distributions on the cross-section. Although the spinel oxide and the austenite metal 

cannot be effectively distinguished, the FSD image can be combined with the phase map to identify 

the positions of the oxides. Cr23C6 carbides were also observed in the matrix. The enlarged IPFZ image 

(Fig. 10e) shows that the oxide scale was composed of nano-sized grains (less than 100 nm), which is 

consistent with the results in Fig. 8c. 

 

(a) 
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(b)                                          (c) 

 

(d) 

 

(e) 

Fig. 10. TKD analysis on the cross-section of A690 with fretting wear after the fretting corrosion 

testing (step size=3 nm, collected Kikuchi pattern resolution=800 × 1200). (a) FSD map; (b) pattern 

quality map; (c) phase map (austenite in red, spinel in green, Cr23C6 in blue); (d) IPF maps with 

orientation legend of FCC phase; (e) magnified IPFZ image. 
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4. Discussion 

4.1 The high-temperature water corrosion of A690 without fretting wear 

The high-temperature water is normally reported to endanger the long-term safe running of the 

structural materials used in the nuclear reactors due to the corrosion-related degradations. The 

corrosion of A690 in the nuclear reactor environment has been extensively studied [11-13, 52-54]. It 

is generally reported that this alloy has superior corrosion resistance in the high-temperature water due 

to its over 30 wt.% of Cr content in the matrix, which could facilitate the formation of a compact 

chromia oxide scale on the surface to protect the alloy from further oxidation [11-13, 52-54]. The 

superior corrosion resistance of this alloy was attributed to the formation of a super thin surface oxide 

scale, which is normally less than 20 nm [13, 52-54]. This will inevitably increase the technical 

difficulty in analyzing the oxide scale formed on this alloy and prevent the mechanistic understanding 

of the corrosion of this alloy in the high-temperature water. In addition, A690 studied in literature has 

always been well-polished to remove the cold-worked sublayer caused by the process of sample 

preparation [13, 52-54]. However, the A690 SG tubes used in the nuclear reactors always have a cold-

worked sublayer caused by the process of manufacturing. Hence, the results obtained from the well-

polished A690 may not be representative to the in-service performance of A690 SG tubes. 

The A690 used in this study was prepared from the commercial nuclear grade A690 tubes. No further 

treatment was conducted on this alloy before the testing. Hence, the results obtained from the present 

study could be more representative to the in-service performance of A690 SG tubes. As shown in Figs. 

5 and 9, a nano-grained sublayer can be observed under the unfretted surface. The thickness of this 

sublayer was not uniform, about 1 µm on average. This sublayer is believed to be formed during the 

process of manufacturing. The ununiform thickness of the nano-grained sublayer suggests that the 

surface deformation during the manufacturing was not uniform either. The HAADF-EELS analyses 

show that the oxidation of the unfretted surface of A690 tube was also not uniform, and two 

representative cross-sectional regions can be observed (Figs. 6a and b). Fig. 6 shows the region which 

was covered by a thin Cr-rich oxide scale (~ 10 nm). A relatively thicker oxide scale is also observed 

in Fig. 6b, while the metal matrix was not effectively protected since internal oxide precipitates were 

observed in the metal matrix under the oxide scale. 

The internal oxidation was believed to be unable to occur at the PWR operating temperatures until a 

recent work conducted by Shen et al. [55], in which the internal oxidation occurred in a 20% cold-

worked 316 stainless steel (316 SS) after oxidized in 340 ℃ high-temperature water but not in a 0% 

cold-worked 316 SS. These authors proposed that although the cold work could enhance the outward 

diffusion of Cr and facilitate the formation of a compact Cr-rich oxide scale, the inward diffusion of 

oxygen could also be accelerated simultaneously due to the existence of high-density defects in the 

cold-worked matrix. If the inward diffusion of oxygen is faster than the outward diffusion of Cr, the 

internal oxidation could occur. The results observed in Fig. 6 could be well explained by the theory 

proposed in [55]. The representative region in Fig. 6a was due to a faster outward Cr diffusion than 

the inward oxygen diffusion, resulting in the fast formation of a thin Cr-rich oxide layer and protecting 

the underneath metal matrix. However, the inward oxygen diffusion was faster than the outward Cr 

diffusion in Fig. 6b, which could allow the inward diffusion of oxygen into the metal matrix and lead 

to the occurrence of internal oxidation before the formation of a continuous Cr-rich oxide layer. 

Consequently, it is reasonable to believe that the ununiform deformation in the nano-grained layer 
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could result in different extent of surface oxidation at different regions (ununiform oxidation). The 

effect of surface state on the surface oxidation has also been studied by other researchers [55-59]. 

4.2 Origin of the surface oxide scale on the worn scars of A690 

As shown in Fig. S1a, a TEM foil was prepared from the edge of the worn scar, which was covered by 

the oxide debris generated during the fretting corrosion testing. Fig. S1b shows that the interface 

between the oxide scale and metal matrix was quite flat, which corresponds with the original surface 

of A690 tube, confirming that the oxide scale was formed by the pile-up of the oxide debris from the 

surrounding fretting corrosion regions during the testing. The oxide debris was compressed by the 

AVB specimen during the testing to form a relatively compact oxide scale, which protected the 

localized metal matrix from fretting corrosion. The EELS elemental distribution maps show that the 

chemical composition of the oxide scale was not uniform (see Cr-map in Fig. S1b). This is mainly 

because the oxide debris came from the oxidation of A690 and 405 SS, and the oxidation of the two 

alloys with much different Cr contents (30.3 wt.% vs. 12.5 wt.%) would result in the formation of 

oxides with different Cr contents. The significant Cr fluctuations in the oxide scale could be explained 

by the mixture of the oxide debris with different Cr content from the two alloys, as seen in Fig. S1b. 

In addition, no metallic phases were observed in the oxide scale, which was different from the oxide 

scale formed on the worn scars (Figs. 7 and 8). 

As to the origination of the surface oxide scales on the worn scars of A690, two possibilities are 

suggested. The first one is that it was formed by the pile-up of the oxide debris, similarly to that in Fig. 

S1. Since the oxide scale in Fig. S1 has been demonstrated to be formed by the pile-up of oxide debris, 

if the formation of the oxide scales on the worn scars (Figs. 7 and 8) was also due to the oxide debris 

pile-up, their microstructure and microchemistry should be similar. EELS analysis showed that the Cr 

distribution in the oxide scales formed on the worn scars was generally uniform (Cr-map in Fig. 8), 

which was different from that in Fig. S1b. Hence, the absence of significant Cr fluctuations in the 

oxide scale formed on the worn scars suggests that the formation of the oxide scales on the worn scars 

was not due to the oxide debris pile-up. Consequently, the first possibility can be ruled out. The second 

one is that it was formed by the accelerated internal oxidation of the metal matrix of A690. As shown 

in Figs. 7 and 8, a large number Ni-rich metallic phases existed in the oxide scales formed on the worn 

scars. All the metallic phases were indexed as austenite, corresponding to the residual metal matrix of 

A690. The co-existence of metallic phase and oxide phase in the oxide scale is a typical feature of 

internal oxidation, which was also observed in Alloy 600 with a cold-worked surface after oxidized in 

the simulated PWR primary water [55-57]. Internal oxidation had been observed on the area without 

fretting wear due to the prior near-surface deformation caused by the process of manufacturing (Fig. 

6b). Compared with the surface without fretting wear, the internal oxidation under the surface with 

fretting wear was significantly accelerated. This is mainly because the fretting wear would not only 

continuously introduce deformation into the near-surface region but also introduce dynamic 

stress/strain into the oxide scale, breaking the compact structure of the oxide scale (and its 

protectiveness) and accelerating the oxidation of metal matrix.  

4.3 The effect of fretting wear on the loss of corrosion resistance of A690 

As shown in Fig. 7, the thickness of the oxide scale on the worn scars of A690 was ~2.5 µm, which 

was about 250 times thicker than that formed on the surface without fretting wear (~10 nm, Fig. 6). It 

is worth noting that the actual thickness of the oxide scale on the worn scars should be even thicker 



 17 / 24 

 

since the fretting wear had led to the thinning of the oxide scales. The average depth of the worn scars 

of A690 was measured to be ~2.6 µm. If we assume that the formation of the worn scars was due to 

the thinning of the oxide scale, the total thickness of the oxide scale formed on the surface with fretting 

wear should be doubled. It suggests that the oxidation rate of A690 with fretting wear was over 500 

times faster than the surface without fretting wear. 

For alloys subjected to high-temperature environments, it is crucial to grow a continuous, slow 

growing, thermodynamically stable oxide scale, which works as a diffusion barrier [60]. To achieve 

this objective, a certain content of stable-oxide-forming elements such as Cr, Al, and Si, is required 

[61]. The minimum content of stable-oxide-forming elements is required for two reasons: 1) to achieve 

an external oxidation; and 2) to provide a diffusive flux of elements towards the oxide scale, to enable 

its sustained growth and reformation in case of exfoliation. If the content of the stable-oxide-forming 

elements is lower than this critical value, a protective oxide scale cannot form and internal oxidation 

may continue. For A690, the stable-oxide-forming element is Cr. Although localized internal oxidation 

was observed (Fig. 6b), a thin continuous Cr-rich oxide layer was formed on the whole surface of A690 

without fretting wear, which indicates that the Cr content in this alloy was high enough for the 

occurrence of external oxidation. Hence, it is reasonable to attribute the loss of corrosion resistance of 

A690 during the fretting corrosion testing to the fretting wear between the contacted surfaces. 

Most of the studies in literature about the fretting corrosion of A690 in high-temperature water were 

mainly focused on quantifying the wear value and characterizing the worn scar surface morphology 

[28, 34, 35, 37, 39, 40], but the high-resolution study on the cross-section of worn scars is rarely 

reported, which has been demonstrated to be an effective way of understanding the the mechanisms 

controlling materials degradations [17, 33, 36, 38]. The detailed high-resolution characterization 

analyses on the cross-sections of A690 with and without fretting wear in this work provided new 

insights into the mechanistic understanding of the loss of corrosion resistance of A690. On the one 

hand, the fretting wear would reduce the thickness of the oxide scale, and then reduce its blocking 

effect on ion diffusion. On the other hand, the dynamic stress/strain caused by the fretting wear would 

constantly break the integrity of the oxide scale by introducing a large number of nanocavities and 

nano-cracks into grain boundaries of the oxide scales (Fig. 8c). The oxide scale would then completely 

or partially loss its protectiveness, depending on the extent of damages caused by the fretting wear. 

More oxygen, as a result, would diffuse into the metal matrix and result in the fast thickening of the 

oxide scale.  

The fretting wear would not only reduce the protectiveness of the oxide scale, but also change the 

microstructure of the near-surface metal matrix. As shown in Figs. 7 and 10, a nano-grained layer was 

observed just beneath the oxide film. Since the depths of the worn scars were larger than the original 

thickness of the nano-grained layer caused by manufacturing, the nano-grained layers observed in Figs. 

7 and 10 are believed to be caused by the fretting wear during the testing. The fretting wear-induced 

mechanical deformation and nano-recrystallization in the near-surface metal matrix could accelerate 

the outward diffusion of Cr to the oxide scale due to the increased grain boundary density [55-59]. 

However, the enhanced outward diffusion of Cr would not necessarily result in the formation of a more 

compact surface oxide scale due to the dynamic stress/strain-induced nanocavities and nano-cracks in 

the oxide scale as mentioned above. The enhanced Cr outward diffusion would consume more Cr and 

result in more significant Cr depletion in the near-surface metal matrix. The Cr-depletion in the metal 

matrix and the dynamic stress/strain, as a result, would also accelerate the internal oxidation of A690. 
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4.4 The effect of high-temperature water corrosion on the fretting wear of A690 

In a recent work conducted by Lai et al. [17], it is found that the wear volume of A690 in high-

temperature water was much smaller than that in air at room temperature, under which the corrosion 

of A690 can be neglected compared with that in the high-temperature water. It indicates that although 

the fretting wear could accelerate the high-temperature water corrosion of A690, the high-temperature 

water corrosion, on the contrary, could inhibit its fretting wear [17]. The hardness of the oxides is 

generally greater than that of the metal matrix, which is believed to exhibit better wear resistance [62-

66]. The relatively thick oxide scale formed in the high-temperature water, as a result, could work as 

a glaze layer and protect the underneath metal matrix from the fretting wear [17]. Hence, the decreased 

wear volume in the high-temperature water was attributed to the formation of an oxide scale in this 

corrosive environment [17]. The high-temperature water corrosion is always detrimental to the service 

performance of the structural materials. However, the oxide scale formed in this environment could 

significantly improve their fretting wear performance.  

4.5 Current understanding of the fretting corrosion on the degradation of A690 

The fretting corrosion-induced degradation of A690 tubes in the PWR secondary water has been 

demonstrated to be the synergistic effect of high-temperature water corrosion and fretting wear. 

According to the results reported in this study and in literature [17, 28, 33-41], a detailed description 

of the synergistic effect of high-temperature water corrosion and fretting wear on the degradation of 

A690 is proposed in Fig. 11. Prior to the fretting corrosion testing, the manufacturing process 

introduced a nano-grained layer and a plastic deformation layer under the surface of A690 tubes. Once 

the A690 tube is exposed to the high-temperature water, the increased grain boundary density in the 

nano-grained layer enhances the outward Cr diffusion, resulting in a rapid formation of a Cr-rich oxide 

scale with locally internal oxidation, as shown in Fig. 11a. Although the initially formed Cr-rich oxide 

scale is superior protective, the dynamic stress/strain caused by the fretting wear between A690 tube 

and the AVB specimen constantly breaks the integrity of the Cr-rich oxide scale by introducing 

nanocavities and nano-cracks in the oxide scale, which will inhibit the occurrence of external oxidation 

and accelerate the internal oxidation. With the increase of the testing time, the oxide scale thickens due 

to the accelerated internal oxidation while the fretting wear is simultaneously reducing the thickness 

of the oxide scale. At the same time, more and more Cr in the near-surface metal matrix is consumed 

in the healing of the surface oxide scale, resulting in the formation of a Cr-depletion zone under the 

oxide scale. Hence, the contacting surface of A690 tube will suffer a rapid internal oxidation during 

the entire experimental period. Due to the greater hardness of the oxide in comparison with the metal 

matrix, the formation of an oxide scale on the worn scars will increase the fretting wear resistance of 

A690 tube. Although the fretting wear resistance of A690 tube is increased by the formation of an 

oxide scale, the oxide scale is not immune to the fretting wear-induced damages. The fretting wear 

between A690 tube and the AVB specimen will not only introduce defects into the oxide scale, but also 

decrease its total thickness, resulting in an enhanced internal oxidation. Although the oxide scale on 

the surface of the worn scars prevents the direct contact of the metal matrix of A690 tube and the AVB 

specimen, the fretting wear between them can still mechanically change the microstructure of the 

underneath metal matrix, resulting in the formation of a nano-grained layer under the oxide scale. 

Hence, a nano-grained metal matrix layer can be consistently observed underneath the oxide scale 

during the entire experimental period (Fig. 11b). The high grain boundary density in the nano-grained 

layer will, in return, accelerate the outward diffusion of Cr and enhance the consumption of Cr in the 
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near-surface metal matrix.  

 

(a)                                       (b) 

Fig. 11. Schematic images showing the cross-sectional morphologies of A690 a) without and b) with 

fretting wear in the simulated PWR secondary water. 

5. Conclusions 

Cross-sections of the corrosion-resistant Ni-based A690 have been comprehensively studied by 

multiple advanced characterization techniques after fretting corrosion testing in simulated PWR 

secondary water. The major findings in this study can be summarized as follows: 

1) A690 follows external oxidation when the surface is free of fretting wear, while localized internal 

oxidation is also observed due to the prior manufacturing-induced ununiform deformation in the 

near-surface matrix. 

2) The relatively thick oxide scale on the worn scars is formed by the accelerated internal oxidation 

of A690 instead of the pile-up of oxide debris due to the different chemical composition distribution 

in comparison with the oxide scale formed by the pile-up of oxide debris.  

3) The fretting wear introduces dynamic stress/strain between the contacting surface, which 

constantly break the integrity of the oxide scale, as well as resulting in the formation of a nano-

grained matrix layer under the oxide scale. Although the nano-grained matrix layer usually could 

accelerate the Cr outward diffusion and result in a better corrosion resistance, the constant 

breakdown of the oxide scale integrity by the fretting wear would not enhance its corrosion 

resistance but accelerate the Cr consumption in the nano-grained matrix layer. 

4) The fretting wear deteriorates the corrosion resistance of A690 mainly in three ways: a) reducing 

the thickness of the oxide scale; b) introducing nanocavities and nano-cracks into the grain 

boundaries of the oxide scale; c) accelerating Cr consumption in the near-surface nano-grained 

matrix. 
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