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Abstract The impact fretting wear has largely occurred at
nuclear power device induced by the flow-induced vibra-
tion, and it will take potential hazards to the service of the
equipment. However, the present study focuses on the
tangential fretting wear of alloy 690 tubes. Research on
impact fretting wear of alloy 690 tubes is limited and the
related research is imminent. Therefore, impact fretting
wear behavior of alloy 690 tubes against 304 stainless
steels is investigated. Deionized water is used to simulate
the flow environment of the equipment, and the dry envi-
ronment is used for comparison. Varied analytical tech-
niques are employed to characterize the wear and
tribochemical behavior during impact fretting wear. Char-
acterization results indicate that cracks occur at high
impact load in both water and dry equipment; however, the
water as a medium can significantly delay the cracking
time. The crack propagation behavior shows a jagged shape
in the water, but crack extended disorderly in dry equip-
ment because the water changed the stress distribution and
retarded the friction heat during the wear process. The
SEM and XPS analysis shows that the main failure
mechanisms of the tube under impact fretting are fatigue
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wear and friction oxidation. The effect of medium(water)
on fretting wear is revealed, which plays a potential and
promising role in the service of nuclear power device and
other flow equipments.
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1 Introduction

As a special type of damage occurring at the contact surface,
fretting can cause rapid crack formation of working com-
ponents and lead to premature service failures [1]. Accord-
ing to the directions of the relative motions, four basic
fretting modes exist, namely, tangential, radial, rotational,
and torsional [2, 3]. These four models belong to the con-
dition matched interface. Nevertheless, only a few studies
focus on the separation of fretting wear modes, particularly
of impact wear. Impact wear is a subtle amount of vibration
that occurs on the surfaces of two objects. Numerous studies
have reported that repeated impact fretting produces cracks
and that the cracks propagate and cause the objects to fail.
Zhao, et al [4], postulate delamination theory of wear, which
is mainly concerned with deformation below the surface.
Xin, et al [5], investigate that there are five layers: oxide
layer, mixed layer, TTS layer, plastic deformation layer and
base materials in the fretting wear subsurface. Sato, et al [6]
describe the significant differences in impact-fretting wear
by comparing impact-fretting wear with pure impactor with
fretting, which show that dynamic corrosion followed the
parabolic law of oxidation of metals and the thermal acti-
vation process.

Numerous fretting damages exist at various parts of
nuclear power systems [7], such as reactor fuel assembly,
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control rod assembly [8], reactor component, steam gen-
erator, pressure vessel [9], main pump, and coolant pump.
The steam generator is a key equipment in nuclear power
systems, and fretting damage is one of the main reasons
[10] causing its failure. With high thermal strength, good
corrosion resistance, anti-oxidation, and other characteris-
tics, alloy 690 is extensively used in the nuclear power and
aerospace fields. In nuclear power plants, U-tubes in the
steam generator are supported by structures called egg
crates. Flow-induced vibration of the U-tubes causes wear
to occur on the zone of contact and generates combinations
of impacting and sliding motions between the U-tube
against the support [11-14]. Recently, most of the domestic
and foreign studies on wear have concentrated on the
sliding wear or bending behavior of the steam generator
tubes. In another study, bending (four-point or three-point
bending) has been used to determine the damage behavior
of tubes or rods [15]. Gueout, et al [16] report that wear of
pure sliding is larger than impact wear in the case of anti-
vibration bar testing. In particular, the wear amount of
impact sliding increase more than that of pure sliding or
impact wear test. Jeong, et al [17], indicate that the friction
coefficient in air is higher than that in water. The friction
coefficient and wear rate increased as the temperature of
water increase in the water environment. Chung, et al [18],
conclude that the wear coefficient in ambient room tem-
perature is lower than 80 °C in water conditions and
explain that the protective nature of the tribologically
transformed layers could decrease the wear volume. Most
of study focus on the tangential fretting wear of alloy 690

Table 1 Chemical composition of wear tested materials (Wt%)

tubes, and research on impact fretting wear of alloy 690
tubes is limited. The impact fretting wear behavior of alloy
690 is significant in the evaluation of the life of steam
generator tubes in nuclear power plants and in better
understanding the wear mechanisms of steam generator
tube materials.

In this study, an impact fretting wear simulator was
demonstrated to elucidate the impact wear behavior under
the dry and deionized water conditions at room
temperature.

2 Experimental Method and Materials
2.1 Specimen Preparation

The test materials used in this study were alloy 690 and
commercial nickel-based alloys as steam generator tube
materials in nuclear power plants. The dimensions of the
tube specimens were 17.48 mm diameter, 1 mm wall
thickness, and 10—15 mm length. The counterpart
materials were 405 stainless steel used as tube support
materials (anti-vibration bar) in the power plants, which

were cut into plate specimens with
8 mm x 8 mm x 25 mm size. These plates were ground
with  sandpaper until their roughness reached

Ra = 0.02 um. The chemical compositions of the two
tested materials are shown in Table 1. Prior to the test,
tall tribo-pair specimens were cleaned with acetone by
ultrasonic cleaning instrument.

Specimen C Si Mn Ni Cr Fe
690 alloy 0.015-0.025 <0.50 <0.50 >58 28.5-31 9.0-11.0
405 SS 0.07 0.87 1.08 - 13.80 Balance

#Cycle below 10°, cracks appeared at the contact zone in the tubes

Fig. 1 Schematic of the impact
in the nuclear power device and
its impact fretting wear tester. 1.
Vibration exciter; 2. Force and
acceleration transducer; 3.
Upper clamp; 4. Plate specimen;
5. Tube specimen; 6. Lower
fixer; 7. Container
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2.2 Impact Fretting Test As shown in Fig. 1, alloy 690 tube was fixed in a “V”

groove fixture, the load sensor was connected to the
A small displacement impact wear testing machine with  vibrator, and the plate specimens were installed under the
tube-on-plate configuration had been developed to simulate  load sensor by the upper fixture. During the test, the impact
the impact fretting wear phenomenon between the tube and ~ wear test used a force control mode. The impact force

the support material, as shown in Fig. 1.

Table 2 Number of impact cycles in different loads and tube (x 10%)

could be changed by adjusting the magnitude of the

Tube length L/mm Lubrication condition Impact load F,/N

20 30 40 45 50
10 Dry 10 10 3 22 1.3
10 Water 10 10 10 3.9 1.8
15 Dry 10 10 10 10 9
15 Water 10 10 10 10 10
Fig. 2 Morphologies and 2D
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current. When the tube was impacted by the plate, the  and 10° cycles were selected in all the tests, and the applied
impact contact force can be measured by the load sensor.  normal peak loads were set as 20 N, 30 N, 40 N, 45 N, and
The impact block was raised when the peak force was 50 N. A visual monitoring device observed the status of the
reached. Two types of lubrication conditions, namely, dry  interface during the test. If a macroscopic crack was
and water(deionized water), were obtained at room tem- observed on the tube surface, then the test was stopped and
perature. A frequency of 5 Hz of the 1 mm impact distance  the computer recorded the cycle number.
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(a) ,, =20

(¢) F,=45N

100 pm

(b)F,=40N

100 pm
———————

(d)F,=50N

Fig. 5 SEM microphotograph of the worn surface in the dry water condition, L = 15 mm

2.3 Analysis Methods 2)

After the wear test, the wear scar was observed by using the

white light interferometer(Contour GT type) and the wear

area was calculated. Various surface imaging and chemical
analysis techniques were conducted to reveal the wear and
damage mechanisms. These techniques included optical 3)
microscopy (OM, OLYMPUS BXS50 Japan), scanning
electron microscopy (SEM, JEOLJSM-6610LV), energy-
dispersive X-ray spectroscopy(EDX, OXFORD X-MAX50
INCA-250), and X-ray photoelectron spectroscopy(XPS,
Thermofisher Scientific, ESCALAB 250Xi).

3 Results and Discussion
3.1 Wear Behavior

The impact number under different loads in the dry and
deionized water conditions is shown in Table 2. Several
characteristics are observed as follows.

(1) With the increase in the applied normal load, the
time or fracture is shorter.

The 10 mm long tubes easily crack in the same
condition. For example, after increasing the length of
the tube, the number of fracture increases from
3 x 10° cycles to 9 x 10’ cycles because long tubes
have better flexibility and can absorb more energy
from wear and impact processing.

Compared with the impact of tube in dry and
deionized water, when the tube cracks in dry water,
the deionized water lubrication can significantly
delay the cracking time. The cycle of crack appear-
ance increases from 1.3 x 10° to 1.8 x 10° when
the impact load set as 50 N. Figure 2 shows the OM
and 2D profiles of the wear scar of the 15 mm long
tube in dry water. Increasing the impact loads results
in serious wear of the morphology of the tube.
Particularly when the load increases to 45 N, the
tube cracks until the end of the test. Wear depth
increases from 1 pm to 10 um when the impact load
increase from 20 N to 50 N. The uplift phenomenon
is observed at the edge of the wear surface. This
phenomenon indicates that the extrusion deformation
of material occurs during impact fretting wear and
remains negligible in smaller load.

@ Springer



Z.-B. Cai et al.

i3
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Fig. 6 SEM microphotograph of the worn surface in the deionized
water condition, L = 15 mm
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Fig. 7 EDX spectrum of the worn surface (corresponding to the
green zone in Figs. 5(b) and 6(b))

The OM and 2D profiles of the wear scar of the 15 mm
long tube in deionized water are shown in Fig. 3. Between
the OM and 2D profiles of the impact wear scar in the dry
and deionized water conditions, the impact wear depth is
smaller in the deionized water condition than that in the dry

@ Springer

water condition. The maximum wear depth was approxi-
mately 8 um in water.

Figure 4 shows the wear area and depth in the two types
of lubrication conditions. Generally, the wear area is lin-
early dependent on the applied load and the lubrication
induces the reduction in wear. However, Fig. 4 also shows
that the wear depth and area do not increase linearly with
the increase in load. When the impact load is lower than
40 N, the values of the wear area and depth slightly
change. When the load increases to 50 N, the wear area
was 1.8 times that of the value in dry water because if the
contact stress is higher than a certain level, then severe
plastic deformation accompanied by abrasive wear lead to
considerable material loss [19]. In the dry water condition,
the debris from the loose material could form a three-body
bed, separate the contact interface, and reduce wear.
However, in this test, the contact zone has a curved surface
and the loose material is easily removed. Thus, a dark worn
surface is not observed in Fig. 2. The wear area and depth
in deionized water were less than that in dry water, which
was understandable. Wang [20] propose that the damping
effect decrease the wear rates in the deionized water during
the same motivation support conditions.

Figure 5 shows the microphotograph of the worn surface
in the dry water condition. When the impact load was set as
20 N, worn particles are observed on the plastically
deformed surface. When the load set as 40 N, the wear
becomes serious. Particles are rarely observed on the worn
surface because the surface is pressed, compact, and tidy.
Cracks appear at 45 N; two intersecting cracks are visible
at the edge of the wear scar (Fig. 5c), and a crack runs
through the entire tube at 50 N. Damage accumulation
cause the material to be unable to resist the continuous
impact stress. Figure 6 shows the wear microphotograph of
the worn surface in the deionized water condition. When
the impact load set as 20 N, wear is slight and the surface
of the original machining marks is observed (Fig. 6a). A
small amount of delamination layer is observed on the
worn surface. On one hand, water has a lubricating effect
that modifies the contact surface stress and friction during
the test. On the other hand, the liquid was conducive to the
spread of friction heat.

The worn surface compositions were investigated by
using EDX (Fig. 7) in the dry and deionized water condi-
tions. The “A” and “B” positions are selected for EDX in
the scar, as shown in Figs. 5 and 6. The EDX results
indicated that oxidative wear was one of the crucial dam-
age effects for the tube sample under the impact wear
condition. Compared with the dry water condition, the
oxygen content of the worn sample in the deionized water
condition is lower. Thus, the impact wear loss in the dry
water condition is more serious than that in the deionized
water condition.
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Fig. 8 XPS spectra of the wear scars in the dry and deionized water conditions: F,, = 40 N, L = 15 mm

Fig. 9 SEM micrographs of the
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Figure 8 shows the XPS spectra of Cr2p, Ni2p, and
Fe2p from the scar surfaces in the dry and deionized water
conditions. As shown in Fig. 8a, two typical peaks in the
spectrum of Cr2ps,, are observed. The peak observed at
577.3 eV is ascribed to Cr,Osz, and the other peak is
ascribed to Cr (its binding energy is 574.3 eV), Cr(Ill)
oxide fit with multiplet as shown above and fit Cr metal
with asymmetric peak, Native oxide on Cr metal may be a
mix of Cr(IIl) oxide and Cr(IlI) hydroxide [21]. From

Distance from wear interface D / mm

Ni2p;/, of the spectrum shown in Fig. 8b, two peaks are
observed: one peak is Ni,Ojz (its binding energy was
856.3 eV) and the other peak is Ni (its binding energy is
852.5 eV) [22]. Three peaks are observed in the XPS
spectra of Fe2p in the dry water condition (Fig. 8c). The
binding energy of Fe;0,4 is 712.4 eV, the binding energy of
Fe,O5; is 710.6 eV, and the binding energy of Fe is
706.8 eV. Two peaks are observed in the XPS spectra of
Fe2p from the scar surface in the deionized water
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Fig. 11 Morphology of impact crack and fracture appearance in the dry water condition, F,, = 50 N, L = 10 mm

condition: one peak is Fe3O4 (its binding energy is
712.4 eV) and the other peak is FeO (its binding energy is
709.5 eV) [23]. The XPS results of the elements Cr and Ni
show that the chemical compositions of the worn surfaces
of the dry and deionized water conditions are similar. The
Cr,05 and Ni,O5 peaks are observed in the two types of
lubrication conditions. The results of the element Fe show
that the chemical compositions of the scar surfaces of the
dry and deionized water had several differences. The Fe,O3
and Fe;0, peaks are observed in the scar surface of the dry
water condition. The FeO and Fe;0,4 peaks appears in the
scar surface of the deionized water condition.

3.2 Fatigue Behavior

Figure 9 illustrates the SEM micrographs of the cross-
section of the wear scar in the two types of lubrication
conditions. A micro-crack with 20 um length parallel to the
surface is observed in the dry water condition (Fig. 9a).
The crack does not appear in the deionized water condition.
In Fig. 9b, only the delamination layer can be observed,
indicating that the impact of fretting wear causes fatigue
wear of the surface material and that the expansion of the
fatigue crack leads to spall. These subsurface small cracks
induce the formation of cracks in the tube.

The micro hardness tests were conducted along the
depth direction from the worn surface. On each tube

@ Springer

specimen, the hardness tests are conducted at different
locations and the average values are plotted in Fig. 10.
Prior to the impact wear test, the hardness value of the tube
is 190 HV. However, the hardness near the worn surface
rapidly increases with the increase in the impact load
regardless of the water or dry state. Within 1 mm of the
subsurface, the impact load has a remarkable effect on
hardness and a high load lead to higher secondary surface
hardness.

Fracture appearance is investigated, including fracture
appearance in the dry and deionized water conditions, to
determine the mechanism of the fracture of the tube under
the impact condition. In particular, when the length of the
tube is 10 mm and the impact load set as 50 N, the fracture
of the tube is evident. Figure 11 and Fig. 12 show that the
morphology of the crack in the dry water condition is
different from the morphology of the crack in the deionized
water condition. Figure 11 shows the fracture appearance
in the dry water condition. Fracture appearance is a typical
fatigue characteristic [24], and many crack sources are
observed because of the form of the line contact applied
during the impact test. In the subsurface layer, several slip
lines can be observed because of dislocation slips under the
impact load (Fig. 11c). In this result, the deformed layer is
observed from surface to the depth of 150 — 200 pm. In
the study of Yang [25], cracks easily form in the defor-
mation layer. Figure 12 shows the fracture appearance in
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In deionized water

“Battlement shape”

Fig. 12 Morphology of crack and fracture appearance in the deionized water condition, F,, = 50 N, L = 10 mm

the deionized water condition. The quasi-cleavage char-
acteristics are observed, and the contact stress is small
because of the presence of the deionized water film. The
material shows a formation of a deformation layer, and the
impact wear is small under the impact test. The material is
separated along a certain crystallographic plane. In the
deionized water condition, the wear scar was slight. The
traces of the original processing can also be observed. The
crack propagation morphology shows a jagged shape
(similar to the battlement shape) in the water, but extends
disorderly in the dry condition. The results of Meng’s study
[26] shows that stress corrosion cause the tube to crack in
the fluid condition, and the cracks extend along the grain
boundaries. Thus, the crack of the wear surface exhibits a
“wave shape” in the deionized water condition. This
phenomenon does not occur in the dry water condition. In
the analysis of crack fractures in tubes, a quasi-cleavage
fracture characterized by river pattern and cleavage terrace
is observed and confirmed.

4 Conclusions

(1) The impact wear gradually increased with the
increases in impact load from 20 N to 50 N.
Oxidative wear and delamination are the dominant
mechanisms of wear. The oxidative wear decrease
apparently because of the protection of the fluid.

(2) Cracking occurs at high loading and the tube with a
short length. However, the deionized water lubrica-
tion can significantly delay the cracking time.

(3) The main failure mechanism during impact fretting
wear is fatigue wear in water and oxidation wear in
the dry condition. The crack of the wear surface is
different in the dry and deionized water condition.
Stress corrosion has an effect on the cracking
behavior in water.
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