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Abstract 

In pressurized water reactor (PWR), fretting wear is one of the main causes of fuel assembly failure. Moreover, 
the operation condition of cladding is complex and harsh. A unique fretting damage test equipment was developed 
and tested to simulate the fretting damage evolution process of cladding in the PWR environment. It can simulate 
the fretting wear experiment of PWR under different temperatures (maximum temperature is 350 ℃), displacement 
amplitude, vibration frequency, and normal force. The fretting wear behavior of Zr-4 alloy under different temperature 
environments was tested. In addition, the evolution of wear scar morphology, profile, and wear volume was studied 
using an optical microscope (OM), scanning electron microscopy (SEM), and a 3D white light interferometer. Results 
show that higher water temperature evidently decreased the cladding wear volume, the wear mechanism of Zr-4 
cladding changed from abrasive wear to adhesive wear and the formation of an oxide layer on the wear scar reduced 
the wear volume and maximum wear depth.
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1 Introduction
After more than 70 years of development, the main type 
of nuclear reactor in the world is the pressurized water 
reactor (PWR) [1]. The fuel rod, one of the core compo-
nents of the nuclear power reactor, operates in bad condi-
tions, including irradiation, flow-induced vibration, and 
high-temperature high pressure (HTHP). In the reactor, 
water is used as the cooling and heat transfer medium, 
and the high-speed fluid flowing from bottom to top and 
around the fuel assembly in the reactor core will induce 
the irregular vibration of the cladding, which is called 
fluid-induced vibration [2–4]. As the service time of the 

cladding increases, the clamping force of the grid to the 
cladding is relaxed, and under the effect of flow-induced 
vibration, the fuel rod vibrates with hundreds of microns 
amplitude, resulting in grid-to-rod fretting (GTRF) [2, 
3]. The survey report shows that the flow-induced vibra-
tion is the main reason for the failure and fracture of the 
cladding [1–3]. Therefore, studying the fretting wear of 
fuel rods during the service process of PWR systemati-
cally is necessary. In addition, corresponding experimen-
tal equipment is required to carry out relevant scientific 
research. For example, Ming et al. [5] designed and man-
ufactured a load distribution measuring instrument to 
measure the friction force during the operation of the 
cam mechanism. Duranty et  al. [6] fabricated a linear 
reciprocating tribometer to study the wear behavior of 
polymers in a high-pressure hydrogen environment.

A corresponding experimental device should be 
developed to simulate the fretting wear of the fuel rods 
during the operation of the PWR as much as possible. 
Kim et  al. [7] used a sliding wear tester and a sliding 
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impact wear tester to study the influence of various 
contact forms on the fretting wear of cladding tubes at 
room temperature. The result showed that the contact 
shape affected the fretting state evidently. Lee et  al. [8] 
developed an impact/sliding wear tester to study the 
influence of impact frequency on the impact wear of 
spring support tubes under 300 ℃ water. Park et  al. [9] 
investigated the wear behavior of Zr alloy tubes under 
different water temperatures (20  ℃, 50  ℃, and 80  ℃) 
by using unique fretting wear equipment. They found 
that as the water temperature increased, the surface 
microhardness decreased. Besides, the wear depth and 
area decreased with the increase in viscosity. Qu et al. [2] 
designed a tester to study the influence of pre-oxidation 
on the wear coefficient of Zr alloy cladding at room 
temperature. Then, Lazarevic et al. [3, 10] investigated the 
fretting wear of the Zr alloy tubes at 204 ℃ temperature 
pressurized water environment by developing a unique 
autoclave fretting rig. In addition, Guo et  al. [11–14] 
designed and manufactured a tangential fretting 
abrasion testing machine for simulating the experimental 
environment of a pressurized water reactor. The effect 
of different wear parameters and surface modification 
treatment on the fretting abrasion of zirconium alloy 
cladding and 690 alloy [15–18] was studied. The 
maximum test conditions were 320 ℃.

However, thus far, most of these studies were conducted 
in air or water at temperatures well below 320 ℃. The 
data and conclusions of the previous works [19–22] 
provide substantial information not only to understand 
the fretting behavior of the heat transfer tubes and fuel 

rods but also to design a nuclear power plant. However, 
the data are still insufficient. Moreover, the influence 
mechanism of various fretting parameters on the fretting 
damage of cladding is unclear. In this study, fretting 
wear test equipment for simulating the experimental 
environment of a pressurized water reactor with a 
maximum operating temperature of 350 ℃ and 20 MPa 
was designed and manufactured. The fretting damage 
behavior of the fuel rod under the operating conditions of 
the primary circuit of PWR was investigated.

2  Design Details of HTHP Fretting Test Rig
2.1  Block Diagram of the Control System
Figure  1 is the block diagram of the control system of 
the unique instrument. The measuring system consists 
of a control system, an operating system, and an acqui-
sition system. The PC inputs the edited control program 
into PLC. Then, the PLC sends instruction A to control 
the operation of the booster pump and heat exchanger to 
improve the pressure and temperature of the water envi-
ronment and instruction B to control the linear driver 
to drive the linear motor movement. The signals of fric-
tion and displacement from the friction transducer and 
displacement sensor are collected by the NI acquisition 
card. A feedback signal including the pressure and tem-
perature of the water environment and displacement of 
the linear motor is analyzed by the PC to decide whether 
to send out a new control signal. The signals of pressure 
and temperature of the water environment are collected 
by a pressure sensor and temperature sensor.

Figure 1 Block diagram of the control system
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The functional parameters of the instrument are listed 
in Table 1. The temperature, pressure, displacement, and 
normal load can be adjusted in any way desired.

2.2  Structural Detail
Figure  2 shows the structural detail of the instrument. 
The device consists of five modules, which are called: 
pressure vessel system (A), fretting test device (B), water 
circulation system (C), drive system (D), and control sys-
tem. The fretting device is installed inside the autoclave, 

Table 1 Functional parameters of the instrument developed

Item Parameter

Temperature (℃) 0–350

Pressure (MPa) 0–20

Normal load (N) 20–60

Displacement (μm) 10–1000

Frequency (Hz) 1–15

Figure 2 Structural detail of the HTHP fretting test rig: 1-lifting mechanism, 2-exhaust valve, 3-autoclave, 4-locking clamp, 5-ceramic heater, 
6-support seat, 7-force sensor, 8-swing rod, 9-friction pair, 10-tube sample, 11- sliding block, 12- drainage valve, 13- water tank, 14- water pump a, 
15- booster valve, 16- booster pump, 17- water injection valve, 18- pressure regulating valve, 19- water pump b, 20- back pressure valve, 21- linear 
motor, 22- transmission shaft, 23-sealing ring, 24- cooling reflux device
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and the maximum design pressure of the whole device is 
22 MPa and the design temperature is 350 ℃.

The pressure vessel system is composed of a lifting 
mechanism (1), an exhaust valve (2), an autoclave (3), 
a locking clamp (4), a ceramic heater (5), and a support 
seat (6), presenting the basics of the whole device. An 
autoclave is placed under the lifting mechanism used to 
open and close the autoclave cover. At the beginning of 
the test, water is injected into the autoclave through the 
feed water pump 1. Then, the booster pump is turned on 
to increase the pressure of the autoclave until a specified 
pressure. Finally, the exhaust valve on the autoclave is 
turned off, and the ceramic heater is used to increase the 
temperature of the autoclave to the rated temperature. 
The pressure and temperature signals of the water envi-
ronment are collected by the pressure and temperature 
sensors, respectively. A feedback signal including water 
pressure and temperature is transmitted to the computer 
during the test. After computer analysis, the water envi-
ronment temperature and pressure are adjusted to ensure 
that the experiment is carried out under the specified 
pressure and temperature.

As shown in Figure 2, the fretting test device consists 
of two parts. The upper part is equipped with a force sen-
sor (7), swing rod (8), friction pair (9), and weights. Then, 
the lower part is equipped with a tube sample (10) and 
sliding block (11). The friction pair is fixed on the fixture 
assembled on the swing rod, and the sample is mounted 
on the fixture of the sliding block. The preload (normal 
load "P") is applied by different deadweight loading. A 
transmission shaft with a water jacket passes through 
the autoclave wall and connects the sliding block with 
the linear motor to provide a driving force to move the 
sliding block. A friction transducer, which is fixed on the 
oscillating bar, collects the friction data between the sam-
ple and the friction pair during the fretting wear experi-
ment and transmits them to the computer.

The water circulation system is the core part of the 
instrument, which is the circulating water supply system 
of the whole equipment. The drainage valve (12) must 
be closed before the test. The water in the water tank 
(13) is added to the autoclave through the feed water 
pump a (14). Then, the booster valve (15) is opened to 
continuously inject water into the autoclave through 
the booster pump (16). Close the water injection valve 
(17) after emptying the air in the autoclave. The control 
program automatically adjusts the switch of the pressure 
regulating valve (18) according to the temperature and 
pressure feedback signal from the sensors to adjust 
the temperature and pressure in the autoclave when 
the autoclave heats up. At the same time, another 
water pump b (19) began to provide cooling water for 
the cooling reflux device and collect the used water. 

To prevent accidents, a back pressure valve (20) for 
emergency pressure relief is equipped to prevent damage 
to the kettle body caused by excessive pressure in the 
autoclave. Pressure and temperature indicators are used 
to monitor the pressure and temperature in the autoclave 
in real-time.

The drive system, which consists of a linear motor 
(21), a transmission shaft (22), sealing rings (23), and a 
cooling reflux device (24), is another core component of 
the instrument. The linear motor and wear test device are 
connected through a transmission shaft with a cooling 
reflux device. Achieving the dynamic seal of the device 
is important because the experimental environment is 
an HTHP water environment, it also involves fretting. 
Then, two sealing rings were used inside the water jacket 
to prevent the leakage of HTHP water in the autoclave 
and circulating water inside the water jacket. Generally, 
the service temperature of the commercial sealing ring 
is lower than 300 ℃. Therefore, circulating cooling water 
must be continuously introduced into the cooling reflux 
device to reduce the temperature at the sealing ring. The 
sealing ring is closely connected with the transmission 
shaft and the sealing port to maintain the sealing 
performance given the small vibration amplitude during 
the test. At the same time, the cooling water reduces the 
temperature at the sealing ring to ensure that it can be 
used for a long time. In this way, the dynamic sealing of 
the equipment is effectively completed.

2.3  Control and Acquisition System
Figures  3(a, b) show the control interfaces of the pres-
sure vessel system and drive system, respectively. The 
self-made control program A (Figure 3(a)) is downloaded 
from the PC to the controller to control the operation 
of the booster pump and heat exchanger to improve the 
pressure and temperature of the water environment. 
Another program B (Figure  3(b)) controls the linear 
driver to drive the linear motor movement. The feedback 
signal including pressure and temperature of the water 
environment is analyzed by the PC to determine whether 
to continue heating or maintain this temperature. Mean-
while, the signal of the displacement is very important 
for the acquisition system. The signal acquisition system 
is developed based on the LabVIEW, the displacement 
was measured by the grating ruler and processed by the 
encoder throughout the test. The parameters related to 
the sensor are as follows: the measurement range is ±445 
N, the temperature range is –54 ℃ to 121 ℃, the tem-
perature coefficient of sensitivity is ≤ 0.09 %/℃, sensitiv-
ity (±15%) is 11241 mV/kN. The measurement accuracy 
of the micro grating system is 0.5 μm. The instrument is 
developed to carry out fretting wear experiments under 
the HTHP water environment. The constraint of the 
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sample’s shape and size is determined by the user. If a dif-
ferent sample test is required, then the shape and size of 
the clamp should be changed.

3  Experiment
The traditional commercial Zr-4 cladding and domestic 
substitute material N36 zirconium alloy used in PWR is 
selected as the research objects. The size of Zr-4 cladding: 
length = 15 mm, external diameter = 10 mm, and wall 
thickness = 0.73 mm. The size of the N36 tube is as follows: 
length = 15 mm, external diameter = 9.5 mm, and inner 
diameter = 8.36 mm. The composition of N36 and Zr-4 is 
shown in Table 2.

Based on the vibration simulation by Westinghouse 
Electric Company and Oak Ridge National Laboratory 
[2, 3, 10, 23] and the data provided by the Nuclear Power 
Institute of China (NPIC), the normal load, displacement 
amplitude, and frequency were selected as 20 N, 100 µm, 
and 5 Hz, respectively. The inlet temperature of the reactor 
is about 290 ℃, and the outlet temperature is about 315 ℃. 
Therefore, the following four temperatures are selected for 
the experiment (RT, 90 ℃, 260 ℃, and 315 ℃) to investigate 
the effect of different temperatures on the fretting abrasion 
of the cladding. The test parameters are listed in Table 3. 
The test duration was 3 hours. First, the sample and 
friction pair were assembled on the fretting test device, 
and the pressure vessel system was closed. Second, water 
was injected into the autoclave through the water injection 
valve, and the exhaust valve, drainage valve, and pressure 
regulating valve were closed. Third, the heating device was 
turned on, and the exhaust valve was opened to discharge 
the oxygen in the autoclave when the temperature was 
up to 140 ℃ and the pressure was 0.2 MPa. Finally, the 
linear motor controlled by the PC was turned on when 
the temperature reached the specified value. All tests 
were repeated three times. The wear area and volume are 
average values, and there are error bars.

Before the fretting wear test, the hardness was tested. The 
load and hold time are 1000 g and 15 s, respectively. The 
hardness of the Zr-4 cladding and N36 are 185.6±2.1 HV 
and 189±1.4 HV, respectively. Figure  4 shows the sample 
assembly diagram and the hardness of the two materials. 
The specimens were immersed in ethanol and cleaned by 
ultrasonication. After the test, the samples were examined 

Figure 3 Interface of the control and acquisition system 
of the instrument

Table 2 Composition of samples (wt%)

Chemical composition Nb Sn Fe Cr O Zr

Zr-4 – 1.7 0.24 0.13 0.14 Bal.

N36 1.07 0.95 0.33 – 0.13 Bal.
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using an optical microscope (OM), scanning electron 
microscopy (SEM), and 3D white light interferometer.

4  Results and Discussion
4.1  Morphologies of Worn Surfaces
The morphologies of the worn surface of Zr-4 cladding are 
presented in Figure 5. The area of the worn surface initially 
decreases and then increases with the increase in tempera-
ture. When the temperature is higher than 90 ℃, the sur-
face color of the cladding changes; it is different from the 
samples at 90 ℃ and RT. As shown in Figure  5(c, d), the 
oxide layer is formed on the surface, and a ring named fric-
tion influence area (between the yellow and red dotted line) 
that is distinguishable from the worn area and the unworn 
area appears around the wear scar. The area of the wear 
scar on the cladding under RT water was larger than that in 
higher temperature (at 260 °C and 315 °C) water, indicating 
that the damage in low-temperature may be more severe 
than in high-temperature water.

Figure  6 is the 3D morphology of the wear scar of 
the Zr-4 cladding under various temperatures. The 3D 
microscopic image shows that the overall wear scar is 
shallow, and some deep pits in the worn surface. Besides, 
the width of the wear scar decreases from 1206 μm to 856 
μm with the temperature increase. The wear scar char-
acteristics of the samples tested below 260 ℃ (Figure 6(a, 
b)) show different morphologies from those of 315 ° C 

(Figure  6(c, d)). Under 260 ℃, grooves are found in the 
whole worn surface in the same direction as the vibra-
tion, and the distribution of grooves is relatively ran-
dom. At 315 ℃ (Figure 6(d)), debris accumulation layers 

Table 3 Parameters for fretting wear test

Testing parameters Value

Temperature (℃) RT, 90 ℃, 
260 ℃, 
315 ℃

Normal load (N) 20

Displacement (μm) 100

Frequency (Hz) 5

Cycles 5×104

Figure 4 Assembly diagram and hardness of samples

Figure 5 OM images of the wear scar of Zr-4 claddings 
under different temperatures
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are evident, the worn surface is raised, and the furrow 
becomes larger and deeper.

Figure 7(a) shows the profiles of Zr-4 claddings (lines 
1 to 4 in Figures 6 (a–d)). From the profiles, the over-
all profile is a “U” profile below 315 ℃, indicating that 
the main wear mechanism is abrasive wear. However, 
in the environment of 260 ℃ and 315 ℃, many bumps 
appear on the worn surface. This is due to the wear 
debris being squeezed and sintered during the fretting 
process, eventually forming a dense wear debris accu-
mulation layer on the worn surface. It shows that the 
material softens and the wear mechanism changes to 
adhesive wear as the temperature increases.

The wear depth and volume of the Zr-4 claddings are 
presented in Figure  7(b). The average wear depth and 
wear volume decrease when the temperature increases. 
At RT and 90 ℃, the wear mechanism of Zr-4 cladding 
is still abrasive wear. However, as the temperature 
increases from RT to 90 ℃, the contact area increases 
due to metal expansion and the maximum contact stress 
decreases [16], so that the wear volume decrease. The 
wear debris mainly composed of  ZrO2 [24] condenses 
together and forms large wear grains. The relatively 
hard wear grains trace a series of randomly distributed 
furrows on the contact surface, causing some worn 
surfaces with serious damage in the middle and others 
with serious damage at the edge [25], thus leading to a 
large dispersion of wear depth at 90 ℃. According to the 
results of 3D morphologies and profiles of wear scar, the 
fretting wear mechanism gradually changes to adhesive 
wear as the temperature increases further, at this time, 
the friction pair material was transferred, and a wear 
debris accumulation layer was formed on the worn 
surface, which plays an important role in antifriction 
and lubrication thus reducing the wear volume of Zr-4 
claddings.

Figure  8 shows the SEM image and element compo-
sition of the wear scar of claddings. As shown in Fig-
ures  8(a, b), the O element was mainly concentrated in 
the worn surface under the lower temperature while it 
(Figure 8(c, d)) is evenly distributed in the wear area and 
the without wear area under the higher temperature. The 
oxidation phenomenon on the surface of the sample is 
gradually obvious as the temperature increases. Mean-
while, the morphological characteristics of the worn sur-
face change with temperature. At RT (Figure  8(a)) and 
90℃ (Figure  8(b)), the characteristics of the worn sur-
face were mainly furrowed and delamination, but when 
the temperature rose to 260 ℃ (Figure  8(c)) and 315 ℃ 

Figure 6 3D morphology of the wear scar of the Zr-4 claddings 
under various temperatures

▸
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(Figure  8(d)), the worn surface shows typical adhesive 
wear characteristics such as bonding.

Figure  9 presents an enlarged view of the worn sur-
face (in the white wireframe of Figure  8). Much loose 
wear debris and oxides accumulated in the wear scar 
area below 260 ℃, accompanied by many furrows and 
delamination, as shown in Figures 9(a, b). Moreover, the 
surface was rough, indicating that the wear mechanism 
was delamination and abrasive wear. However, the wear 
scar gradually became smooth and flat, the delamina-
tion phenomenon was not evident, and the surface fur-
row was evident when the temperature ascend to 315 ℃ 
(Figure  9(d)). Besides, an oxidized layer in which the 
surface is smooth on a macroscopic scale, as shown 
in Figure  9(d), namely the “glaze layer” [26] has been 
formed on the worn surface, indicating that the main 
wear mechanism was adhesion wear and abrasive wear.

The chemical composition at the typical positions of 
wear scar is listed in Table 4. The date of EDS showed 

a higher O: Zr ratio at a higher temperature, indicat-
ing that the surface oxidation degree increases. The ele-
ment composition of the two materials (Table 2) shows 
that Nb is a unique element of N36 alloy. No evident 
Nb element was detected by EDS analysis below 260 ℃ 
(sites A–F), whereas the content of the Nb element in 
the formed oxide film increased more than 10 times at 
315 ℃ (sites G and H). This is due to the softer cladding 
and grid materials when the temperature increases, 
causing more significant adhesive wear and abrasive 
wear [3], and material transfer occur to the friction 
pair.

4.2  Cross‑sectional Analysis
To further analyze the influence of temperature on the 
fretting wear mechanism of Zr-4 cladding, the cross-
section morphology of the wear scar under various 
temperatures was examined, as shown in Figures  10 
and 11. The sectional morphology of the Zr-4 cladding 
at RT is shown in Figure  10. Figure  10(a) is the over-
all morphology of the wear scar. The magnified image 
as shown in Figures 10(b, c) shows many furrows and 
micro-cracks in the edge of the wear scar, which is the 
typical abrasive wear and delamination morphology. 
The EDS results show no obvious oxide layer forma-
tion on the surface of the furrows and wear scar, which 
further confirms that the wear mechanism under this 
state is mainly abrasive wear. The SEM morphology 
of the central area of the wear scar (Figure 10(d)) and 
EDS mapping can see that oxygen elements are con-
centrated on the worn surface, indicating that part of 
the wear debris is oxidized during the wear process, 
while no obvious oxide layer is produced on the cross-
section. Figure 10(e) is the section magnified morphol-
ogy in the white wireframe of Figure 10(d). The debris 
accumulation layer which is attached to the worn sur-
face is loose, full of holes, and stratified. Proved that 
fretting wear under RT condition is mainly abrasive 
wear and delamination.

Figure  11 shows the sectional morphology of the 
Zr-4 cladding at 315 ℃. As shown in Figure  11(a), the 
width of the wear scar decreases with the increase in 
temperature. The SEM images and EDS mapping of the 
center area of the wear scar in Figure 11(b) have shown 
that a layer of the white dense oxide layer is produced 
on the worn surface, which is significantly different from 
the wear debris accumulation layer at room temperature. 
EDS line results (Figure 11(f )) show that the oxide layer 
thickness in the central area of the wear scar is about 15 
μm. As shown in Figure 11(c) and Figure 11(d) (that is the 
section magnified morphology in the white wireframe of 
Figure 11(c)), a large number of cobweb-like cracks were 
observed at the edge of the wear scar. From the EDS line 

Figure 7 Wear scar profiles, depth, and volume of Zr-4 tubes
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scanning results (Figure  11(e)), it can be observed that 
the thickness of the oxide layer in this area is about 8 μm. 
The oxygen content in the area full of cracks fluctuates 

sharply and is slightly higher than that of the matrix. This 
area is the friction influence layer between the oxide layer 
and the matrix.

Figure 8 SEM morphologies of wear scar under different temperatures
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Figure 9 SEM images of the center micro area of the white wireframe in Figure 8
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4.3  Discussion
The above results, including optical microscope morphol-
ogy, 3D morphology, wear scar profile, SEM morphol-
ogy, and EDS composition, indicate that the fretting wear 
behavior is vitally affected by the environmental tem-
perature. The 3D topography and wear scar profile were 
observed, and the results showed that material transfer 
occurred in the higher temperature environment, the 
material transfer was further confirmed by cross-sectional 
features and EDS analysis of the surface elements of the 
wear scar. The wear mechanism has changed from abra-
sive wear and delamination to adhesive wear.

With the increase in temperature, the cladding and 
friction pair become softer and the shear strength 
decreases [27–29], and the viscosity of water decreases 
as the temperature rises; the lubricating effect 
decreases, resulting in more evident abrasive wear and 
adhesive wear and the transfer of friction pair materials 
and accumulation on the relatively hard surface of the 
cladding [12, 30–32]. Under the action of cyclic con-
tact stress, contact fatigue occurs on the contact area, 

which induces the generation of micro-cracks and rap-
idly expands around. The wear debris accumulates on 
the contact surface and undergoes compression and 
sintering in the presence of high temperature and high 
pressure (HTHP) water, resulting in the formation of a 
thick and compact oxide layer known as the "glaze layer" 
[26]. This glaze layer tightly adheres to the worn sur-
face, effectively protecting the clad tube from further 
wear, reducing frictional losses, providing lubrication, 
and ensuring cladding integrity. [22, 33–35]. The “glaze 
layer” in the central area of the worn surface is thick, 
while the edge area is thin. This is because the contact 
area between the sample and the pair, that is, the central 
area of the wear scar, is an adhesive area. The crack ini-
tiation at the edge of the wear scar is caused by contact 
fatigue during fretting, which tears the material in the 
adhesive area from the pair and adheres to the sample. 
Finally, a thick “glaze layer” is formed under the action 
of HTHP water. The formation of a glaze layer can pro-
tect the cladding, thus reducing the wear volume of the 
cladding.

Table 4 EDS results of site A-J in Figure 9 (wt%)

Element B C D E F G H

O 2.89 9.20 10.41 6.96 11.85 11.39 14.07

Fe 0.09 0.22 0.39 0.28 0.26 0.28 0.39

Zr 94.66 88.63 86.63 79.19 77.31 80.37 76.24

Nb 1.08 0.85 1.48 12.93 9.75 6.82 8.79

Sn 1.28 1.11 1.09 0.65 0.84 1.14 0.52

Figure 10 Cross-sectional images of the wear scar (RT)
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5  Conclusions
A fretting wear test rig simulating the working condition 
of PWR was designed and manufactured. The wear test 
of Zr-4 cladding under different temperatures was inves-
tigated. The main conclusions are as follows.

(1) The wear volume and depth of Zr-4 cladding 
decreased rapidly with a higher water temperature. 
The wear volume of cladding in 315 ℃ pressurized 
water was reduced by 75% compared to the RT 
environment.

(2) Temperature is a key factor leading to changes in 
the wear mechanism of Zr-4 cladding. The main 
wear mechanism of Zr-4 cladding changed from 
abrasive wear and delamination to adhesive wear 
when the temperature increased from RT to 315 °C.

(3) As the temperature increases, severe adhesive wear 
can lead to contact fatigue in the contact area, lead-

ing to wear debris accumulation on the surface of 
the Zr-4 cladding. Under the action of HTHP, wear 
debris forms a glaze layer on the worn surface that 
has the function of reducing wear and lubrication.
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