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Abstract: In pressurized water reactors (PWRs), flow-induced vibration (FIV) induces the fretting
wear of fuel rods and supporting grids, and the process is accompanied by corrosion, which is
called fretting corrosion. In this paper, fretting corrosion experiments were carried out in a simulated
cladding service environment, and the fretting corrosion performance of AICrNbSiTi coating cladding,
Cr coating cladding and uncoated cladding with the supporting grids were investigated using a
three-dimensional white light interferometer and a scanning electron microscope (SEM). The results
showed that the AICrNbSiTi coating cladding has the strongest fretting corrosion performance, the
Cr coating cladding has the second best fretting corrosion performance and the uncoated cladding
has the worst fretting corrosion performance. The coating also changes the wear mechanism of
the cladding and improves the corrosion resistance of the cladding, which is responsible for the
improvement in the fretting corrosion performance of the cladding. By comparing the AICrNbSiTi
coating with the Cr coating, it was found that the AICrNDbSiTi coating has a better fretting corrosion
performance than the Cr coating due to its higher hardness and stronger corrosion resistance.

Keywords: fretting corrosion; coating; cladding

1. Introduction

Zirconium alloys have been selected as claddings for UO, fuel since 1950 due to their
good oxidation resistance, excellent resistance to neutron irradiation, good ductility and
low thermal neutron absorption cross-section. In the process of nuclear reactor operation,
the gaps between the zirconium alloy claddings and the supporting grids are generated,
and when the gaps are large enough, under the action of flow-induced vibration (FIV), there
is a relative sliding displacement between the claddings and the supporting grids, so that
the fretting wear occurs, and, at the same time, this process is accompanied by corrosion,
known as fretting corrosion [1], which will cause serious damage to the zirconium alloy
cladding [2,3].

The 2011 Fukushima nuclear accident demonstrated that zirconium alloys react
strongly with water at high temperatures to produce large amounts of hydrogen, which
has a significant safety risk of hydrogen explosion and seriously threatens the safety of the
reactor [4,5]. Since then, the safety performance of nuclear fuel under extreme accident
conditions has received much attention, and the concept of accident-tolerant fuel (ATF)
cladding has been proposed with the aims of improving the oxidation resistance of the
cladding, reducing the temperature rise and hydrogen release and prolonging the response
time in case of accidents [6]. At present, the major international nuclear materials research
institutes, such as the United States Westinghouse (WHE), France Farmaton (CEA), Ko-
rea Atomic Energy Authority (KAERI), China Nuclear Power Research, Design Institute
(NPIC), etc., have carried out a lot of research work [7-10], and have formed their own
advantages of the ATF cladding development technical route. Their main research findings
include the research and development of various new ATF cladding materials, including
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FeCrAl cladding and SiC cladding [11,12], and the exploration of the technology involved
in producing ATF cladding coatings on the surface of zirconium alloy cladding, such as Cr
coatings [8], MAX-phase coatings [13], high-entropy alloy coatings and other coatings [14],
which have received extensive attention and research investigations; in addition, the selec-
tion of coating processes is based on their respective technical advantages, such as arc ion
plating, magnetron sputtering, laser cladding and physical vapor deposition [7-10], which
have all previously been applied.

The research work carried out in this paper is on the evaluation of the performance
of ATF coating cladding, and, therefore, the common ATF coating cladding is described
in detail. In the current research on various types of coatings, Cr has become the most
promising ATF coating material by virtue of its easy-to-control compositional structure
as a coating material, the relatively good match between its thermophysical properties
and zirconium matrix, the similar coefficient of thermal expansion with the zirconium
matrix, the good adaptability to the synergistic deformation of the film matrix that may
occur in the process of service, the fact that no phase transformation occurs during its
temperature rise process, and the ability to generate a dense Cr,O3 protective film on the
surface after oxidation at high temperatures. In France, CEA Bischoff [15] et al. used PVD
to produce the Cr coating cladding in various types of experiments and have shown good
performance. Additionally, in South Korea, Kim et al. [10] carried out Cr coating cladding
in the PWR’s environment corrosion experiment, and the results show that the Cr coating
cladding has better corrosion resistance. Maier et al. [16] also produced Cr coating cladding
using PVD, which showed strong oxidation resistance in a water vapor environment
at 1300 °C. MAX-phase materials have also become one of the ATF cladding coating
candidates due to their excellent high-temperature oxidation resistance, high hardness,
high melting point, etc. A number of scholars have carried out comparative studies on the
performance of various types of MAX-phase coating claddings, and the results show that
the corrosion resistance and high-temperature oxidation resistance of different MAX-phase
coating materials are not completely consistent, and the intrinsic brittleness of MAX-phase
materials directly affects its ability to co-deform as a surface coating and interfilm base of
a zirconium matrix, so it is difficult to carry out the practical application of them as ATF
coating materials [17-19]. High-entropy alloy, as an emerging material with high thermal
stability, good high-temperature strength and hardness, and excellent corrosion resistance
and irradiation resistance, has become a development direction for researchers working
on the development of ATF coating materials. This paper uses AICrNbSiTi, which is a
high-entropy alloy material; at present, less relevant research exists on high-entropy alloy
coating cladding as the majority of research in this area focuses on the sole properties of
high-entropy alloys. Poulia et al. [20] studied the wear resistance of MoTaWNDbV refractory
high entropy alloy using the ball and disk abrasion method, and the results showed that
it has very strong wear resistance. Additionally, Kumar et al. [21] compared the anti-
irradiation properties of Fe27Ni28Mn27Cr18-HEA and conventional austenitic steels, such
as FeNiCr and FeMnCr. The results show that only Fe27Ni28Mn27Cr18-HEA exhibits high
phase stability; the elemental segregation induced by irradiation at the grain boundaries is
significantly suppressed and no voids are observed, collectively indicating that it has better
swelling resistance.

ATF coating cladding has been developed over the years, and relevant studies have
shown that the key factor in improving accident tolerance through the application of
ATF coatings is to maintain the integrity of the coatings produced without significant
degradation during the normal operation of the reactor [22], and, thus, it is important to
ensure the integrity of the coatings during fretting corrosion. At present, some research
investigations on the fretting corrosion performance of ATF cladding have been carried
out in various countries. For instance, Lee et al. [23] conducted a comparative study on the
fretting corrosion performance of Nano-structured Ferritic Alloy, FeCrAl, SiC, and Zr, and
found that the ATF materials have extremely strong fretting corrosion resistance compared
to Zr. Winter et al. [24] investigated the effect of temperature on the fretting corrosion
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performance of FeCrAl. They found that its fretting corrosion performance initially in-
creases with rising temperature and then decreases after reaching 350 °C. Brachet et al. [25]
evaluated the fretting corrosion performance of Cr coating Zr-4 cladding and found that
there was almost no change observed in the Cr coating Zr-4 cladding during the experi-
ment. Bischoff et al. [15] investigated the fretting corrosion performance of Cr coating M5
cladding and found that the total wear of the Cr coating cladding was reduced by two
orders of magnitude compared to the uncoated cladding. Reed et al. [26] conducted fretting
corrosion experiments on Cr coating ZIRLO cladding in a simulated service environment
and found that the Cr coating significantly improved the fretting corrosion performance of
the cladding.

In this study, a Zr-Sn—Nb alloy cladding was utilized as the matrix. AICrNbSiTi and
Cr coatings were produced using the arc ion plating deposition technology. Grid-to-rod
fretting corrosion experiments were conducted using the fretting corrosion tester in a
simulated primary circuit water environment of pressurized water reactors (PWRs). The
three-dimensional morphology, two-dimensional contour, microscopic morphology, and
element distribution of wear marks on the worn surfaces of uncoated cladding, AICrNbSiTi
coating cladding, and Cr coating cladding were analyzed and compared. Consequently,
the fretting corrosion performance of the three types of cladding was evaluated, and the
influence mechanism of the two coatings on the fretting corrosion behavior of the cladding
was studied.

2. Materials and Methods
2.1. Experimental Materials

AICrNbSiTi coatings were manufactured using the arc ion plating deposition technol-
ogy on a single alloy target. The martix of the coating is a Zr-Sn—Nb alloy tube (12 mm x ¢
9.5 mm, wall thickness 0.57 mm). Prior to the deposition, the zirconium tube was cleaned
and dried. The deposition process began once the vacuum chamber was heated to 300 °C
and the vacuum degree reached 6 x 10~ Pa. The Ti target was initially connected to a DC
arc power supply for ion etching cleaning in order to further clean the matrix surface and
improve the coating adhesion (target current of 100 A, Ar of 0.5 Pa, bias voltage of —150 V,
duty cycle of 70%, etching time of 30 min). The sample was allowed to cool in the furnace
to room temperature after the deposition was completed and then removed. The process
for producing the Cr coating was identical to that of AICrNbSiTi coating. The supporting
grid materials use Zr-4 plates as the friction auxiliary material.

The primary composition of the Zr-Sn-Nb alloy is shown in Table 1. The composition
of the AICrNbSiTi coating is shown in Table 2.

Table 1. Composition of the zirconium alloy matrix (wt%).

Element Zr Sn Nb Fe
content 97.83 0.92 1.13 0.12

Table 2. Composition of AICrNbSiTi coating (wt%).

Element Al Cr Nb Si Ti
content 8 49 12 12 19

The hardness of the AICrNDbSiTi coating cladding, Cr coating cladding, and uncoated
cladding was measured using a nanoindentation instrument. A loading force of 100 mN
was applied at ten different points, and the average value was calculated. The measurement
results are shown in Figure 1. The hardness of the AICrNDbSiTi coating was significantly
higher than that of the other two materials. The hardness of the Cr coating sample is
slightly higher than that of the uncoated clad.
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Figure 1. Three types of cladding nano-indentation hardness.

2.2. Experimental Equipment

As shown in Figure 2, the high-temperature and high-pressure fretting corrosion
tester primarily consists of three parts: the autoclave and fixture inside the autoclave,
the vibration generation and transmission mechanism, and the control system. The sheet
and tubular samples are, respectively, held by a set of clamps and placed together inside
the autoclave. The autoclave contains boron-lithium water, which is used to simulate
the primary circuit water environment of the pressurized water reactor. The base where
the sample fixture is located is connected to the vibration generating device through the
transmission mechanism. The vibration-generating device is controlled by the computer to
generate micro-vibrations of specific amplitude, and the actual slip distance is monitored
by the displacement sensor in real time.

Compression bolt

WORIIP PO

Fixed sample  Sliding sample

Figure 2. High-temperature and high-pressure fretting corrosion tester and sample installation diagram.

2.3. Experimental Conditions and Parameters

(1) Temperature: 300 °C;

(2) Pressure: 9.5 MPa;

(8) Water chemical environment: 650 ppm B + 3.5 ppm Li;
(4) Normal force: 10 N;

(5) Slip distance: 100 pm;

(6) Frequency: 20 Hz;

(7) Time: 2 x 10° times.
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2.4. Microstructure Analysis of Experimental Samples

After completing the fretting corrosion experiments, the sample is cleaned and dried.
The three-dimensional and two-dimensional contours of the sample are accurately mea-
sured using a 3D white light interferometer (Bruker ContourGT-K, New York, NY, USA).
Observations are made regarding the position, shape, and distribution of wear marks, and
the wear depth and volume are measured. Subsequently, a SEM (Zeiss Merlin Compact,
German Zeiss, Oberkochen, Germany) is used for the meticulous observation of these wear
marks, as well as the analysis of their morphology and elemental content.

2.5. Analysis and Evaluation of Fretting Corrosion Data

Wear volume is the primary index used for evaluation, according to the Archard model:

V=k W 1)

1
W:?/Fds 2)

V denotes the volume wear rate and W denotes the work rate. k represents the wear
coefficient, F denotes the normal force, S denotes the sliding distance, and ¢ denotes the
time. The wear coefficient k reflects the fretting corrosion performance of different samples,
with higher values of k indicating more severe fretting corrosion under equal conditions.
The wear coefficient k of different types of samples was calculated for reference.

3. Results
3.1. The Wear Marks Morphology and Contours

During fretting corrosion, the interaction between the cladding and the grid leads
to the formation of wear marks on the cladding surface. These wear marks typically
exhibit a parallel orientation to the direction of fretting, while indentations tend to appear
perpendicular to the fretting direction. This particular study focuses on analyzing the wear
marks present on the cladding surface. Figure 3 depicts the three-dimensional morphology
of these wear marks, which was measured using a white light interferometer. Through
careful observation of the 3D morphology of the wear marks and subsequent comparison
and analysis of wear volume, maximum wear depth, and wear coefficient, the fretting
corrosion performance of the AICrNbSiTi coating cladding, Cr coating cladding, and
uncoated cladding can be evaluated.

As illustrated in Figure 3, the overall morphology of the wear marks on the three types
of cladding is essentially linear, but there is a significant variance in the extent of wear. The
surface of the uncoated cladding shows severe wear, with deep wear depth and a large area
of deep wear, leading to extensive material loss. The surface of the Cr coating cladding has
less wear, and although the wear depth is relatively large, the deep wear area is minimal
and scattered around the edges of the wear marks. This is speculated to be a result of
coating delamination, resulting in relatively small material loss. The surface wear on the
AICrNDbSiTi coating cladding is the least, with a lower wear depth. There is only a slightly
deeper area in the center of the wear scar, and the deepest depth of wear is approximately
50 um, there is virtually no loss of material. Figure 4 shows the 2D contours of wear marks
on different types of cladding surfaces. According to reference [27], the portion below the
original reference surface of the friction pair is the material loss or wear volume, and the
portion above the original surface is the material transfer. From the cross-sectional profile
curves of the wear marks on the uncoated cladding, it is evident that there was material loss
on the cladding surface. In contrast, the AICrNbSiTi coating cladding and the Cr coating
cladding exhibit virtually no material loss but show a small amount of material transfer.
This transfer is due to the adhesion of some friction auxiliary materials on the surfaces of
the two types of coating claddings. Upon comparing the cross-sectional profile curves of
the three types of claddings, it is evident that the uncoated cladding has a larger wear mark
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width, roughly twice that of the coating claddings. Its profile curve is an “M” shape, with
large abrasion pits in the center of the wear mark, indicating severe wear. Both types of
coating claddings have smaller and nearly identical wear mark widths, and their contour
curves are gentler, indicating that the wear on the coating claddings is lighter.

L)

225.464 um | 0.13

-236.682 um |

®$
+

Figure 3. The 3D morphology of cladding wear marks. (a) uncoated; (b) Cr; (c) AICrNbSiTi.

The wear volume of three types of cladding was analyzed using the volume analysis
module of a white light interferometer, and the wear coefficients of the three types of
cladding were calculated based on the Archard equation [28-30]. Table 3 displays the
calculation results. The table clearly shows that the wear volume and wear coefficient
of the uncoated cladding are significantly higher than those of the two types of coating
cladding, suggesting poor fretting corrosion performance. The wear volume and wear
coefficient of the Cr coating cladding are slightly higher than those of the AICrNbSiTi
coating cladding, and its fretting corrosion performance is good. The wear volume and
wear coefficient of the AICrNDbSiTi coating cladding are smaller, demonstrating the strongest
fretting corrosion performance.
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Figure 4. The 2D contour of cladding wear marks. (a) uncoated; (b) Cr; (c) AICrNbSiTi.

Table 3. Clad wear volume and wear coefficient.

Sample Type Wear Volume (mm?) Wear Coefficient (Pa—1)
uncoated cladding 0.256 6.4 x 10714
Cr coating cladding 0.044 1.1 x 10714
AICrNDSiTi coating cladding 0.022 55 x 10715

3.2. Microscopic Damage Mechanisms
3.2.1. Surface Morphology and Elemental Distribution of Wear Marks

Figure 5 shows the SEM diagram of the wear surface morphology for the uncoated
cladding. The surface exhibits numerous grooves and plow groove traces that are parallel to
the fretting direction, along with a significant amount of finely crushed and agglomerated
abrasive debris, as well as a small number of block particles. These harder abrasive particles
act as abrasive particles in the reciprocating motion between the contact surfaces of the
friction pair, gradually producing a plowing effect on the surface of the cladding. The wear
marks on the uncoated cladding surface exhibit typical abrasive wear. At the same time,
there is a significant amount of tear damage on the surface of the sample, indicating that
adhesive wear during the experiment is more severe. Therefore, the wear mechanism of
the uncoated cladding mainly involves adhesive wear and abrasive wear.

Figure 6 presents the SEM diagram of the surface morphology of the worn area of the
Cr coating cladding. The sample surface displays slight damage, and the worn surface
appears to be covered with a thin layer of debris. This is a result of material transfer from
the friction pair to the cladding during the fretting corrosion. Upon magnification, an
extremely small number of particles and very slight scratches are observed on the sample
surface. The SEM experimental results suggest that the wear mechanism of the Cr coating
cladding involves unidirectional material transfer and slight abrasive wear.



Alloys 2023, 2

234

Figure 5. Surface wear morphology of Zr-Sn-Nb cladding without coating. (a) Numerous groove
and furrow marks; (b) agglomerated abrasive debris; (c,d) tear damage.

Ipm
—

Figure 6. Surface wear morphology of Cr coating cladding. (a) Zirconium alloy grinding chips on the
Cr coating cladding surface; (b,c) abrasive particles; (d) abrasion mark.

Figure 7 depicts the SEM diagram of the surface morphology of the AICrNbSiTi
coating cladding wear area. The sample surface shows minimal damage, with a small
amount of granular abrasive debris and extremely fine scratches visible on the surface of
the wear mark. These abrasions were caused by the material transfer from the friction pair
to the cladding during the fretting corrosion. Further magnification reveals a small amount
of extremely tiny particles on the sample surface, but virtually no scratches. Therefore, the
SEM results demonstrate that the wear mechanism of the AICrNbSiTi coating cladding
involves only a very small amount of unidirectional material transfer.

EDS surface scanning was used to analyze the element distribution in the wear areas of
the uncoated, Cr coating, and AICrNbSiTi coating cladding surfaces, and to simultaneously
analyze and compare the corrosion degrees of the three types of cladding. As shown in
Figure 8, a comparison of the oxygen content on the surface of the three types of cladding
reveals oxidation on all three types under the simulated conditions of a pressurized water
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uncoated cladding

reactor primary circuit. However, the degree of oxidation varies, with the uncoated cladding
experiencing the most severe oxidation, followed by the AICrNbSiTi coating cladding, and
the Cr coating cladding displaying the least oxidation. Oxygen forms a protective oxide
layer on the surface of both types of coating cladding, which, together with the coating,
provides complete protection for the cladding. In contrast, although oxygen generates a
protective layer of zirconia on the surface of the uncoated cladding, its protective ability
is less effective than that of the two types of coating samples, resulting in greater wear
on the uncoated cladding. At the same time, it is observed that both coating samples
have Zr elements on the surface, suggesting material transfer during the experimental
process. The Cr coating surface has a higher content of Zr elements, with a large amount
of Zr transferred from the Zr-4 friction pair material to the Cr coating cladding during
the experiment. In contrast, the AICrNbSiTi coating sample has a lower content of Zr
elements, indicating a small amount of Zr transferred from the Zr-4 friction pair material to
the AICrNbSiTi coating cladding during the experiment.

Figure 7. Surface wear morphology of AICrNbSiTi coating cladding. (a,b) abrasive particles; (c,d) no
scratches on the surface.
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Figure 8. Cont.
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mixed; (c) O; (d) Si; (e) Zr; (f) Nb; (g) Ti; (h) Cr; (i) AL

Figure 8. Elemental distribution of wear marks on the surface of three types of cladding.

3.2.2. Cross-Sectional Morphology and Elemental Distribution of Wear Marks

As shown in Figure 9, the SEM diagram for the cross-sectional morphology of the
wear area for the three types of cladding shows severe wear and substantial material loss
on the uncoated cladding surface. The Cr coating cladding surface also displays significant
damage, but the coating remains intact, providing effective protection for the matrix mate-
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rial. The AICrNbSiTi coating cladding samples exhibit only extremely minimal damage on
the surface, suggesting excellent protection for the matrix material. The difference between
the two coating cladding samples is attributed to the hardness of the two coatings, with the
AICrNbDSiTi coating cladding displaying superior fretting corrosion performance during the
experiment due to its considerably higher hardness compared to the Cr coating cladding.

Lk

LN " . R R oA
10pm 10um PRSI i

uncoated cladding Cr coated cladding AICrNDbSITi coated cladding

Figure 9. Three types of cladding section morphology.

The oxygen distribution in the cross-sections of the uncoated, Cr coating, and AlCrNb-
SiTi coating cladding sections is analyzed using EDS, as shown in Figure 10. It shows that,
under simulated conditions of a pressurized water reactor primary circuit, all three types
of cladding experienced some degree of oxidation. The most severe oxidation occurred
in the cross-sections of the uncoated cladding samples, with a significant amount of the
surface oxidation layer detaching. The cross-sectional oxidation of the Cr coating cladding
samples is relatively serious, with a higher degree of oxidation present in the Cr coating
than in the base material. The distribution of oxygen across the sample is uniform. The
AICrNDSiTi coating samples have the least cross-sectional oxidation, with only the sample
surface oxidized. The experimental results show that both coatings improve the corrosion
resistance of the cladding compared to the uncoated cladding. However, the AICrNbSiTi
coating exhibits superior corrosion resistance. Oxidation only occurs on the surface of the
coating, with almost no oxygen diffusing into the coating interior, resulting in minimal coat-
ing detachment. Conversely, the Cr coating, being slightly less corrosion-resistant, shows
almost complete oxidation, which led to some coating detachment. However, the zirconium
alloy matrix was not exposed, indicating that the Cr coating still provides protection.

25% {

10pm
—

0 N s s oo —

AICrNbSiTi coating cladding

Figure 10. Cross-sectional oxygen distribution for three types of cladding wear marks.
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4. Discussion

According to the above research and analysis, the fretting corrosion mechanism of
the three types of cladding was analyzed. Figure 11a provides a schematic diagram of
the fretting corrosion mechanism between the uncoated cladding and the supporting
grid. The abrasion tear-like damage on the surface of the uncoated cladding (seen in
Figure 5) suggests that severe adhesive wear occurs between the uncoated cladding and
the supporting grid. The plow groove traces on the surface of the uncoated cladding
(also seen in Figure 5) suggest that the cladding also experiences abrasive wear due to the
action of abrasive debris. The wear volume test results in Table 3 show that the uncoated
cladding has the greatest material loss. The uncoated cladding sample’s EDS analysis
results (shown in Figures 8 and 10) reveal that the uncoated cladding has poor corrosion
resistance, experiences severe oxidation, and loses a large amount of oxide film. This leads
to the conclusion that the uncoated cladding has inferior fretting corrosion performance.

Severe adhesive wear

Zr-4

Abrasive wear

‘QAMateriaI loss

Wear volume q\v.v

Oxygen
Oxidation film

(a) Abrasive wear

Cr coating fall off material transfer

Oxidation film Zr-4 Material loss

Oxygen

(b)

material transfer

Z1-4 /
Oxidation film Zr-4 Material loss
V\ - _— /

0 —AlCrNbSiTi coating

Oxygen

T Normal load
Move

(©)

Figure 11. Schematic diagram of the fretting corrosion mechanism of three types of cladding. (a) un-
coated; (b) Cr; (c) AICrNDbSiTi.

Figure 11b shows a schematic of the fretting corrosion mechanism between the Cr
coating cladding and the supporting grid. Figures 4b and 6, as well as the EDS analysis
results of the Cr coating cladding sample in Figure 8, illustrate the occurrence of severe
unidirectional material transfer from the supporting grid to the Cr coating cladding during
the experiment. The scratches on the wear mark surface in Figure 6d demonstrate a
small amount of abrasive wear during the experiment. The wear volume test results in
Table 3 show a lower material loss in the Cr coating cladding, but higher than that of
the AICrNbSiTi coating cladding. The improved fretting corrosion performance of the Cr
coating cladding compared to the uncoated cladding can be attributed to several factors.
The presence of the Cr coating alters the wear mechanism between the cladding and the
supporting grid. This alteration completely avoids adhesive wear and reduces abrasive
wear due to the Cr coating’s strong bond to the matrix and its high hardness. Further,
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the EDS analysis results of the Cr coating cladding sample, shown in Figures 8 and 10,
reveal that the Cr coating provides a certain degree of corrosion resistance. This protective
layer prevents the zirconium alloy matrix from corroding. However, the Cr coating itself
undergoes serious oxidation. Observations during the experimental process indicated
that parts of the Cr coating cladding partially detached, but the material matrix was not
exposed. This detachment is speculated to be related to the oxidation of the Cr coating,
which increases its brittleness, leading to partial detachment during the experimental
process. Despite this, the Cr coating cladding still demonstrated strong fretting corrosion
performance.

Figure 11c shows a schematic diagram of the fretting corrosion mechanism between
the AICrNbSiTi coating cladding and the supporting grid. As shown in Figure 4c, and in the
EDS analysis results of the AICrNbSiTi coating cladding samples in Figure 8, there is only a
slight unidirectional transfer of material from the supporting grid to the AICrNbSiTi coating
cladding during the experiment. The results in Figures 7 and 9 reveal virtually damage-
free sample surfaces. The AICrNbSiTi coating’s improved fretting corrosion performance,
similar to that of the Cr coating, is due to several factors. Firstly, it completely prevents
adhesive wear between the cladding and the supporting grid because of its superior
bonding with the matrix. Secondly, the hardness of the AICrNbSiTi coating is significantly
higher than that of the Cr coating, which enables it to avoid abrasive wear entirely. The
wear volume test results in Table 3 demonstrate that AICrNbSiTi coating cladding has the
strongest fretting wear performance among the three types of cladding, with extremely
low material loss. The EDS analysis results of the AICrNbSiTi coating cladding sample,
shown in Figures 8 and 10, indicate that, although the surface oxidation of the AICrNbSiTi
coating is more severe, it plays a crucial role in preventing the diffusion of oxygen to the
inside of the coating. Only a very small amount of oxygen elements diffused to the inside
of the coating, indicating that the coating does not corrode extensively. Therefore, it can be
concluded that AICrNDbSiTi coating claddings have strong fretting corrosion performance.

5. Conclusions

This paper conducted fretting corrosion experiments in a simulated service environ-
ment. The fretting corrosion performance of AICrNbSiTi coating cladding, Cr coating
cladding, and uncoated cladding was analyzed using testing measures such as a 3D white
light interferometry and a SEM. The results show the following:

(1) The AICrNDbSiTi coating cladding has the best fretting corrosion performance, the Cr
coating cladding has the second best fretting corrosion performance, and the uncoated
cladding has the worst fretting corrosion performance.

(2) The AICrNDbSiTi and Cr coatings alter the wear mechanism of the cladding, prevent-
ing adhesive wear and reducing abrasive wear. Additionally, they enhanced the
cladding’s corrosion resistance by restricting oxygen’s penetration into the matrix.
These two factors are primary contributors to the improvement in the cladding’s
fretting corrosion performance.

(3) The fretting corrosion performance of the AICrNbSiTi coating cladding is slightly
higher than that of the Cr coating cladding, and the higher hardness of the AICrNb-
SiTi coating cladding almost completely prevents abrasive wear. Additionally, the
AICrNDbSiTi coating cladding reduces oxidation due to its high corrosion resistance
and avoids the peeling of the coating. On the other hand, severe oxidation occurs
in the Cr coating cladding, which leads to the partial detachment of the Cr coating.
This difference in fretting corrosion performance between these two types of coating
cladding can be attributed to this reason.

In summary, compared with the widely studied Cr coating cladding all over the world,
the AICrNDbSiTi coating cladding demonstrates better performance. However, there is less
related research, so we hope that it can receive more attention from researchers in the future
and that its application can be realized as soon as possible in order to effectively improve
the reactor accident tolerance.
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Abbreviations

PWRs pressurized water reactors

FIV flow-induced vibration
SEM scanning electron microscope
ATF accident tolerant fuel

WHE the United States Westinghouse

CEA the French Atomic Energy Commission

KAERI  Korea Atomic Energy Authority

NPIC China Nuclear Power Research and Design Institute
PVD physics vapor deposition

DC direct current
3D three-dimensional
2D two-dimensional

EDS Energy Dispersive Spectrometer
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