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Friction and wear performance is one of the key mechanical properties of accident tolerant
fuel cladding coatings. In this study, reciprocating sliding wear tests had performed on two
types of CrAl and CrAIN coatings with two different Al content ratios and Zr-4. The
coefficient of friction, wear depth, and abrasion loss were measured and compared. The
results indicated that the CrAl-based coatings improve the wear behavior significantly and
nitrogen has an obvious improvement on the wear resistance of the coating. The friction
and wear performance was also studied in a water environment. The results show that the
presence of water degrade the wear performance of Zr-4 and CrAl coatings but
ameliorates the friction and wear performance of CrAIN coatings. The feasibility of
depositing ATF coating on conventional Zr-4 substrates to mitigate the influence of
grid-to-rod fretting was demonstrated.

Keywords: accident-tolerant fuel, coating, chromium-aluminum coatings, friction and wear behavior, reciprocating
wear

INTRODUCTION

Zr alloys are widely used in the nuclear area because of its low neutron absorbing cross-section, good
mechanical properties, and high corrosion resistance in reactor water (Choudhuri et al., 2012; Cekic¢
et al., 2013; Kuprin et al., 2015). However, in the Fukushima nuclear accident, under the loss of
coolant accident condition, zirconium reacts violently with water to produce a large amount of
hydrogen, which causes the explosion and the radiation leak (Buesseler et al., 2011; Blandford and
Ahn, 2012; Buesseler et al., 2012). These risks show that it is essential to improve the fuel safety and
continually study the fuel degradation phenomena (Kurata et al., 2018). Hence, the researchers
propose a new fuel system named accident-tolerant fuel (ATF). The ATF can be defined as a new
system that increases the accident tolerance of loss of coolant accident condition over a long period of
time while maintaining or improving fuel performance during normal operation condition (Zinkle
et al,, 2014; Kim et al.,, 2016; Terrani, 2018). One of the currently recognized method of the
investigation of ATF is to deposit a coating on the Zr-4 cladding. A number of studies have exposed
that ceramic coatings have excellent resistance to oxidation at high temperature, such as silicon
carbide coating (Katoh et al., 2014; Deck et al., 2015; Stone et al., 2015), TiAICrN (Ma et al., 2019),
and CrN (Meng et al., 2019), thus avoiding the oxidation of Zr-4 at high temperature. The other is to
use the metallic coatings. For example, FeCrAl coatings, as Fe-based alloys have a high oxidation
resistance (Zinkle et al., 2014; Pint et al., 2015; Massey et al., 2016). Cr coating is also used, because it
has excellent corrosion resistance under severe condition on Zircoloy (Park et al., 2015; Brachet et al.,
2016; Tang et al., 2017; He et al., 2019). Nowadays, CrAl-based coatings have attracted remarkable
attention due to their excellent oxidation resistance. Zhong et al. (Zhong et al., 2018) performed high-
temperature steam exposure to assess the oxidation behavior of CrAl coatings. It was demonstrated
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that CrAl coatings with higher Al composition has lower weight
gain in high temperature steam. Chen et al. (Chen et al., 2016)
introduced TiN and ZrN insertion layer into CrAlIN coating to
study its mechanical and thermal properties. The results exhibit
that CrAIN/TiN coating have a higher hardness than CrAIN/ZrN
coating and TiN insertion layer have an improvement on the
thermal stability of CrAIN coatings. Li et al. (Li et al.,, 2014)
deposited CrAIN coatings with Zr alloying (Zr contents from 0 to
29.5 at.%) by d.c. reactive magnetron sputtering and investigated
their mechanical properties, thermal stability, and oxidation
resistance. They suggested that the coating hardness is
improved by alloying of low contents of Zr. Zhang et al.
(Zhang et al., 2019) used high current pulsed electron beam to
deposit a CrAl coating on Al to study its microstructure and
properties. They found that the microhardness and corrosion
resistance were ameliorated because of the presence of Cr
element.

Most published work mainly focused on the oxidation
behavior and corrosion behavior of CrAl-based coatings
nowadays. However, there are few studies on the friction and
wear behavior of this coating. Furthermore, the influence of the
water environment on the friction and wear behavior of this
coating has not been investigated in details. In fact, in addition to
oxidation performance, the mechanical properties of ATF also
play an important role. In nuclear reactor components, such as
fuel assemblies, flow induced vibrations can cause severe fretting
wear (Rubiolo, 2006; Rubiolo and Young, 2009). Fretting is a low
amplitude oscillatory motion between contacting bodies which
leads to wear and fatigue damage (Neu, 2011). Many parameters
such as amplitude, normal force, and coefficient of friction affect
the type of wear and fatigue damage (Waterhouse, 1992). The
grid-to-rod fretting (GTRF) is the most common cause of the fuel
failure, and fuel rod fretting is a significant issue for designers of
pressurized water reactor fuels (Edsinger et al, 2009). It is
generally acknowledged that the turbulence from flow induced
vibrations will cause the GTRF at the contact point between the
grid and the fuel rod (Kim et al., 2016). According to the past
research, the mechanism of GTRF degradation depends
extremely on the grid-to-rod gap as a function of burnup, in
particular under condition of high flow rates which is the
vibration caused by the excessive flow (Kim and Lee, 2003;
Kovacs et al, 2009, Kovacs et al, 2013; Jiang et al, 2016).
Though the reliability of nuclear fuels can be increased by the
new design features to strengthen the wear resistance of spacer
grids with the same Zr alloy, the irradiation causes the fuel rod to
elongate in the axial direction, and the thermal creep caused by
the pressure difference between the inside and outside of the
cladding results in radial contraction. These two factors lead to a
gradual increasement of the grid-to-rod gap. It is excessively
difficult to avoid this phenomenon under condition of operating
temperature and high neutron irradiation. As a result, the wear
behavior becomes the important parameters of the ATF and the
tribological properties of new ATF material is not clearly
understood. Therefore, it is worthy to study on the friction
and wear behavior of new ATF materials.

In this work, CrAl-based coatings were deposited on Zr-4 by
multi-arc ion plating. The GTREF situation is characterized by the
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TABLE 1 | Concentration of Cr, Al, and N in the CrAl-based coatings and
echanical properties for ATF candidates and Zr-4.

Material Target Cr:Al ratio (at. Element Hardness [HV]
%) proportions (at.%)
Cr Al N
Zr-4 — - — — 234
CrAl-1 30:70 321 679 — 380
CrAl-2 50:50 458 54.2 — 390
CrAIN-1 30:70 17.4 367 46.0 1,020
CrAIN-2 50:50 351 256 394 1,080

friction and wear of the coating with a zirconia ball under
different conditions, i.e., unlubricated condition and water
lubrication condition. The results show that CrAIN coatings’
friction and wear performance is more predominant than that of
CrAl coatings, and the CrAIN coating with lower Al composition
have the best friction and wear performance.

EXPERIMENT PROCEDURE

In this study, four ATF candidates (two CrAl coatings and two
CrAIN coatings with different Al content the detail is exhibited in
Table 1) and a conventional Zr-4 alloy with a length of 25 mm, a
width of 15mm and a thickness of 2 mm were prepared and
tested. The coatings are deposited on the Zr-4 alloy substrate by
multi-arc jon plating. The deposition time of CrAl coatings is 2 h
and 6 h, and for CrAIN coatings, the deposition time is 2 h. The
hardness of Zr-4 and four CrAl-based coatings were measured by
Vickers hardness tester and the results are shown in Table 1. The
friction and wear tests were in progress in a reciprocating sliding
tester at room temperature (27°C) in unlubricated (air) condition
and in water lubrication. For the water lubrication condition, the
specimens were placed in a tank filled with deionized water. The
effects of water fluidity, temperature, and hydrochemistry on the
results were not taken into account. The schematic diagram of
test machine is shown in Figure 1. Each specimen is subjected to a
friction test with a zirconia ball. The reciprocating stroke is fixed
at 10 mm, the reciprocating frequency is 13 Hz, and the friction
time is 3 min and 10 min. Since the friction and wear properties of
coatings cannot be clearly compared with either too large or too
small loads, the contact normal forces of 1 and 5N are applied
under the experiment condition. During the experiment, the
coefficient of friction (COF) was continuously monitored in
order to observe the relationship between the change of COF
curve and the wear amount of each sample. After the wear test,
the worn surface of each sample is observed by the surface
profilometer to measure the wear depth and the amount of
friction wear. The amount of wear volume was detected using
a non-contact three-dimensional laser interferometer.

To characterize the coatings, X-ray diffraction (XRD) was
conducted to determine the phase composition of samples. The
energy-dispersive X-ray spectroscopy (EDS) profiles were
performed to study the distribution of Cr, Al, and N elements.
The scanning electron microscopy (SEM) was applied to assess
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FIGURE 2 | Wear depth for various ATF candidates as a function of load and time under unlubricated and water lubrication condition: (A) 5 N, 10 min; (B) 1 N,

the coatings thickness and adhesion with substrate. Meanwhile,
nanoindentation test was performed to assess the mechanical
properties of coatings.

RESULTS AND DISCUSSION

Wear Behavior

After the reciprocating sliding friction test, the wear depth was
obtained from the bottom sample. Figure 2 depicts the
measurements of the maximum wear depth for various ATF
coating under different loads in unlubricated and water
lubrication condition, the experiment time is 10 and 3 min.
The difference in wear depth of different samples is
considered as the difference in the friction and wear
performance of the samples. It can be found that the wear
depth under different loads is quite different, which indicates
that different loads have different effects on the damage of the
coating. Under a load of 5 N, it will be found that Zr, Cr3, ;Alg;.,
and Crys gAls4 , have similar wear depths. Under aload of 1 N, the
wear depth of the CrAl coating will be smaller than that of Zr.

This shows that when the load is small, the CrAl coating has a
protective effect on the Zr substrate. However, the coating was
destructed by relatively large load, which will lead to the
disappearance of the protective effect of the CrAl coating on
the Zr substrate. Furthermore, it can be found that under the load
of 5N, the CrAIN coatings have a more significant protective
effect on the Zr substrate compared to the CrAl coatings. At the
same time, the wear performance of the Crjs;Al,5 N394 coating
is better than that of the Cr;;4Al6;Nygo coating due to the
smaller wear depth.

The presence of water also has influence on wear performance,
in addition, the impact on CrAl coatings and CrAIN coatings is
distinct. For Zr, Crs;1Alg70, and CrysgAlsy, coatings, under 1
and 5 N loads, the wear depths under water lubrication are more
significant than that under unlubricated condition. For
Cry;74Al67Nygo and CrssAlys6Nsoy, the wear depths under
water lubrication are less than that under unlubricated
condition. It is considered that the wear behavior of CrAl
coatings and CrAIN coatings in water environment is different
(He et al., 2020). For the CrAl coatings and Zr-4, the wear
behavior is abrasive wear, during this process, there will be
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FIGURE 3 | Results of noncontact three-dimensional optical profilometry under different conditions.

debris attached to the scratched surface, which lead to the
increasement of wear depth. For the CrAIN coatings, the wear
behavior is adhesive wear, the lubrication during friction reduce
the degree of wear.

In order to assess the lubricant effect to the wear of various
coatings more accurately, for the CrAl coatings, a 3-minute
friction and wear under water lubrication and unlubricated
condition was carried out under a load of 1N. Zr-4 was also
tested as a control group under the same condition. For the

CrAIN coatings, a 10-minute friction and wear test under water
lubrication and unlubricated condition was conducted,
identically, Zr-4 had the experiment under the same condition.
After the experiment, the scratches were measured using
noncontact three-dimensional optical profilometry.

According to Figure 3, the wear shapes of various ATF
candidate coatings and Zr-4 are substantially similar under the
presence or absence of lubrication condition. The wear shape of
the Zr-4 and the CrAl coatings is largely different from the wear
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FIGURE 4 | Abrasion loss for Zr-4 and various ATF coatings under different loads: (A) 5 N, (B) 1 N.
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shape of the CrAIN coatings, which can be rationalized by the
degree of damage of the coatings. As can be seen from the results
of the noncontact three-dimensional optical profilometry,
the surface of the coating is relatively rough. The shallower
the scratch, the rougher the surface is observed. For the
Crsy1Als;9 and CrysgAlsy, coatings under unlubricated
condition, the wear depth is too small, which has exceeded the
lower limit of the noncontact three-dimensional optical
profilometry measurement. Compared with unlubricated
condition, the uncoated Zr-4, Crs, Alg;9, and CrysgAlsy,
coatings wear more under water lubrication condition.
Meanwhile the wear depth of CrAIN coatings under water
lubrication condition are less than that of unlubricated
condition, which is consistent with the results obtained by the
scratch measurement instrument. Under the same condition, it
can be realized that the Zr-4 with coatings have less wear debris
than uncoated Zr-4. Thus, the CrAl-based coatings has a
protective effect on the substrate and enhances the wear
resistance.

As can be seen from the results of the noncontact three-
dimensional optical profilometry, the surface of the coating is
relatively rough. When the wear depth is smaller, the surface
roughness observed in the noncontact three-dimensional optical

profilometry is more obvious, because the sample surface has an
unevenness of about 0.5pum, which is not negligible in the
noncontact three-dimensional optical profilometry result when
the wear depth is small. Whereas the wear depth under 5N is
deep, and the unevenness of the surface is negligible, thus this
difference is produced in the picture results of the noncontact
three-dimensional optical profilometry.

The abrasion loss of Zr-4 and two CrAl coatings increased
under the condition of water lubrication. According to the results
of the noncontact three-dimensional optical profilometry, water
lubrication has influence on the scratch shape, hence, the main
reason for this result was the change of wear depth. This is
consistent with previous results. Figure 4 reveals the wear volume
of each ATF coatings after experiment with different conditions.
The abrasion loss of CrAIN coating has little change, among
which the abrasion loss of Cr;5 1 Aly5 ¢N39 4 has almost no change,
which indicates that it has good wear resistance under both
conditions.

Under a load of 1 N, the abrasion loss of the CrAl coating is
much less than that of Zr under unlubricated and water
lubrication conditions, and shows a good protective effect
on the Zr substrate, which is consistent with the previous
results.
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FIGURE 5 | Coefficient of friction of various ATF candidates and Zr-4 under different load: (A) 5 N, (B) 1 N.
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Coefficient of Friction
Figure 5 shows the friction coefficient for different ATF

candidates and Zr-4 under water lubrication and unlubricated
condition with different loads. The friction coefficient curve
showed fluctuations under water lubrication and unlubricated
conditions, which lasted until the end of tests. It can be
rationalized that under unlubricated condition, since there are
worn debris detached from the contact surface and remains on
the surface, the worn surface becomes rougher, and then small
worn debris may gather in an appropriate position on the
irregular worn surface, which may form a worn debris layer.

Friction Properties of ATF Coatings

Therefore, the irregularity and fluctuation of the friction
coefficient curve are closely related to the fracture of the worn
debris layer and the interaction between the worn debris and the
contact surface. It is possible that the frictional debris layer is
difficult to be formed under the condition of a small load due to
water lubrication. As a result, the fluctuation of the friction
coefficient curve is caused by the damage of a surface coating
and the periodic accumulation and damage of debris layer on the
coating surface.

Under a load of 1 N without water lubrication, the friction
coefficient of Crs;1Alg; 9 and Crys gAls, , is always around 0.15,
indicating that the surface of the CrAl-coating was not severely
damaged during the experiment, which is consistent with the
previous results of wear depth and wear volume as shown in
Figures 2, 3, respectively. Under water lubrication, the friction
coefficient is quite different from that under the condition
without water lubrication. It can be observed that when other
conditions are the same, the coefficient of friction under water
lubrication is more significant than that in air condition, which
may be related to the viscosity of water. The fluctuation of the
friction coefficient curve also reflects a certain change for the
coating surface.

Under a load of 5N, it is noticed that the friction coefficient
curves of CrAl coating and CrAIN coating are distinct. This is due
to the fact that the CrAl coating is a metallic coating and the
CrAlIN coating is a ceramic coating and their surface properties
are different. Meanwhile, the coefficient of friction does not
increase significantly under water conditions compared to 1 N
with the same condition.

X-Ray Diffraction Analysis

XRD patterns of Crs; Alg;9 and CrysgAls,, coatings with
different deposition time and Cr;;4Al367Ny60, CrssAlyssNsoy
coatings with 2 h deposition are presented in Figure 6. According
to Figures 6A,B, the c-AIN, w-AIN and CrN pattern can be
detected in the results of CI'35_1A125_6N39‘4 and Cr17_4A136.7N45A0
coating. The Crss;Aly56N394 and Cry; 4Alz7Nyg o coating have
the same composition, nevertheless, their peak distributions are

FIGURE 7 | Cross-sectional SEM images of each ATF candidate cladding (deposition time: 2 h), (A) upper side and (B) lower side of Cray 1Als7.o, (C) upper side and
(D) lower side of Crss.8Als4.0, (E) upper side and (F) lower side of Crap 1Als7 gN, (G) upper side and (H) lower side of Crys gAlsa oN.
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TABLE 2 | | Thickness of various ATF coatings with 2 h deposition.

Materials Thickness of Thickness of Average thickness
the the of
upper side (um) lower side (um) two sides (um)
CI’32_1A|67_9 7.7 5.7 6.7
Crys.8Al54.2 5.4 9.0 7.2
Cr17.4Alz6.7Nas 0 111 8.1 9.6

Cras 1Alos 6Nag 4 10.0 7.2 8.6

quite different. Strong AlgCrs peaks can be observed on both
Crsp1Als70 and CrysgAlsy, coatings, meanwhile Al;Cr; peak is
only observed on CrysgAlsy, coating. Compared with the results
of Cr3;1Alg;9 and CrysgAlsy, with 2 h deposition, the XRD results
indicate that CrAl coatings with 6 h deposition have the same
composition, however, the coatings with 6h deposition have
weaker peak of Zr. The XRD results above indicate that Cr, Al
and N elements are well involved in the crystal structure in the
coatings, and the crystal structure will change with the change of
element type and content. In addition, with the extension of
deposition time, the diffraction signal of CrAl coating also
increases, which is the result of the increase of coating thickness.

Scanning Electron Microscopy and
Energy-Dispersive X-Ray Spectroscopy

Analyses
Figure 7 shows the results of SEM for four ATF candidate
coatings. The measured thickness of each ATF candidate

Friction Properties of ATF Coatings

coating is shown in the Table 2 according to the results in
Figure 7. The thickness of each coating does not exceed
10 pm, the hardness of the CrAl coating is larger than that of
Zr-4, meanwhile, the wear depth of CrAl coatings with 2h
deposition time is pretty close to that of Zr-4, which is due to
the coating is relatively thin. When the coating is destroyed, its
protective effect on the substrate disappears. The thickness of
Cr3,1Alg79 and Crys gAls, , coating with 2 h deposition time are
thinner than that of Cr17.4Al36.7N46'0 Cr35'1A125'6N39,4. It can be
rationalized by the material compatibility of different coatings,
which means the presence of nitrogen accelerates the deposition
rate of particles, resulting in a better adhesion for CrAIN with
Zr-4. Figure 8 exhibits the SEM result of CrAl coatings with 6 h
deposition. Table 3 reveals the thickness of CrAl coatings with
6h deposition time. As the deposition time increases, the
coating remains highly dense, the thickness of the coating
increases, and the wear depth does not exceed the thickness
of the coating. This also explains the protective effect of the CrAl
coating on the Zr substrate, that is, it can significantly enhance
the wear resistance before the coating is severely damaged.
The distribution of various elements on the coating with 2 h
deposition is shown in the EDS results in Figure 9. The coating
and the Zr-4 substrate have a distinct boundary. The substrate
does not contain Cr, Al, and N elements, and the coating does not
contain Zr elements, which means that the coating does not affect
the properties of the Zr substrate, this also proves that it is feasible
to prevent GTRF by physical vapor deposition. When compare
the result of Figures 9A-D, it can be seen that the content of Cr
and Al in the coating is significantly less in the CrAIN coatings.
This is consistent with the conclusion that the presence of
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FIGURE 8 | Cross-sectional SEM images of each ATF candidate cladding (deposition time: 6 h), (A) upper side and (B) lower side of Cray 1Als7.0, (C) upper side and
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TABLE 3 | Thickness of various ATF coatings with 6 h deposition.

Materials Thickness of the Thickness of the Average thickness of
upper side (um) lower side (um) two sides (um)

Crsz.1Als7.9 28.5 221 25.3

Cras gAlsa.» 27.6 38.2 32.9

nitrogen changes the properties of the coating. Figure 10 reveals
the distribution of elements on CrAl coatings with 6 h deposition.
The distribution of coating elements did not change, indicating
that the coating structure would not be affected by the
deposition time.

Young’s Modulus

The results of nanoindentation test are presented in Figure 11.
Young’s modulus of CrAl coatings are close to that of Zr-4, while
the Young’s modulus for CrAIN coatings are much higher than
that of Zr-4. Considering the Young’s modulus and hardness of
the samples, the indentation depth of 3,000 nm and 2000 nm for
CrAl and CrAIN coatings was chosen, respectively. The Young’s

Friction Properties of ATF Coatings

modulus of Crss;Al56N304 coating is the highest, followed by
Cry7.4Al36 7N 46 o coating. The larger Young’s modulus means the
smaller elastic deformation under the same stress, which is also
consistent with the results of previous friction and wear tests. The
larger the Young’s modulus is, the substrate will have more
efficient protection. However, if the difference of Young’s
modulus between coating and substrate is huge (e.g.,
Crss1AlLs N394 and Cry;4Als;Nygo coatings), a superior
adhesion between coating and Zr-4 is required. The results of
SEM and friction experiment show that the CrAIN coatings have
an excellent adhesion, hence, they have a significant protective
effect. Meanwhile, for CrAl and CrAIN coatings, the Young’s
modulus of the coating with high content is larger. This is
consistent with the results of hardness and wear behavior of
coatings.

SUMMARY AND CONCLUSION

Various
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fretting degradation. It was found that CrAl-baesd coatings
have a pretty protect effect to Zr-4 substrate, which
improve the resistance to GTRF  degradation.
Furthermore, CrAIN coatings have a better protective
effect than CrAl coatings. When the coating is severely
damaged, this protective effect of CrAl coatings will
disappear. Under water lubrication, the CrAl coatings’
resistance decrease, whereas the CrAIN coatings’
resistance improve. The presence of nitrogen significantly
affects coating properties, including coating hardness,
abrasion resistance, and coating deposition rate.

Therefore, in order to improve the resistance to grid-to-rod
fretting degradation, it is suggested to use coatings with higher
hardness (e.g., CrAIN coatings) to deposit on current Zr-4, and
the coating should be deposited thicker. Deposit coatings on Zr-4
is a feasible method to improve the resistance to GTRF
degradation.
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