Journal of Nuclear Materials 545 (2021) 152651

o

Contents lists available at ScienceDirect

JOURNAL OF
NUCLEAR MATERIALS

Journal of Nuclear Materials

journal homepage: www.elsevier.com/locate/jnucmat

Benefit or harm of accident tolerant coatings on the low-cycle fatigue n
properties of Zr-4 cladding alloy: in-situ studies at 400°C

Xianfeng Ma, Hailin Zhai, Fangiang Meng, Jishen Jiang*, Xiujie He, Yanying Hu,
Wenjie Zhang, Jiajun Tu, Donghui Wei, Biao Wang

Sino-French Institute of Nuclear Engineering and Technology, Sun Yat-Sen University, Zhuhai 519082, Guangdong, China

ARTICLE INFO

Article history:

Received 18 June 2020

Revised 23 September 2020
Accepted 30 October 2020
Available online 6 November 2020

Keywords:

Accident tolerant coating
Cr

TiCrAIN

Zr-4 alloy

Low cycle fatigue

In-situ SEM

ABSTRACT

The present work is the first study investigating the effects of accident tolerant coatings on the low-cycle
fatigue life of the Zr-4 alloy. Zr-4 alloy with different accident tolerant coatings, i.e., a Cr coating or a
TiCrAIN coating by multi-arc ion plating, were studied at 400°C by in-situ fatigue testing with a scanning
electron microscope (SEM). It was surprisingly found that the Cr coating improved the fatigue life of the
Zr-4 alloy significantly, whereas the TiCrAIN coating decreased the fatigue life dramatically. The fatigue
life variation was closely related to the ratcheting strain of each type of sample in this study. Further, in-
situ SEM observations indicated that the Cr coating exhibited a good capacity for plastic deformation with
the Zr-4 substrate until the late stage of fatigue life. In contrast, for the TiCrAIN coating, multiple cracks
formed during the early stage of fatigue life. The distinct effects of the two coatings were confirmed by
analysis of the fracture surfaces and longitudinal section microstructure. Hence, variations in the fatigue
life of the coated Zr-4 samples was attributed to the cyclic deformation and cracking behavior of each
coating. Finite element simulations based on the cohesive element method indicated that the pre-failure
of the brittle TiCrAIN coating (with its low fracture toughness) promoted early crack initiation in the Zr-4
substrate, leading to a short fatigue life. For the Cr coating (with its high fracture toughness and good

plasticity), the crack initiation in the substrate was postponed, leading to a longer fatigue life.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Zirconium alloys have been widely used as nuclear fuel
cladding materials in light water reactors (LWRs) for decades be-
cause of their low neutron capture cross section, excellent corro-
sion resistance, and thermo-mechanical properties [1]. However,
under a loss of coolant accident (LOCA) condition, the reaction of
Zr alloys with steam at high temperatures may result in hydro-
gen uptake, which greatly threatens the nuclear safety of LWRs.
Since the Fukushima accident in Japan, the development of ac-
cident tolerant fuel (ATF) has attracted increasing interest from
researchers in the field of nuclear safety and nuclear fuels [2].
Among the different ATF strategies, applying a surface coating on
the Zr-4 cladding alloy has been regarded as a favorable candidate
[3]. Coatings with superior oxidation resistance would be specially
fabricated on the surface of the cladding to prevent the contact
and reaction with hot steam. One major benefit of the ATF coating
strategy is the convenience of application because it does not alter
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the structure of the claddings nor disrupt the design and manufac-
ture of the nuclear fuel system.

In recent years, progress has been made in the material selec-
tion and fabrication technology of ATF coatings on Zr alloys [3].
The coatings reported in the literature include ceramic coatings
(MAX phase [4], SiC [5], ZrC [6], and TiCrAIN [7]), metallic coat-
ings (Cr [8] and FeCrAl [9]), and multilayer composite coatings (Cr-
Zr/Cr/CrN [10] and ZrO,/FeCrAl [11]). Ma et al. [7] evaluated the
corrosion and oxidation behaviors of the TiAICTrN ceramic coatings
prepared by the multi-arc ion plating technique. The coated sam-
ples showed minimal weight gain and no obvious coating spalla-
tion after a corrosion test in pure water at 360°C and 18.5 MPa,
nor after a high temperature oxidation test at 1060°C in air. Alat
et al. [12] found that the weight gain of the multilayer TiN-TiAIN
ceramic-coated Zircaloy was six times lower than that of the un-
coated samples, and the coating adhered well to the substrate af-
ter a corrosion test at 360°C and 18.7 MPa for 90 days. In addi-
tion, Cr-based coatings have been considered to have many possi-
ble applications because of their superior oxidation resistance, high
melting point, and similar thermo-mechanical proprieties to the
substrate Zr alloy. Kim et al. [13] prepared a Cr coating on a Zr-
based alloy using the 3D laser coating method and found that the
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Fig. 1. Microstructure of the annealed Zr-4 alloy: (a) optical image, (b) high magnification of (a).

thickness of the oxide layer on the Cr-coated surface was ~25 times
lower than that of the uncoated surface. Brachet et al. [14] assessed
the corrosion, oxidation resistance, and mechanical properties of
the Cr-coated nuclear cladding in LOCA and beyond LOCA condi-
tions. They found that the Cr coating/Zr substrate system not only
had good corrosion and oxidation resistance but also high tensile
strength, wear resistance, and interfacial adhesion.

While the corrosion and oxidation resistance of several ATF
coatings have been extensively studied, there is little information
available on the strength assessment and failure mechanisms of
the ATF coatings at high temperatures. During the operation of the
reactors, the fuel cladding generally undergoes cyclic thermal and
mechanical loading conditions from the combination of the flow
vibration of the water cooling medium and temperature changes
caused by the core power adjustment [15]. Therefore, knowledge
about the effect of ATF coatings on the mechanical properties (e.g.,
low-cycle fatigue (LCF) life) of Zr alloy cladding at high tempera-
tures is an essential performance index that must be studied be-
fore the application of a coating candidate.

It is known from previous research that ceramic and metallic
coatings may remarkably affect the fatigue lives of the coated bod-
ies [16]. Lonyuk et al. [17] found that the fatigue life of NiP-coated
aluminum alloys was 50% longer than that of uncoated samples,
which benefited not only from the higher strength of the coating
compared to the substrate but also from the compressive residual
stress in the coating from the deposition process. However, Lonyuk
et al. [18] found that the 60 um thick oxide coatings led to ~75%
reduction in the fatigue strength of the 7475-T6 aluminum alloy,
which was primarily associated with the stress concentration at
the micro-cracks in the coatings. Similar phenomenon were also
found in some brittle coatings [19,20]. Various factors, such as the
ratio of the coating/substrate strength and interfacial adhesion, as
well as the residual stress and microstructure of the coating, can
affect the fatigue properties of the coated substrate [17]. Review-
ing the ATF coating candidates with superior oxidation and cor-
rosion resistance, there are ceramic coatings with high hardness
and metallic coatings with excellent ductility. For different coat-
ings, the mechanisms that influence the fatigue life might be dis-
tinct. Hence, it is critical to clarify how and why ATF coatings affect
the fatigue properties of Zr alloys.

For this purpose, the present study attempts to explore the ef-
fects of two ATF coatings, i.e., a Cr coating and a TiCrAIN coating,
on the LCF life of the Zr-4 alloy at 400°C. In-situ scanning electron
microscope (SEM) fatigue tests were conducted at 400°C to under-
stand the deformation and fracture mechanism of different sam-
ples. Three groups of samples, namely, uncoated, Cr-coated, and
TiCrAIN-coated Zr-4 samples, were prepared and tested. Compar-

ative studies of the LCF properties, deformation mechanism, and
crack evolution in different samples were carried out.

2. Materials and experimental
2.1. Materials

The chemical composition of the Zr-4 alloy used in this study
is given in Table 1. The as-received Zr-4 rod had a diameter of 25
mm, which was subjected to an annealing heat treatment at 800°C
for 24 h in a vacuum. The microstructure of the annealed Zr-4 al-
loy is shown in Fig. 1. The average grain size of the Zr-4 alloy was
about 20 um. Subsequently, the Zr-4 alloy was machined into fa-
tigue samples following the geometry shown in Fig. 2. The fatigue
samples were ground by 360, 600, 800, 1000, and 1200 grit SiC pa-
pers to remove the surface oxide film and to achieve the optimum
surface asperity for coating adhesion. The thicknesses of the test
samples ranged from 0.50 to 0.65 mm due to different polishing
losses. After grinding, the samples were cleaned by the following
procedure: 1) exposed to ethyl alcohol for 10 min in an ultrasonic
cleaner; 2) rinsed with deionized water; and 3) dried with nitro-
gen gas.

The Cr and TiCrAIN coatings were deposited on the Zr-4 alloy
substrate by the multi-arc ion plating technique. A hole 1.5 mm
in diameter was drilled into the region adjacent to one edge of
the substrate for hanging during deposition. The samples hung on

Table 1
Chemical composition of the Zr4 alloy substrate.
Sn Fe Cr N (0] H Zr
wt% 1.2-1.7 0.18-0.24 0.07-0.13 0.008 0.16 0.01 Bal.
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Fig. 2. Geometry of fatigue specimen (all dimensions in mm).
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Fig. 3. In-situ fatigue testing system with an SEM for elevated temperature testing: (a) SEM and control system, and (b) fatigue sample loading unit.
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Fig. 4. FE models of the (a) TiCrAIN-coated and (b) Cr-coated Zr-4 alloys.

the holder and rotated at a constant speed to obtain homogenous
deposited coatings. Before deposition, sputter cleaning was per-
formed on the samples at a bias potential of 500 V to remove the
oxide from the substrate surface. The Cr coatings were deposited
using two high-purity (99.999%) Cr cathodes under a negative sub-
strate bias voltage of 75 V, an arc current of 100 A, a pressure of
2.7 Pa, a deposition temperature of 340°C, and a deposition time
of 8 h. To prepare the TiCrAIN coatings, a Cr bond coating approxi-
mately 100 nm thick was first deposited on the Zr-4 substrate un-
der an argon atmosphere at a pressure of 0.3 Pa to enhance the
interfacial adhesion. Two high-purity (99.999%) Cr cathodes and
two TiAl (25-75 at.% Al) cathodes were used for the deposition of
TiCrAIN layers under a negative substrate bias voltage of 70 V, an
arc current of 100 A, a pressure of 0.3 Pa, and a deposition time
of 3 h. The temperature of the substrates was maintained at 400°C
during deposition, and the nitrogen and argon flows were kept at
200 ml/min and 30 ml/min, respectively.

2.2. Experimental procedure

As shown in Fig. 3, the LCF tests of all samples were performed
at 400°C in the vacuum chamber of an SEM using a specially de-
signed servo-hydraulic testing system. The elevated temperature
was achieved by heating resistance coils, accompanied with a ther-
mocouple to obtain a stable temperature. The sample was first
heated to 400°C and then held for 15 min before each fatigue test.
The fatigue tests were performed under a controlled load using
a sinusoidal waveform with a stress ratio of R = 0.1 and a load-
ing frequency of 10 Hz. During testing, the evolution of the en-
gineering strain parallel to the loading direction was obtained by

measuring the variation of the displacement of the gauge section.
The tests were paused at different required loading cycles and held
at average stress to capture the micro-cracking and microstruc-
ture evolution of the fatigue samples under the secondary electron
mode of the SEM. Note that since the times for taking SEM images
were short and the temperature was relatively low, the creep effect
on the fatigue testing was negligible. All the coated and uncoated
samples were tested to failure. After fatigue testing, each fatigue
sample was subjected to fractography analyses in the SEM (TES-
CAN MIRA 3, Czech). In addition, some samples of the Zr-4 alloys
with a Cr or TiCrAIN coating were cut at the gage section to ob-
tain the longitudinal section microstructures, which can reveal the
fatigue crack morphology.

3. Finite element modeling

To understand the evolution of surface cracks in both the
TiCrAIN coating and the Cr coating during the fatigue test, two-
dimensional plane strain finite element (FE) models were built.
Fig. 4 shows the geometry of the FE models of the TiCrAIN and
Cr coating systems. The coatings and the Zr-4 substrate for both
models are assumed to bond together tightly without any interfa-
cial cracks, and the interfaces are assumed to be flat. Based on the
experimental measurement, the thicknesses of the TiCrAIN coat-
ing, Cr coating and substrate are set as 5 um, 15 wm and 0.5 mm,
respectively. Four-node plain strain elements are adopted to mesh
the coatings and the substrates in both models, and the meshes
in regions near the interfaces and the vertical cracks are refined
to enhance the calculation accuracy. To model the vertical surface
cracks, four-node cohesive elements (COH2D4) in zero thicknesses
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Table 2
Mechanical properties of the TiCrAIN coating, Cr coating, and Zr-4 substrate
at 400°C.

E(GPa) v os (MPa) o, (MPa)  Ref.
TiCrAIN coating 351 0.1 / / [19]
Cr coating 168 0.22 165 / [23,24]
Zr-4 substrate 71 0.32 1355 210 [22]

are inserted vertically in the coatings, as shown in Fig. 4. Verti-
cal cracks are restricted to initiate and propagate along the co-
hesive elements under deformation. During fatigue tests, the sur-
faces cracks on both coatings continuously grow and finally reach
a plateau stage, namely the crack densities reach saturation, un-
der large deformation. Thus, the distances between two adjacent
vertical cracks, L, are set to be 20 um and 200 pum for the TiCrAIN
coating and Cr coating, respectively, which are equal to the average
values of the saturated cracks for both coatings. In Fig. 4, consid-
ering the periodic geometries of the models, a three-period model
for the TiCrAIN coating system and a one-period model for the Cr
coatings system are built for FE calculation. In the two models, the
left and right edges are imposed the periodical boundary condi-
tions by the multi-point constraint (MPC) method [21]. The bottom
edges of the substrates are restricted to move in the y direction,
while the top edges of the coatings are free from any constraint.

Instead of fatigue load, uniform linear tensile loads at 400°C
were applied on the two FE models to simplify the calculations.
The models assume that initiation and propagation of the verti-
cal cracks are primarily related to the continuous increase in the
ratcheting strain during fatigue tests, and the effects of variations
in the fatigue loadings were not taken into account. Despite the
simplification, the stress evolution and vertical cracking in the two
coatings can be compared, and an explanation for the difference
in fatigue cracking between the coatings can be provided based on
the FE results.

The ceramic TiCrAIN coatings are regarded as the elastic mate-
rial, while the Cr coating and the Zr-4 substrate are regarded as
elastic-plastic materials [22-24]. Since no mechanical properties of
the TiCrAIN coating are available, its elastic properties are assumed
to be similar to those of the ceramic CrAIN coating [19]. The me-
chanical properties, such as the elastic modulus E, Poisson’s ratio
v, yield stress o and ultimate tensile strength o}, of all materials
at 400 °C are listed in Table 2.

The constitutive relation of the cohesive elements for modeling
vertical cracks can be described by a bilinear traction-separation
law (TSL), which assumes that the cohesive element ahead of the
crack tip has a linear elastic behavior before damage, once the
damage criterion is satisfied, namely the stress reaches a criti-
cal value o, damage will be initiated. Under continuous loadings,
damage will be accumulated with a linear stress softening. Once
the damage value reaches 1, the stress decreases to zero and final
failure happens. At this moment, the related cohesive element will
be deleted to represent a crack surface. Detailed descriptions of the
cohesive zone model (CZM) and TSL could be found in our previous
work [21,24]. In the bilinear TSL, six parameters, namely, the ten-
sile strength 0.0, shear strength ¢, initial stiffnesses K, and K in
normal and tangential directions (respectively), and critical energy
release rates (i.e., the fracture toughness) Gp. and Gs in normal
and tangential directions (respectively), need to be defined [25].
However, because the TiCrAIN and Cr coatings are newly devel-
oped ATF coating systems in the last few years, the data of fracture
parameters is lacking and thus rough assessments of these param-
eters are conducted. For the ceramic TiCrAIN coating, the tensile
strength and fracture toughness are relatively lower, and vertical
cracks appear early with the tensile strain of 2% based on the ex-
perimental results. The o) and 00 were set to 50 MPa and Gpc
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and Gy were set to 100 J/m? based on our multiple trial FE cal-
culations. For the Cr coating at 400°C, the tensile strength was as-
sumed to be equal to the ultimate tensile strength [23], and the
fracture toughness ranged from 100 to 300 J/m? based on Ref. [26].
Thus, o and 60 were set to 210 MPa, and Gy and Gsc were set to
200 J/m?. For both coatings, K, and K;s can be regarded as penalty
parameters for the FE calculation, and their magnitudes have little
effect on the crack modeling; therefore, appropriate values were
set to avoid convergence problems. Despite the rough assumption
on the fracture parameters, a comparative study on the stress evo-
lution and cracking behavior in the two coatings can still be car-
ried out. Efforts to evaluate the fracture parameters for the two
coatings will be made in future work.

4. Results and discussion
4.1. Microstructure of the coatings

The surface morphology and cross-section microstructure of the
as-prepared TiCrAIN- and Cr-coated samples are shown in Fig. 5.
After deposition, the average thicknesses of the TiCrAIN and Cr
coatings were 5.0 um and 15.0 pum, respectively. Figs. 5(a) and
5(b) show the surfaces of the TiCrAIN and Cr coatings, in which
some droplets with a diameter between 0.1 um and 2 um were
inevitably formed. It is a common phenomenon reported in the
coatings prepared by the arc ion plating technology [27], for which
the size and morphology of the droplets are associated with the
plating parameters, such as the gas pressure and bias potential
[28]. As seen from the cross-sectional morphologies in Figs. 5(c)
and 5(d), both the TiCrAIN and Cr coatings had dense microstruc-
tures and uniform thicknesses. The coatings and substrates were
tightly bonded, and the interfaces were relatively flat. No micro-
cracks were found either at the interface or on the surface.

4.2. Evaluation of the fatigue properties

The fatigue lives of the uncoated and coated Zr-4 samples at
different stress levels at 400°C are listed in Table 3, and Fig. 6
shows the stress versus fatigue life curves (i.e., S-N curves) of
the uncoated and coated Zr-4 samples. It is remarkable that the
Cr coating can evidently improve the LCF life of the Zr-4 alloy,
whereas the TiCrAIN coating remarkably deteriorates the fatigue
life of the Zr-4 alloy, which has been rarely reported in previous
studies of accident tolerant coatings. The improvement or dete-
rioration of fatigue properties in the coated samples may be at-
tributed to several factors, such as the strength and ductility of the
coatings, interfacial adhesion between the coatings and substrates,
and micro-crack evolution. Detailed analyses will be presented in
the following sections.

In the present fatigue tests, the stress ratio of R = 0.1 was
adopted. Under asymmetric stress-controlled cycling, inelastic de-
formation accumulation would be expected in the uncoated and
coated Zr-4 alloys, i.e., the well-known ratcheting effect in the cy-
cling process. Ratcheting behavior has been generally regarded to
shorten the LCF life of alloys [22,29]. In previous studies of Zr al-
loys [22,30], evidence of ratcheting behavior was reported under a
high average stress at high temperatures. In this work, the ratchet-
ing strain &; is defined as follows:

1
&r = E(Smax+8min) (1)

where emax and &, are the maximum and minimum strain of
each cycle, respectively. Fig. 7 shows the ratcheting strain evolution
for different samples. The applied loads are chosen inconsistent to
present a clear and intuitive comparison between the coated and
uncoated samples. Each ratcheting strain curve can be divided into
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Fig. 5. Surface and cross-section morphologies of the TiCrAIN and Cr coated samples: (a) surface morphology of the TiCrAIN coating, (b) surface morphology of the Cr
coating, (c) cross-section morphology of the TiCrAIN coating, and (d) cross-section morphology of the Cr coating.

Table 3

Fatigue lives of the uncoated and coated Zr-4 samples at different stress levels at 400°C.

Uncoated Zr-4

TiCrAIN coated Zr-4

Cr coated Zr-4

Stress (MPa)  Fatigue life (-)  Stress (MPa)

Fatigue life (-)  Stress (MPa)  Fatigue life (-)

205 124504 190 36553 230 62180
215 19250 195 23995 238 12320
220 8680 210 4361 250 10440
225 21900 215 5560 255 1331
230 6010 220 1485 265 369
238 265
280 _ .
270 = e —T:érAZ]lI\?g?ed 7r-4, 215MPal-
b ® TiCrAlN coated Zr-4 5 =
260 A Crcoated 7r-4 Zr-4, 238MPa
L Cr coated Zr-4, 238MPa
250 - 5 s s
I wE e - P S
a 240 - - : : f
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Fig. 6. Maximum stress vs. number of fatigue cycles (S-N curves) for uncoated, Cr-
coated and TiCrAIN-coated Zr-4 alloys at 400 °C.

three stages: the transient stage (stage I), steady stage (stage II),
and tertiary stage (stage IIl). During stage I, the ratcheting strain
increased rapidly with a decreasing strain rate, and it reached a
steady increase state in a very short time. During stage II, the ac-

Fig. 7. Ratcheting strain curves of uncoated, Cr-coated, and TiCrAIN-coated Zr-4 al-
loys at 400°C.

cumulation of ratcheting strain maintained an almost constant in-
creasing rate for a long time. It is apparent that a higher stress
level led to a more rapid strain increase. During the last stage,
the strain accumulated at an accelerated rate and resulted in the
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Fig. 8. In-situ observations of fatigue deformation in the uncoated Zr-4 alloy under 215 MPa at 400°C: (a) 0, (b) 1500, (c) 18100, and (d) 19210 cycles.

ultimate failure of the samples. As shown in Fig. 7, the TiCrAIN-
coated sample had a more rapid increase in the ratcheting strain
and reached the tertiary stage earlier than the uncoated sample at
215 MPa, while the Cr-coated sample had a slower increase in the
ratcheting strain and reached the tertiary stage later than the un-
coated sample at 238 MPa. These results indicate that under the
same stress, the Cr-coated sample shows the slowest ratcheting
strain accumulation while the TiCrAIN-coated sample shows the
fastest accumulation, which can explain the longer fatigue life of
the Cr-coated sample and the shorter fatigue life of the TiCrAIN
one.

4.3. In-situ observations of deformation and crack evolution

To understand the effect of the coatings on the fatigue life of
the Zr-4 substrate, in-situ observations were carried out to reveal
the deformation mechanism and crack evolution in different sam-
ples. Fig. 8 displays the fatigue deformation features of the un-
coated Zr-4 alloy under a maximal stress of 215 MPa. As seen in
Fig. 8(a), the equiaxed grains had an average size of approximately
20 pum, and no initial cracks were found in the as-received Zr-4
alloy. After 1500 cycles, slip lines inclined in the loading direction
were formed in a few grains owing to soft orientations favorable
for prismatic or basal slip deformation, and the concave-convex
phenomenon occurred, as shown in Fig. 8(b). As the number of
loading cycles increased, plastic deformation accumulated, which
aggravated the concave-convex phenomenon, and the slip lines
were widely distributed in a majority of the grains (see Fig. 8(c)).
Micro-cracks and micro-voids were clearly visible after 19210 cy-
cles (Fig. 8(d)) due to the impingement of slip bands against the
grain boundary or intersection between different slip bands [31].
The propagation of micro-cracks and the coalescence with adjacent
cracks led to the ultimate fracture of the Zr-4 alloy.

Fig. 9 shows the surface morphology and crack evolution of
the TiCrAlN-coated Zr-4 alloy under 215 MPa at 400°C. No ini-
tial cracks were observed on the coating surface before the fatigue

test (see Fig. 9(a)). However, multiple surface cracks formed after
only 20 cycles (see Fig. 9(b)). The cracks were generally parallel to
one another and vertical to the loading direction, which is similar
to those reported in other brittle ceramic coatings [32]. The early
cracks were due to the lower ductility of the ceramic TiCrAIN coat-
ing compared to the ductile Zr-4 substrate. As the number of load-
ing cycles increased, new cracks appeared, and the crack density
increased (see Fig. 9(c)). In addition, the crack opening displace-
ments became larger as the number of cycles increased, which
demonstrates the lower plastic deformability of TiCrAIN coating
compared to the Zr-4 substrate. In the late stage of fatigue load-
ing cycles, the cracks initiated and propagated rapidly in the sub-
strate, leading to the ultimate fracture (see Fig. 9(d)). During the
fatigue loading cycles, spallation of the TiCrAIN coating did not oc-
cur, even after fracture with large macroscopic deformation, which
reflects good adhesion of the TiCrAIN coating.

From the results shown in Figs. 5-9, it is evident that the fa-
tigue life of the TiCrAIN-coated sample is an order of magnitude
lower than that of the uncoated sample at 215 MPa. The signifi-
cant decrease in the fatigue life is related to the cracking behavior
of the TiCrAIN coating. Because of the brittleness of the TiCrAIN
coating, cracks may initiate in the coating early and rapidly prop-
agate throughout the entire coating thickness. Any surface cracks
could act as stress risers and contribute to early crack initiation in
the substrate from the interface, leading to a shorter fatigue life
[18].

Fig. 10 shows the surface crack evolution of the Cr-coated Zr-4
alloy at 250 MPa. No initial cracks appeared on the coating sur-
face before cycling (see Fig. 10(a)). Unlike for the TiCrAIN coating,
surface cracks did not appear in the Cr coating until a later pe-
riod of cycling. The first visible surface crack was found after 9212
cycles (88% of the total life, see Fig. 10(b)), which appeared much
later than those in the uncoated sample at 250 MPa (see Fig. 6).
As the cyclic loading continued and inelastic deformation accumu-
lated, new micro-cracks began to appear, and then the cracks prop-
agated and coalesced with adjacent cracks to form macro cracks
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Fig. 9. In-situ observations of the surface crack evolution on the TiCrAIN-coated Zr-4 alloy under 215 MPa at 400°C: (a) 0, (b) 20, (c) 3700, and (d) 5560 cycles.

(see Figs. 10(c)-10(g)). At the end of cycling, crack propagation in
the substrate led to the ultimate fracture of the samples, and no
coating spallation appeared owing to its good interfacial adhesion
(see Figs. 10(h) and 10(i)).

Based on a comparison of Figs. 9 and 10, the surface crack
evolution process in the TiCrAIN coating and Cr coating was re-
markably different, which led to different mechanisms influencing
the fatigue lives. Unlike those in the TiCrAIN ceramic coating, the
cracks in the Cr coating were relatively small and separated rather
than slender and parallel owing to the crystallography of the Cr
coating. In addition, the late time for surface crack initiation un-
der severe plastic deformation reflects the high fracture toughness
and ductility of the Cr coating, as well as the suitable compatibility
between the Cr coating and the substrate. Because the Cr coating
protected the substrate from cracks initiating on its surface, the Cr-
coated sample had a longer fatigue life than the uncoated one. In
addition, the presence of the Cr coating postponed crack initiation
in the substrate from the interface, and thus prolonged the fatigue
life of the sample.

4.4. Fractography analysis

A number of uncoated and coated samples were closely exam-
ined in an SEM to obtain a general characterization of the fracture
surfaces. Fig. 11 shows the fracture surface of the uncoated Zr-4
sample after fatigue testing. Fig. 11(a) shows the overall appear-
ance of the fracture surface, which indicates extreme plastic defor-
mation both on the sample surface and in the interior region. A
magnified view of the rectangular region in Fig. 11(a) is shown in
Fig. 11(b), in which the sample surface shows a waved morphology,
and secondary cracks or pores are evident in the subsurface re-
gion. This type of fracture is usually observed in metals exhibiting
good ductility and is associated with the deformation mechanism
of multiple slips. Fatigue striations were occasionally observed. In
addition, micro-voids and secondary cracks were widely found be-
neath the sample surface, which tend to cause multiple crack ini-
tiation sites and facilitate fatigue crack propagation by crack coa-

lescence. Fig. 11(c) shows the instantaneous fracture zone, where
exhibits widely distributed dimples and micro-voids due to tensile
overload.

Fig. 12 shows the fracture surface of the TiCrAIN-coated sam-
ple after fatigue testing. As shown in Fig. 12(a), multiple cracks
appeared on the coating surface near the fracture section. The
TiCrAIN coating showed no obvious plastic deformation, reveal-
ing its brittle fracture property. Nevertheless, the TiCrAIN coating
maintained a good bond with the substrate even after fracture. In
contrast, remarkable deformation bands were noticeable in the Zr-
4 substrate beneath the coating, as seen on the fracture surface in
Fig. 12(b), due to the large amount of multiple slip activities. In
this case, the fracture of the coating was related to fatigue crack
initiation. Fig. 12(c) shows a crack initiation site located at the
coating/substrate interface, and the magnified view is shown in
Fig. 12(d). The crack initiation and subsequent small crack propaga-
tion region appeared relatively flat. Fatigue striations perpendicular
to the crack growth direction were commonly observed, which is
consistent with those observed in the uncoated Zr-4 sample.

Fig. 13 shows the fracture surface of the Cr-coated sample after
fatigue testing. Both the Cr coating and the Zr-4 substrate under-
went such extensive plastic deformation that the coating/substrate
interface became curved, as shown in Figs. 13(a)-13(c), demon-
strating excellent compatibility between the Cr coating and Zr-4
substrate under severe deformation. Slight interfacial delamination
was observed, as shown in Figs. 13(b) and 13(c), which formed dur-
ing the final tensile rupture. Because of the difference in the mod-
ulus and ductility between Cr and Zr-4, strain mismatch between
the Cr coating and Zr-4 substrate will occur during fatigue loading.
The difference will be more significant during the fracture process,
arising from the large interfacial shear stress, and should result in
interfacial fracture. However, no spallation of the coating occurred.
As shown in Fig. 13(c), fatigue cracks tend to initiate at the coat-
ing or the Cr/Zr-4 interface. The crack propagation region in Zr-4
substrate showed similar fracture features to that of the TiCrAIN-
coated sample in Fig. 12. Dimples were also widely observed in the
high AK region of the Zr-4 substrate, as shown in Fig. 13(d).



X. Ma, H. Zhai, F. Meng et al.

Journal of Nuclear Materials 545 (2021) 152651

Fig. 10. In-situ observations of the surface crack evolution on the Cr-coated Zr-4 alloy under 250 MPa at 400°C: (a) 0, (b) 9212, (c) 9305, (d) 9725, (e) 9903, (f) 10143, (g)

10232, (h) 10438, and (i) 10440 cycles.
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Fig. 11. Fatigue fracture surface of the uncoated Zr-4 alloy after testing: (a) a view under low magnification, (b) a magnified view of the zone marked with red box in (a),

and (c) plastic dimples and voids in the instantaneous fracture zone.

4.5. Observation on the longitudinal section

In addition to the fracture surfaces, longitudinal sections paral-
lel to the loading direction were prepared and subjected to SEM
observation. Fig. 14 shows the features of a longitudinal section
of the TiCrAIN-coated sample near the fracture region after fa-
tigue testing. As shown in Figs. 14(a) and 14(b), multiple verti-
cal cracks were formed in the coating because of its low frac-
ture toughness. No interfacial cracks were found near the verti-
cal crack tips because of the high interfacial adhesion. In the later
stage of fatigue cycling, once the accumulated strain reaches a crit-
ical value, vertical cracks may continue to penetrate into the Zr-
4 substrate, such as those shown in Figs. 14(c) and 14(d). Hence,
it was experimentally proved that multiple vertical cracks in the
TiCrAIN coating would act as pre-notches, which is the primary
mechanism that reduces the fatigue life of the TiCrAIN-coated
sample.

The features of a longitudinal section of the Cr-coated sample
are presented in Fig. 15, which shows a different fracture mode
compared with that of the TiCrAIN-coated sample. In Fig. 15(a),
there are fewer cracks in the Cr coating that penetrate into the
substrate compared with the TiCrAIN coating, indicating a better
fatigue crack resistance of the Cr coating. Fig. 15(b) shows that the
coating surface profile appears to fluctuate more than in the as-
received condition, suggesting that the Cr coating had undergone
severe plastic flow under excessive deformation. Near the fracture
region of the sample, a few vertical cracks penetrate slightly into
the substrate but no interfacial cracks were found, as shown in
Fig. 15(c). It can be seen that the Cr coating exhibited a protective
or prohibitive effect on the crack initiation process in the Zr-4 sub-
strate. Because of the excellent deformability of Cr at 400°C, nei-
ther the Cr coating nor the Zr-4 substrate exhibited any cracks un-
til approximately 90% of the total fatigue life, as shown in Fig. 10.
Figs. 15(a) and 15(c) experimentally verify the excellent fatigue
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Fig. 12. Fatigue fracture surface of the TiCrAIN-coated Zr-4 alloy after testing: (a) a view under low magnification, (b) a magnified view of area i in (a) showing the surface
crack near the fracture surface, (c) a magnified view of area ii in (a) showing the crack initiation and propagation zones, and (d) a view of the crack propagation zone under

high magnification.

crack resistance of the Cr coating, unlike that of the TiCrAIN coat-
ing (Fig. 14), that is due to the higher fracture toughness of Cr
compared with that of TiCrAIN [26]. Hence, both beneficial effects
on crack initiation and propagation mentioned above contributed
to the enhanced fatigue properties of the Cr-coated sample com-
pared with those of the other two samples.

4.6. Numerical analysis of the stress and cracking in the two coatings

To further understand the stress evolution and vertical crack-
ing in the TiCrAIN and Cr coatings, comparative numerical analyses
were carried out. As described in Section 3, uniaxial tensile loads
were applied to the FE models to study the accumulation of ratch-
eting strain during fatigue tests. Fig. 16 shows the FE simulation re-
sults of the TiCrAIN- and Cr-coated Zr-4 alloys under different ten-
sile strains & at 400°C. The in-plane stresses oxx for both coatings
increased with increasing tensile strain in the early stage. After the
damage was initiated and accumulated under continuous loading,
the stresses in the cohesive elements decreased to zero to form
vertical cracks in the coatings. As seen in Figs. 16(a), 16(b), 16(e),
and 16(f), at & = 2%, vertical cracks formed and penetrated through
the thickness of the TiCrAIN coating, while no vertical cracking
occurred in the Cr coating. These calculations are consistent with
the experimental results that crack initiation occurs earlier in the
TiCrAIN coating during the early period of the fatigue test in com-
parison with the Cr coating. As seen in Fig. 16(e), despite the lack
of vertical cracking, damage was already accumulating in the Cr
coating. The stress concentration near the interface indicates that
vertical cracks may initiate from the interface as the strain in-
creases further. As seen in Figs. 16(c), 16(d), 16(g), and 16(h), at
& = 10%, the crack opening widened in the TiCrAIN coating, and a

vertical crack with a large crack opening finally appeared in the Cr
coating. The appearance of vertical cracks led to stress redistribu-
tion in the coating systems. Specifically, remarkable out-of-plane
stress oy, and shear stress oy, formed near the vertical crack tips,
which could act as driving forces for the interfacial cracks. How-
ever, no interfacial cracks were evident in the experimental results,
which is attributed to the good interfacial adhesion properties for
both the TiCrAIN and Cr coating. Based on the numerical analy-
ses, vertical crack initiation is closely related to the mechanical and
fracture properties of the coatings. Again, the early crack initiation
and high crack density in the brittle TiCrAIN coating is attributed
to its low fracture toughness, while the late crack initiation and
low crack density in the ductile Cr coating is attributed to its high
fracture toughness and good plastic deformability.

Based on the experimental and numerical results in this study,
the fatigue lives of the coated samples are closely related with the
cracking behavior of the coating. A schematic is shown in Fig. 17
that summarizes the distinct fracture modes of the two coated
samples. In Fig. 17(a), penetrating vertical cracks with a high crack
density are generated in the brittle TiCrAIN coating in the early
period of fatigue cycling due to its low ductility and toughness.
The vertical cracks in the coating will cause stress concentrations
around the crack tips near the Zr-4 substrate, promoting crack
propagation into the substrate as the number of fatigue cycles in-
creases. The earlier failure of the TiCrAIN coating leads to a short
fatigue life for the TiCrAIN-coated sample. Furthermore, the thick-
ness of the TiCrAIN coating may also affect the cracking behav-
ior and fatigue life of the sample. Based on the shear-lag model
for predicting the cracking behavior of ceramic coatings, a thicker
coating leads to a lower crack density, i.e. less numbers of sur-
face cracks [33]. As the ceramic TiCrAIN coating becomes thicken,
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Fig. 13. Fatigue fracture surface of the Cr-coated Zr-4 alloy after testing: (a) a view under low magnification, (b) a view of the rough interface between the coating and the
substrate under high magnification, (c) a magnified view of the crack initiation and propagation zones marked with a red box in (a), and (d) plastic dimples and voids in
the instantaneous fracture zone.

200 pm

Ege ST

Fig. 14. Features of a longitudinal section of the TiCrAIN-coated Zr-4 alloy parallel to the loading direction after the fatigue test: (a) overview of the longitudinal section
near the fracture region, (b) vertical cracks in the coating, (c) a vertical crack that penetrated into the Zr-4 substrate, and (d) another crack that penetrated into the Zr-4
substrate.
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Fig. 15. Features of a longitudinal section of the Cr-coated Zr-4 alloy after testing: (a) an overview of the longitudinal section near the fracture surface, (b) the rough surface
of the coating, and (c) vertical cracks that propagated into the Zr-4 substrate.

Fig. 16. Finite element simulation results of the TiCrAIN- and Cr-coated Zr-4 alloys under different tensile strains ¢ at 400°C: (a) oy in TiCrAIN-coated Zr-4 with ¢ = 2%, (b)
0Oxy in TiCrAIN-coated Zr-4 with & = 2%, (c) ox in TiCrAIN-coated Zr-4 with & = 10%, (d) oy in TiCrAIN-coated Zr-4 with & = 10%, () ox in Cr-coated Zr-4 with & = 2%, (f)
Oy in Cr-coated Zr-4 with & = 2%, (g) oxx in Cr-coated Zr-4 alloy ¢ = 10%, and (h) oy, in Cr-coated Zr-4 with & = 10%.

n
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Fig. 17. Schematic of the fatigue fracture behaviors in the coated Zr-4 alloys at 400°C: (a) TiCrAIN-coated sample and (b) Cr-coated sample.

the surface crack density will decrease under fatigue loadings, thus
there will be less “pre-notches” for the substrate and the fatigue
life of the coated sample will be longer. However, no matter how
thick the TiCrAIN coatings is, the fatigue life of the coated sam-
ple is shorter than that of the uncoated sample. In Fig. 17(b), be-
cause of its high fracture toughness and ductility, the Cr coating
is free from cracks during a long period of cycling. In the pro-
cess of plastic deformation during cycling, the Cr coating could
prevent the dislocations escaping from the crystal surface of the
substrate. Under the effect of the Cr coating, although dislocations
could pile-up at the surface of the substrate, the sliding deforma-
tion of the materials was inhibited [19]. In the late stage, driven
by the large cyclic plastic deformation, a vertical crack is initiated
in the coating, which is followed by the crack penetrating the sub-
strate. Crack initiation in the substrate is postponed owing to the
protection of the Cr coating. Furthermore, the residual stress af-
ter coating might also affect the fatigue life of the coated sample.
As reported in Refs. [17,18], the compressive residual stresses in
the thin coatings developed during the deposition processes played
positive roles in inhibiting fatigue crack initiation and prolonging
the fatigue lives of the coated samples. As reported in our previ-
ous work [24], the residual stress in the Cr coating examined by a
XRD 20-sin?W method was -305 MPa. Apart from the remarkable
plastic deformation capability in the Cr coating, the compressive
residual stress may be another key factor to improve the fatigue
life. It should be emphasized that different ATF coatings may play
different roles in altering the fatigue properties of a coated alloy.
Therefore, it is critical to investigate the mechanical strength and
understand the deformation and failure mechanism of the coated
alloys in the screening and evaluation of ATF coating candidates.

5. Conclusions

The effects of two accident tolerant coatings, i.e., a Cr coating
and a TiCrAIN coating, on the fatigue behavior of the Zr-4 alloy
at 400°C were studied by an in-situ SEM technique. Note that the
testing was performed in vacuum and additional work is needed
to determine if trends remain the same in light water reactor en-
vironments. The following conclusions were obtained:

(1) Fatigue test results showed that the Cr coating evidently im-
proved the fatigue life of the Zr-4 alloy while the TiCrAIN coating
decreased the fatigue life of Zr-4 alloy remarkably.

(2) Because of the average stress effect, all samples showed
ratcheting strain during cyclic loading, with the magnitude of the
ratcheting strain in the following order: Cr-coated < uncoated <
TiCrAIN-coated Zr-4. The ratcheting strain rationalized the fatigue
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life variation of the uncoated and coated Zr-4 samples in this
study.

(3) In-situ SEM observations revealed that the Cr coating ex-
hibited good plastic deformability with the Zr-4 substrate until
the late stage of fatigue life. In contrast, for the TiCrAIN coating,
multiple cracks formed in the early stage of fatigue life. The dis-
tinct effects of different coatings were confirmed by analysis of the
fracture surfaces and longitudinal sections of the fatigue samples.
Hence, fatigue life variation in the coated Zr-4 samples can be at-
tributed to the deformation and cracking behavior of the coatings
under cyclic loading.

(4) Fractography analysis indicated significant plastic deforma-
tion in the uncoated Zr-4 alloy, in which the voids and micro-
cracks formed by slip impingements were responsible for the fac-
ture. For the TiCrAIN-coated sample, multiple cracks in the coat-
ing showed brittle cleavage features, which acted as crack initiation
sites to promote crack propagation into the substrate. For the Cr-
coated sample, the Cr coating showed remarkable plastic deforma-
tion associated with the Zr-4 substrate. Striations were commonly
observed in the stable crack propagation region of the Zr-4 alloy.
No spallation of either the Cr or TiCrAIN coating was observed, in-
dicating satisfactory bonding strengths of the ATF coatings in this
study.

(5) Finite element simulations based on the cohesive element
method indicated that the pre-failure of the brittle TiCrAIN coating
with its low fracture toughness promoted early crack initiation in
the Zr-4 substrate, leading to a short fatigue life. For the Cr coating
with its high fracture toughness and good ductility, crack initiation
in the substrate was postponed, leading to a longer fatigue life for
the Cr-coated sample.
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