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a b s t r a c t 

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 

TiCrAlN 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 TiCrAlN 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 TiCrAlN 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 TiCrAlN 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. 
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. Introduction 

Zirconium alloys have been widely used as nuclear fuel 

ladding materials in light water reactors (LWRs) for decades be- 

ause of their low neutron capture cross section, excellent corro- 

ion resistance, and thermo-mechanical properties [1] . However, 

nder a loss of coolant accident (LOCA) condition, the reaction of 

r alloys with steam at high temperatures may result in hydro- 

en uptake, which greatly threatens the nuclear safety of LWRs. 

ince the Fukushima accident in Japan, the development of ac- 

ident tolerant fuel (ATF) has attracted increasing interest from 

esearchers in the field of nuclear safety and nuclear fuels [2] . 

mong the different ATF strategies, applying a surface coating on 

he Zr-4 cladding alloy has been regarded as a favorable candidate 

3] . Coatings with superior oxidation resistance would be specially 

abricated on the surface of the cladding to prevent the contact 

nd reaction with hot steam. One major benefit of the ATF coating 

trategy is the convenience of application because it does not alter 
∗ Corresponding author. 
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he structure of the claddings nor disrupt the design and manufac- 

ure of the nuclear fuel system. 

In recent years, progress has been made in the material selec- 

ion and fabrication technology of ATF coatings on Zr alloys [3] . 

he coatings reported in the literature include ceramic coatings 

MAX phase [4] , SiC [5] , ZrC [6] , and TiCrAlN [7] ), metallic coat-

ngs (Cr [8] and FeCrAl [9] ), and multilayer composite coatings (Cr- 

r/Cr/CrN [10] and ZrO 2 /FeCrAl [11] ). Ma et al. [7] evaluated the 

orrosion and oxidation behaviors of the TiAlCrN ceramic coatings 

repared by the multi-arc ion plating technique. The coated sam- 

les showed minimal weight gain and no obvious coating spalla- 

ion after a corrosion test in pure water at 360 °C and 18.5 MPa, 

or after a high temperature oxidation test at 1060 °C in air. Alat 

t al. [12] found that the weight gain of the multilayer TiN-TiAlN 

eramic-coated Zircaloy was six times lower than that of the un- 

oated samples, and the coating adhered well to the substrate af- 

er a corrosion test at 360 °C and 18.7 MPa for 90 days. In addi-

ion, Cr-based coatings have been considered to have many possi- 

le applications because of their superior oxidation resistance, high 

elting point, and similar thermo-mechanical proprieties to the 

ubstrate Zr alloy. Kim et al. [13] prepared a Cr coating on a Zr- 

ased alloy using the 3D laser coating method and found that the 

https://doi.org/10.1016/j.jnucmat.2020.152651
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
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Fig. 1. Microstructure of the annealed Zr-4 alloy: (a) optical image, (b) high magnification of (a). 
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Table 1 

Chemical composition of the Zr4 alloy substrate. 

Sn Fe Cr N O H Zr 

wt% 1.2-1.7 0.18-0.24 0.07-0.13 0.008 0.16 0.01 Bal. 

Fig. 2. Geometry of fatigue specimen (all dimensions in mm). 
hickness of the oxide layer on the Cr-coated surface was ~25 times 

ower than that of the uncoated surface. Brachet et al. [14] assessed 

he corrosion, oxidation resistance, and mechanical properties of 

he Cr-coated nuclear cladding in LOCA and beyond LOCA condi- 

ions. They found that the Cr coating/Zr substrate system not only 

ad good corrosion and oxidation resistance but also high tensile 

trength, wear resistance, and interfacial adhesion. 

While the corrosion and oxidation resistance of several ATF 

oatings have been extensively studied, there is little information 

vailable on the strength assessment and failure mechanisms of 

he ATF coatings at high temperatures. During the operation of the 

eactors, the fuel cladding generally undergoes cyclic thermal and 

echanical loading conditions from the combination of the flow 

ibration of the water cooling medium and temperature changes 

aused by the core power adjustment [15] . Therefore, knowledge 

bout the effect of ATF coatings on the mechanical properties (e.g., 

ow-cycle fatigue (LCF) life) of Zr alloy cladding at high tempera- 

ures is an essential performance index that must be studied be- 

ore the application of a coating candidate. 

It is known from previous research that ceramic and metallic 

oatings may remarkably affect the fatigue lives of the coated bod- 

es [16] . Lonyuk et al. [17] found that the fatigue life of NiP-coated

luminum alloys was 50% longer than that of uncoated samples, 

hich benefited not only from the higher strength of the coating 

ompared to the substrate but also from the compressive residual 

tress in the coating from the deposition process. However, Lonyuk 

t al. [18] found that the 60 μm thick oxide coatings led to ~75%

eduction in the fatigue strength of the 7475-T6 aluminum alloy, 

hich was primarily associated with the stress concentration at 

he micro-cracks in the coatings. Similar phenomenon were also 

ound in some brittle coatings [ 19 , 20 ]. Various factors, such as the

atio of the coating/substrate strength and interfacial adhesion, as 

ell as the residual stress and microstructure of the coating, can 

ffect the fatigue properties of the coated substrate [17] . Review- 

ng the ATF coating candidates with superior oxidation and cor- 

osion resistance, there are ceramic coatings with high hardness 

nd metallic coatings with excellent ductility. For different coat- 

ngs, the mechanisms that influence the fatigue life might be dis- 

inct. Hence, it is critical to clarify how and why ATF coatings affect 

he fatigue properties of Zr alloys. 

For this purpose, the present study attempts to explore the ef- 

ects of two ATF coatings, i.e., a Cr coating and a TiCrAlN coating, 

n the LCF life of the Zr-4 alloy at 400 °C. In-situ scanning electron

icroscope (SEM) fatigue tests were conducted at 400 °C to under- 

tand the deformation and fracture mechanism of different sam- 

les. Three groups of samples, namely, uncoated, Cr-coated, and 

iCrAlN-coated Zr-4 samples, were prepared and tested. Compar- 
2 
tive studies of the LCF properties, deformation mechanism, and 

rack evolution in different samples were carried out. 

. Materials and experimental 

.1. Materials 

The chemical composition of the Zr-4 alloy used in this study 

s given in Table 1 . The as-received Zr-4 rod had a diameter of 25

m, which was subjected to an annealing heat treatment at 800 °C 

or 24 h in a vacuum. The microstructure of the annealed Zr-4 al- 

oy is shown in Fig. 1 . The average grain size of the Zr-4 alloy was

bout 20 μm. Subsequently, the Zr-4 alloy was machined into fa- 

igue samples following the geometry shown in Fig. 2 . The fatigue 

amples were ground by 360, 60 0, 80 0, 10 0 0, and 120 0 grit SiC pa-

ers to remove the surface oxide film and to achieve the optimum 

urface asperity for coating adhesion. The thicknesses of the test 

amples ranged from 0.50 to 0.65 mm due to different polishing 

osses. After grinding, the samples were cleaned by the following 

rocedure: 1) exposed to ethyl alcohol for 10 min in an ultrasonic 

leaner; 2) rinsed with deionized water; and 3) dried with nitro- 

en gas. 

The Cr and TiCrAlN coatings were deposited on the Zr-4 alloy 

ubstrate by the multi-arc ion plating technique. A hole 1.5 mm 

n diameter was drilled into the region adjacent to one edge of 

he substrate for hanging during deposition. The samples hung on 
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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. 

Fig. 4. FE models of the (a) TiCrAlN-coated and (b) Cr-coated Zr-4 alloys. 
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he holder and rotated at a constant speed to obtain homogenous 

eposited coatings. Before deposition, sputter cleaning was per- 

ormed on the samples at a bias potential of 500 V to remove the 

xide from the substrate surface. The Cr coatings were deposited 

sing two high-purity (99.999%) Cr cathodes under a negative sub- 

trate bias voltage of 75 V, an arc current of 100 A, a pressure of

.7 Pa, a deposition temperature of 340 °C, and a deposition time 

f 8 h. To prepare the TiCrAlN coatings, a Cr bond coating approxi- 

ately 100 nm thick was first deposited on the Zr-4 substrate un- 

er an argon atmosphere at a pressure of 0.3 Pa to enhance the 

nterfacial adhesion. Two high-purity (99.999%) Cr cathodes and 

wo TiAl (25-75 at.% Al) cathodes were used for the deposition of 

iCrAlN layers under a negative substrate bias voltage of 70 V, an 

rc current of 100 A, a pressure of 0.3 Pa, and a deposition time 

f 3 h. The temperature of the substrates was maintained at 400 °C 

uring deposition, and the nitrogen and argon flows were kept at 

00 ml/min and 30 ml/min, respectively. 

.2. Experimental procedure 

As shown in Fig. 3 , the LCF tests of all samples were performed

t 400 °C in the vacuum chamber of an SEM using a specially de- 

igned servo-hydraulic testing system. The elevated temperature 

as achieved by heating resistance coils, accompanied with a ther- 

ocouple to obtain a stable temperature. The sample was first 

eated to 400 °C and then held for 15 min before each fatigue test. 

he fatigue tests were performed under a controlled load using 

 sinusoidal waveform with a stress ratio of R = 0.1 and a load- 

ng frequency of 10 Hz. During testing, the evolution of the en- 

ineering strain parallel to the loading direction was obtained by 
3 
easuring the variation of the displacement of the gauge section. 

he tests were paused at different required loading cycles and held 

t average stress to capture the micro-cracking and microstruc- 

ure evolution of the fatigue samples under the secondary electron 

ode of the SEM. Note that since the times for taking SEM images 

ere short and the temperature was relatively low, the creep effect 

n the fatigue testing was negligible. All the coated and uncoated 

amples were tested to failure. After fatigue testing, each fatigue 

ample was subjected to fractography analyses in the SEM (TES- 

AN MIRA 3, Czech). In addition, some samples of the Zr-4 alloys 

ith a Cr or TiCrAlN coating were cut at the gage section to ob- 

ain the longitudinal section microstructures, which can reveal the 

atigue crack morphology. 

. Finite element modeling 

To understand the evolution of surface cracks in both the 

iCrAlN coating and the Cr coating during the fatigue test, two- 

imensional plane strain finite element (FE) models were built. 

ig. 4 shows the geometry of the FE models of the TiCrAlN and 

r coating systems. The coatings and the Zr-4 substrate for both 

odels are assumed to bond together tightly without any interfa- 

ial cracks, and the interfaces are assumed to be flat. Based on the 

xperimental measurement, the thicknesses of the TiCrAlN coat- 

ng, Cr coating and substrate are set as 5 μm , 15 μm and 0.5 mm,

espectively. Four-node plain strain elements are adopted to mesh 

he coatings and the substrates in both models, and the meshes 

n regions near the interfaces and the vertical cracks are refined 

o enhance the calculation accuracy. To model the vertical surface 

racks, four-node cohesive elements (COH2D4) in zero thicknesses 
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Table 2 

Mechanical properties of the TiCrAlN coating, Cr coating, and Zr-4 substrate 

at 400 °C. 

E (GPa) v σs (MPa) σb (MPa) Ref. 

TiCrAlN coating 351 0.1 / / [19] 

Cr coating 168 0.22 165 / [ 23 , 24 ] 

Zr-4 substrate 71 0.32 135.5 210 [22] 
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re inserted vertically in the coatings, as shown in Fig. 4 . Verti- 

al cracks are restricted to initiate and propagate along the co- 

esive elements under deformation. During fatigue tests, the sur- 

aces cracks on both coatings continuously grow and finally reach 

 plateau stage, namely the crack densities reach saturation, un- 

er large deformation. Thus, the distances between two adjacent 

ertical cracks, L , are set to be 20 μm and 200 μm for the TiCrAlN

oating and Cr coating, respectively, which are equal to the average 

alues of the saturated cracks for both coatings. In Fig. 4 , consid- 

ring the periodic geometries of the models, a three-period model 

or the TiCrAlN coating system and a one-period model for the Cr 

oatings system are built for FE calculation. In the two models, the 

eft and right edges are imposed the periodical boundary condi- 

ions by the multi-point constraint (MPC) method [21] . The bottom 

dges of the substrates are restricted to move in the y direction, 

hile the top edges of the coatings are free from any constraint. 

Instead of fatigue load, uniform linear tensile loads at 400 °C 

ere applied on the two FE models to simplify the calculations. 

he models assume that initiation and propagation of the verti- 

al cracks are primarily related to the continuous increase in the 

atcheting strain during fatigue tests, and the effects of variations 

n the fatigue loadings were not taken into account. Despite the 

implification, the stress evolution and vertical cracking in the two 

oatings can be compared, and an explanation for the difference 

n fatigue cracking between the coatings can be provided based on 

he FE results. 

The ceramic TiCrAlN coatings are regarded as the elastic mate- 

ial, while the Cr coating and the Zr-4 substrate are regarded as 

lastic-plastic materials [22-24] . Since no mechanical properties of 

he TiCrAlN coating are available, its elastic properties are assumed 

o be similar to those of the ceramic CrAlN coating [19] . The me-

hanical properties, such as the elastic modulus E , Poisson’s ratio 

 , yield stress σs and ultimate tensile strength σb of all materials 

t 400 °C are listed in Table 2 . 

The constitutive relation of the cohesive elements for modeling 

ertical cracks can be described by a bilinear traction-separation 

aw (TSL), which assumes that the cohesive element ahead of the 

rack tip has a linear elastic behavior before damage, once the 

amage criterion is satisfied, namely the stress reaches a criti- 

al value σb , damage will be initiated. Under continuous loadings, 

amage will be accumulated with a linear stress softening. Once 

he damage value reaches 1, the stress decreases to zero and final 

ailure happens. At this moment, the related cohesive element will 

e deleted to represent a crack surface. Detailed descriptions of the 

ohesive zone model (CZM) and TSL could be found in our previous 

ork [ 21 , 24 ]. In the bilinear TSL, six parameters, namely, the ten-

ile strength σ 0 
n , shear strength σ 0 

s , initial stiffnesses K n and K s in 

ormal and tangential directions (respectively), and critical energy 

elease rates (i.e., the fracture toughness) G nc and G sc in normal 

nd tangential directions (respectively), need to be defined [25] . 

owever, because the TiCrAlN and Cr coatings are newly devel- 

ped ATF coating systems in the last few years, the data of fracture 

arameters is lacking and thus rough assessments of these param- 

ters are conducted. For the ceramic TiCrAlN coating, the tensile 

trength and fracture toughness are relatively lower, and vertical 

racks appear early with the tensile strain of 2% based on the ex- 

erimental results. The σ 0 
n and σ 0 

s were set to 50 MPa and G nc 
4 
nd G sc were set to 100 J/m 

2 based on our multiple trial FE cal- 

ulations. For the Cr coating at 400 °C, the tensile strength was as- 

umed to be equal to the ultimate tensile strength [23] , and the 

racture toughness ranged from 100 to 300 J/m 

2 based on Ref. [26] . 

hus, σ 0 
n and σ 0 

s were set to 210 MPa, and G nc and G sc were set to 

00 J/m 

2 . For both coatings, K n and K s can be regarded as penalty 

arameters for the FE calculation, and their magnitudes have little 

ffect on the crack modeling; therefore, appropriate values were 

et to avoid convergence problems. Despite the rough assumption 

n the fracture parameters, a comparative study on the stress evo- 

ution and cracking behavior in the two coatings can still be car- 

ied out. Effort s to evaluate the fracture parameters for the two 

oatings will be made in future work. 

. Results and discussion 

.1. Microstructure of the coatings 

The surface morphology and cross-section microstructure of the 

s-prepared TiCrAlN- and Cr-coated samples are shown in Fig. 5 . 

fter deposition, the average thicknesses of the TiCrAlN and Cr 

oatings were 5.0 μm and 15.0 μm, respectively. Figs. 5 (a) and 

(b) show the surfaces of the TiCrAlN and Cr coatings, in which 

ome droplets with a diameter between 0.1 μm and 2 μm were 

nevitably formed. It is a common phenomenon reported in the 

oatings prepared by the arc ion plating technology [27] , for which 

he size and morphology of the droplets are associated with the 

lating parameters, such as the gas pressure and bias potential 

28] . As seen from the cross-sectional morphologies in Figs. 5 (c) 

nd 5(d), both the TiCrAlN and Cr coatings had dense microstruc- 

ures and uniform thicknesses. The coatings and substrates were 

ightly bonded, and the interfaces were relatively flat. No micro- 

racks were found either at the interface or on the surface. 

.2. Evaluation of the fatigue properties 

The fatigue lives of the uncoated and coated Zr-4 samples at 

ifferent stress levels at 400 °C are listed in Table 3 , and Fig. 6

hows the stress versus fatigue life curves (i.e., S-N curves) of 

he uncoated and coated Zr-4 samples. It is remarkable that the 

r coating can evidently improve the LCF life of the Zr-4 alloy, 

hereas the TiCrAlN coating remarkably deteriorates the fatigue 

ife of the Zr-4 alloy, which has been rarely reported in previous 

tudies of accident tolerant coatings. The improvement or dete- 

ioration of fatigue properties in the coated samples may be at- 

ributed to several factors, such as the strength and ductility of the 

oatings, interfacial adhesion between the coatings and substrates, 

nd micro-crack evolution. Detailed analyses will be presented in 

he following sections. 

In the present fatigue tests, the stress ratio of R = 0.1 was 

dopted. Under asymmetric stress-controlled cycling, inelastic de- 

ormation accumulation would be expected in the uncoated and 

oated Zr-4 alloys, i.e., the well-known ratcheting effect in the cy- 

ling process. Ratcheting behavior has been generally regarded to 

horten the LCF life of alloys [ 22 , 29 ]. In previous studies of Zr al-

oys [ 22 , 30 ], evidence of ratcheting behavior was reported under a 

igh average stress at high temperatures. In this work, the ratchet- 

ng strain ε r is defined as follows: 

 r = 

1 

2 

( ε max + ε min ) (1) 

here ε max and ε min are the maximum and minimum strain of 

ach cycle, respectively. Fig. 7 shows the ratcheting strain evolution 

or different samples. The applied loads are chosen inconsistent to 

resent a clear and intuitive comparison between the coated and 

ncoated samples. Each ratcheting strain curve can be divided into 
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Fig. 5. Surface and cross-section morphologies of the TiCrAlN and Cr coated samples: (a) surface morphology of the TiCrAlN coating, (b) surface morphology of the Cr 

coating, (c) cross-section morphology of the TiCrAlN 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 TiCrAlN 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 

Fig. 6. Maximum stress vs. number of fatigue cycles (S-N curves) for uncoated, Cr- 

coated and TiCrAlN-coated Zr-4 alloys at 400 °C. 

t

a

i

s

Fig. 7. Ratcheting strain curves of uncoated, Cr-coated, and TiCrAlN-coated Zr-4 al- 

loys at 400 °C. 

c

c

l

t

hree stages: the transient stage (stage I), steady stage (stage II), 

nd tertiary stage (stage III). During stage I, the ratcheting strain 

ncreased rapidly with a decreasing strain rate, and it reached a 

teady increase state in a very short time. During stage II, the ac- 
5 
umulation of ratcheting strain maintained an almost constant in- 

reasing rate for a long time. It is apparent that a higher stress 

evel led to a more rapid strain increase. During the last stage, 

he 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. 
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ltimate failure of the samples. As shown in Fig. 7 , the TiCrAlN- 

oated sample had a more rapid increase in the ratcheting strain 

nd reached the tertiary stage earlier than the uncoated sample at 

15 MPa, while the Cr-coated sample had a slower increase in the 

atcheting strain and reached the tertiary stage later than the un- 

oated sample at 238 MPa. These results indicate that under the 

ame stress, the Cr-coated sample shows the slowest ratcheting 

train accumulation while the TiCrAlN-coated sample shows the 

astest accumulation, which can explain the longer fatigue life of 

he Cr-coated sample and the shorter fatigue life of the TiCrAlN 

ne. 

.3. In-situ observations of deformation and crack evolution 

To understand the effect of the coatings on the fatigue life of 

he Zr-4 substrate, in-situ observations were carried out to reveal 

he deformation mechanism and crack evolution in different sam- 

les. Fig. 8 displays the fatigue deformation features of the un- 

oated Zr-4 alloy under a maximal stress of 215 MPa. As seen in 

ig. 8 (a), the equiaxed grains had an average size of approximately 

0 μm, and no initial cracks were found in the as-received Zr-4 

lloy. After 1500 cycles, slip lines inclined in the loading direction 

ere formed in a few grains owing to soft orientations favorable 

or prismatic or basal slip deformation, and the concave-convex 

henomenon occurred, as shown in Fig. 8 (b). As the number of 

oading cycles increased, plastic deformation accumulated, which 

ggravated the concave-convex phenomenon, and the slip lines 

ere widely distributed in a majority of the grains (see Fig. 8 (c)). 

icro-cracks and micro-voids were clearly visible after 19210 cy- 

les ( Fig. 8 (d)) due to the impingement of slip bands against the 

rain boundary or intersection between different slip bands [31] . 

he propagation of micro-cracks and the coalescence with adjacent 

racks led to the ultimate fracture of the Zr-4 alloy. 

Fig. 9 shows the surface morphology and crack evolution of 

he TiCrAlN-coated Zr-4 alloy under 215 MPa at 400 °C. No ini- 

ial cracks were observed on the coating surface before the fatigue 
6 
est (see Fig. 9 (a)). However, multiple surface cracks formed after 

nly 20 cycles (see Fig. 9 (b)). The cracks were generally parallel to 

ne another and vertical to the loading direction, which is similar 

o those reported in other brittle ceramic coatings [32] . The early 

racks were due to the lower ductility of the ceramic TiCrAlN coat- 

ng compared to the ductile Zr-4 substrate. As the number of load- 

ng cycles increased, new cracks appeared, and the crack density 

ncreased (see Fig. 9 (c)). In addition, the crack opening displace- 

ents became larger as the number of cycles increased, which 

emonstrates the lower plastic deformability of TiCrAlN coating 

ompared to the Zr-4 substrate. In the late stage of fatigue load- 

ng cycles, the cracks initiated and propagated rapidly in the sub- 

trate, leading to the ultimate fracture (see Fig. 9 (d)). During the 

atigue loading cycles, spallation of the TiCrAlN coating did not oc- 

ur, even after fracture with large macroscopic deformation, which 

eflects good adhesion of the TiCrAlN coating. 

From the results shown in Figs. 5–9 , it is evident that the fa- 

igue life of the TiCrAlN-coated sample is an order of magnitude 

ower than that of the uncoated sample at 215 MPa. The signifi- 

ant decrease in the fatigue life is related to the cracking behavior 

f the TiCrAlN coating. Because of the brittleness of the TiCrAlN 

oating, cracks may initiate in the coating early and rapidly prop- 

gate throughout the entire coating thickness. Any surface cracks 

ould act as stress risers and contribute to early crack initiation in 

he substrate from the interface, leading to a shorter fatigue life 

18] . 

Fig. 10 shows the surface crack evolution of the Cr-coated Zr-4 

lloy at 250 MPa. No initial cracks appeared on the coating sur- 

ace before cycling (see Fig. 10 (a)). Unlike for the TiCrAlN coating, 

urface cracks did not appear in the Cr coating until a later pe- 

iod of cycling. The first visible surface crack was found after 9212 

ycles (88% of the total life, see Fig. 10 (b)), which appeared much 

ater than those in the uncoated sample at 250 MPa (see Fig. 6 ).

s the cyclic loading continued and inelastic deformation accumu- 

ated, new micro-cracks began to appear, and then the cracks prop- 

gated 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 TiCrAlN-coated Zr-4 alloy under 215 MPa at 40 0 °C: (a) 0, (b) 20, (c) 370 0, and (d) 5560 cycles. 
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see Figs. 10 (c)-10(g)). At the end of cycling, crack propagation in 

he substrate led to the ultimate fracture of the samples, and no 

oating 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 

volution process in the TiCrAlN coating and Cr coating was re- 

arkably different, which led to different mechanisms influencing 

he fatigue lives. Unlike those in the TiCrAlN ceramic coating, the 

racks in the Cr coating were relatively small and separated rather 

han slender and parallel owing to the crystallography of the Cr 

oating. In addition, the late time for surface crack initiation un- 

er severe plastic deformation reflects the high fracture toughness 

nd ductility of the Cr coating, as well as the suitable compatibility 

etween the Cr coating and the substrate. Because the Cr coating 

rotected the substrate from cracks initiating on its surface, the Cr- 

oated sample had a longer fatigue life than the uncoated one. In 

ddition, the presence of the Cr coating postponed crack initiation 

n the substrate from the interface, and thus prolonged the fatigue 

ife of the sample. 

.4. Fractography analysis 

A number of uncoated and coated samples were closely exam- 

ned in an SEM to obtain a general characterization of the fracture 

urfaces. Fig. 11 shows the fracture surface of the uncoated Zr-4 

ample after fatigue testing. Fig. 11 (a) shows the overall appear- 

nce of the fracture surface, which indicates extreme plastic defor- 

ation both on the sample surface and in the interior region. A 

agnified view of the rectangular region in Fig. 11 (a) is shown in 

ig. 11 (b), in which the sample surface shows a waved morphology, 

nd secondary cracks or pores are evident in the subsurface re- 

ion. This type of fracture is usually observed in metals exhibiting 

ood ductility and is associated with the deformation mechanism 

f multiple slips. Fatigue striations were occasionally observed. In 

ddition, micro-voids and secondary cracks were widely found be- 

eath the sample surface, which tend to cause multiple crack ini- 

iation sites and facilitate fatigue crack propagation by crack coa- 
7 
escence. Fig. 11 (c) shows the instantaneous fracture zone, where 

xhibits widely distributed dimples and micro-voids due to tensile 

verload. 

Fig. 12 shows the fracture surface of the TiCrAlN-coated sam- 

le after fatigue testing. As shown in Fig. 12 (a), multiple cracks 

ppeared on the coating surface near the fracture section. The 

iCrAlN coating showed no obvious plastic deformation, reveal- 

ng its brittle fracture property. Nevertheless, the TiCrAlN coating 

aintained a good bond with the substrate even after fracture. In 

ontrast, remarkable deformation bands were noticeable in the Zr- 

 substrate beneath the coating, as seen on the fracture surface in 

ig. 12 (b), due to the large amount of multiple slip activities. In 

his case, the fracture of the coating was related to fatigue crack 

nitiation. Fig. 12 (c) shows a crack initiation site located at the 

oating/substrate interface, and the magnified view is shown in 

ig. 12 (d). The crack initiation and subsequent small crack propaga- 

ion region appeared relatively flat. Fatigue striations perpendicular 

o the crack growth direction were commonly observed, which is 

onsistent with those observed in the uncoated Zr-4 sample. 

Fig. 13 shows the fracture surface of the Cr-coated sample after 

atigue testing. Both the Cr coating and the Zr-4 substrate under- 

ent such extensive plastic deformation that the coating/substrate 

nterface became curved, as shown in Figs. 13 (a)-13(c), demon- 

trating excellent compatibility between the Cr coating and Zr-4 

ubstrate under severe deformation. Slight interfacial delamination 

as observed, as shown in Figs. 13 (b) and 13(c), which formed dur- 

ng the final tensile rupture. Because of the difference in the mod- 

lus and ductility between Cr and Zr-4, strain mismatch between 

he Cr coating and Zr-4 substrate will occur during fatigue loading. 

he difference will be more significant during the fracture process, 

rising from the large interfacial shear stress, and should result in 

nterfacial fracture. However, no spallation of the coating occurred. 

s shown in Fig. 13 (c), fatigue cracks tend to initiate at the coat- 

ng or the Cr/Zr-4 interface. The crack propagation region in Zr-4 

ubstrate showed similar fracture features to that of the TiCrAlN- 

oated sample in Fig. 12 . Dimples were also widely observed in the 

igh �K region of the Zr-4 substrate, as shown in Fig. 13 (d). 
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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. 

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. 
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.5. Observation on the longitudinal section 

In addition to the fracture surfaces, longitudinal sections paral- 

el to the loading direction were prepared and subjected to SEM 

bservation. Fig. 14 shows the features of a longitudinal section 

f the TiCrAlN-coated sample near the fracture region after fa- 

igue testing. As shown in Figs. 14 (a) and 14(b), multiple verti- 

al cracks were formed in the coating because of its low frac- 

ure toughness. No interfacial cracks were found near the verti- 

al crack tips because of the high interfacial adhesion. In the later 

tage of fatigue cycling, once the accumulated strain reaches a crit- 

cal value, vertical cracks may continue to penetrate into the Zr- 

 substrate, such as those shown in Figs. 14 (c) and 14(d). Hence, 

t was experimentally proved that multiple vertical cracks in the 

iCrAlN coating would act as pre-notches, which is the primary 

echanism that reduces the fatigue life of the TiCrAlN-coated 

ample. 
8 
The features of a longitudinal section of the Cr-coated sample 

re presented in Fig. 15 , which shows a different fracture mode 

ompared with that of the TiCrAlN-coated sample. In Fig. 15 (a), 

here are fewer cracks in the Cr coating that penetrate into the 

ubstrate compared with the TiCrAlN coating, indicating a better 

atigue crack resistance of the Cr coating. Fig. 15 (b) shows that the 

oating surface profile appears to fluctuate more than in the as- 

eceived condition, suggesting that the Cr coating had undergone 

evere plastic flow under excessive deformation. Near the fracture 

egion of the sample, a few vertical cracks penetrate slightly into 

he substrate but no interfacial cracks were found, as shown in 

ig. 15 (c). It can be seen that the Cr coating exhibited a protective 

r prohibitive effect on the crack initiation process in the Zr-4 sub- 

trate. Because of the excellent deformability of Cr at 400 °C, nei- 

her the Cr coating nor the Zr-4 substrate exhibited any cracks un- 

il approximately 90% of the total fatigue life, as shown in Fig. 10 .

igs. 15 (a) and 15(c) experimentally verify the excellent fatigue 
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Fig. 12. Fatigue fracture surface of the TiCrAlN-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. 
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rack resistance of the Cr coating, unlike that of the TiCrAlN coat- 

ng ( Fig. 14 ), that is due to the higher fracture toughness of Cr

ompared with that of TiCrAlN [26] . Hence, both beneficial effects 

n crack initiation and propagation mentioned above contributed 

o the enhanced fatigue properties of the Cr-coated sample com- 

ared with those of the other two samples. 

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

To further understand the stress evolution and vertical crack- 

ng in the TiCrAlN and Cr coatings, comparative numerical analyses 

ere carried out. As described in Section 3 , uniaxial tensile loads 

ere applied to the FE models to study the accumulation of ratch- 

ting strain during fatigue tests. Fig. 16 shows the FE simulation re- 

ults of the TiCrAlN- and Cr-coated Zr-4 alloys under different ten- 

ile strains ε at 400 °C. The in-plane stresses σxx for both coatings 

ncreased with increasing tensile strain in the early stage. After the 

amage was initiated and accumulated under continuous loading, 

he stresses in the cohesive elements decreased to zero to form 

ertical cracks in the coatings. As seen in Figs. 16 (a), 16(b), 16(e), 

nd 16(f), at ε = 2% , vertical cracks formed and penetrated through 

he thickness of the TiCrAlN coating, while no vertical cracking 

ccurred in the Cr coating. These calculations are consistent with 

he experimental results that crack initiation occurs earlier in the 

iCrAlN coating during the early period of the fatigue test in com- 

arison with the Cr coating. As seen in Fig. 16 (e), despite the lack

f vertical cracking, damage was already accumulating in the Cr 

oating. The stress concentration near the interface indicates that 

ertical cracks may initiate from the interface as the strain in- 

reases further. As seen in Figs. 16 (c), 16(d), 16(g), and 16(h), at 

 = 10% , the crack opening widened in the TiCrAlN coating, and a 
9 
ertical crack with a large crack opening finally appeared in the Cr 

oating. The appearance of vertical cracks led to stress redistribu- 

ion in the coating systems. Specifically, remarkable out-of-plane 

tress σyy and shear stress σxy formed near the vertical crack tips, 

hich could act as driving forces for the interfacial cracks. How- 

ver, no interfacial cracks were evident in the experimental results, 

hich is attributed to the good interfacial adhesion properties for 

oth the TiCrAlN and Cr coating. Based on the numerical analy- 

es, vertical crack initiation is closely related to the mechanical and 

racture properties of the coatings. Again, the early crack initiation 

nd high crack density in the brittle TiCrAlN coating is attributed 

o its low fracture toughness, while the late crack initiation and 

ow crack density in the ductile Cr coating is attributed to its high 

racture toughness and good plastic deformability. 

Based on the experimental and numerical results in this study, 

he fatigue lives of the coated samples are closely related with the 

racking behavior of the coating. A schematic is shown in Fig. 17 

hat summarizes the distinct fracture modes of the two coated 

amples. In Fig. 17 (a), penetrating vertical cracks with a high crack 

ensity are generated in the brittle TiCrAlN coating in the early 

eriod of fatigue cycling due to its low ductility and toughness. 

he vertical cracks in the coating will cause stress concentrations 

round the crack tips near the Zr-4 substrate, promoting crack 

ropagation into the substrate as the number of fatigue cycles in- 

reases. The earlier failure of the TiCrAlN coating leads to a short 

atigue life for the TiCrAlN-coated sample. Furthermore, the thick- 

ess of the TiCrAlN coating may also affect the cracking behav- 

or and fatigue life of the sample. Based on the shear-lag model 

or predicting the cracking behavior of ceramic coatings, a thicker 

oating leads to a lower crack density, i.e. less numbers of sur- 

ace cracks [33] . As the ceramic TiCrAlN 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. 

Fig. 14. Features of a longitudinal section of the TiCrAlN-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. 

10 
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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 TiCrAlN- and Cr-coated Zr-4 alloys under different tensile strains ε at 400 °C: (a) σxx in TiCrAlN-coated Zr-4 with ε = 2% , (b) 

σxy in TiCrAlN-coated Zr-4 with ε = 2% , (c) σxx in TiCrAlN-coated Zr-4 with ε = 10% , (d) σxy in TiCrAlN-coated Zr-4 with ε = 10% , (e) σxx in Cr-coated Zr-4 with ε = 2% , (f) 

σxy in Cr-coated Zr-4 with ε = 2% , (g) σxx in Cr-coated Zr-4 alloy ε = 10% , and (h) σxy in Cr-coated Zr-4 with ε = 10% . 

11 
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Fig. 17. Schematic of the fatigue fracture behaviors in the coated Zr-4 alloys at 400 °C: (a) TiCrAlN-coated sample and (b) Cr-coated sample. 
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he surface crack density will decrease under fatigue loadings, thus 

here will be less “pre-notches” for the substrate and the fatigue 

ife of the coated sample will be longer. However, no matter how 

hick the TiCrAlN coatings is, the fatigue life of the coated sam- 

le is shorter than that of the uncoated sample. In Fig. 17 (b), be-

ause of its high fracture toughness and ductility, the Cr coating 

s free from cracks during a long period of cycling. In the pro- 

ess of plastic deformation during cycling, the Cr coating could 

revent the dislocations escaping from the crystal surface of the 

ubstrate. Under the effect of the Cr coating, although dislocations 

ould pile-up at the surface of the substrate, the sliding deforma- 

ion of the materials was inhibited [19] . In the late stage, driven 

y the large cyclic plastic deformation, a vertical crack is initiated 

n the coating, which is followed by the crack penetrating the sub- 

trate. Crack initiation in the substrate is postponed owing to the 

rotection of the Cr coating. Furthermore, the residual stress af- 

er coating might also affect the fatigue life of the coated sample. 

s reported in Refs. [ 17 , 18 ], the compressive residual stresses in

he thin coatings developed during the deposition processes played 

ositive roles in inhibiting fatigue crack initiation and prolonging 

he fatigue lives of the coated samples. As reported in our previ- 

us work [24] , the residual stress in the Cr coating examined by a 

RD 2 θ-sin 

2 � method was -305 MPa. Apart from the remarkable 

lastic deformation capability in the Cr coating, the compressive 

esidual stress may be another key factor to improve the fatigue 

ife. It should be emphasized that different ATF coatings may play 

ifferent roles in altering the fatigue properties of a coated alloy. 

herefore, it is critical to investigate the mechanical strength and 

nderstand the deformation and failure mechanism of the coated 

lloys in the screening and evaluation of ATF coating candidates. 

. Conclusions 

The effects of two accident tolerant coatings, i.e., a Cr coating 

nd a TiCrAlN coating, on the fatigue behavior of the Zr-4 alloy 

t 400 °C were studied by an in-situ SEM technique. Note that the 

esting was performed in vacuum and additional work is needed 

o determine if trends remain the same in light water reactor en- 

ironments. The following conclusions were obtained: 

(1) Fatigue test results showed that the Cr coating evidently im- 

roved the fatigue life of the Zr-4 alloy while the TiCrAlN coating 

ecreased the fatigue life of Zr-4 alloy remarkably. 

(2) Because of the average stress effect, all samples showed 

atcheting strain during cyclic loading, with the magnitude of the 

atcheting strain in the following order: Cr-coated < uncoated < 

iCrAlN-coated Zr-4. The ratcheting strain rationalized the fatigue 
12 
ife variation of the uncoated and coated Zr-4 samples in this 

tudy. 

(3) In-situ SEM observations revealed that the Cr coating ex- 

ibited good plastic deformability with the Zr-4 substrate until 

he late stage of fatigue life. In contrast, for the TiCrAlN coating, 

ultiple cracks formed in the early stage of fatigue life. The dis- 

inct effects of different coatings were confirmed by analysis of the 

racture surfaces and longitudinal sections of the fatigue samples. 

ence, fatigue life variation in the coated Zr-4 samples can be at- 

ributed to the deformation and cracking behavior of the coatings 

nder cyclic loading. 

(4) Fractography analysis indicated significant plastic deforma- 

ion in the uncoated Zr-4 alloy, in which the voids and micro- 

racks formed by slip impingements were responsible for the fac- 

ure. For the TiCrAlN-coated sample, multiple cracks in the coat- 

ng showed brittle cleavage features, which acted as crack initiation 

ites to promote crack propagation into the substrate. For the Cr- 

oated sample, the Cr coating showed remarkable plastic deforma- 

ion associated with the Zr-4 substrate. Striations were commonly 

bserved in the stable crack propagation region of the Zr-4 alloy. 

o spallation of either the Cr or TiCrAlN coating was observed, in- 

icating satisfactory bonding strengths of the ATF coatings in this 

tudy. 

(5) Finite element simulations based on the cohesive element 

ethod indicated that the pre-failure of the brittle TiCrAlN coating 

ith its low fracture toughness promoted early crack initiation in 

he Zr-4 substrate, leading to a short fatigue life. For the Cr coating 

ith its high fracture toughness and good ductility, crack initiation 

n the substrate was postponed, leading to a longer fatigue life for 

he Cr-coated sample. 
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