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Elastoplastic Deformation and Fracture Behavior of Cr-Coated Zr-4 Alloys for Accident Tolerant Fuel Claddings
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In situ tensile tests and crystal plasticity finite element modeling (CPFEM) were used to study the deformation and cracking behaviors of Cr-coated Zr-4 alloys for accident tolerant fuel claddings under tension. Based on the experimental results, vertical cracks in the coating generally initiated from the interface between the coating and the substrate, and expanded to the top surface of the coating. In addition, under large deformation, the vertical cracks also resulted in interfacial cracks that initiated from the cracking tips and propagated along the interface. According to the CPFEM, the cracking behaviors were mainly caused by the substantial stress concentration at the coating/substrate interface and at the grain boundaries in the Cr coating. The preferential crack initiation was related to the strain localization associated with grain orientation variation and strain mismatch.

Keywords: in situ test, crystal plasticity model, Cr coating, zirconium alloy, accident tolerant fuel cladding


INTRODUCTION

After the Fukushima Daiichi accident in 2011, the concept of accident tolerant fuel (ATF) was proposed to enhance the tolerance of light water reactors under both design-basis (DB) and beyond-design-basis (BDB) accident conditions (Zinkle et al., 2014; Tang et al., 2017; Terrani, 2018). Developing high-oxidation-resistant surface coatings is one of the most effective prospective method to improve the accident tolerance of Zr claddings during loss-of-coolant accident (LOCA) or station blackout (SBO) conditions (Zinkle et al., 2014; Tang et al., 2017). The material selection, preparation technologies, and oxidation resistance of ATF coatings have been further studied in recent years. Recently, several types of coatings, such as Cr, CrN, and FeCrAl coatings, have been selected as promising candidates for ATF coatings (Terrani et al., 2013; Maier et al., 2015; Tallman et al., 2015; Usui et al., 2015; Tang et al., 2017; Wang et al., 2018; Zhong et al., 2018; Meng et al., 2019). However, information on the mechanical performance, particularly the deformation and cracking behavior, of the ATF coatings is quite limited (Jiang et al., 2018; Ma et al., 2021). The strength assessment and failure mechanisms of the ATF coating systems under either normal or LOCA conditions is an essential performance index that must be investigated before their application.

The ATF coatings developed in previous studies include ceramic materials [e.g., SiC (Usui et al., 2015) and CrN (Meng et al., 2019)], MAX-phase materials [e.g., Ti3SiC2 (Tallman et al., 2015) and Ti2AlC (Maier et al., 2015)], metallic materials [e.g., Cr (Zhong et al., 2018; He et al., 2019; Ma et al., 2021) and FeCrAl (Terrani et al., 2013)], and multi-layered composite coatings [e.g., ZrO2/FeCrAl (Wang et al., 2018)]. Among them, metallic Cr coatings have become the most popular and are the most likely to be applied in the near future. The conventional oxidation resistance and mechanical properties of Cr coatings have been systematically investigated in previous studies. For example, He et al. (2019) found that the oxide layer that formed on the Cr coating prepared by the multi-arc ion plating technique caused a 93.35% reduction in the oxidation weight gain of a Zr-4 alloy during oxidation at 1,060°C, which reflected the remarkable oxidation resistance of the Cr coating. Brachet et al. (2019), Brachet et al. (2020) prepared Cr coatings using a physical vapor deposition (PVD) process and found that they exhibited superior oxidation and fretting resistance as well as good adhesion to the Zr substrate. Kim et al. (2015) found that a thick Cr coating (90 μm in thickness) slightly increased the tensile and compressive strengths of the coated Zr-4 substrate, which might be due to its high strength and ductility. However, Brachet et al. (2019) found that a thin Cr coating (10 μm in thickness) had a negligible effect on the tensile strength of the coated substrate at room temperature, although it did have a positive effect at high temperatures.

The mechanical properties of Cr-coated Zr alloys are highly related to the deformation and cracking behavior of the Cr coating. As illustrated in Figure 1 (Jiang et al., 2017), under uniaxial tensile loading, surface cracks penetrate through the coating thickness to form parallel channel cracks (Figure 1A). When the interfacial adhesion between the coating and the substrate is weak, vertical cracks may change direction and propagate along the interface to form interfacial cracks (Figure 1B). However, when the interfacial adhesion is sufficiently strong, interfacial cracks are difficult to initiate, and vertical cracks may penetrate the substrate under continuous loading (Figure 1C). In some cases with moderate interfacial adhesion, both vertical cracks and interfacial cracks may occur simultaneously under severe deformation (Figure 1D). The cracking behavior directly reflects the coating strength and interfacial adhesion. In our previous work (Jiang et al., 2020), the cracking behavior of a Cr-coated Zr-4 substrate was preliminarily studied. The surface crack evolution was captured by in situ observations, and the crack density was predicted by a modified shear-lag model. Some key mechanical properties of the Cr coating, such as the tensile strength and interfacial fracture toughness, were evaluated by in situ tensile tests and macroscopic finite element models (FEMs). However, both the Cr coating and Zr substrate possess crystal structures, and their grain size and orientation have a remarkable influence on the cracking mode. Thus, a mesoscopic FEM based on the crystal plasticity theory must be developed to further study the deformation and cracking behavior of the Cr coating system. This study used a method that combined in situ tensile tests and a crystal plasticity finite element model (CPFEM) to investigate the elastoplastic deformation and cracking behavior of the Cr- coated Zr- 4 substrate system under tension, and the mechanism of crack initiation and propagation of the Cr coating was analyzed.
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FIGURE 1. Typical cracking modes of coatings under tensile loading: (A) vertical crack penetrates through the coating, (B) vertical crack propagates at the interface, (C) vertical crack penetrates to the substrate and (D) vertical crack propagates at the interface and penetrates to the substrate simultaneously.




MATERIALS AND EXPERIMENTS


Experimental Materials

Zr-4 alloy was selected as the substrate material, and its chemical composition is provided in Table 1. The original Zr-4 alloy bar was subjected to an annealing treatment at 800°C for 24 h in vacuum, after which it was cut into dog-bone-shaped tensile samples with a gauge length of 20 mm. The typical microstructure of the resulting Zr-4 alloy is shown in Figure 2A, with a grain size of approximately 20 μm. A multi-arc ion plating technique was used to deposit the Cr coating (purity of approximately 99.9%) on the surface of the Zr-4 alloy. Detailed deposition parameters are listed in Jiang et al. (2020). The surface and cross-sectional morphologies of the Cr-coated Zr-4 substrate are shown in Figures 2B,C. The coating had a dense microstructure with small grains that were 1 μm in size. The coating thickness was relatively uniform with an average thickness of 10 μm. The Cr coating bonded tightly to the substrate, and no micro-cracks or micro-voids were found at either the surface or the interface.


TABLE 1. Chemical composition of the Zr-4 alloy (wt.%).
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FIGURE 2. Surface morphologies of (A) the uncoated Zr-4 alloy and (B) the Cr coating, and (C) the interfacial morphology of the as-deposited Cr-coated Zr-4 substrate.




In situ Tensile Test Method

As shown in Figure 3, in situ tensile tests of the Cr-coated samples were performed using a mechanical experimental device equipped with a high-magnification optical microscope, a mechanical loading system (for tensile tests, fatigue tests, and three-point bending tests), and a data acquisition system. As shown in Figure 3B, the test sample was fixed to the mechanical loading system by two clamps. The optical microscope (3,000 × maximum) was suspended over the mechanical loading system to observe the deformation and cracking behavior on the surface of the sample during the tensile process. Tensile tests were performed under the displacement control mode at a constant rate of 5 × 10–3 mm/s, i.e., a strain rate of 2.5 × 10–4 s–1. The tensile test was paused at various moments to capture the crack initiation and its evolution on the coating surface. Note that an area of 1,450 μm × 1,100 μm where the first visible surface crack initiated was imaged to capture the crack evolution. The engineering strain was calculated by dividing the tensile displacement by the original gauge length. The tensile test ended when the sample fractured entirely. After the tensile test, the cross section of the sample was examined using scanning electron microscopy (SEM) to analyze the interfacial cracking behavior.
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FIGURE 3. (A) In situ mechanical device equipped with a high-magnification optical microscope and (B) view of the mechanical loading system.




CRYSTAL PLASTICITY THEORY AND FINITE ELEMENT SIMULATION PROCEDURE


Crystal Plasticity Theory

A rate-dependent crystal plasticity theory based on the classical work of Taylor and Hill (Taylor, 1938; Lee, 1969; Hill and Rice, 1972) is applied to describe the anisotropic constitutive relation of the materials. The model is capable of modeling the plasticity deformation of crystals considering the crystal orientation effects. In this work, the flow rule on each slip system is assumed to follow a power–law relationship (Hutchinson, 1976),
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where [image: image] is the shear rate, τα is the resolved shear stress, [image: image] and m are the reference strain rate and rate sensitivity coefficient of slip system α, respectively, gα is the critical resolved shear stress determined by the hardening state of the material on the crystal scale.

In this study, a Voce hardening model (Agnew et al., 2001) was chosen to model the hardening of the Zr-4 alloy substrate, which has been widely used for hexagonal close-packed (HCP) crystal structure. An exponential hardening model (Peirce et al., 1982) was chosen to model the hardening of the Cr coating, which has a body-centered cubic (BCC) crystal structure. The hardening laws are expressed as follows:

(i) Voce hardening model:

[image: image]

where [image: image] is the critical shear stress of the α-th slip system in the initial state. [image: image] is the critical shear stress of the α-th slip system at steady state. γ is the sum of the shear strains of all the slip systems in the current step. [image: image] and [image: image] are the initial and final hardening rates, respectively.

The increment of the critical shear stress of the α-th slip system in this increment step can be solved by the following formula:

[image: image]

where qαβ represents material self-hardening (α = β) and latent hardening (α ≠ β). Its value is assigned as 1.0 for coplanar slip systems and 1.4 otherwise.

(ii) Exponential hardening model:

The micromechanical interaction between any slip system β and the fixed slip system α is taken into consideration by

[image: image]

where hαβ represents the hardening matrix and is given as
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where [image: image], a, g0, and g1 are the slip hardening parameters. In the simulation of Zr-4 deformation, twinning is regarded as a special slip system. Due to the polarity of the twinning, the lattice rotation caused by twinning is different from the lattice rotation caused by slip. In this study, the models proposed by Tomé et al. (1991) and Paul (1978) were used.



Finite Element Modeling


Calibration of Crystal Plasticity Material Parameters

The crystal plasticity material parameters of both the Zr-4 alloy and Cr coating were confirmed and calibrated first. Note that because no experimental data for Cr coatings deposited by the multi-arc ion plating method was available, the parameters of the Cr coating were assumed to be the same as those of pure Cr. The crystal plasticity model parameters of the Zr-4 alloy and pure Cr were chosen following Paul (1978), Holzwarth and Stamm (2002), Xu et al. (2009), and Yang et al. (2018). Regarding the hardening of Cr coating, the model parameters were chosen based on Raabe et al. (2005). The crystal plasticity parameters were calibrated using a trial-and-error method until the simulated tensile curves were consistent with those in the literature. Figure 4 displays the simulation results of the Zr-4 alloy and pure Cr, respectively, which show good agreement with the published results. Based on the calibration, the elastic modulus constants of Zr were confirmed to be C11 = 143.5 GPa, C12 = 72.5 GPa, C13 = 65.4 GPa, C33 = 164.9 GPa, C55 = 32.1 GPa, and C44 = 35.5 GPa, and the hardening parameters are listed in Table 2. The elastic matrix constants of pure Cr were confirmed to be C11 = 307.0 GPa, C12 = 70.3 GPa, and C44 = 80.9 GPa, and the hardening parameters are listed in Table 3.
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FIGURE 4. Comparison of the stress–strain curves of (A) the Zr alloy and (B) pure Cr calculated by crystal plasticity simulations with the experimental results (Paul, 1978; Holzwarth and Stamm, 2002; Raabe et al., 2005; Xu et al., 2009; Yang et al., 2018).



TABLE 2. Material parameters of the Zr alloy for crystal plasticity modeling.

[image: Table 2]
TABLE 3. Material parameters of pure Cr for crystal plasticity modeling.
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Finite Element Model Set-Up

A two-dimensional FEM consisting of a 10 μm thick Cr coating and a 28.8 μm thick Zr-4 substrate was built in ABAQUS. The geometry, meshes, and boundary conditions of the model are shown in Figure 5. The interface between the Cr coating and the substrate was assumed to be flat, and no initial interfacial cracks or vertical surface cracks were included in the model. According to the author’s previous studies (see Wei et al., 2019; Brachet et al., 2020; Jiang et al., 2020), Cr coatings deposited by multi-arc ion plating possess columnar grain structures with an average width of 1 μm and thickness of 10 μm, whereas the Zr-4 substrate possesses equiaxed grains with an average size of 20 μm. For the convenience of finite element modeling, the grains of the Cr coating were assumed to be rectangular in the FEM, and the grains of the Zr-4 substrate were assumed to be pentagonal, as shown in Figure 5A. To study the effect of grain shape, a FE model with cubic grains was built for comparison. The obtained stress-strain curve was consistent with that of the model with pentagonal grains, indicating that the grain shape has negligible effect on the stress-strain curve. Considering the periodicity and symmetry, a two-period region containing 40 grains in the Cr coating and four grains in the Zr-4 substrate was chosen for the following simulation. As shown in Figure 5C, for symmetric boundary conditions, the left edge was constrained to move in the x direction, and the bottom edge was constrained to move in the y direction. For the periodic boundary condition, all nodes on the right edge were restricted by a multipoint constraint (MPC) method such that they were allowed to move in the x direction but remained in-plane and vertical. In addition, a uniform tensile strain was applied on the right edge, which was consistent with the tensile loading during the tensile test. Four-node plane-strain elements were generated in both the Cr coating layer and the Zr substrate layer for finite element meshing. As shown in Figure 5B, the entire model contained 2,468 elements, including 840 elements in the Cr coating. In the FEM, both the Cr coating and Zr-4 substrate were considered to be elastoplastic materials. A verified crystal plasticity model described in section “Crystal Plasticity Theory” has been implemented in ABAQUS using in-house user material subroutine (VUMAT) codes developed by the authors, to describe the stress–strain behaviors of polycrystalline alloys.


[image: image]

FIGURE 5. FEM of the coating–substrate system: (A) geometric model, (B) meshed model, and (C) boundary conditions.




Crack Analysis Based on the Cohesion Zone Model

In the FEM, the surface cracking behavior of the Cr coating under tension was also simulated based on the cohesion zone model (CZM). The FEM assumed that vertical cracks would initiate and propagate between two columnar grains in the Cr coating. Based on the in situ observation, surface cracks occurred when the strain reached 0.4%, while few interfacial cracks were found initiated from the surface crack tips when the strain was larger than 5% (Jiang et al., 2020), which reflected high interfacial adhesion property between the coating and the substrate. Therefore, in this FE model, the coating was assumed to bond tightly on the substrate and no interfacial cracks occurred in a small tensile strain range. As shown in Figure 6A, to model a vertical crack, a layer of cohesive elements with zero thickness was located in the middle of the Cr coating vertical to the interface. The CZM assumes that there is a cohesive zone ahead of a crack tip, where the separation of the material is restricted by cohesive tractions. The material behavior of the cohesive elements is characterized by a bilinear transition–separation law (TSL). Schematics of pure Mode I and Mode II TSLs are shown in Figures 6B,C, respectively. The TSL assumes that the elements have linear elastic behavior before damage; once a damage criterion is reached, damage initiates and accumulates continuously under external loading. Once the damage value reaches one, cracks will be initiated, and the related elements will be deleted to represent a crack surface. A detailed description of the CZM and TSL can be found in our previous work (Jiang et al., 2018). For the modeling of crack based on the CZM, the fracture strength (σ0) and critical energy release rate (i.e., fracture toughness, Gc) must be evaluated. Figure 7 displays the effects of σ0 and Gc on the strain for surface crack initiation, εc. It was shown that larger σ0 and (or) Gc led to larger εc (namely, later crack initiation). Besides, for a given σ0, the εc increased slowly with the increase of Gc. Based on the above computational results, to match with the experimental results that cracks occur at εc = 0.4%, σ0 and Gc were chosen as 180 MPa and 0.1 mJ/mm2, respectively.


[image: image]

FIGURE 6. (A) Location of cohesive elements in the coating–substrate model, and the schematics of bilinear TSLs: (B) Mode I TSL and (C) Mode II TSL.
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FIGURE 7. Effects of the fracture parameters, σ0 and Gc, on the strain for crack initiation, εc: (A) εc vs. σ0 for different Gc, (B) εc vs. Gc when σ0 = 180 MPa.




RESULTS AND DISCUSSION


Experimental Observations

Figure 8 displays the experimental results, including in situ observations of the surface crack evolution and cross-sectional morphologies of vertical and interfacial cracks. As seen in Figures 8a–c, the first visible surface crack was found in the Cr coating when the tensile strain (ε) reached 0.4%. As the tensile strain increased, new surface cracks were continuously generated between two adjacent cracks, leading to an increase in the crack density. These multi-cracks were parallel to one another and vertical to the tensile direction. Subsequently, almost no new surface cracks were formed, and the crack density tended to be stable with increasing tensile strain; however, the cracks continued to darken, which indicates that the crack opening displacement (COD) became larger.


[image: image]

FIGURE 8. Cracking behaviors of the Cr-coated Zr-4 substrate under tension: in situ observations of the surface crack evolution at (a) ε = 0.4%, (b) ε = 1.32%, and (c) ε = 11.1%, and cross-sectional morphologies of cracks at various strains ranging from 3 to 10% showing (d) a vertical crack that initiated from the interface, (e) a vertical crack that penetrated through the coating thickness, (f) two vertical cracks initiated from both the interface and surface, (g) a vertical crack that penetrated to the substrate, (h) an interfacial crack that initiated from a vertical crack tip, and (i) cracks that not only penetrated to the substrate but also propagated along the interface.


To understand the initiation and propagation behavior of cracks on the surface of the coating, the cross-section morphologies at various strains were observed, as shown in Figures 8d–i. Vertical surface cracks were found that initiated in different areas. In most areas, vertical cracks were generated from the interface and propagated to the surface (see Figure 8d), which might be driven by the stress concentration at the interface caused by the large differences in the elastic modulus and plastic deformation between the Cr coating and the Zr alloy substrate. Further analysis and explanation will be presented in the following section using the results of the finite element simulation. In some areas, vertical cracks were also found that initiated from the surface (see Figure 8f), which might be due to local stress concentration caused by impurities or defects present on the coating surface.

Furthermore, after the vertical cracks penetrated through the coating thickness, they continued to propagate along different paths under continuous tension. In most areas, vertical cracks penetrated through the coating to the substrate (see Figure 8g), while few vertical cracks propagated along the interface (see Figure 8h), which reflected the weak interfacial adhesion in these local areas. In some areas, cracks not only penetrated to the substrate but also propagated along the interface (see Figure 8i). The competition between the mechanisms causing vertical and interfacial cracking was highly dependent on the magnitude of the fracture toughness of the Cr coating and the interfacial fracture toughness between the Cr coating and the substrate.



Plastic Deformation and Stress Analysis

The plastic deformation behavior of the coating system without considering cracking is presented first. Figure 9 displays the distributions of stress components, Sxx, Syy, and Sxy, in the coating-substrate system at ε = 0.4%. Clearly, the stress components in both the coating and the substrate were non-uniformly distributed along the x direction, and the Syy and Sxy were non-zero in large areas. These results were quite different from those calculated by a macro-scale FEM that considered isotropic material properties. The different mechanical behaviors of grains with different orientations led to this non-uniform distribution. In addition, the stress distribution near the interface showed a remarkable jump from the substrate to the coating, which was highly related to the difference in the mechanical properties of the two crystal structures (BCC structure for the Cr coating and HCP structure for the Zr-4 substrate) and deformation mismatch between the coating and the substrate. The grain-induced local stress concentration would promote earlier crack initiation under tension.


[image: image]

FIGURE 9. Distributions of stress components in the coating-substrate system at ε = 0.4%: (A) Sxx, (B) Syy, and (C) Sxy.


As shown in Figure 9, the stresses were different along the directions vertical and parallel to the tensile direction. To analyze the stress distribution in detail, a reference coordinate system was defined, as shown in Figure 10. The x-axis was parallel to the tensile direction, and the grains in the Cr coating were numbered from left to right as No. 0 to No. 40. The y-axis was parallel to the coating thickness such that the interface was located at y = 0 μm, and the coating surface was located at y = 10 μm. The stress components, Sxx and Syy, which were the driving forces for vertical and interfacial cracks, respectively, are the primary focus in the following discussion.


[image: image]

FIGURE 10. Coordinate system of the coating (substrate is underneath the coating).


Because the stresses in various grains in the coating were non-uniform, a detailed analysis of the Sxx distributions along the y direction for different grains (i.e., different x) was performed, as shown in Figure 11. No obvious decrease in Sxx were found along x direction. The stress presented a different distribution among grains because of the different crystal orientations in the adjacent grains. Their deformation abilities along the tensile direction were different, as derived from the Schmidt law. Figure 12 shows the Sxx distribution at the interface and the corresponding rotation angles (φ1, which can represent the grain orientations) around the z-axis in a laboratory coordinate for different grains in the Cr coating. For different grains, the interfacial stress varied from a minimum value of 247 MPa to a maximum value of 312 MPa. The significant variation in the stress is quite different from the results calculated by an isotropic constitutive model in which the stress was independent of the position along the x direction. For the CPFEM, the difference in the Schmidt factor for different Cr grains can rationalize the non-uniform stress distribution. The location where Sxx reached the maximum value could be the most preferential site for vertical crack formation.
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FIGURE 11. Sxx distributions along the y direction for different grains in the Cr coating when the tensile strain ε reached 0.4%. Note that x = 0 indicates grain No. 0, and x = 36 indicates grain No. 36.
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FIGURE 12. (A) Sxx at the interface between the coating and the substrate and (B) the corresponding rotation angles around the z-axis in a laboratory coordinate for different grains in the Cr coating when the tensile strain reached 0.4%.


Because interfacial cracks were also found in the tensile test, the driving force, i.e., Syy, was also analyzed. Figure 13 shows Syy at the interface for different grains in the Cr coating. It is worth noting that for an isotropic constitutive model, Syy should be zero for different x and y in the coating because no external loading is applied along the y direction. However, for the CPFEM, Syy in the coating varied greatly from -10 to 45 MPa in different positions, which was caused by the different crystal orientations of the Cr grains and the deformation mismatch between the coating and the substrate. As shown in Figure 13, Syy near the interface showed the largest change due to the deformation of the substrate. Near the coating surface, Syy in the coating tended to be nearly zero. The stress Syy showed tensile value at the interface, which may raise the possibility of initiation of interfacial cracks.
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FIGURE 13. Syy distributions along the y direction for different grains in the Cr coating when the tensile strain ε reached 0.4%.




Tensile Cracking Behavior

During tensile tests, vertical cracks initiated and propagated through the coating thickness with increasing tensile strain, as shown in Figure 7. The cracking behavior in the Cr coating is directly related to the stress evolution with tensile strain. In turn, the formation of the crack redistributes the local stresses. To analyze this phenomenon, the initiation and propagation of vertical cracks in the Cr coating was simulated using a CZM, and the results of stress and crack evolutions under different tensile strains are displayed in Figure 14. As shown in Figures 14A,D, when ε reached 0.25%, although a crack had not yet formed, damage had already initiated and accumulated in the cohesive elements. The degradation in the cohesive zone led to local stress and strain concentration in the substrate near the interface. As shown in Figures 14B,E, the vertical crack began to form in the Cr coating when ε reached 0.25%, which indicates that the damage value in the cohesive elements reached one, and the relevant elements were deleted to form the crack surface. Once initiated, the vertical crack passed through the coating thickness rapidly to form a macro crack. Comparing Figure 9 and Figure 14B, the stress distribution changed considerably with the formation of the vertical crack. In particular, in the substrate, an area of stress concentration formed near the interface, passing through two adjacent Zr grains. In the Cr coating, the stress near the coating surface relaxed greatly in the region adjacent to the crack surface, while the stress near the interface increased considerably because of the crack tip. As the tensile strain increased, the vertical crack broadened, and the stress and strain concentrations increased considerably (see Figures 14C,F). Once the stress in the substrate reached a critical value, the vertical crack penetrated the substrate along the direction marked by the arrows in Figures 14C,F. The predicted crack deflection was consistent with the experimental observation shown in Figure 8.
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FIGURE 14. Evolution of the stress (Sxx) and strain (LExx) distributions with increasing tensile strain: (A,D) ε = 0.25%, (B,E) ε = 0.4%, and (C,F) ε = 1.0%.


Crack formation can also affect the stress–strain curve of the coating–substrate system. As shown in Figure 15, the engineering stress–strain curve changed markedly, particularly during the early period of tension. After the vertical cracks formed, the stress declined slightly when the strain increased from 0.4 to 0.65%, which was caused by stress relaxation with crack propagation. Once the vertical crack penetrated through the coating thickness, it was hindered by the substrate and stopped at the interface. When ε > 0.65%, the stress increased slowly and smoothly with increasing tensile strain.


[image: image]

FIGURE 15. Engineering stress–strain curve of the Cr-coated Zr substrate system when considering vertical cracking behavior.


It is noted that the high stress concentration located at the crack tip may result in continuous crack propagation with a large tensile strain. As discussed previously, two propagation paths were possible: along the original crack direction (i.e., perpendicular to the loading direction), and along the interface between the coating and the substrate. The competition between the vertical and interfacial cracking mechanisms is controlled by the fracture parameters, such as the fracture strength and toughness of the coating and the substrate, and the interfacial fracture toughness. Further experiments and finite element calculations of these competing mechanisms will be developed in the future studies to build a strength assessment method for the ATF coating system.



CONCLUSION

The plastic deformation and cracking behavior of the Cr-coated Zr-4 cladding system were investigated by combining in situ mechanical tests and crystal plasticity finite element simulation. The main conclusions are summarized as follows:


(1)Based on in situ observation, the first surface crack appeared in the Cr coating with a tensile strain of 0.4%, and the crack density increased with the tensile strain. Vertical cracks generally initiated from the interface and penetrated through the coating thickness. Besides, a few interfacial cracks also initiated from the vertical crack tips due to the large local stress concentration.

(2)Based on the crystal plasticity simulation, the stress distributions in both the Cr coating and the Zr-4 substrate were non-uniform, which was quite different from those predicted by an isotropic constitutive model. The different mechanical behaviors and crystal orientations in different grains led to these non-uniform distributions. In addition, both Sxx and Syy showed concentration at the interface, which were responsible for the driving forces of vertical and interfacial cracking, respectively.

(3)Compared with the case without considering cracking, the stress in both the Cr coating and the Zr-4 substrate redistributed evidently with the formation of a vertical crack. When the vertical crack penetrated through the coating to reach the interface, large stress and strain concentrations were formed, particularly in the substrate, which was responsible for the failure process of the coating-substrate system.
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