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A multi-scale finite element method is developed to simulate the irradiation process and postirradiation uniaxial tensile tests for metal-matrix composite fuels with representative volume elements (RVEs). The simulations of irradiation process are implemented under a wide range of burnup levels, with the irradiation effects on the mechanical constitutive relations of fuel particles and matrix taken into account comprehensively. The simulation results for the macroscopic postirradiation true stress/strain curves are obtained, excluding the irradiation-induced macroscopic deformations. The effects of particle fission density, temperature, and initial particle volume fraction are investigated and analyzed. The research results indicate that 1) a quasi-elastic stage appears during the postirradiation tension, which is mainly induced by the creation of high residual compressive stresses in the particles and matrix after irradiation; 2) with the increase of effective strains, new plastic deformations increase in the particles and matrix to result in the macroscale plastic stage; 3) the macroscale irradiation softening and hardening phenomena appear, which mainly stem from the weakened deformation resistance by the irradiation-induced plastic deformations in the matrix, the enlarged particle volume fraction after irradiation, and the irradiation hardening effects of metal matrix.
Keywords: metal-matrix composite fuel, postirradiation, residual stresses and strains, effective stress–strain curve, homogenization theory, multi-scale simulation
INTRODUCTION
Utilization of metal-matrix composite fuels in fast reactors and advanced nuclear systems (Vatulin et al., 2001; International Atomic Energy Agency, 2006; Lipkina et al., 2014; Aoki et al., 2019) has been considered as a means to depleting the inventories of plutonium and minor actinides in the spent fuels from commercial thermal reactors. With deep burnup (Neeft et al., 2003; Savchenko et al., 2006; Savchenko et al., 2009), the loaded radioactive materials can be disposed sufficiently. A composite of plutonium dioxide particles and the zircaloy matrix (PuO2/Zr) is one of the metal-matrix fuel concepts (Duyn, 2003; Savchenko et al., 2007). These kinds of nuclear fuels have also been proposed for generation-IV reactors (Carmack et al., 2006; International Atomic Energy Agency, 2006; Lombardi et al., 2008) because of their high thermal conductivity and long service lifetime.
In order to calculate the in-pile thermomechanical behavior (Wang et al., 2010; Wang et al., 2011; Gong et al., 2014) in a full-sized fuel rod or fuel assembly with PuO2/Zr fuel pellets filled, the homogenized postirradiation elastoplastic property of this composite should be obtained. The irradiation tests and postirradiation uniaxial tensile tests should be performed. In the extreme irradiation environments of nuclear reactors, irradiation swelling of fuel particles increases with fission density as a result of continuous accumulation of solid and gaseous fission products (MacDonald and Thompson, 1978; Suzuki, 2005; Cui et al., 2015), which leads to the enhancement of the mechanical interactions between the particles and matrix, and causes the configuration variation of composite fuels (Rest, 1995; Kim et al., 2015). Besides, the particles and matrix experience elastoplastic deformations, induced by their mechanical interactions and external forces. It should be noted that plastic deformations are irreversible, and the subsequent mechanical constitutive relations depend on the accumulated equivalent plastic strains and loading paths (Chan and Lee, 1993; George, 2012). Thus, the achieved fission density has an effect on the postirradiation effective elastoplastic behavior of composite nuclear fuels if plastic deformations occur in the fuel particles and matrix during irradiation. What is more, the residual stresses have been proven to affect the mechanical properties of materials (Shi et al., 2017; Sun et al., 2020). It can be known that the residual stresses produced after irradiation also influence the postirradiation effective elastoplastic behavior. Simultaneously, the metal matrix undergoes irradiation hardening (Byun and Farrell, 2004; Jiang et al., 2011) and creep deformations (Rodriguez et al., 1984; Adamson and Coleman, 2019) owing to the in-pile attack of high-energy fission fragments and fast neutrons. These above irradiation effects need to be involved in simulation of the irradiation process, which will have influences on the postirradiation effective elastoplastic behavior.
The metal-matrix composite fuel of PuO2/Zr is similar to that of particle reinforced composites (Ding et al., 2010; Wang et al., 2010; Wang et al., 2011), whose effective properties (Doghri and Friebel, 2005; Zhao et al., 2014; Liu et al., 2018) can be obtained with the homogenization theory–based multi-scale research method. The macroscopic mechanical response can be usually predicted via the volumetric averaging of the mesoscopic mechanical variables, that is, mean-field method, which has been demonstrated to be efficient for particle reinforced composite materials, laminated materials, fiber-reinforced composite materials, and so on (Nemat-Nasser, 1999; SemihPerdahcıoglu and Hubert, 2011). In this method, each phase is assumed to follow its own macroscopic thermal–mechanical behaviors. The mean-field theory for effective elastoplastic performances of composite materials has been developed over many years, and can be carried out with analytical methods (Voigt, 1889; Reuss, 1929; Eshelby, 1957; Budiansky and Wu, 1961; Hill, 1965; Mori and Tanaka, 1973; Lielens et al., 1998; Doghri et al., 2011; Abedini and Chen, 2014; Wu et al., 2015) and numerical simulation methods (Hill, 1963; Sun and Vaidya, 1996; Matsuda et al., 2002; Bouhamed et al., 2019; Samadian et al., 2020). There are some classical analytical models for effective elastic properties of composites, such as the upper and lower bounds for elastic modulus proposed by Voigt and Reuss (Voigt, 1889; Reuss, 1929), the Eshelby equivalent inclusion model (Eshelby, 1957), the self-consistent (SC) model (Budiansky and Wu, 1961; Hill, 1965), the Mori–Tanaka model (Mori and Tanaka, 1973), and the Lielens interpolation model (Lielens et al., 1998), among others. The linearization techniques have also been expanded to study plastic performances (Doghri et al., 2011; Abedini and Chen, 2014; Wu et al., 2015), including the secant-based approach and tangent-based approach. With the development of finite element techniques, direct finite element computations have been used to obtain the effective elastoplastic behavior of composites (Hill, 1963; Sun and Vaidya, 1996; Matsuda et al., 2002; Bouhamed et al., 2019; Samadian et al., 2020), through which the real microstructure of composite materials can be reflected. According to Hill theory (Hill, 1963), a representative volume element (RVE) should be selected to perform the finite element (FE) computation and homogenization process, and the appropriate boundary conditions to ensure periodicity need to be applied on the RVE. C. T. Sun et al. (Sun and Vaidya, 1996) established the RVE models for composites under different loading cases, and the obtained effective elastic constants matched well with the experimental data. They mentioned that this methodology could be extended to model the elastoplastic behavior of composites. Abir Bouhamed et al. (Bouhamed et al., 2019) numerically determined the effective elastoplastic property of Titanium Grade 2/Al-6061 composite. J. Y. Zhang et al. (Zhang and Ding, 2020) studied the homogenized elastoplastic behavior of FeCrAl alloys based on the mean-field method, and the results agree well with experimental results. It can be concluded that the macroscopic elastoplastic properties of composites can be acquired with the FE simulation of real tests combined with the mean-field theory. However, no work in the current literatures can be found to estimate the postirradiation effective elastoplastic properties of metal-matrix fuels.
In this study, a representative volume element model is established for the composite fuel of PuO2/Zr, and a coupled process of irradiation and postirradiation uniaxial tensile tests is numerically implemented on the ABAQUS platform. The deformation contributions of matrix creep, particle creep, and swelling are all taken into account in simulations of irradiation tests. The influences of residual stresses are considered in the postirradiation uniaxial tensile tests. The postirradiation effective elastoplastic curves are obtained by the developed homogenization algorithm and procedures, which are verified through the designed simulation tests for the homogenization models and multiparticle models. Then, the influences of irradiation dose, test temperature, and initial particle volume fraction are investigated. The stress/strain contributions of matrix and particle to the homogenized performances are analyzed.
FINITE ELEMENT MODELING
The finite element simulations of irradiation process and postirradiation uniaxial tensile tests for PuO2/Zr fuels are carried out with the commercial software ABAQUS. The mechanical constitutive relations and the stress update algorithms for the fuel particles and matrix are defined with verified user-defined subroutines as those in our previous studies (Gong et al., 2014; Zhao et al., 2016). In this section, the irradiation-related material properties for the fuel particles and matrix are given, together with the established finite element model and the developed homogenization algorithm, to obtain the postirradiation effective stress–strain behavior.
The Material Performance Models

1) for the fuel particles
The elastic strain increments for the fuel particles are calculated as
[image: image]
where [image: image] depicts the total strain increments, [image: image] represents the irradiation swelling strain increments, [image: image] denotes the irradiation creep strain increments, and [image: image] describes the plastic strain increments. The models of elasticity constants, plasticity, and irradiation swelling explained in the study by Hill (1965), MacDonald and Thompson (1978), Rest (1997), Rest (2004), Suzuki (2005), Gong et al. (2014), Wu et al. (2015) are utilized.
The Irradiation Swelling Model
It is noted that the irradiation swelling consists of the two contributions of solid swelling and gaseous swelling, which is validated in our recent study (Zhang et al., 2021) with the results of irradiation experiments.
The fission solid swelling is expressed as
[image: image]
where V is the initial fuel volume in m3, Fd depicts the fission density in fissions/m3, and ∆Vsolid is the volume change caused by solid fission products in m3.
A mechanistic model of fission gas swelling with the recrystallization effect taken into account can be described as (Rest, 1997; Rest, 2004)
[image: image]
where the expressions of the intragranular bubble swelling [image: image], intergranular bubble swelling [image: image] before recrystallization, and intergranular bubble swelling at the recrystallization zone [image: image] can be found in the study by Abedini and Chen (2014), Wu et al. (2015). The fission rate–dependent critical fission density of Fdx (Hill, 1965) can be described as [image: image], with [image: image] denoting the fission rate in fissions/(m3·s).
The Irradiation Creep Model
The irradiation creep rate model is described as (MacDonald and Thompson, 1978)
[image: image]
where A1 = 0.3919, A2 = 1.3100 × 10–19, A3 = -87.7, A4 = 2.0391 × 10–25, A6 = -90.5, A7 = 3.72264 × 10–35, and A8 = 0.0; the temperature of T is in K, and the theoretical density of D is considered as 95%; with the grain size G = 7 [image: image] and the gas constant R = 1.9872 cal/(molK), the fission rate of [image: image] is in fissions/(m3•s); the von Mises stress of [image: image] is in Pa; when [image: image], [image: image] and [image: image]; when [image: image], [image: image] and [image: image]; and Qi denotes the activation energy in cal/mol, which is described in the study by MacDonald and Thompson (1978).
2) for the Zircaloy matrix
The elastic stain increments are calculated as
[image: image]
where [image: image] represents the total strain increments, [image: image] denotes the creep strain increments, and [image: image] depicts the plastic strain increments. The models of elasticity constants explained in the study by Hales et al. (2016) are adopted, which depend on the irradiation doses.
Irradiation Creep and Thermal Creep Models
The considered creep rate model (Hayes and Kassner, 2006; Hales et al., 2016) includes the contributions of thermal creep and irradiation creep, given as
[image: image]
where [image: image] is the thermal creep strain rate in 1/s, expressed as
[image: image]
where R is the gas constant in J/(mol·K), T is the temperature in K, [image: image] is the von Mises stress in Pa, and G is the shear modulus in Pa. The activation energy Q = 270000 J/mol, with the material constants [image: image] and n = 5.
The irradiation creep model is given as
[image: image]
where [image: image] is the irradiation creep strain rate in 1/s, [image: image] is the von Mises stress in Pa, and [image: image] is the fast neutron flux in n/(m2·s), with C0 = 9.881 × 10–28, C1 = 0.85, and C2 = 1.0.
The Plasticity Model Considering the Irradiation Hardening Effects
The plasticity model is expressed as (Hales et al., 2016)
[image: image]
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where [image: image] represents the true stress in Pa, and[image: image] and [image: image] are the true strain and its rate, respectively. If [image: image], set [image: image]. The parameters of K, n, and m depict the strength coefficient, strain-hardening exponent, and strain rate sensitivity exponent, respectively. T denotes the temperature in K, and [image: image] depicts the fast neutron fluence in n/m2.
The Finite Element Model
To establish the finite element model, it is assumed that the PuO2 fuel particles are cubically distributed in a large metal matrix. Then, the representative volume element (RVE) can be selected as that in Figure 1A, which consists of a particle with a radius of 0.05 mm and the external matrix. According to the mean-field theory, the RVE should satisfy the periodic constraint conditions (Hill, 1963), which are satisfied by setting all surfaces of the RVE to maintain as planes. It can be known that the RVE contains all the meso-structure information of metal matrix fuels, so the effective performances can be obtained by combining the FE analysis with the homogenization method. On account of the symmetry in the RVE, 1/8 fraction of the RVE is selected as the finite element model, also shown in Figure 1A. The mesh grid is displayed in Figure 1B, with enough computational precision.
[image: Figure 1]FIGURE 1 | (A) Development of a finite element model and (B) mesh grid.
The irradiation processes are first simulated; after that, the postirradiation uniaxial tensile tests are virtually carried out, with the prescribed displacement applied along the stretch direction.
The boundary conditions for simulation of the irradiation process are described as follows. The symmetric boundary conditions are applied as follows: all the nodes on the surface of x = 0 satisfy [image: image], all the nodes on the surface of y = 0 satisfy [image: image], and all the nodes on the surface of z = 0 satisfy [image: image]. All the nodes (n nodes) on the surfaces of x = L0, y = L0, or z = L0 have identical normal displacement components.
The fuel particle fission rate is set as 1 × 1020 fissions/(m3·s), and the fast neutron flux is set as 2.01568 × 1011 n/(mm2·s) in this study (Gong et al., 2014). It should be noticed that the fission density in fissions/m3 is used to describe the experienced irradiation history in this study. With the above data of fission rate and fast neutron flux, the irradiation doses of the fuel particles and matrix can be related to the fission density.
As for the virtual postirradiation uniaxial tensile tests, the incremental displacement of [image: image] along the x direction is applied on the surface of x = L, described as [image: image]. It is noted that the incremental displacement of [image: image] is reached through a number of time increments. The other boundary conditions are set the same as those for the virtual irradiation process. The constant temperature is considered, which is ranged from 473 to 773 K. It should also be mentioned that the particles, the matrix, and the interface between them are assumed to be intact in this study.
Homogenization Algorithm for Postirradiation Effective Elastoplastic Curves
According to the mean-field theory (Sanchez-Palencia and Zaoui, 1987; SemihPerdahcıoglu and Hubert, 2011), the macroscopic stresses and strains can be derived by averaging the mesoscopic ones over the volume of the finite element model as
[image: image]
where [image: image] and [image: image] depict the macroscopic effective stress and strain components, respectively; [image: image] and [image: image] are the mesoscopic stress and strain components, respectively; and [image: image] is the postirradiation volume in this study.
For the considered metal-matrix composite fuel, Eq. 15 can be expressed as
[image: image]
where [image: image] and [image: image] are the averaged stresses of the particle and matrix over their postirradiation volumes during tensile tests, respectively; [image: image] and [image: image] denote the effective strains of the particle and matrix over their postirradiation volumes, respectively; [image: image] indicates the current volume fraction of the particle; and [image: image] is the current volume fraction of the matrix.
In this study, the x direction is the tensile direction, so the effective stresses along the tensile direction is
[image: image]
where [image: image] and [image: image] represent the effective stresses of the particle and matrix along the x direction, respectively. It is noted that the effective stresses of the particle and matrix are obtained by the self-developed subroutines, calculated as
[image: image]
where [image: image] and [image: image] are the total element numbers of the particle and matrix, respectively; [image: image] and [image: image] are the integration point stress of the ith particle element and jth matrix element along x direction, respectively; [image: image] and [image: image] are the element volume of the particle and matrix, respectively; [image: image] and [image: image] are the current total volume of the particle and matrix, respectively.
The macroscopic effective strain along the stretching direction can also be calculated through the dimensional change of the finite element model during the uniaxial tensile tests, given as
[image: image]
where [image: image] represents the macroscopic effective strain along the stretching direction; [image: image] is the absolute length change with respect to [image: image] after irradiation, which should be calculated by excluding the irradiation-induced length change, which can be expressed as
[image: image]
where [image: image] is the total length change with respect to the original length of [image: image], and [image: image] is the length change at the end of irradiation process, also with respect to the original length of [image: image].
Based on the calculated effective true stresses and true strains, the postirradiation effective stress–strain curves can be obtained for various test conditions.
Verification of the Obtained Effective Elastoplastic Property
To evaluate the computation effectiveness of the obtained macroscale elastoplastic property, the virtual loading tests for the multiparticle model and the homogenization model are implemented, using the verification method adopted by Gavrikov et al. (2018).
The effective elastoplastic constitutive relation for the case with a particle fission density of 8.64 × 1026 fissions/m3, a temperature of 573 K, and an initial particle volume fraction of 20% is obtained as
[image: image]
where [image: image] is the effective stress along the tensile direction in MPa, [image: image] is the effective strain along the tensile direction, [image: image] is the yield strength in MPa, and [image: image] represents the effective elastic modulus in MPa. In the three-dimensional simulation of the loading process for the homogenized model, it is noted that the effective stress is regarded as the Mises stress. The J2 elastoplastic constitutive theory (Azoti et al., 2013; Mantari and Canales, 2020) is adopted to correlate the three-dimensional mechanical constitutive relation with the obtained uniaxial-tension macroscale stress–strain relation. The stress update algorithm and consistent stiffness modulus could be similarly developed.
The postirradiation effective elastic modulus is given as
[image: image]
where [image: image] denotes the effective elastic modulus before irradiation, calculated with the Mori–Tanaka model (Budiansky and Wu, 1961):
[image: image]
where [image: image] and [image: image] are effective bulk modulus and shear modulus, respectively, expressed as
[image: image]
where [image: image] and [image: image] depict the bulk modulus and shear modulus, with subscripts of f and m representing the particle and matrix, respectively; [image: image] is the initial particle volume fraction; and [image: image] and [image: image] are denoted as
[image: image]
where [image: image] is Poisson’s ratio of matrix.
To verify the effectiveness of Eq. 21, the homogenization model is established, as shown in Figure 2A. The simulations of irradiation tests and postirradiation loading are performed. The deformations of elastic, plastic, and irradiation swelling are taken into account for the mechanical constitutive relation of the irradiation simulation test. In simulation of the postirradiation loading, the postirradiation elastoplastic constitutive model is adopted. It should be mentioned that the effective swelling model has been used in simulation of the irradiation process, which has been developed and verified in our recent study (Zhang et al., 2021). Thus, the results can be compared with those calculated through the multiparticle model displayed in Figure 2B, which is 1/8 of the model with nine particles.
[image: Figure 2]FIGURE 2 | (A) Homogenization model, (B) a multiparticle model, and (C) verification of the effective elastoplastic constitutive relations.
Simulation of the Irradiation Process and Postirradiation Uniaxial Tension
The mechanical boundary conditions are similar as those in the Finite Element Model. In the irradiation process, all the nodes on the surface of x = 0 satisfy [image: image], all the nodes on the surface of y = 0 satisfy [image: image], and all the nodes on the surface of z = 0 satisfy [image: image]. All the nodes (n nodes) on the surfaces of x = [image: image], y = L, or z = L have identical normal displacement components. As for the postirradiation uniaxial tensile test, the incremental displacement of [image: image] along the x direction is applied on the surface of [image: image], where [image: image] is the initial length of the model. The other boundary conditions are also set the same as those for the virtual irradiation process.
The particle size is the same as previously mentioned, and the homogenization model is in the same size as that of the multiparticle model. The comparison results are shown in Figure 2C. It can be seen that the results agree well with each other. The maximum relative error occurs at the initial yield stage, which is ∼6.85%, and is within the acceptable range. The results indicate that the effective elastoplastic properties are valid, and the multi-scale simulation method is feasible.
Simulation of the Irradiation Process and Postirradiation Multiaxial Loading
In order to better simulate the mechanical state of fuel in the reactor, a pressure of 20 MPa is applied to the outer surfaces of the homogenization model and the multiparticle model, which is described as on the surface of z = L: pressure [image: image], and on the surface of y = L: pressure [image: image]. The pressure is set to maintain constant in the whole tensile process.
The effective strains along the x direction and the y direction of these two models are given in Figure 3, and the coordinate of horizontal axis depicts the ratio of displacement along the x direction to the initial length [image: image]. It can be known that the deformations along the x direction and the y direction of the multiparticle model are the same as those of the homogenization model, which also implies the availability of the effective elastoplastic properties.
[image: Figure 3]FIGURE 3 | Effective strains along (A) the x direction and (B)y direction.
INFLUENCE FACTORS OF POSTIRRADIATION EFFECTIVE STRESS–STRAIN CURVES
The x-direction effective stress–strain curve for a case can be found in Figure 4, which gives the results of the tensile test after irradiation of 1.728 × 1027 fissions/m3. This stress/strain curve can be divided into two stages of quasi-elastic one and plastic one. The stress and strain obey an approximately linear relation in the quasi-elastic stage, with a high increase of stress and a relatively small effective strain increment. After that, the deformation resistance of composite fuel is weakened.
[image: Figure 4]FIGURE 4 | (A) Effective stress/strain curves and the effective stress contributions and (B) the homogenized plastic strains along the x direction during the tensile test.
From Figure 4A, one can also see the effective stress contributions from matrix and particle, denoted as [image: image] and [image: image]. The explanations for the variables of [image: image], [image: image], [image: image], and [image: image] can be found in the Finite Element Model. For the reason that the current particle volume fraction of 21% is much lower than the matrix occupancy, the effective stresses are largely contributed by the matrix. In the quasi-elastic stage, the homogenized x-direction plastic strains of the particle and matrix are negligible, as given in Figure 4B. In the plastic stage, the x-direction effective plastic strains of the particle and matrix are continuously enlarged, while the increment rate of effective stress is much smaller than that in the elastic stage.
This appearance of the postirradiation mechanical response is closely related to the residual stress/strain states just after irradiation. The contour plots of x-direction stress and equivalent plastic strain are displayed in Figure 5, respectively. In Figures 5A–C, the x-direction stresses just after irradiation are presented, together with those at the end of the quasi-elastic stage and the tensile test. One can see that the particle is compressed just after irradiation, with high compressive stresses. Although a major part of the matrix is in tension, the local region above the particle is also subjected to x-direction compressive stresses. During postirradiation tension, the stresses are redistributed. At the end of the quasi-elastic stage, the stresses in the particle turn into larger tensile stresses. The stress distribution in the matrix also changes greatly, with the originally compressive region turned into the maximum tensile stress one. When the whole tensile test ends, the tensile stresses in the particle have an obvious increase. The tensile stress region in the matrix further expands, and the peak value increases distinctly.
[image: Figure 5]FIGURE 5 | Stresses along the x direction at the end of the (A) irradiation, (B) quasi-elastic stage, and (C) the whole tensile stage, the equivalent plastic strains at the end of the (D) irradiation, (E) quasi-elastic stage, and (F) whole tensile stage.
The existence of the long quasi-elastic stage can be explained by the results in Figures 5D–F. Figure 5D depicts that the plastic deformation has only occurred in the matrix after irradiation, and large equivalent plastic strains appear in the matrix region surrounding the particle. At the end of the quasi-elastic stage, no plastic strains are produced in the particle although the maximum increment of x-direction stress exceeds ∼800 MPa. The equivalent plastic strains in the matrix have slight increments. The original regions of compressive stress make the composite to have a relatively large value of x-direction effective strain in the quasi-elastic stage, without producing large new plastic deformations. However, it should be noted that new equivalent plastic strains occur in the original irradiation-induced tensile stress region, which means that some points have undergone the plastic loading process in the quasi-elastic stage. From Figure 5F, one can observe that new plastic strains take place in both the particle and matrix. Especially, the maximum equivalent plastic strain in the matrix becomes ∼6.47 times of that just after irradiation, and the occupied region has shifted from the one adjacent to the particle to the new red-colored one.
Based on the obtained postirradiation elastoplastic curves, the effective elastic modulus, the effective yield strength, and effective hardening functions can be determined. In this section, the effects of particle fission density, temperature, and initial particle volume fraction are given, and the influence mechanisms are analyzed.
Effects of Particle Fission Density
To analyze the irradiation dose on the postirradiation mechanical response, the effective stress–strain curves for various particle fission densities are displayed in Figure 6, together with the effective stress contributions from the particle and matrix. It is noted that these curves represent the results for the case with a test temperature of 573 K and an initial particle volume fraction of 20%. In the four investigated cases, the unirradiated composite has the maximum curve slope of the quasi-elastic stage. With the increase of particle fission density, the slopes of this stage tend to decrease first and then rise, which results from the change of matrix curve slopes. Additionally, the elastic stage is enlarged for the fission density of 6.91 × 1027 fissions/m3.
[image: Figure 6]FIGURE 6 | Effective stress/strain curves and the effective stress contributions for the particle fission density of (A) 0 fissions/m3, (B) 4.32 × 1026 fissions/m3, (C) 1.728 × 1027 fissions/m3, and (D) 6.91 × 1027 fissions/m3.
The effective stress contributions from particle and matrix are also presented in Figure 6. It can be seen that the effective stress contribution from matrix is greater than that from particle. For the curve point with an effective true strain of 0.07, the effective stress from the matrix accounts for 74.87% of the total effective stress of the unirradiated composite, while the ratio is 68.12% for the fission density of 6.91 × 1027 fissions/m3. The yield strength of the composite fuel also changes with fission density, mainly affected by the postirradiation mechanical performances of the matrix. Besides, the decrease of the matrix volume fraction owing to irradiation swelling of the particle plays a certain role, as analyzed in the following.
The effective stresses in the quasi-elastic stage are almost linearly related to the effective strains, which are described in terms of elastic modulus. Figure 7 shows the effective elastic modulus as a function of particle fission density. One can find that the effective elastic modulus decreases first, and after 1.728 × 1027 fissions/m3, it gradually increases. When the particle fission density exceeds the considered maximum value, the postirradiation effective elastic modulus might be larger than that of the unirradiated case. The effective elastic modulus is defined as the ratio of effective stress to effective strain, namely,
[image: image]
where [image: image] and [image: image] are effective stress and effective strain along the tensile direction, respectively. It should also be mentioned that the effective strain selected to calculate the effective modulus is less than 5 × 10–4 in order to guarantee the deformation is in the quasi-elastic stage.
[image: Figure 7]FIGURE 7 | Postirradiation effective elastic modulus as a function of particle fission density.
The equivalent plastic strain plots of the particle and matrix for three cases are displayed in Figure 8, which are the results obtained just before performing the subsequent tension. It can be seen that the equivalent plastic strains in the matrix increase obviously with the particle fission density. During the postirradiation uniaxial tension, the incremental stress/strain constitutive relations will vary with the achieved equivalent plastic strains for all the points. If the points undergo further plastic loading, the elastoplastic constitutive relation will be obeyed. When the unloading process occurs, the increments of stresses and strains satisfy the elastic constitutive relation. The stress–strain curves of the metal matrix material are displayed in Figure 9A, with the irradiation hardening effects considered. The slopes of the curves decrease with the equivalent plastic strain and give rise to the particle fission density. So, a competition exists between the effects of plastic strain softening and irradiation hardening. As shown in Figure 6, the quasi-elastic stage slope of effective stress–strain curves for the matrix decreases with the particle fission density before 1.728 × 1027 fissions/m3, because the plastic strain softening effects dominate. As mentioned previously, some points in the matrix experience plastic loading in the quasi-elastic stage, which results in a decrease in the quasi-elastic stage slope. From 1.728 × 1027 fissions/m3 to 6.91 × 1027 fissions/m3, the quasi-elastic stage slope for the matrix is enlarged. On the one hand, the elastic modulus of the matrix and the slope of the hardening curve both grow with irradiation dose. On the other hand, the current particle volume fraction also increases with the particle fission density.
[image: Figure 8]FIGURE 8 | Equivalent plastic strains just after irradiation of (A) 4.32 × 1026 fissions/m3, (B) 1.296 × 1027 fissions/m3, and (C) 3.456 × 1027 fissions/m3.
[image: Figure 9]FIGURE 9 | (A) True stress–strain curves of the metal matrix material, (B) the elastic modulus of the particle material and matrix material, and (C) the particle volume fraction after different fission densities.
With the increase of particle fission density, the elastic modulus of the matrix gradually increases, as shown in Figure 9B. The elastic modulus of the matrix at the fission density of zero and 5.184 × 1027 fissions/m3 is about 80.42 and 87.2 GPa, respectively. As depicted in Figure 9B, the elastic modulus of the particle material is ∼189.73 GPa, which is much greater than that of the matrix material. When the fission density is 5.184 × 1027 fissions/m3, the elastic modulus of the particle is 2.18 times as much as that of the matrix. As the particle fission density is increased, due to the accumulated irradiation swelling of the particle, its current volume fraction gradually increases. In Figure 9C, one can see that the increasing rate of particle volume fraction is small at lower fission densities, and then larger increasing rate maintains. At the particle fission density of 6.91 × 1027 fissions/m3, the particle volume fraction increases by 29.54%. After the particle fission density of 1.728 × 1027 fissions/m3, the enlarged fuel particle provides higher deformation resistance. As a result, the variation phenomenon of effective elastic modulus in Figure 7 can be explained.
The postirradiation effective elastic modulus as a function of fission density can be found in Figure 10A, which is obtained for the test temperature of 773 K. It can be seen that the effective elastic modulus increases monotonically with particle fission density, different from the dependence relation shown in Figure 7. As shown in Figure 10B, no plastic deformation occurs in the matrix after irradiation of 4.32 × 1026 fissions/m3, owing to the stress relaxation effect of creep. Therefore, in the elastic stage of postirradiation tension, the plastic strain softening effect of the matrix on the effective elastic modulus disappears. Meanwhile, it can be concluded that the postirradiation mechanical response of composite fuels will vary with the irradiation temperature.
[image: Figure 10]FIGURE 10 | Postirradiation (A) effective elastic modulus and (B) equivalent plastic strain of the composite after irradiation of 4.32 × 1026 fissions/m3 and (C) effective elastoplastic curves after different fission densities.
Figure 10C depicts the effective elastoplastic curves for various cases of particle fission density. One can see that the effective yield strengths present the same variation phenomenon with the particle fission density, as that in Figure 7. The plastic strain softening and irradiation hardening effects compete in the PuO2/Zr composite fuel for the test temperature of 573 K, which results from the accumulated equivalent plastic strains in the matrix, the irradiation hardening effects of the matrix, and the increase of particle volume fraction. It should be mentioned that the plastic strain softening effects at higher irradiation temperatures will not occur.
Effects of Temperature
The effective stress–strain curves for different temperatures are shown in Figure 11, together with the effective stress contributions from the particle and matrix. These results are for the cases with a particle fission density of 8.64 × 1026 fissions/m3 and an initial particle volume fraction of 20%. As a whole, the curve slopes of the quasi-elastic stage decrease with temperature. When the temperature is increased from 623 to 773 K, the elastic stage decreases significantly, and the slope of the effective stress–strain curve is also greatly reduced. The yield strengths are lessened and the strain hardening effects are weakened at higher temperatures.
[image: Figure 11]FIGURE 11 | Effective stress/strain curves and the effective stress contributions under the test temperature of (A) 473 K, (B) 573 K, (C) 623 K, and (D) 773 K.
The effective stress contributions from the particle and matrix are also displayed in Figure 11. Effective stress of matrix has a larger contribution than that of the particle, owing to its higher volume fraction of ∼80%. For the effective strain of 0.09, the effective stress of the matrix to the total effective stress, that is, [image: image], is 73.9% at 473 K, while the relative ratio is 70.49% at 773 K. The effective stresses at a higher temperature are obviously reduced, which dominantly result from the weakened deformation resistance of the metal matrix. It is noted that the current particle volume fraction has slight differences for the considered cases in this section, so the analysis will not focus on it.
In order to analyze the behavior of the quasi-elastic stage, the effective elastic moduli are obtained for different temperature cases. As depicted in Figure 12A, the effective elastic modulus first decreases with temperature, increases from 573 to 623 K, and then decreases almost linearly with temperature from 623 to 773 K. The effective elastic modulus at 773 K is ∼87 GPa. This variation law depends on the irradiation-induced equivalent plastic strains in the metal matrix.
[image: Figure 12]FIGURE 12 | (A) Postirradiation effective elastic modulus under different temperatures and (B) the elastic modulus of the particle material and matrix material.
The equivalent plastic strain plots of the particle and matrix for four temperatures are shown in Figure 13, which are the results just after irradiation. One can find that the regions with larger equivalent plastic strains expand with temperature from 473 to 573 K, and the maximum strains also increase with temperature. As mentioned previously, the irradiation-induced plastic deformation in the matrix will reduce the effective elastic modulus of the composite. However, when the temperature reaches 623 K or higher values, no after-irradiation plastic deformations occur in the matrix, owing to the significant stress relaxation effects of creep deformation, which also indicates that the effective elastic modulus of composite under these temperature conditions is mainly influenced by the elastic properties of the particle and matrix.
[image: Figure 13]FIGURE 13 | Equivalent plastic strains after irradiation of 8.64 × 1026 fissions/m3 at temperatures of (A) 473 K, (B) 573 K, (C) 623 K, and (D) 773 K.
As depicted in Figure 12B, the elastic moduli of both the particle material and matrix material decrease with temperature. One can find that the elastic modulus of matrix material has a great decrease rate with temperature. From 473 to 773 K, the elastic modulus of the metal matrix material decreases from 87.66 to 70.65 GPa, that is, decreased by 19.4%. However, the elastic modulus of the particle material decreases from 191.95 to 185.29 GPa, that is, decreased by 3.47%. As a result, the effective elastic modulus of the composite decreases with temperature as a whole. When the temperature increases from 573 to 623 K, the effective elastic modulus is found to have an increase, as shown in Figure 12A. This is due to the fact that irradiation-induced plastic strains in the matrix have a degradation effect on the effective elastic modulus of the composite at lower temperatures, while at 623 K, this effect vanishes.
The postirradiation effective elastoplastic curves under different temperatures can be found in Figure 14A. It can be observed directly that the effective yield strengths reduce monotonically with temperature. The effective stress at the end of the curve is 604.5 MPa at 473 K, while the stress value is 324.8 MPa at 773 K, with a decrease of 46.27%. The macroscale mechanical response is dependent on the mechanical constitutive relations of the involved materials. Figure 14B gives the stress–strain curves of PuO2 material under different temperatures. Compared to the plastic-stage curves of the matrix in Figure 14C, it can be known that the temperature has a weaker effect on the hardening curves of the particle. So, the effective stress contributions from the particle are enhanced with the increase of temperature, when the corresponding contributions from the matrix are markedly reduced, as presented in Figure 11.
[image: Figure 14]FIGURE 14 | Postirradiation (A) effective elastoplastic curves, (B) stress–strain curves of PuO2, and (C) stress–strain curves of the matrix material under different temperatures.
Effects of Initial Particle Volume Fraction
Figure 15A gives the postirradiation effective stress–strain curves of the quasi-elastic stage for different cases of initial particle volume fractions, where [image: image] represents the initial particle volume fraction. These results in this section are for the case with a particle fission density of 1.728 × 1027 fissions/m3 and a temperature of 573 K. The ratios of effective stress to effective strain increase with the initial particle volume fraction, as depicted in Figure 15B. With the increase of initial particle volume fraction from 10 to 40%, the effective elastic modulus of composite fuels is increased from 79.61 to 109 GPa, with an increase of 36.92%. The increase of the effective elastic modulus is mainly induced by the enlarged particle volume fractions, because the elastic modulus of the particle material is 190.84 GPa at the temperature of 573 K, which is much larger than that of the matrix material (86.24 GPa).
[image: Figure 15]FIGURE 15 | Postirradiation (A) effective stress–strain curves of the elastic stage, (B) elastic modulus, and (C) effective elastoplastic curves under different initial particle volume fractions, the effective stress–strain curves, and the contribution from the particle and matrix for the initial particle volume fractions of (D) 10% and (E) 40%, respectively.
The postirradiation effective elastoplastic curves for various cases of initial particle volume fraction are given in Figure 15C. When the initial particle volume fraction increases, the effective stresses in the plastic stage are elevated. To capture the influence mechanism of initial particle volume fraction, the effective stress contributions from the particle and matrix should be analyzed. As shown in Figures 15D,E, with a rise of initial particle volume fraction from 10 to 40%, the effective stress contribution of the particle has been greatly improved. When the initial particle volume fraction is 10%, the ratio of the effective stress of matrix to the total effective stress, that is, [image: image], is 86.2% at the end of the curve. When the initial particle volume fraction is 40%, the effective stress contribution of the matrix is a bit higher than that of the particle at first, and then the effective stress contribution of the particle exceeds that of the matrix. The ratio of the effective stress of the matrix to the total effective stress is 48.53% at the end of the curve, similar to the stress contribution of the particle. Since the deformation resistance of the particle is high, the effective stresses at the plastic stage are increased distinctly for the initial particle volume fraction of 40%.
CONCLUSION
In this study, the postirradiation effective elastoplastic responses of metal-matrix fuels are obtained through multi-scale numerical simulation studies based on homogenization theory. The effects of particle fission density, temperature, and initial particle volume fraction are investigated. The effective stress contributions from the particle and matrix are analyzed. The conclusions can be drawn as follows.
1) At 573 K, the postirradiation effective elastic modulus and effective yield strength decrease first and then increase with the achieved particle fission density, which is related to the accumulated equivalent plastic strains in the matrix, the irradiation hardening of the matrix, and the enlarged current particle volume fraction. With the increase of temperature and initial particle volume fraction, the effective stress contribution of the particle is improved, and that of the matrix is weakened.
2) The effective elastic modulus varies non-monotonically with temperature, which results from the combined effects of after-irradiation equivalent plastic strains in the matrix, and the degradation of the elastic moduli of the particle and matrix with temperature.
3) The effective yield strength of the considered composite fuel increases with the initial particle volume fraction, due to the high plastic deformation resistance of the particle material, especially at higher temperatures.
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