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Abstract

:

Understanding the void swelling dependence on irradiation dose for structural materials is critical for the design and operation of advanced nuclear reactors. Due to their easy accessibility in high-voltage transmission electron microscopes, electron beams have been frequently employed to investigate the void swelling mechanisms. Here, we build a general model to describe the radiation-induced swelling produced by energetic electrons. Based on this model, we develop a quantitative relation between void swelling and irradiation dose, which is in good agreement with experimental data. By extrapolating to high-dose swelling in electron-irradiated alloys, our model validation is consistent with available experiments. Furthermore, the model is well supported by our phase-field simulations.
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1. Introduction


The development of advanced nuclear energy systems is one of the most promising ways to address the anticipated global climate change and energy crisis. One of the major problems for the development of structural materials in advanced nuclear energy systems is the swelling induced by neutron radiation-induced void growth [1,2], which has been widely investigated since the 1960s [2,3]. Void swelling is a result of the evolution of radiation-induced defects. It is well established that energetic particles interact with materials by transferring their kinetic energies into the electronic and atomic subsystems of target materials. This process can be described by two main simplified processes [4]: (1) energetic particles first collide with lattice atoms and produce primary knock-on atoms (PKAs), giving rise to Frenkel defects with the same overall number of interstitials and vacancies. If the PKAs have sufficient kinetic energy, they can lead to further atomic cascade displacements and produce more point defects and defect clusters. (2) Defects evolution occurs via either recombination of interstitials and vacancies or diffusion-induced defect absorption/accumulation at various defect sinks, such as dislocations, defect clusters, grain boundaries, interfaces, and precipitates. The biased absorption for point defects by the biased sinks leaves excess point defects during irradiation [5]. The remaining mobile vacancies aggregate for void formation and growth.



To compress the time scale required for studying this problem, many researchers have employed electron beams to study the radiation-induced void swelling in alloys [6]. Since the 1970s, the energetic electron beam in the high voltage electron microscope (HVEM) has been extensively used for irradiation and swelling investigation [4,7,8,9,10,11]. In HVEM, electron beam for irradiation can be used to simultaneously image the damage. Meanwhile, the high dose rate of electron irradiation in HVEM (3–4 orders of magnitude higher than that under nuclear reactor neutron irradiation) allows for a very short irradiation time [12] (several hours) to achieve a high irradiation dose that otherwise requires several years of neutron irradiation in nuclear reactors. Most importantly, in HVEM, the energies of electrons are in the order of 1 MeV, which are sufficient for producing isolated Frenkel pairs which are uniformly distributed in the specimen, but not collision cascades [13,14]. Thus, electron irradiation has been of the foremost importance in the understanding of radiation-induced void swelling effects and the development of void swelling models based on diffusion-controlled void growth of point defects.



There are wide disagreements concerning the functional relationship between swelling and dose, the same set of experimental data may be fitted by different empirical equations [14], and different sets of experimental data can be fitted by different empirical equations. For example, the result in some experiments shows that the dose dependence of void swelling is (dose)1.58 in HVEM [6], where the dose is in the unit of dpa (displacement per atom [15]). Nonetheless, the best fitting exponents of other experiments may be 1.1, 1.5, 1.8 or 2.2 [14]. It was even claimed that a linear relationship between the swelling and the irradiation dose is expected at high swelling levels [4]. Particularly, it is often difficult to evaluate the swelling trend as it is an intrinsically non-linear relationship from low to intermediate doses, swelling in materials exhibits several distinct stages, such as a nucleation/incubation stage, a transient stage, and a steady-growth stage. Until now, there has been no suitable general model to describe the void swelling at different doses in alloys under electron irradiation. Here, we will build a model for dose dependence of the void swelling in electron-irradiated alloys.




2. Materials and Methods


Figure 1 shows the radiation damage process produced by energetic electrons, specifically the void formation. The incident energetic electrons generate uniformly distributed Frenkel defects (interstitials and vacancies) without collision cascades. The defects can be either recombined or absorbed by various defect sinks, including dislocations and boundaries. The aggregation of surviving defects leads to void formation and growth.



The governing equations for interstitials and vacancies of above process can by described by defect reaction rate theory, respectively [16],


    ∂  c i    ∂ τ   =  G i  −  R  i v    c i   c v  −  S i   c i   



(1)






    ∂  c v    ∂ τ   =  G v  −  R  i v    c i   c v  −  S v   c v   



(2)




where ci and cv are the concentration of interstitials and vacancies, respectively, and Riv is the recombination rate of interstitials and vacancies. Moreover, the bias for the total sink absorption rate (Si,v) can be expressed as   b =    S i     S v     , with the assumption that Si and Sv are constant. Since the electron-irradiation induced defects are generated in the form of Frenkel pairs, the generation rate of interstitials Gi and the generation rate of vacancies Gv are the same, Gi = Gv = G. Suppose local equilibrium is reached (τ is sufficiently large), meaning steady-state conditions, the solutions of Equations (1) and (2) give the defect concentrations:


    c i  =    S v     S i     c v      and    c v  =   2 G    S v  +   4 G  R  i v      S v     S i    +  S v 2        



(3)







The steady-state solutions are used in the following void swelling model since it is generally considered that defects can achieve their equilibrated states quickly compared to the time scale of void growth [4]. The classical rate theory for void growth is [4]:


    d r   d t   =  Ω r     D v   c v  −  D i   c i     



(4)




where r is the void radius, Ω is the defect volume, and Dv,i is the diffusion coefficient of vacancies/interstitials. Following previous studies [5], we have omitted the concentrations of thermal vacancies in the void surface. After inserting the solutions of cv,i, we have:


    d r   d t   =  Ω r     D v   S i  −  D i   S v        1 +   4 G  R  i v      S i   S v      − 1   2  R  i v      



(5)







Since the total defect sinks play majority roles in alloys, the sink dominant case can be considered, i.e.,     4 G  R  i v      S i   S v    ≪ 1  . Therefore, Equation (5) can be simplified to:


    d r   d t   =  Ω r       D v   S i  −  D i   S v     G   S i   S v     



(6)







The solution of this equation is   r =     t   2 G Ω    S v       D v  −    D i   b         1 2     . Considering the relations among dose (Δdpa,ele, dpa), dose rate (Gdpa,ele, dpa/s), and defect generation rate (G, m−3 s−1) of electrons, Gdpa,ele = ηG, and Δdpa,ele = Gdpa,elet, where η is the constant ratio between electron irradiation dose rate and defect generation rate, we can rewrite the void radius to:


  r =     2 Ω      D v  b −  D i    b  S v         Δ  d p a , e l e    η       1 2     



(7)







The volume swelling’s relation with irradiation dose is:


  s w e l l i n g =   Δ V    V 0    =    ρ N   V 0   4 3  π  r 3  −  ρ N   V 0   4 3  π  r 0 3     V 0    =   4 π  ρ N   3      2 Ω      D v  b −  D i    b  S v         Δ  d p a , e l e    η       3 2    −   4 π  ρ N   r 0 3   3  ,  



(8)




where V0 is the original volume without voids, ρN is the number density of voids. We also introduce r0 to account for the void nucleation stage. Specifically, the value of r0 is the critical size of a void embryo that must be achieved in order for the embryo to grow into a void. The relation between void swelling and irradiation dose becomes:


  s w e l l i n g =   4 π  ρ N   3      2 Ω      D v   S i  −  D i   S v    η  S v   S i       Δ  d p a , e l e        3 2    −   4 π  ρ N   r 0 3   3  = α      Δ  d p a , e l e        3 2    − c ,  



(9)




where r0 is nucleation radius,   α =   4 π  ρ N   3      2 Ω    D v   S i  −  D i   S v    η  S i   S v         3 2     ,   c =   4 π  ρ N   r 0 3   3   .



Equation (9) reveals that void swelling is controlled by material properties and irradiation conditions, where materials properties are combined into parameter α and c, irradiation conditions are combined into parameter dose (Δdpa,ele, in the unit of dpa). Besides, it indicates that swelling is proportional to 1.5 power of irradiation dose.



In summary, the model above provides the quantitative dependence of void swelling on different parameters at a fixed temperature, including material properties (α and c), irradiation dose. For material properties, α is governed by intrinsic properties such as defect diffusion coefficients and the absorption rate of intrinsic defect sinks, including the influence of temperature, pressure, concentration of the intrinsic sinks [17], and cold-work conditions on these properties. Both the material fabrication and the absorption rate of intrinsic defect sinks affect material parameter α by affecting parameters Si or Sv. The material parameter c is governed by the void nucleation ability of materials.




3. Results


In Equation (9), the separated material parameters and irradiation parameters make validating the functional relationship between swelling and dose of the experiments at the same temperature for the same alloy possible. As the energy for electron irradiation is limited to 1 MeV [12], we can only find low dose and intermediate dose data for electron irradiation, thus, we just apply our model to these experiment results. As shown in Figure 2, the void swelling behavior can be well fitted by our model for different kinds of electron-irradiated alloys, where the fitting coefficients of determination (r-squares) are all greater than 97%, as shown in Table 1, where r-square is a statistical measure of how close the data are to the fitted regression line. Void swelling starts to continuously grow once the irradiation dose reaches a threshold value. This can be explained by the nucleation process or incubation period for void swelling that is frequently observed in experiments [18,19]. By extrapolating to the dose where the swelling equals to zero, we obtain the threshold dose Δ0 after which pronounced swelling begins (indicated by an arrow in Figure 2a):


   Δ 0  =    r 0 2    2 Ω     η  S i   S v     D v   S i  −  D i   S v      ,  



(10)




which reasonably relates to r0 and other material parameters. This model thus provides a general description of the radiation-induced swelling behavior over the whole dose range.



In Figure 2, all the irradiation experiments were conducted at a fixed dose rate and temperature for a specific alloy. According to Equation (9), there are only two parameters in the relationship between the swelling and dose, i.e., α and c. The obtained parameters are provided in the Table 1. It is found that c is small in all cases, suggesting a short + for void swelling in electron irradiation.



Suppose that material parameters (α and c) remain unchanged when it comes to high-dose irradiation. Equation (9) can also serve as the basis for extrapolating high swelling level for an identical material at the same temperature and fixed irradiation dose rate from low-dose condition. In each subgraph of Figure 3, 316 SS was irradiated in the same HVEM at the same temperature. The parameters α and c were calculated from the low-dose irradiation data (blue square symbols) [14] which are listed in Table 2. Equation (9) can be used to extrapolate the swelling rate at higher doses. Our extrapolations are consistent with another set of high-dose irradiation at the same HVEM (black circle symbols) [14]. Therefore, these examples suggest that our derived model can also be validated by extrapolating void swelling at high doses from the low dose data for electron irradiation.




4. Discussion


In order to further validate the relation derived in Equation (9), we adopted the phase-field model (PFM) of void swelling described by Li [24] and Chang [25]:


    ∂  c i    ∂ t   =  M i   ∇ 2      δ F   δ  c i      +  G i  −  R  i v    c i   c v  −  S i   c i  ,  



(11)






    ∂  c v    ∂ t   =  M v   ∇ 2      δ F   δ  c v      +  G v  −  R  i v    c i   c v  −  S v   c v  ,  



(12)




where Mi and Mv are interstitial mobility and vacancy mobility, F is the total free energy of the system. The total free energy of the system, including the chemical free energy and gradient energy, can be expressed as a function of ci and cv [24]:


  F =   ∫  V    f    c i  ,  c v    +    λ i   2      ∇  c i     2  +    λ v   2      ∇  c v     2    d V ,  



(13)




where λi and λv are gradient energy coefficients for interstitial and vacancy, respectively. The chemical/bulk energy density f(ci, cv) can be represented by a widely-used phenomenological double-well potential [26]:


  f    c i  ,  c v    = f    c i    + f    c v    =  A i   c i 2      1 −  c i     2  +  A v   c v 2      1 −  c v     2  ,  



(14)




where Ai and Av are positive constants and controls the magnitude of the energy barrier between two equilibrium phases. Therefore,     δ F   δ  c i      and     δ F   δ  c i      can be derived as:


    δ F   δ  c i    =   δ f   δ  c i    −  λ i   ∇ 2   c i  = 2  A i   c i    1 −  c i      1 − 2  c i    −  λ i   ∇ 2   c i  ,  



(15)






    δ F   δ  c v    =   δ f   δ  c v    −  λ i   ∇ 2   c v  = 2  A v   c v    1 −  c v      1 − 2  c v    −  λ i   ∇ 2   c v  .  



(16)







For simulating the growth of a void, a 3D model with 128 × 128 × 128 uniform grids were established to solve our phase-field model by using the finite difference algorithm [26]. With the void is spherical shaped, a three-dimensional periodic boundary condition is applied to the simulation domain.



The target of our phase-field simulation is to demonstrate the kinetic of void growth under different doses, which is based on phase-field model developed by Li [24] and Chang [25]. Thus, most of our phase-field model parameters follow these previous studies, where simulations are performed at a temperature of 600 K. The parameters used in the simulations are non-dimensional. The gradient energy coefficients, λi and λv, for both vacancies and interstitials are assumed to be both 1.0 at 600 K [24]. The interstitial mobility and vacancy mobility are 13.46 and 1.0 at 600 K, respectively [24]. The sink bias is 1.1, is adopted in our simulations [25]. Furthermore, the positive constant in chemical/bulk energy density is assumed to be the same, whose value equals to 1.0 [26]. It is challenging to quantify the sink strengths or defect recombination coefficients, phenomenological parameters are adopted to describe the defects sink and recombination process [25]. Usually, the phenomenological parameters of the sink absorption rate or the recombination rate are three orders of magnitude lower than defect generation rate (G) [25]. Thus, with defect generation rate equals to 1.0 and sink dominant assumption, Riv = 0.001 and Sv = 0.2 are used in the following simulation.



The dose dependence of irradiation-induced swelling by phase-field simulation is shown in Figure 4, where the simulation step can be represented as the evolution time of the void growth or the irradiation dose, the volume fraction of the void can be represented as the radiation-induced swelling. The dose dependence of swelling can be well fitted using a power of 1.5, which is in accordance with our model in Equation (9). We agree that many experimental data [18] show the linear irradiation dose dependence of void swelling at high dose, where swelling rate is about 1%/dpa. For these experimental data, our model shows better fitting results, which can be found in Figures S2–S4 of Supplementary Materials.



Previous works [1,5,6,13,14,21] have demonstrated that volumetric swelling can be influenced by different factors, including the properties of materials such as compositions and their atomic weight, crystal structures, grain boundaries and interfaces, atomic bonds, solute segregation and precipitation, the diffusivity of defects, and sink strength. Meanwhile, irradiation conditions such as irradiation temperature, dose and dose rate also play critical roles in irradiation-induced swelling [27,28]. Based on our model, Equation (9) shows irradiation-induced swelling governed by α, c, and Δdpa. The parameter α contains different intrinsic properties of materials and determines how fast the swelling grows. A higher α means faster cavity growth. The value of c is also a material property and relates to the nucleation stage or incubation period for void evolution, which is governed by the threshold dose Δ0 due to the swelling incubation determined by cavity nucleation process. Therefore, a larger Δ0 indicates a longer nucleation/incubation time, suggesting better swelling resistance. The value of Δ0 is important for the development of new materials with improved swelling resistance since the extension of the incubation period is the only meaningful solution for designing swelling-resistant materials up to high doses. The overall swelling of materials relies on both Δ0 and α since the dose-dependent swelling includes an initial nucleation/incubation period, followed by a growth stage [29,30]. In this work, our model describes swelling from different irradiation conditions at the same temperature. Since material properties change with temperatures, temperatures may indirectly affect the swelling through parameters α and c. As shown in Table 2, embryo dissolution increases with temperature, indicating that more vacancies for the embryo are needed to grow into a void. Therefore, parameter c increases with temperature. Meanwhile, temperature influences parameter α by diffusion coefficients Di and Dv, which are in the forms of    D i  ~  e  −  E m i  / k T     and    D v  ~  e  −  E m v  / k T    . Thus, Equation (9) is proportional to       b  e  −  E m v  / T   −  e  −  E m i  / T       1.5     where b equals 1.1 as mentioned above, and migration energy for interstitial and vacancy of iron are obtained from previous studies [31,32],    E m i  = 0.3   eV ,    E m v  = 0.7   eV  . Parameter       b  e  −  E m v  / T   −  e  −  E m i  / T       1.5     increases with temperature, as plotted in Figure S1 of the Supplementary Materials. Therefore, parameter α increases with temperature, which is consistent with the tendency in Table 2.



As the point defect absorption by voids and dislocation loops, the total sink absorption rates, Si and Sv, may not be constant during the irradiation process [33]. Considering the assumption that Si and Sv are constant, Equation (9) may be appliable in limited conditions such as the sink dominant case and an elevated temperature within the non-saturation swelling regime. On the one hand, the genuine alloys used in reactors are usually complex metallic alloys, which contains many types of sinks for irradiation-resistance purpose, where sink efficiency is really large. Thus, the changes in sink absorption rates Si and Sv are negligible, which can be assumed to be constant. Therefore, we have supposed the sink dominant case for the derivation from Equation (5) to Equation (6). On the other hand, in our model, no saturation of void swelling occurs in materials under irradiation, which is in a good agreement with most experiments. In principle, when voids are large enough under high-dose irradiation, the void surfaces may become the predominant sink for all types of radiation defects. The unbiased sink (voids) will cause biased parameter (b) in parameter α,   α =   4 π  ρ N   3      2 Ω    D v  b −  D i    η  S i         3 2      decrease. Thus, the growth rate will become smaller and smaller, finally reaching zero, in other words, swelling saturation happens. In addition, the density of the network dislocation may decrease at high doses [34]. In these cases, void swelling may saturate at high irradiation doses. However, most experiments show no saturation of void swelling under a given irradiation dose. Particularly, only under certain conditions was found saturation of swelling [6,20]. For example, electron irradiation of stainless-steel samples that are too thin leads to an apparent saturation of swelling, which is actually an artifact of the surface impact [6]. In contrast, irradiation leads to steady swelling in bulk samples without saturation [6]. Indeed, Experimental evidence for a high-dose swelling saturation regime is very limited. It came as a big surprise when radiation-induced void swelling was discovered with no indication of a saturation [35]. To validate our model, we have chosen the experimental data that mostly show no saturation of void swelling under irradiation, where the sink absorption rate bias (b) is constant in our model. Accordingly, the material parameters (α and c) are assumed constant in our model. Therefore, we can only apply the model to swelling in the non-saturation regime, a changing parameter b may make our model applicable in the saturation regime of void swelling. Overall, our model-based fittings and extrapolations are in good agreement with available experimental data, suggesting that our introduced concept of supposing the total absorption rate constant successfully captures the essential features.



The understanding and prediction of void swelling is a major long-standing issue facing the development of novel nuclear materials. However, despite decades of experimental and theoretical efforts, this is still the utmost concern for future nuclear reactors. Indeed, irradiation-induced swelling spans multiple time and length scales, the volume swelling of materials is a very complicated process, the modeling of which need to consider a number of factors such as defect production, cluster formation, defect diffusion, sink strength and its bias, interaction between defects/defect clusters with various sinks, and the microstructures/properties of materials, etc. Most previous studies focused on studying specific processes in this whole defect evolution. Although considerable insight has been gained for some evolution stages under specific conditions, an overall understanding of the problem is lacking, especially for the genuine alloys that are used in reactors, which are usually complex metallic alloys. This poses a formidable obstacle for the design of irradiation-resistant structural materials. Additionally, the electron irradiated alloys data for swelling investigation is limited and parameter α,     4    π ρ   N   3      2 Ω    D v   S i  −  D i   S v       η S   i   S v         3 2     , is governed by intrinsic properties, such as defect diffusion coefficients and the absorption rate of intrinsic defect sinks, including the influence of temperature, pressure, and cold-work conditions on these properties. Thus, a detailed discussion about how material parameters and irradiation conditions affect parameter α and c is really difficult to achieve. Therefore, we just validated our model by extrapolating to high-dose irradiation data and phase-field simulation in another way.




5. Conclusions


Considering the main characteristics of defect evolution under energetic electron irradiation, we construct a model for dose dependence of the void swelling in electron-irradiated alloys, which is in good agreement with most experimental data. Based on this model, an extrapolation from low-dose to high-dose irradiation-induced swelling is used for model validation. A phase-field simulation is also developed to confirm the dose dependence of the irradiated-induced swelling, which is in accordance with our derived relation between the swelling and irradiation dose. Therefore, this work provides a model for dose dependence of the void swelling in electron-irradiated alloys and a practical solution to evaluate the high-dose swelling effects of the structural materials in advanced nuclear energy systems. Furthermore, by separating material parameters and irradiation conditions in our model, we can study how material parameters affect void swelling and how irradiation dose independently affects void swelling. This provides the basis for void swelling research by neutron irradiation and can play an important guiding role in developing void swelling model for neutron irradiation.
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Figure 1. Schematic illustration of electron irradiation effects in materials; PKA—primary knock-on atom. 
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Figure 2. Validation of the model against void swelling data from electron irradiation experiments. (a) 316L alloy irradiated by electrons at 530 °C [6], (b) EN58B alloy irradiated by electrons at 500 °C [20], (c) 0.04 wt% carbon 316 SS (stainless steel) alloy irradiated by electrons at 575 °C [21], (d) EM10 and EM12 alloys irradiated by electrons at 450 °C [22], (e) Cu and Cu-Ni alloy irradiated by electrons at 450 °C [23]. The solid lines are our model-fitting results. 
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Figure 3. Extrapolations of swelling from low-dose to high-dose electron irradiation. Electron irradiations are conducted at different temperature in the same HVEM for the same material. Each black dash line indicates the extrapolation from parameters that are calculated from a set of irradiation data [14] at low-dose irradiation (blue square symbols) in each subgraph. 
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Figure 4. Volume fraction evolution of 3D void under irradiation by phase-field simulation. 
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Table 1. Fitting parameters of different materials under 1 MeV electron irradiation at different temperatures in Figure 2.
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	Materials
	α
	c
	r-Square





	316L, 530 °C
	0.11008
	1.16224
	0.99926



	EN58B, 500 °C
	0.1502
	0.43211
	0.99417



	316SS, 575 °C
	0.03737
	0.00001
	0.9872



	EM10, 450 °C
	0.00908
	0.02249
	0.97391



	EM12, 450 °C
	0.01812
	0.00001
	0.99472



	Cu, 450 °C
	0.09994
	0.00001
	0.97601



	Cu-Ni alloy, 450 °C
	0.00185
	0.03309
	0.99909
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Table 2. Extrapolation parameters of 316 stainless steel under 1 MeV electron irradiation at different temperatures.
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	Temperature
	α
	c





	500 °C
	0.01624
	1.00 × 10−3



	550 °C
	0.02114
	0.07978



	570 °C
	0.03273
	0.62573



	600 °C
	0.03379
	1.61698
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