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In this study, 3.5 MeV Fe-ion irradiation experiments were conducted on F321 austenitic stainless-steel at different temperatures and doses. The nanohardness of the unirradiated and irradiated samples was characterized by performing nanoindentation experiments. Irradiation softening and hardening were clearly observed at 20, 100, and 300°C. However, at 300°C, after irradiation softening, the nanohardness first increased and then decreased, as opposed to the nanohardness at 20 and 100°C, which increased as the dose increased. In addition, a crystal plasticity model for a face-centered cubic single-crystal while considering irradiation-induced hardening has been proposed and numerically implemented in the user-material subroutine UMAT of ABAQUS. This was done to simulate the load-depth data of the nanoindentation experiment. The simulated results of the non-irradiated and irradiated F321 austenitic stainless-steel were compared with the experimental data. A good agreement was observed, which demonstrates the effectiveness and accuracy of the model.
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1 INTRODUCTION
F321 is an austenitic stainless-steel that is strengthened by the precipitation of TiC with the addition of Ti that is based on 304 austenitic stainless-steel. Enhanced properties, including a better ductility and resistance to intergranular corrosion, make it a structural material for nuclear reactors. The long-term exposure of nuclear reactor structural components to high temperatures and irradiation doses can result in the degradation of the mechanical properties. This includes irradiation hardening, softening, cavity swelling, and high-temperature helium embrittlement. The integrity and safety of a material affects the service life of a reactor; therefore, it is important to understand how degradation occurs.
A cascade reaction of atoms within the material is driven by the emission of neutrons, electrons, and ions. In addition, the various types of induced defects are the fundamental cause of irradiation hardening. Dislocation networks, loops, and precipitates strongly prevent the further advancement of dislocation lines on the slip surface, which act as barriers. Consequently, the greater the extended shear stress that is required to maintain the start or continued movement, the greater the hardness of the material (i.e., irradiation hardening).
Ion irradiation has also been proven to soften some materials with enhanced properties due to precipitation strengthening. Changizian et al. (2017) observed irradiation softening in a Ni-based alloy that was treated with Ni ions. The most important cause of the irradiation softening behavior of x750 Ni-based alloys, which is thought to be disordered or unstable [image: image] precipitates, has been discovered through cross-sectional transmission electron microscopy characterization. Specifically, after increasing the dose to 0.5 dpa, the yield stress of alloy 718, a [image: image] (Ni3(Al, Ti))–[image: image] (Ni3Nb) hardenable superalloy decreases with an increasing dose. By performing transmission electron microscopy (TEM), Sencer et al. proposed that [image: image] and [image: image] first became disordered (by ∼0.6 dpa) and then it appeared to be dispersed at higher doses as a mechanism to explain this softening (Sencer et al., 2001). Consequently, the irradiation softening of the precipitation-hardened materials is enhanced by the disturbance of the precipitation phase that is caused by the incident particles (Hashimoto et al., 2003).
Nanoindentation is a simple and efficient technique for measuring the mechanical characteristics such as the nanohardness and Young’s modulus on ultra-thin samples. This is not possible with traditional measurement techniques such as uniaxial tensile, compression, torsion, and hardness tests (Oliver and Pharr, 1992). With the advantage of less damage to the measurement sample, nanoindentation techniques have recently gained a wide range of applications in metals (Schuh, 2006), ceramics (Krell and Schädlich, 2001), and nanomaterials (Díez-Pascual et al., 2015). Huang et al. (2014) adopted a nanoindentation technique to determine the mechanical properties of 316 stainless-steel that was irradiated by Xe26+ ions and identified irradiation hardening behavior in irradiated 316 SS in comparison to unirradiated 316 SS.
Numerical simulations incorporate physical mechanisms into the defect evolution based on the interaction between the defects and dislocations. This compensates for the difficulties that cannot be observed experimentally. Molecular dynamics (MD) and dislocation dynamics (DD) have studied defect-dislocation interactions at the atomic scale and mesoscopic dislocation scale, respectively, and they have derived the evolution laws of the microstructures. However, neither of these simulations can directly link the irradiation defects to the macroscopic mechanical behavior. The crystal plasticity theory integrates macroscopic plastic deformation and microscopic mechanisms to reveal the deformation of crystalline materials. An irradiation crystal plasticity finite-element method (CPFEM) was developed to simulate the mechanical properties of irradiated materials by combining the crystal plasticity model and finite element platform. Nie et al. summarized the crystal plasticity finite-element method (CPFEM) for body-centered cubic (BCC) crystals and successfully simulated the nano-indentation hardness of Chinese A508-3 steels with ion irradiation (Nie et al., 2019). Xiao et al. (2015) developed a theoretical model to determine the mechanical behavior of face-centered cubic (FCC) polycrystals with nanotwins from the perspective of crystal plasticity.
In this study, the nanoindentation technique is applied to measure the mechanical properties of F321 austenitic stainless-steel (F321 SS) that is irradiated with 3.5 MeV Fe ions at different temperatures and doses. In addition, a continuous stiffness measurement was used to obtain the depth-dependent nanohardness. We then developed a crystal plasticity model for the FCC crystals that considered the effects of the dislocations and irradiation hardening. Finally, this model was applied with the finite element platform ABAQUS (Hibbitt and Sorensen, 2005) to determine the nanohardness of F321 austenitic stainless-steel under different irradiation conditions.
2 EXPERIMENTS AND RESULTS
2.1 Experiment Testing Method
Table 1 lists the chemical composition of the F321 austenitic stainless-steel. The specimens were cut into [image: image] slices and polished with SiC paper (up to 800 grit), diamond suspension (2.5 μm), and colloidal silica suspension (0.05 μm) until the surface roughness was less than 0.01 μm. Finally, a chemical treatment was applied to the polished sample surface to remove the residual stresses.
TABLE 1 | Chemistry composition of F321 austenitic stainless steel (wt%).
[image: Table 1]The 3.5 MeV Fe-ion irradiation experiment was conducted on the polished specimens at 20, 100, and 300°C. The damage profiles were calculated by using the SRIM code as shown in Figure 1. The figure clearly shows that the peak damage and damage layer depth are approximately 1,000 nm and 1,600 nm, respectively. The irradiation damage level was set to 0.57, 1.71, and 2.85 dpa at every irradiation temperature. The unirradiated samples were annealed at 20, 100, and 300°C.
[image: Figure 1]FIGURE 1 | Displacement damage profile versus the depth that was calculated by the SRIM code.
A nano-indenter (G200) and Berkovoch-type indenter at Tsinghua University were applied to the irradiated specimens. The indenter was pressed in the same direction as the ion irradiation, as shown in Figure 2A. This was up to ∼2000 nm, and the irradiation region was at ∼1,600 nm. The depth dependence of the nanohardness was determined by the continuous stiffness measurement, with a strain rate and frequency of ∼0.05 s−1 and ∼45 Hz, respectively. In addition, five points were shot in each sample, followed by the average. Although the sample was irradiated at temperatures of 20, 100, and 300°C, all the nanoindentation experiments were conducted at room temperature (20°C).
[image: Figure 2]FIGURE 2 | (A) Irradiation and indentation direction of the F321 austenitic stainless-steel specimen, and (B) schematic diagram of nanoindentation experiment with critical indentation depth (the area of deformation caused by the indenter being pressed into the substrate is located in the irradiation damage layer).
2.2 Experimental Results and Discussion
Figure 3 shows the nanoindentation hardness and the load that was applied by the indenter versus the depth curve by using the continuous stiffness measurement (CSM). A typical indentation size effect (ISE) of the nanoindentation can be seen in Figure 3A, in which the nanohardness decreases as the depth increases. In addition, there is another part of the [image: image] curve in which the nanohardness increases with the depth, which is known as reverse ISE. This is typically caused by the geometry of the indenter tip and the uncertainty of the specimen surface. In the next discussion, we will only describe the part containing the ISE. The area near the surface (<100 nm) will be ignored due to the experimental test errors.
[image: Figure 3]FIGURE 3 | Depth dependence of (A) the nanoindentation hardness and (B) the load of the unirradiated F321 austenitic stainless steel.
The average nanohardness versus the indentation depth of F321 austenitic stainless-steel that was irradiated at different temperatures and doses is shown in Figure 4. Significant indentation size effects were also observed. It is evident that nanoindentation shows a higher nanohardness for irradiated F321 stainless-steel than the unirradiated stainless-steel, and the nanohardness increases with the dose. However, the true nanohardness is still not known due to the indentation size effects.
[image: Figure 4]FIGURE 4 | Average nanohardness versus the indentation depth of F321 austenitic stainless steel that was irradiated at (A) 20°C (B) 100°C, and (C) 300°C.
To explain the effect of ISE on the nanohardness in the continuous stiffness measurements, Nix and Gao (Kasada et al., 2011) developed a model that is based on geometrically necessary dislocations (i.e., dislocations introduced by the indentation of the indenter, and they are related to the indenter shape and indentation depth). The nanohardness depth profile that is based on the Nix-Gao model is as follows.
[image: image]
where H0 is the nanohardness of the material at an infinite depth, which is also known as the bulk equivalent nanohardness; h* indicates the feature depth, which is related to the shape and material of the indenter; H and h represent the nanohardness and depth, respectively, which was measured by the nanoindentation instrument. Consequently, the above equation is deformed to obtain H0.
[image: image]
Figure 5 shows the [image: image] curve according to Eq. 2. There exists a critical depth of approximately 500 nm, and when the depth exceeds this critical depth, the slope of the curve changes significantly, which is referred to as the softer substrate effect (SSE) (Kasada et al., 2011). As illustrated in Figure 2B, the indenter deformation area is much larger than the indentation depth, and the unirradiated softer substrate nanohardness was measured when the deformation region touched the deepest part of the 3.5 MeV Fe-ion incidence (∼1,600 nm from the SRIM code). This may also explain why the critical depth was much less than 1,600 nm. In contrast, the unirradiated F321 austenitic stainless-steel is almost in a straight line with no critical depth that is present in comparison to the irradiated sample, which is another indication of the soft base effect.
[image: Figure 5]FIGURE 5 | [image: image] curves of F321 stainless-steel irradiated at (A) 20°C, (B) 100°C, and (C) 300°C.
We fitted the square of the nanohardness between 200 and 500 nm versus the reciprocal of the depth. As expected from Eq. 2, the square root of the intercept of the fitted equation was calculated as the bulk equivalent hardness H0. Table 2 shows the bulk equivalent hardness H0 for the different irradiation conditions.
TABLE 2 | Bulk equivalent hardness H0 of F321 stainless-steel at different irradiation temperatures and doses.
[image: Table 2]Figure 6 shows the irradiation dose dependence of the Bulk equivalent hardness H0 of F321 stainless-steel at different temperatures. Note that the nanohardness of the specimens that was irradiated at 0.57 dpa is lower than the unirradiated specimens, whether at 20, 100, or 300°C. Irradiation softening is interpreted as the precipitated phase TiC that is disrupted by incident iron ions, which strengthens the mechanical properties by blocking the dislocation expansion channels, such as the resistance to high temperature creep and corrosion resistance. Furthermore, the effect of a disordered TiC on the reduction of the hardness is greater than the hardening effect due to irradiation defects (Sencer et al., 2001; Changizian et al., 2017).
[image: Figure 6]FIGURE 6 | Irradiation dose dependence of the Bulk equivalent hardness H0 of F321 stainless-steel at different temperatures.
After the dose was increased, the nanohardness increased rapidly and then it decreased as the dose increased. This is described in the literature for gradual saturation (Zinkle et al., 1993). At a temperature of 100°C, the trend of increasing the nanohardness with an increasing dose was greater than that at 20°C. Vacancies and interstitials are more concentrated and diffuse at elevated temperatures, which increase the intensity of the point defects that are trapped at defect sinks, and increases the density and size of the dislocation loops (Was et al., 2002; Deo et al., 2008). However, the nanohardness increased and then decreased at 300°C, which may be due to the absorption of the point defects by the dislocations at higher temperatures; thus, resulting in dislocation creep that facilitates dislocation recovery. Meanwhile, high radiation doses promote the formation of Cr2C3 precipitates, which expand the intergranular chromium-poor zone (Liu et al., 2020).
3 SIMULATION OF THE NANOINDENTATION HARDNESS
3.1 Crystal Plasticity Theory
The plasticity theory explains the deformation rules of the crystal materials by blending macroscopic plasticity with microscopic deformation. Rice (Hill and Rice, 1972) and Hill (Hill, 1966) developed a mathematical description of the geometry and kinematics of the crystal plasticity deformation. In the crystal plasticity theory, the gradient tensor [image: image] of the lattice deformation and the velocity gradient tensor [image: image] gives two parts as follows.
[image: image]
[image: image]
where [image: image] represents the deformation gradient of the crystal slip along the slip system, and [image: image] is the deformation gradient of the lattice distortion and rigid rotation. The elastic and plastic deformation components of the velocity gradient tensor [image: image] are [image: image] and [image: image], respectively.
3.2 The Crystal Elastic Constitutive Equation
In this study, Hill and Rice (Hill and Rice, 1972)’s constitutive equation for the crystal elasticity was used.
[image: image]
[image: image]
where [image: image] is the Jaumann derivative of the Kirchoff stress tensor [image: image]. [image: image] is the stiffness tensor, and [image: image] is the elastic stretching rate in the lattice coordinate system. [image: image] is the shear strain rate of the αth slip system. The Schmid factor consists of symmetric and antisymmetric parts, [image: image] and [image: image], respectively.
3.3 Shear Strain Rate and Irradiation Hardening
In this study, the shear strain rate was obtained from the thermal activation theory (Busso, 1990), which was combined with the Orowan formula (Orowan, 1940).
[image: image]
[image: image]
According to the classical dislocation theory, the nature of plastic deformation in crystals is that the dislocations overcome the resistance to slip in the lattice under external forces. The decomposition of the shear stress from Schmid’s law is described as follows.
[image: image]
Similarly, the slip resistance is another important factor that affects the slip state of the slip systems. The dislocation lines are pinned by irradiation defects that are induced by incident particles during plastic deformation, which blocked the further movement of dislocations. As a result, the interaction between the irradiation defects and dislocations and the evolution of the defects are responsible for increasing the slip resistance, which results in irradiation hardening. Frank loops are only discussed in this study, and other irradiation defects, such as cavities or precipitates, were not considered for simplification.
By summarizing the above features, the slip resistance for the αth slip system can be expressed as follows (Taylor, 1938; Hüsken and Brouwers, 2008; Nie et al., 2017).
[image: image]
where G represents the shear modulus, b is the Burgers vector, [image: image] is a statistical parameter that is used to balance the deviation between the theoretical and real dislocation distributions, and [image: image] ([image: image] ≠ [image: image]) and [image: image] represent the latent hardening and self-hardening, respectively. The dislocations can be classified as immobile or mobile dislocations, and [image: image] and [image: image] indicate the density of the mobile and immobile dislocations, respectively. The dislocation loop plays a role in the slip resistance of [image: image], where [image: image] and [image: image] represent the average density and diameter of the dislocation loops, respectively. Note that the dislocation loops are the only irradiation defect that is considered, and precipitates and dislocation networks are not considered in this study. However, the coefficient [image: image] maintains the difference between the theoretical and actual dislocation loops.
In our model, we considered the evolution of the dislocations, which includes the dislocation proliferation and annihilation, and capturing mobile dislocations into immobile dislocations (Essmann and Mughrabi, 1979; Arsenlis and Parks, 2002; Austin and McDowell, 2011).
[image: image]
where [image: image] represents the propagation rate of the mobile density, and [image: image] is the critical annihilation radius when opposing dislocations of the post-Burgers vector annihilate each other. A dynamic recovery process between the immobile and mobile dislocations in the thermal activation theory, [image: image], is adopted to recover the immobile dislocations to mobile dislocations. [image: image] and [image: image] denote the average length of a mobile dislocation and the mean free path of the dislocations that are captured as immobile dislocations, respectively, which are associated with the density of the dislocations.
The evolution of the dislocation loops and their interaction with dislocations, such as the irradiation dose, temperature, and chemical composition, are extremely complicated and are affected by several factors. Thus, this study only considers the influence of the irradiation dose on the density and size of the dislocation loops. The density and diameter of the dislocations are approximately proportional to the square root of the dose at a low dose level, and then they gradually saturate to a stable value (Deo et al., 2008).
[image: image]
[image: image]
where A and B are used to satisfy the simulated value and experimental observation of the density and diameter of the dislocation loops.
The number and diameter of the dislocation loops after irradiation can be determined by using Eqs 12, 13. However, a significant interaction occurs with the dislocation loop when the dislocation line plastically slips on the slip surface. Therefore, the evolution of dislocations and dislocation loops must be accounted for in this model. The annihilation rate of the dislocation loops was defined by Patra (Patra and McDowell, 2012) as follows.
[image: image]
where c is the annihilation index, and [image: image] is the critical size of the dislocation loop that controls the annihilation reaction between the dislocation loops and dislocation lines, which is equal to half the diameter of the dislocation loops.
3.4 Models and Parameters
In Figure 7, the established three-dimensional nanoindentation finite element geometric model is shown, which includes a variable deformation matrix and a rigid indenter, since the Berkovich indenter is made of diamond. In the matrix model, R and H are both equal to 10 [image: image], which is large enough to include the area that is pressed by the indenter in the nanoindentation experiment, and the deepest part is approximately 2 [image: image]. In our model, the cone-shaped indenter is equivalent to the Berkovich indenter, and the half-angle [image: image] of the cone-shaped indenter is 70.3°. A fixed boundary condition exists at the bottom of the substrate, and the contact surface between the indenter and substrate is frictionless (Wang et al., 2004; Liu et al., 2008; Narayanan et al., 2011). Considering that F321 austenitic stainless-steel has a grain size of 127 [image: image], a single crystal model is considered when pressed to a depth of 2 [image: image], and five orientations are accounted for to determine the result.
[image: Figure 7]FIGURE 7 | Model for the nanoindentation experiment.
In particular, the matrix model is divided into two layers: an irradiated layer with a thickness of 1,600 nm and an unirradiated layer at the bottom. The irradiation dose of the irradiated layer was determined as the average dose based on the results of the irradiation damage and the depth simulated by the SRIM code. As demonstrated in Figure 8, when the peak dose of the incident Fe ions is approximately 5.7 dpa, the average dose is approximately 2.64 dpa.
[image: Figure 8]FIGURE 8 | Peak irradiation damage dose of ∼5.7 dpa and the average dose calculated by the SRIM code.
A C3D8 mesh type was used to divide the matrix model and refine the local mesh of the contact area between the matrix and the indenter to represent the contact behavior and indentation morphology more accurately. As demonstrated from the comparison results in Figure 9B, there is a slight impact on the mesh number on the loading-depth curve. In the subsequent calculations, a 0.005 [image: image] element size of the contact part between the indenter and the substrate is used to balance the accuracy and calculation time. The relevant parameters are listed in Tables 3–5.
TABLE 3 | Constitutive modulus.
[image: Table 3]TABLE 4 | Shear strain rate related parameters.
[image: Table 4]TABLE 5 | Irradiation hardening parameters.
[image: Table 5][image: Figure 9]FIGURE 9 | (A) Matrix model of the C3D8 mesh, and (B) the loading-depth curve of the different element sizes.
In summary, we developed a crystal plasticity model that fully incorporates irradiation-induced defects and is capable of describing the face-centered cubic crystal of F321 austenitic stainless-steel. This was successfully implemented through the subroutine UMAT in the finite element software program ABAQUS. The details of the numerical implementation are presented in the Appendix.
3.5 Simulated Results and Discussion
According to the results of the nanoindentation experiment that were mentioned above, the irradiated softening phenomenon occurs when the hardness of F321 austenitic stainless-steel decreases significantly in comparison to the 1.71 dpa irradiated sample and the unirradiated sample. In this study, irradiation softening was not considered, and the focus was on the re-realization of irradiation hardening. In addition, only two irradiation conditions at room temperature and a high temperature were studied to simplify the calculation. As a result, we only simulated the results of the nanoindentation experiments on a F321 austenitic stainless-steel sample that was irradiated at room temperature (20°C) and a high temperature (300°C) with a dose of 2.85 dpa.
The grain size of the F321 austenitic stainless-steel that was tested in the nanoindentation experiment was greater than three, and the grain size was ∼127 [image: image]. When the nanoindentation indenter was pressed into 2000 nm, the matrix material was considered to be a single crystal. In our model, the matrix material is given five different crystal orientations, [100], [110], [111], [112], and [123], and then the average value of the five crystal orientations was taken.
Figure 10 shows the load-depth curve of the nanoindentation experiment and a simulation of five crystal orientations under non-irradiated conditions at 20°C. It can be observed that there are differences between the crystal orientations, and the load of the [111] crystal orientation is the largest due to the close packing direction. The average load of the five crystal orientations is in good agreement with the experimental results.
[image: Figure 10]FIGURE 10 | Depth dependence of the load for the simulation results of the five typical crystal orientations for unirradiated F321 austenitic stainless-steel at 20°C.
Due to the size effect, for the irradiated samples, only loads with a depth of 200–500 nm were considered. The simulation of the load distribution with a depth of F321 austenitic stainless-steel that was irradiated at 20 and 300°C was compared with the experimental result as demonstrated in Figures 11, 12. The simulated and experimental values are based on the average of the results of the five crystal orientations that are assigned to the model matrix and the five indentation points of the indenter on the surface of the F321 austenitic stainless-steel sample. As demonstrated, a good conformity is obvious. It is worth emphasizing that in our simulation, the number density and the diameter of the dislocation loops inside the F321 austenitic stainless-steel under an irradiation dose of 2.85 dpa at 20°C were set to 5.2E22 m−3 and 6.2 nm, respectively. This is consistent with the experimental observations. In addition, the number density of the dislocation loops at an irradiation temperature of 300°C was reduced in comparison to that at 20°C, while the diameter increased with an increase in the temperature, 3.6E22 m−3, 7.2 nm. The trend of the dislocation ring density and the diameter with the temperature is reasonable. According to the results that were presented by Jin (Jin et al., 2017), who analyzed radiation defects in austenitic stainless-steel that was irradiated with Fe ions at 200, 300, and 400°C, the density and size of the Frank loops decreased and increased, respectively, with the irradiation temperature. Furthermore, Was (Was, 1999) also found similar results, in which two iron-based alloys (Fe-20Cr-9Ni and Fe-20Cr-24Ni) were irradiated with 3.2 MeV H+. Was observed that the loop size increased sharply with the irradiation temperature and the number density dropped sharply.
[image: Figure 11]FIGURE 11 | Result of the load distribution with the depth of (A) unirradiated F321 austenitic stainless-steel, (B) a 2.85 dpa dose for F321 austenitic stainless-steel that was irradiated at 20°C.
[image: Figure 12]FIGURE 12 | Comparison of the experiment and simulation for the load trend with a depth of (A) unirradiated F321 austenitic stainless-steel, and (B) irradiated F321 austenitic stainless-steel with a 2.85 dpa dose at 300°C.
Figure 13 shows the Mises stress contours when the indenter is pressed into the matrix material at a depth of 500 nm. A non-uniform deformation is observed in all five crystal orientations.
[image: Figure 13]FIGURE 13 | Mises stress contours with a dose of 2.85 dpa at (A) 20°C and (B) 300°C.
Typically, in the classical dislocation theory, dislocations are hindered by randomly distributed microstructure components produced by irradiation. These components act as barriers under shear stress and the dislocation is unable to continue moving. Therefore, extended shear stress is required to cause the change in mechanical properties. The nanohardness of the material is strongly related to the distribution of dislocations and dislocation loops. As Figure 14 shows, under different temperatures and irradiated conditions, dislocations, and dislocation loops changes. Although the increase in the concentration and diffusion of interstitials and vacancies promotes the formation of dislocations at higher temperatures, the faster annihilation rate results in the recovery of dislocations and the reduction of dislocation density. From Figures 14A,B, the dislocation density at 300°C is lower than 20°C. According to Eq. 10, the slip resistance is positively related to the dislocation density, and due to the recovery of dislocations, the nanohardness of F321 austenitic stainless steel decreases at 300°C. After irradiation, the diameter and density of dislocation loops are affected by temperature. Was et al. (Was, 1999) exposed several austenitic stainless steels to different radiation temperatures and doses and discovered that the diameter of dislocation loops increases with increasing temperature, but the density decreases. Figure 14C presents the product of the diameter and density of the dislocation loops at 20 and 300°C. At 300°C, the increase in dislocation loop diameter is not as large as the decrease in dislocation loop density, so the decrease in [image: image] is compared to 20°C.
[image: Figure 14]FIGURE 14 | The dislocation density or dislocation loops changes with depth (A) under unirradiated conditions with the depth of 2000 nm (B) under irradiated conditions with the depth of 500 nm (C) the product of the diameter and density of the dislocation loops ([image: image]) changes with depth.
4 CONCLUSION
Here, F321 austenitic stainless-steel was irradiated by 3.5 MeV Fe ions at irradiation doses of 0.57, 1.71, and 2.85 dpa at 20, 100, and 300°C, respectively. The continuous stiffness measurement method of the nanoindentation experiment was applied to characterize the nanohardness of the unirradiated and irradiated samples. The main conclusions can be expressed as follows.
• The Nix-Gao model was used to analyze the nanohardness-depth data while excluding the influence of the size effect (ISE) from which the Bruker equivalent hardness H0 was calculated.
• It was observed that irradiation softening had occurred. The nanohardness of the specimens that were irradiated at 0.57 dpa was much lower than the unirradiated specimens, whether at 20, 100, or 300°C.
• Subsequently, with the increase in the dose, the nanohardness increased rapidly, and the phenomenon of irradiation hardening was obvious. However, higher irradiation doses resulted in a decrease in the nanohardness at 300°C.
In our manuscript, we focus on exploring the effects of irradiation dose on F321 austenitic stainless steel at the nanoscale. In the future, we will carry out TEM experiments to analyze the microscopic morphology after irradiation, and will further explore the relationship between the microscopic morphology and the macroscopic properties of irradiation (Maruschak et al., 2013).
In addition, we proposed a model that is based on the laws of physics that considers irradiation hardening that is caused by irradiation defects (dislocation loops) through the CPFEM.
• Our crystal plasticity model describes how the dislocation density and dislocation loops evolve in F321 austenitic stainless-steel with a FCC structure, and it was numerically implemented in the user-material subroutine UMAT of ABAQUS.
• The load-depth curve was successfully realized and verified with the experimental results for unirradiated and irradiated conditions at a low temperature and high temperature. A comparison of the results showed a good consistency.
• It is worth noting that the proposed model is a multi-scale model that combines mesoscale crystal plasticity and macroscopic mechanical properties. This is valuable for studying the irradiation-induced hardening of the structural components that belong to nuclear power plants.
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APPENDIX
Implementing subroutines in an incremental form are beneficial. An analysis of the rate-dependent solids by using the tangent modulus in this subroutine was adopted in Peirce’s work (Peirce et al., 1984). The shear strain increment over time is considered as follows.
[image: image]
The above expression is changed to a linear form as follows.
[image: image]
The value of the integral parameter [image: image] is in the range of 0–1. Considering that the shear strain rate [image: image] is a function of the slipping resistance [image: image] and the decomposed shear stress, it is expanded by the Newton method as follows.
[image: image]
Moreover, the shear strain increment is obtained smoothly as shown below.
[image: image]
where [image: image] and [image: image] are further expanded according to Eq. 7.
[image: image]
[image: image]
[image: image]
In addition, [image: image] and [image: image] are decomposed into functions of [image: image].
[image: image]
[image: image]
Combining Eqs 14, A1–A3, [image: image] can be written as follows.
[image: image]
Therefore, by substituting Eqs A4–A9 into Eq. A3, the final shear strain increment expression [image: image] can be obtained, and this is not explained here.
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