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Abstract

:

The microstructure evolution of nuclear reactor pressure vessel A508-3 steel irradiated by heavy ions up to 1.5 dpa was studied by transmission electron microscopy (TEM). According to the TEM analysis, black dots were widely distributed in the irradiated A508-3 steel, with a high density of 1.782 × 1022/m3. A large number of dislocations with Burgers vectors <100> were formed in the irradiated A508-3 steel and tangled together, leading to the formation of dislocation networks. The number density of black dots at 1.5 dpa was 3.5 times higher than that at 0.08 dpa, and the corresponding average size showed an 8% increase. The higher density of dislocation defects led to a significant increase in hardness from 3.0 GPa at 0.08 dpa to 4.2 GPa at 1.5 dpa. The elastic modulus showed a slight increase and less dependence on the irradiation dose.
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1. Introduction


The reactor pressure vessel (RPV) is one of the most important components in a nuclear light-water power plant, and it is regarded as a life-limiting feature of the operation of a nuclear power plant if its mechanical properties degrade sufficiently [1]. Nowadays, extending the life of nuclear power plants is an important concern due to the remarkable economic benefits conferred by an extension of 40, 60, or even 80 years [2,3]. Several factors are essential for the safe operation of nuclear power plants during life extension. For instance, after decades of service under neutron irradiation, RPV steel exhibits degradation in its mechanical properties, i.e., irradiation hardening and irradiation embrittlement [4,5]. To be specific, matrix defects, such as dislocation loops induced by irradiation and radiation-induced segregation and precipitation (RIS and RIP), act as obstacles to dislocation movement, which causes hardening and embrittlement due to irradiation [6].



On the one hand, regarding matrix defects, after the cascade collision of thermal neutrons with the metal atoms in RPV steel, neutron irradiation mainly results in various defects and dislocation loops in the steel lattice, leading to different deformation mechanisms that affect crack initiation and the tolerance to cracks [7]. In [8], a study on the ion irradiation of RPV steel, the ion doses were 0.1, 0.5, and 1.0 dpa. It was found that after irradiation, the densities of the defects in the reactor pressure vessel steel and pure Fe increased, the defects were vacancy-type and solute-cluster-type, and the irradiation hardening increased as the dose increased in both the reactor pressure vessel steel and pure Fe.



On the other hand, regarding precipitation, certain elements (including Cu, Ni, Mn, and P) increase the irradiation embrittlement of RPV steel [9,10]. It is known that the tensile properties and fracture toughness of irradiated RPV steel are closely related to its microstructure and damage due to irradiation [11]. Moreover, Belkacemi L.T. et al. [12] found that the irradiation-induced mechanism is involved in the atomic transportation towards the microstructural defects in FeNi alloys. Bergner F. et al. [13] found that nanovoids are stronger obstacles for dislocation glide than dislocation loops, whereas dislocation loops are stronger than Cu-rich clusters (CRPs). Nevertheless, CRPs contributed the most to irradiation hardening because of their high number density. Nanosized voids were only observed for the neutron fluences beyond the typical end-of-life conditions of RPVs.



The RPVs of pressurized water reactors (PWRs) in China are mainly made of A508-3 steels, received from China General Nuclear Power Group, Guangdong, China with a low concentration of copper and phosphorus, which are designed to have good irradiation resistance, mechanical strength, and fracture toughness. However, it is still important to study the microstructure evolution of RPV steel under irradiation. To evaluate the life extension of a nuclear power plant, the microstructure evolution of the RPV steel is a critical concern. One of the key embrittlement mechanisms in RPV steel is the hardening produced by irradiation damage, especially the dislocation loops. There are not enough high-dose irradiation data concerning RPV steel. The high irradiation damage effect on RPV steel needs to be further studied to better assess its life-limiting status. In this study, we investigated the matrix defects in Chinese A508-3-type reactor pressure vessel steel irradiated by Fe ions with 1.5 dpa at room temperature.




2. Materials and Methods


2.1. Materials and Microstructural Characterization


The chemical composition of Chinese A508-3 steel is shown in Table 1. Specimens with a size of 6 mm × 6 mm × 0.5 mm were cut from a reactor pressure vessel shell; mechanically ground using SiC grit paper of 600, 800, 1000, 1500, and 2000 mesh; and polished by a diamond suspension of 9 µm, 3 µm, and 1 µm in turn. Then, the surface of the specimen was vibration-polished with 0.05 µm polishing solution. Finally, ultrasonic cleaning in acetone, alcohol, and deionized water was performed to remove the impurities and contaminants on the surface. Figure 1 shows the electron backscatter diffraction (EBSD) results of the original samples. It can be seen that the original sample with a BCC structure had a grain size of about 15 µm and showed no preferred orientation.




2.2. Ion Irradiation Test


The sample was irradiated at room temperature (RT) using the tandem accelerator in School of Physics and Technology, Wuhan University, Hubei, China. During irradiation, the specimen was held in place using an adhesive with good electrical and thermal conductivity. The uniform Fe+ ion beam with a cross-sectional area of 6 × 6 mm was directed in front of the target to cover the entire sample surface. The damage per atom (dpa) in the Chinese A508-3 steel was calculated by SRIM-2013 using the Kinchin–Pease model with quick calculation [14]. As a result, three Fe+ ion beams with different energies (1.2, 2.4, and 3.3 MeV) and fluences were used to obtain an irradiation damage plateau with an irradiation depth of ~1.5 µm; the corresponding simulation results are shown in Figure 2. It should be noted that the threshold displacement energy (Ed) of the major elements (Fe, Mn, Ni, and Mo) was set to 40 eV during the calculation of irradiation damage. The fluence of 3.3 MeV Fe+ ions was the benchmark, and the fluences of 2.4 MeV and 1.6 MeV Fe+ ions were multiplied by 1.3 and 0.65, respectively. Damage (dpa) and Fe concentration (at. %) were calculated using Formulas (1) and (2) from SRIM’s output files:


  vacancy . txt →  (    vacancies   ions ×   A ˙      )  ×  (      10  8   (    A ˙   / cm  )  × Fluence  (  ions /   cm  2   )    8.46 ×   10   22    (  atoms /   cm  3   )     )  =    dpa   



(1)






  range . txt →  (    atoms /   cm  3    atoms /   cm  2     )  ×  (    Fluence  (  ions /   cm  2   )    8.46 ×   10   22    (  atoms /   cm  3   )     )  × 100 =    at  .    %   



(2)







The irradiated sample suffered 1.5 dpa at room temperature with a fluence rate in the order of     10   11   /   cm  2  · s  . The irradiation damage plateau mainly ranged from 365 to 835 nm, and the deepest irradiation area reached 1500 nm. The ratio of Fe concentration to dpa was below 0.008 across the whole damage plateau. The damage plateau area met the requirements of a safe analysis region [15].




2.3. Transmission Electron Microscopy


A focused ion beam (FIB) device produced by FEI (Hillsboro, OR, USA), with the model FEI Helios NanoLab 600i in lift-out mode was used to cut a thin TEM specimen. Then, the irradiation defects of the RPV steel were analyzed by TEM. Cross-sectional TEM specimens ranging from the surface to ~1.5 µm were prepared, and the thickness of the specimen displaying irradiation damage was measured as 88.1 nm.





3. Results and Discussion


Figure 3 shows the microstructure of the A508-3 steel irradiated by Fe+ ions with 1.5 dpa. It is worth noting that most of the observable black dots were located within the DPA plateau predicted by SRIM. Through a statistical analysis of the images, we determined that the density of black dots in Figure 3b is 1.782 × 1022 /m3. Furthermore, precipitates were also observed, with sizes varying from 170 nm to 230 nm. The chemical composition of the precipitates was measured by EDS, as shown in Figure 3c and Table 2, and the precipitates were confirmed as M23C6. To study the effect of the irradiation dose on the number density and average size of black dots, we counted and analyzed them in the same RPV steel at a lower dpa based on our previous work [16], as shown in Figure 3d. With the increase in the irradiation damage from 0.08 to 1.5 dpa, the density of black dots increased remarkably, and the maximum density was over 1022/m3. The average size of the black dots gradually increased from 3.8 nm to 4.1 nm. Ding Z. N. et al. [17] also studied the number density of dislocation loops in A508-3 steel after Fe ion irradiation at room temperature. They found that for the specimen irradiated to 1.0 dpa, the number density of black dots was 1.3 × 1022/m3. It should be noted that the density of black dots reported in the above study was of the same order of magnitude as in the present study.



To distinguish the type of dislocation loops created by the irradiation, the rule of   g ·  b    = 0   was used in the TEM analysis. It has been reported that the types of dislocation loop produced by ion irradiation are mainly a0 <100> and ½a0 <111> [18,19,20]. In this study, three different diffraction vectors, g = (110), (020), (200), were used to characterize the irradiation defects in roughly the same area. The visibility and disappearance conditions of the different types of dislocation loop in these diffraction vectors are shown in Table 3. For example,    b    =  [  010  ]    is visible in    g    =  (  020  )    but not in    g    =  (  200  )   , and    b    =  [  100  ]    is visible in    g    =  (  110  )    but not in    g    =  (  020  )   .



Figure 4a shows the microstructure of the A508-3 steel with diffraction vector g = (110) near the [001] zone axis. Figure 4b is a local enlargement of Figure 4a. It could be observed that the dislocations were produced throughout the matrix and were intertwined, leading to the formation of dislocation networks. In Figure 5, the bright filed (BF) images were taken using a diffraction vector g = (020) near the [001] zone axis. Obviously, the density of the visible dislocations was reduced compared with that in Figure 4. By comparing the visibility and invisibility conditions in Table 3, only the dislocations with a Burgers vector of    b    =  [  100  ]    disappeared as expected when the diffraction vector changed from g = (110) to g = (020), indicating that the dislocations primarily followed a Burgers vector of    b    =  [  100  ]   .



In order to study the type of dislocation loops under diffraction vectors g = (110) and g = (020) in more detail, we examined the differences between the same positions in Figure 6a,b, as marked by the pink and green circles. Many dislocation loops became invisible when the diffraction vector changed from g = (110) to g = (020). There were many dislocation loops with a Burgers vector of    b    =  [  100  ]    in the irradiated steel. Meanwhile, few dislocation loops became visible that indicated the existence of dislocation loops with Burgers vectors of   b  [  1  1 ¯  1  ]    or   b  [  1  1 ¯   1 ¯   ]   .



Figure 7 shows the TEM images of the irradiated RPV steel under the diffraction vector of g = (200). By comparing the visibility and disappearance conditions in Table 3, we noted that only the dislocations with a Burgers vector of    b    =  [  010  ]    disappeared when the diffraction vector changed from g = (110) to g = (200). The same phenomenon was seen in Figure 5, in which a sharp decline in the density of visible dislocations was observed. Therefore, it can be concluded that a large proportion of dislocations with Burgers vectors <100> are preferentially formed in irradiated A508-3 steels. Through in situ experiments, Yao Z. et al. [20] reported that most of the dislocation loops in Fe and Fe–18% Cr irradiated by 100 keV Fe ions (~1 dpa) at RT were of the <100> type, while a small proportion had a Burgers vector of the a/2 <111> type; these results are consistent with those obtained in the present study.



Moreover, a comparison of Figure 4b with Figure 5b and Figure 7b shows that the entanglement between two dislocation loops was reduced. It can be concluded that the reduced entanglement resulted from the invisibility of the dislocation loops with    b    =  〈  100  〉    under the diffraction vector g = (020). It has been reported that    b    =  〈  100  〉    dislocation loops are almost immovable [21,22] and can constantly absorb free-moving interstitial atoms or mobile    b    = 1 / 2  〈  111  〉    dislocation loops, which eventually results in the growth of    b    =  〈  100  〉    dislocation loops [23]. Finally, these large    b    =  〈  100  〉    dislocation loops interacted with each other. Hence, there were some large dislocation loops entangled together in the high-damage-degree steel, as shown in Figure 4.



In order to study the effects of irradiation damage on the mechanical properties of the steel, we examined the variation in the hardness and elastic modulus as the irradiation dpa changed, as shown in Figure 8. The hardness was calculated from the equivalent volume hardness fitted by the Nix-Gao model [24]. It was evident that the hardness value increased with the damage degree, with a hardness of 3.0 GPa for 0.08 dpa and 4.2 GPa for 1.5 dpa. These results follow the same trend as the black dot size and density presented in Figure 3d, which is reasonable because the evolution of dislocation loops is one of the primary contributors to irradiation-induced hardening [25,26]. Hence, at a higher irradiation dose of 1.5 dpa, the high density of the dislocation defects promoted a sharp increase in the hardness of RPV steel. As for the elastic modulus, the RPV steel samples after irradiation with 0.08 dpa and 1.5 dpa showed values of 233.5 GPa and 240.3 GPa, respectively, demonstrating a slight increase but no significant variation.




4. Conclusions


In this study, the microstructural features of RPV A508-3 steel irradiated by Fe+ ions up to 1.5 dpa were investigated. The density of black dots in the irradiated A508-3 steel was measured as 1.782 × 1022/m3 by TEM. A high number density of dislocation loops was produced in the RPV steel after high-dose irradiation. The analysis of the microstructure of the irradiated RPV steel under different diffraction vectors indicated that a large number of dislocations with Burgers vectors <100> were formed. The dislocations tangled together, leading to the formation of dislocation networks. The number density of black dots at 1.5 dpa was 3.5 times larger than that at 0.08 dpa, and the corresponding average size showed an 8% increase. The higher density of dislocation defects led to a significant increase in hardness from 3.0 GPa at 0.08 dpa to 4.2 GPa at 1.5 dpa. The high density of dislocation defects at a higher dpa led to pronounced irradiation hardening. The elastic modulus showed a slight increase and less dependence on the irradiation dose.
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Figure 1. EBSD results including (a) grain orientation distribution map and (b) pole figure (PF) of the original RPV steel, showing equiaxed grains with random texture. 
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Figure 2. Depth distribution of displacement damage with plateau showed as the shaded area indicated for irradiation with 1.2 MeV/4.44 × 1014/cm2, 2.4 MeV/8.88 × 1014/cm2, and 3.3 MeV/6.83 × 1014/cm2 Fe+ ion beams according to the simulation in SRIM-2013. 
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Figure 3. TEM bright field image (a), magnified image of black dots (b), and precipitate EDS results (c) of RPV steel at plateau damage level of 1.5 dpa; (d) the variation in number density and average size of black dots with dpa. 
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Figure 4. TEM bright field (BF) (a) and magnified image (b) of RPV steel at plateau damage level of 1.5 dpa predicted by SRIM. The BF images were taken under two-beam BF conditions using a diffraction vector of g = (110) near the [001] zone axis. The pink circle indicates that the dislocation loops are visible at g = (110), and the green circle indicates that the dislocation loops are visible at g = (020). The white dashed line is used to highlight the same position under different g vector. 
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Figure 5. TEM bright field (BF) (a) and magnified image (b) of A508-3 steel at plateau damage level of 1.5 dpa predicted by SRIM. The BF images were taken under two-beam BF conditions using a diffraction vector of g = (020) near the [001] zone axis. The pink circle indicates that the dislocation loops are visible at g = (110), and the green circle indicates that the dislocation loops are visible at g = (020). The white dashed line is used to highlight the same position under different g vector. 
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Figure 6. The same position in the A508-3 steel under two diffraction vectors, g = (020) (a) and g = (110) (b), near the [001] zone axis. The pink circle indicates that the dislocation loops are visible at g = (110), and the green circle indicates that the dislocation loops are visible at g = (020). 
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Figure 7. TEM bright field (BF) (a) and magnified image (b) of RPV steel at plateau damage level of 1.5 dpa predicted by SRIM. The BF images were taken under two-beam BF conditions using a diffraction vector of g = (200) near the [001] zone axis. 






Figure 7. TEM bright field (BF) (a) and magnified image (b) of RPV steel at plateau damage level of 1.5 dpa predicted by SRIM. The BF images were taken under two-beam BF conditions using a diffraction vector of g = (200) near the [001] zone axis.



[image: Crystals 12 01091 g007]







[image: Crystals 12 01091 g008 550] 





Figure 8. Histogram of hardness and elastic modulus vs dpa for RPV steel with damage levels of 0.08 and 1.5 dpa. The hardness and elastic modulus were detected by nanoindentation using the continuous stiffness method. 
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Table 1. Chemical composition of the A508-3 RPV steel.
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	Element
	Fe
	C
	Si
	Mn
	S
	P
	Cr
	Ni
	Cu
	Mo
	V





	wt. %
	Bal.
	0.167
	0.193
	1.35
	0.002
	0.005
	0.086
	0.738
	0.027
	0.481
	0.007
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Table 2. Composition of the precipitates.
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Element

	
Atomic Fraction

	
Mass Fraction

	
Fit Error




	

	
%

	
%

	
%






	
C

	
3.57

	
0.76

	
7.39




	
Si

	
0.04

	
0.02

	
10.10




	
P

	
0.03

	
0.01

	
20.80




	
S

	
0.04

	
0.03

	
42.60




	
V

	
0.04

	
0.03

	
5.96




	
Cr

	
0.60

	
0.55

	
0.61




	
Mn

	
6.65

	
6.47

	
0.15




	
Fe

	
61.70

	
61.00

	
0.06




	
Cu

	
26.70

	
30.00

	
0.11




	
Mo

	
0.68

	
1.15

	
1.70
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Table 3. The g∙b value when imaged under [001] zone axis.






Table 3. The g∙b value when imaged under [001] zone axis.





	     g  ·  b     
	     b   [  100  ]     
	     b   [  010  ]     
	     b   [  001  ]     
	     b   [  111  ]     
	     b   [  11  1 ¯   ]     
	     b   [  1  1 ¯  1  ]     
	     b   [  1  1 ¯   1 ¯   ]     





	    g   (  110  )    · b   
	1
	1
	0
	2
	2
	0
	0



	    g   (  020  )    · b   
	0
	2
	0
	2
	2
	−2
	−2



	    g   (  200  )    · b   
	2
	0
	0
	2
	2
	2
	2
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