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1 1. Introduction

2 Reduced-activation ferritic-martensitic (RAFM) steel is the candidate structural material 

3 for fusion blanket applications [[1-[5]. It has favorable properties for fusion applications such as 

4 lower radioactivity, superior swelling resistance, good thermal conductivity, and sufficient 

5 fracture toughness in the normalized and tempered condition. However, the harsh environment of 

6 a fusion reactor, such as neutron irradiation and He/H damage, can result in significant 

7 degradation of fracture toughness. Therefore, understanding the fracture toughness behavior of 

8 RAFM steels in the fusion environment is critical to ensure the long-term safe operation of the 

9 fusion reactor. Due to the absence of dedicated fusion neutron sources, fission research reactors 

10 are usually used to irradiate RAFM steels. One drawback of such substitution is that the fission 

11 reactors cannot provide 14-MeV high energy neutrons as the fusion reactors and therefore some 

12 transmutation reaction products, such as He and H, cannot be reproduced. To simulate the He 

13 effect on top of the irradiation effect, RAFM steels are doped with isotopes of 10B, 58Ni, or 54Fe 

14 [[2] to generate transmutation He in a fission reactor. 

15 The Japanese reference RAFM steel, F82H (8Cr-2WVTa), was developed by JAERI and 

16 NKK corporation [[6]. Under the auspices of the International Energy Agency (IEA), two 5-ton 

17 ingots of F82H (IEA heats) were melted and made available for international collaborations 

18 between the EU, Japan, and the US. A toughness-improved F82H steel called F82H Mod3 has 

19 been developed with reduced Ti (<10 ppm) and N (<20 ppm) and increased Ta (0.1wt%) [[1]. 

20 Also, F82H doped with B or Ni has been studied to evaluate the He effect on materials properties 

21 [[7-[9].

22 The Master Curve (MC) method, fully described in the ASTM E1921 standard [[10], has 

23 been widely used to characterize the transition fracture toughness and irradiation-induced 
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1 embrittlement in RAFM steels [[11-[20]. The method allows testing a relatively small number of 

2 specimens to determine the median toughness vs. temperature curve. The method applies the 

3 statistical weakest-link theory to model specimen size effects and size-adjust fracture toughness 

4 results from various size specimens to reference 1T (one-inch thickness) specimens. However, 

5 research has indicated that for RAFM steels and especially when testing is performed on sub-size 

6 specimens, other factors, such as loss of the constraint, the shape of the MC, and the statistical 

7 size effect [[21-[26], may need to be taken into account. Nonetheless, the standard MC method 

8 facilitates the characterization and comparison of RAFM steel fracture toughness properties 

9 among the fusion research community. 

10 Since 1997, more than seven irradiation campaigns in the High Flux Isotope Reactor 

11 (HFIR) at Oak Ridge National Laboratory (ORNL) have included F82H to study the material 

12 irradiation response. The irradiation temperatures covered the range from 220 °C to 530 °C and 

13 the neutron irradiation dose spanned 4 to 70 displacements per atom (dpa). In this paper, we 

14 summarize previous MC fracture toughness results along with the latest results from two high 

15 dose irradiation capsules. The effects of neutron irradiation temperature, dose, material 

16 composition, Ni doping, and He production on F82H fracture toughness are discussed. Results 

17 will also be compared with literature data of irradiation embrittlement in RAFM steels. 

18 2. Experimental

19 2.1 Materials

20 F82H steels investigated in this study include F82H IEA heat, F82H Mod3, F82H doped 

21 with 1.4% natural Ni, F82H doped with 1.4% 58Ni, and F82H doped with 1.4% 60Ni. The 

22 compositions of these steels are listed in Table 1 [[27, [28] and Table 2 summarizes the heat 

23 treatment conditions for these materials. Based on the work of Sawai et al. [[28],1.4% Ni doping 
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1 and the applied heat treatment condition didn’t cause apparent modification of unirradiated steel 

2 microstructure. No delta-ferrite or retained austenite was observed in the metallographic 

3 examination. In addition, room temperature yield strength and microhardness results for 1.4% 

4 Ni-doped F82H are within the scatter band of those values for F82H-IEA based on our tests. For 

5 F82H doped with natural Ni or 58Ni, both the He effect (58Ni(n, γ)59Ni followed by 59Ni(n, α)56Fe 

6 reaction) and the Ni alloying effect are investigated. For F82H doped with 60Ni, only the Ni 

7 alloying effect is investigated. For irradiation in the HFIR flux trap positions (target positions at 

8 the center of the reactor core and surrounded by two concentric fuel elements [[29]), the He 

9 production rates for various F82H materials are summarized in Table 3 based on values reported 

10 in Refs. [[28, [30-[33]. 

11 2.2 Irradiation Conditions

12 Fracture toughness specimens in seven irradiation campaigns in HFIR, denominated 

13 RB11J, RB12J, JP25, JP26, JP27, JP28, and JP29, are covered in this study. The timeline and 

14 target irradiation conditions are shown in  Figure 1. The RB11J and RB12J capsules were 

15 irradiated in the HFIR removable beryllium positions with europium oxide (Eu2O3) thermal 

16 neutron shields for neutron spectrum tailoring. The JP capsules were full-length target capsules 

17 irradiated in the HFIR flux trap positions. Irradiation temperatures were measured by 

18 thermocouples for the RB capsules and by SiC thermometry specimens for all the JP capsules 

19 using the algorithm and methods described by Campbell et al. [[34].

20 2.3 Specimens 

21 The fracture toughness specimen geometry, size, and orientation are illustrated in Figure 

22 2. The orientation follows the crack plane identification in the ASTM E399 standard [[35], i.e., 

23 the first letter designates the direction normal to the crack plane and the second letter designates 
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1 the expected direction of crack propagation. The specimen size has significantly decreased 

2 throughout seven irradiation campaigns due to the development of small specimen testing 

3 techniques. In RB11J and RB12J, both 0.18T disk compact tension (DCT) specimens (4.6 mm 

4 thickness and 12.5 mm diameter) and 1/3-size precracked Charpy V-notch (PCCVN) bend bar 

5 specimens (3.3 × 3.3 × 25.4 mm3) were used. In JP25, only 1/3-size PCCVN specimens were 

6 used. In JP26, specimen size was further reduced and half-thickness 1/3-size PCCVN bend bar 

7 specimens (1.65 × 3.3 × 25.4 mm3) were used. In JP27-JP29 irradiation campaigns, a new 

8 miniature multi-notch bend bar specimen (referred to as MxCVN hereafter with x being the 

9 number of notches), specifically developed within the ORNL Fusion Materials Program [[36], 

10 was used. The MxCVN specimen has a dimension of 1.65 mm thickness, 3.3 mm width, and 

11 9*(x+1) mm length. Despite its small size, the MxCVN specimen follows the same size ratio of a 

12 bend bar specimen in the ASTM E1921 standard. Due to shared loading portions between 

13 neighboring notches, the MxCVN specimen consumes significantly less material than a standard 

14 single notch bend bar specimen and is beneficial for post-irradiation evaluation. Before 

15 irradiation, all fracture toughness specimens were fatigue precracked to a crack size to width 

16 (a/W) ratio of ~0.5.

17 2.4 Method 

18 We performed fracture toughness testing and analysis according to the MC method in the 

19 ASTM E1921 standard. Two factors were considered in determining the test temperatures. The 

20 first factor is that the testing temperature should not be too high such that the measured fracture 

21 toughness is within the fracture toughness capacity limit KJclimit given in Eq. (1): 

22 (1) lim 230(1 )
o YS

Jc it
EbK

v





23 where:
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1 E = Young’s modulus at the test temperature,

2 b0 = initial uncracked ligament length,

3 σYS = material yield strength at the test temperature,

4 v = Poisson’s ratio. 

5 The second factor is that the testing temperatures should not be more than 50 °C lower 

6 than the MC reference temperature as required in ASTM E1921. Therefore, the test temperatures 

7 were selected as a compromise between obtaining as high fracture toughness results as possible 

8 and still within the fracture toughness capacity limit for most specimens. 

9 Upon completion of testing, the crack size was measured on the fracture surface. The 

10 elastic-plastic equivalent stress intensity factor, KJc, was derived from the J-integral at the onset 

11 of cleavage fracture and size-adjusted to 1T based on the statistical weakest-link theory:

12 (2) 1/40
(1 ) ( )

1

20 [ 20]( )Jc T JC o
T

BK K
B

  

13 where:

14 KJc(1T) = KJc for a specimen thickness of one inch (B1T=25.4 mm), 

15 KJc(o) = KJc for a specimen thickness of Bo. 

16 We then calculated the MC provisional reference temperature Toq using the multi-

17 temperature analysis method in Eq. (3) and KJc data were censored against both the fracture 

18 toughness capacity limit KJclimit and the slow stable crack growth limit KJcΔa which equals the 

19 highest uncensored KJc in the data set obtained at any specimen size and test temperature when 

20 tests terminate in cleavage after slow stable crack growth exceeding the smaller of either 0.05b0 

21 or 1 mm.

22  (3)
4

( )
5

1 1

exp[0.019( )] ( 20) exp[0.019( )]
0
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1 where:

2 N = number of specimens tested,

3 Ti = test temperature corresponding to KJc(i),

4 KJc(i) = either a valid KJc datum or a datum replaced with a censoring value,

5 δi = 1.0 if the datum is valid or zero if the datum is a censored value,

6 Toq = MC provisional reference temperature obtained by iteration.

7 Furthermore, the toughness-temperature curve can be derived using the following 

8 equation:

9 (4) ( ) 30 70exp[0.019( )]Jc med oqK T T  

10 where:

11 KJc(med) = median fracture toughness at temperature T for 1T size specimen, 

12 3. Results

13 3.1 RB11J and RB12J 

14 F82H IEA in both T-L and L-T orientations was irradiated in RB11J and RB12J [[17, 

15 [37]. The target irradiation temperatures were 300 °C and 500 °C and the actual irradiation 

16 temperatures were measured by thermocouples. Figure 3 summarizes the MC results of the 

17 material. For the unirradiated condition, F82H IEA showed orientation dependence for fracture 

18 toughness with the MC reference temperature T0 equaling -68 °C for the T-L orientation and -

19 109 °C for the L-T orientation. In addition, a significant irradiation temperature effect on 

20 embrittlement was observed for both orientations. For 0.18T DCT specimens in the T-L 

21 orientation, irradiation at a lower temperature range of 221 °C – 280 °C to 3.8 dpa resulted in 

22 191 °C upward shift in T0 as compared with 57 °C upward shift in T0 when materials were 

23 irradiated at a higher temperature range of 349 °C – 405 °C. For 1/3-size PCCVN specimens in 
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1 the L-T orientation, irradiation at a lower temperature range of 275 °C – 313 °C to 4.8 dpa 

2 resulted in 103 °C upward shift in T0 as compared with 42 °C upward shift in T0 when materials 

3 were irradiated at a higher temperature range of 467 °C – 531 °C. 

4 3.2 JP25 

5 The 1/3-size PCCVN specimens of F82H IEA in the L-T orientation were irradiated in 

6 JP25 to 17.5 dpa [[17]. The target irradiation temperature was 300 °C although the actual 

7 irradiation temperature, measured by the SiC thermometry specimen, was approximately 380 °C. 

8 Figure 4 shows the MC results of the material. Neutron irradiation at 380 °C to 17.5 dpa resulted 

9 in an upward shift of 109 °C in the MC reference temperature T0.

10 3.3 JP26

11 Half-thickness 1/3-size PCCVN specimens of both F82H IEA and F82H+1.4% natural Ni 

12 in the T-S orientation were irradiated in JP26 to a dose range of 6 dpa – 8 dpa [[21, [38]. The 

13 irradiation temperatures were targeting 300 °C, 400 °C, and 500 °C and were confirmed by SiC 

14 thermometry specimens. Figure 5 shows the MC results of the two materials. For F82H IEA, an 

15 irradiation temperature effect on embrittlement was observed. With the irradiation temperature 

16 increasing from 300 °C to 500 °C, the upward shift in MC reference T0 decreased from 141 °C to 

17 74 °C. A similar trend was also observed in F82H+1.4% natural Ni, i.e., ΔT0 of 163 °C for 

18 irradiation at 300 °C vs. ΔT0 of 72 °C for irradiation at 500 °C. F82H+1.4% natural Ni showed 

19 slightly enhanced irradiation embrittlement when irradiated at 300 °C, but not at 500 °C.  

20 3.4 JP27

21 M3CVN specimens of F82H IEA, F82H Mod3, F82H+1.4% 58Ni, and F82H+1.4% 60Ni  

22 in the T-S orientation were irradiated in JP27 to a peak dose of 22 dpa [[38]. The target 

23 irradiation temperatures were 300 °C and 400 °C and were confirmed by SiC thermometry 
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1 specimens. Figure 6 illustrates the MC results of all four F82H variants. An irradiation 

2 temperature effect, manifested by a larger upward shift in MC reference temperature T0 for 

3 irradiations at 300 °C compared with irradiations at 400 °C, was observed in all materials. F82H 

4 Mod3 exhibited less embrittlement than F82H IEA for both irradiation temperatures. In 

5 comparison with F82H IEA, Ni-doped F82H showed similar embrittlement for irradiation at 

6 300 °C, whereas less embrittlement was observed in Ni-doped F82H for irradiation at 400 °C. 

7 3.5 JP28 and JP29

8 M3CVN specimens of F82H IEA, F82H Mod3, F82H+1.4% 58Ni, and F82H+1.4% 60Ni  

9 in the T-S orientation were irradiated in JP28 and JP29 to a peak dose of 70 dpa. The target 

10 irradiation temperature was 300 °C although the actual irradiation temperatures, measured by the 

11 SiC thermometry specimens, were approximately 342 °C for F82H IEA and F82H Mod3 and 

12 317 °C for F82H+1.4% 58Ni and F82H+1.4% 60Ni. Figure 7 illustrates the MC results of all 

13 materials. F82H+1.4% 58Ni exhibited the largest increase in MC reference temperature T0 

14 (+161 °C) among all tested materials whereas F82H Mod3 showed the least increase in T0 

15 (+28 °C). For F82H doped with 1.4% 60Ni, the upward shift in T0 (+29 °C) was less than that in 

16 F82H IEA (+55 °C), indicating no detrimental effect of 1.4% 60Ni doping for this test condition. 

17 4. Discussion

18 The effect of irradiation temperature and dose on the fracture toughness of F82H IEA and 

19 F82H Mod3 is summarized in Figure 8. The irradiation temperature had a significant effect on 

20 irradiation embrittlement for both materials. The irradiation embrittlement monotonically 

21 decreased with the increase in the irradiation temperature until the irradiation temperature 

22 reached 400 °C. However, the 342 °C/68-dpa irradiation for F82H IEA and F82H Mod 3 showed 

23 much less embrittlement than what would be expected for irradiation around 300 °C and was 
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1 close to the 400 °C irradiation case. This indicates that specimens potentially experienced a 

2 higher irradiation temperature which was not captured by the SiC thermometry specimen. While 

3 the exact cause for the higher irradiation temperature has not been determined yet, potential 

4 causes include machining errors of the irradiation capsule or errors during the assembly of the 

5 irradiation capsule. For both cases, if the heat transfer from specimens (heat generated by gamma 

6 heating) to the reactor coolant was hindered and deviated from the design value, a high 

7 irradiation temperature would be expected. However, why the potentially high irradiation 

8 temperature was not captured by the SiC thermometry specimen remains a myth. Indeed, we 

9 compared the irradiation embrittlement between JP27 and JP28/29 for F82H IEA, F82H Mod3, 

10 F82H+1.4% 58Ni, and F82H+1.4% 60Ni s in Figure 9. Despite much higher irradiation dose in 

11 JP28/29 than in JP27, four F82H variants irradiated in JP28/29 at 317 °C and 342 °C showed 

12 irradiation embrittlement similar to the same materials irradiated in JP27 at 400 °C except for 

13 F82H+1.4% 58Ni which may be due to the additional helium effect and will be discussed further 

14 below. Additional microstructure study is needed to elucidate the observation. Comparing post-

15 irradiation fracture toughness between F82H IEA and F82H Mod3, we found that F82H Mod3 

16 showed less embrittlement than F82H IEA. Therefore, the improved fracture toughness of F82H 

17 Mod3 was retained even after irradiation. In terms of the effect of irradiation dose on 

18 embrittlement, no saturation effect on F82H IEA embrittlement was observed up to 20 dpa. As 

19 shown in Figure 8, two fitting trend lines, defined in Eq. (5) [[40], are used to describe F82H 

20 IEA general irradiation embrittlement behaviors at 300 °C and 400 °C:

21 (5)0 )][1 exp( doseT A


   

22 where A and τ are fitting constants. Unfortunately, the fracture toughness result of F82H IEA 

23 after 68 dpa irradiation was clouded by the uncertainty in the irradiation temperature. Hence, we 
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1 cannot verify if the trend curve gives a satisfactory prediction of the F82H IEA embrittlement 

2 behavior for irradiation dose higher than 20 dpa. 

3 A comparison of irradiation embrittlement between this study and literature for F82H 

4 IEA and Eurofer97 is shown in Figure 10 [[19, [23, [24, [39, [40]. Eurofer97 (nominal 

5 composition Fe-9Cr-1.1W-0.2V-0.12Ta) is the European reference RAFM steel for the first wall 

6 and blanket applications of the DEMO fusion reactor [[41-[43] and has been frequently 

7 compared with F82H. This study covers a wider range of irradiation doses than literature data 

8 (18 dpa vs. ~9 dpa). Literature data show a similar degree of embrittlement between F82H IEA 

9 and Eurofer97 for irradiation around 290 °C – 300 °C up to 5 dpa, whereas we found slightly less 

10 embrittlement for F82H IEA in our study. Considering the complexity of neutron irradiation tests 

11 and different research reactors used in these studies, the difference is still considered as small 

12 and our results are line with literature data.  

13 To evaluate the Ni alloying and He effects on irradiation embrittlement of F82H, the 

14 upward shift in the MC reference temperature T0 for Ni-doped F82H is compared with F82H 

15 IEA in Figure 11 for three irradiation temperatures, i.e., 300 °C – 342 °C, 400 °C, and 500 °C. 

16 For F82H doped with 1.4% 60Ni where only the Ni alloying effect was active, the irradiation 

17 embrittlement was either similar or less than that of F82H IEA when the material was irradiated 

18 between 300 °C to 400 °C for all the investigated dose levels. The T0 of F82H +1.4% 60Ni in the 

19 unirradiated condition was also similar to that of F82H IEA (-99 °C vs. -102 °C). Therefore, we 

20 did not observe any detrimental effect of 1.4% 60Ni alloying on F82H MC fracture toughness, 

21 which was not reported previously. For F82H doped with 1.4% natural Ni or 1.4% 58Ni, the He 

22 production rate in HFIR flux trap positions was approximately 7 appm/dpa or 11 appm/dpa, 

23 respectively. The irradiation conditions in this study covered a He production range from 48 
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1 appm to 770 appm. Except for F82H+1.4% 58Ni irradiated at 300 °C – 342 °C to 70 dpa 

2 corresponding to ~770 appm He production, F82H doped with 1.4% natural Ni or 1.4% 58Ni 

3 showed similar or less embrittlement than the standard F82H IEA for the other irradiation 

4 conditions. At the highest He production level, significantly more embrittlement was observed in 

5 F82H+1.4% 58Ni than F82H IEA. This observation is in agreement with the study of Yamamoto 

6 et al. [[44] that the contribution of He to embrittlement appears to emerge at higher He 

7 concentrations, estimated to be above 400 appm to 600 appm. In the work of Wakai et al. [[7], 

8 they applied B doping in F82H for He production and observed upward shifts in ductile-to-brittle 

9 transition temperatures (DBTT) at much lower He levels (190 appm – 330 appm). However, the 

10 upward shift in DBTT occurred when materials were irradiated at 250 °C and the shift decreased 

11 when the irradiation temperature increased to 300 °C. Therefore, their results are not conclusive 

12 in determining the threshold He levels for additional embrittlement. In addition, their results 

13 seem to indicate there is an additional temperature effect on the He embrittlement for F82H. 

14 Tanigawa et al. [[33] also studied the He effect on Charpy impact properties of F82H by 

15 irradiating F82H doped with 2% natural Ni in HFIR. Compared with F82H IEA, F82H+2% 

16 natural Ni exhibited a larger shift in DBTT when the material was irradiated at 300 °C to 5 dpa 

17 corresponding to 50 appm He production. However, the same Ni-doped F82H showed less 

18 embrittlement than F82H IEA when the irradiation temperatures were between 380 °C and 

19 500 °C for irradiation doses up to 20 dpa corresponding to 200 appm He production. Therefore, a 

20 clear threshold value for the detrimental He effect could not be established and the same 

21 potential temperature effect on the He embrittlement was observed in that study. In addition, the 

22 2% natural Ni lowered the Ac1 temperature (lowest temperature at which austenite can form on 

23 heating at a specified heating rate) of F82H and the tempering heat treatment (750 °C/1hr) 
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1 applied in the work of Tanigawa et al. [[33] would result in both fresh and tempered martensites 

2 based on the study of Sawai et al. [[28]. Therefore, the difference in the starting microstructures 

3 between F82H doped with 2% natural Ni and F82H IEA further clouded the He effect on 

4 ΔDBTT.  

5 4. Conclusions

6 Burning questions remain for the irradiation embrittlement behavior of F82H. For 

7 example, at what dose levels does the irradiation embrittlement saturate and is the saturation 

8 dose temperature-dependent? In addition, what is the threshold value for the detrimental He 

9 effect on material fracture toughness and is it temperature-dependent? Last but not least, how 

10 much Ni alloying can be applied to F82H to simulate the He effect with fission neutron sources 

11 without jeopardizing the microstructure and properties of the material? In this study, we 

12 attempted to tackle these questions with some success by evaluating the effects of neutron 

13 irradiation on the fracture toughness properties of F82H IEA, F82H Mod3, F82H+1.4% natural 

14 Ni, F82H+1.4% 58Ni, and F82H+1.4% 60Ni. The irradiation temperatures covered the range from 

15 220 °C to 530 °C and the neutron irradiation dose spanned 4 dpa to 70 dpa. The main findings of 

16 this study include:

17 1) The irradiation temperature had a significant effect on irradiation embrittlement for F82H IEA 

18 and F82H Mod3. The irradiation embrittlement monotonically decreased with increasing 

19 irradiation temperature until the irradiation temperature reached 400 °C;

20 2) Higher dose resulted in more embrittlement in F82H IEA, which did not saturate up to 20 dpa. 

21 More studies are needed to find if there is a saturation effect of the irradiation dose on F82H 

22 embrittlement;
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1 3) F82H Mod3 showed better fracture toughness than F82H IEA both before and after neutron 

2 irradiation;

3 4) 1.4% Ni alloying can be applied to F82H for simulating the He effect in a fission reactor. We 

4 did not observe any detrimental effect of 1.4% 60Ni alloying on F82H fracture toughness, both 

5 before and after neutron irradiation;

6 5) Compared with F82H IEA, we observed significantly more embrittlement in F82H+1.4% 58Ni 

7 irradiated at 300 °C –  342 °C to 70 dpa corresponding to ~770 appm He production. However, 

8 our current data are not sufficient to pin down accurately the threshold He content for additional 

9 embrittlement. In addition, we cannot exclude the possibility that irradiation temperatures also 

10 play a role in determining such threshold value. 
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1 Figures

2 Figure 1 Timeline and target irradiation conditions for F82H in HFIR
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1 Figure 2 Fracture toughness specimen geometry, size, and orientation (L: longitudinal direction, 

2 T: long transverse direction, S: short transverse direction)
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1 Figure 3 MC results of F82H IEA in RB11J and RB12J [[17,[37]. (a) 0.18T DCT in the T-L 

2 orientation, (b) 1/3-size PCCVN in the L-T orientation
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1 Figure 4 MC results of F82H IEA in JP25 [[17]
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1 Figure 5 JP26 MC results for F82H IEA in (a) and F82H+1.4% natural Ni in (b) [[21, [38]. Note 

2 that unirradiated fracture toughness of F82H+1.4% natural Ni was not available during the 

3 preparation of this manuscript. Therefore, unirradiated fracture toughness of F82H+1.4% 58Ni 

4 was used in (b). 
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1 Figure 6 JP27 MC results for F82H IEA in (a), F82H Mod3 in (b), F82H+1.4% 58Ni in (c), and 

2 F82H+1.4% 60Ni in (d) [[38]
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1 Figure 7 JP28 and JP29 MC results for F82H IEA in (a), F82H Mod3 in (b), F82H+1.4% 58Ni in 

2 (c), and F82H+1.4% 60Ni in (d)
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1 Figure 8 The effect of irradiation temperature and dose on the fracture toughness of F82H IEA 

2 and F82H Mod3
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1 Figure 9 Comparison of irradiation embrittlement between JP27 and JP28/29 for F82H IEA, F82H 

2 Mod3, F82H+1.4% 58Ni, and F82H+1.4% 60Ni. 
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1 Figure 10 Comparison of irradiation embrittlement between this study and literature for F82H IEA 

2 and Eurofer97 
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1 Figure 11 Comparison of the upward shift in the MC reference temperature T0 between F82H 

2 IEA and Ni-doped F82H. Hatched histograms are used for the 68 dpa – 70 dpa irradiations due to 

3 uncertainties in the irradiation temperature for the high dose irradiation.  
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1 List of Tables

2 Table 1 Chemical composition of various F82H steels (wt%)

Alloys Fe Cr W V Ta C Ti Si Mn N Ni

F82H IEA Bal. 7.89 1.99 0.19 0.02 0.09 0.004 0.07 0.10 0.006 -

F82H Mod3 Bal. 8.16 1.94 0.20 0.092 0.10 <0.0001 0.10 0.13 0.0014 0.01
F82H+1.4% natural 
Ni Bal. 7.82 1.98 0.31 0.021 0.072 <0.002 0.10 0.11 0.001 1.36

F82H+1.4% 58Ni Bal. 7.80 2.01 0.21 0.14 0.053 0.004 0.10 0.11 0.0013 1.32

F82H+1.4% 60Ni Bal. 7.75 2.03 0.19 0.138 0.054 0.004 0.11 0.10 0.0014 1.36
3

4 Table 2 Heat treatment conditions of various F82H steels 

Alloys Heat treatment

F82H IEA 1040 °C/40 mins/air cool + 750 °C /1 hr/air cool

F82H Mod3 1040 °C/30 mins/air cool + 740 °C /1.5 hrs/air cool

F82H+1.4% natural Ni 1040 °C/30 mins/air cool + 750 °C /1.5 hrs/air cool

F82H+1.4% 58Ni 1040 °C/30 mins/air cool + 750 °C /1.5 hrs/air cool

F82H+1.4%60Ni 1040 °C/30 mins/air cool + 750 °C /1.5 hrs/air cool
5

6 Table 3 Calculated helium production rates for various F82H steels irradiated in HFIR flux trap 

7 positions [[28, [30-[33].

Alloys Helium production rate (appm He/dpa)

F82H IEA 0.3

F82H Mod3 0.3

F82H+1.4% natural Ni 7

F82H+1.4% 58Ni 11

F82H+1.4%60Ni 0.3
8


