
  
 

 Reduced activation steel alloys such as F82H are 
currently considered to be the candidate materials for the 
first wall of magnetic fusion DEMO reactors. For the 
blankets employing self-cooled breeder, the first wall is 
exposed to the edge plasma, containing energetic D+ and T+ 
on the one side and on the other side it is exposed to T2 gas 
bred in blankets. Under these conditions, it is highly 
possible that these hydrogen isotopes would penetrate the 
first wall by a phenomenon called “bi-directional 
permeation”: [1] deuterium as well as tritium would 
transport into the blanket by plasma-driven permeation 
(PDP), which will hinder the recovery of tritium and will 
probably necessitate isotope separation; and [2] tritium 
would flow in the counter direction to the edge plasma by 
gas-driven permeation (GDP), which will affect edge 
plasma density as well as isotope mixture imbalance. 
Despite its critical importance, there have been neither 
experimental nor theoretical studies on bi-directional 
permeation of hydrogen isotopes through reduced activation 
alloys.  

 Hydrogen bi-directional permeation has been 
experimentally demonstrated for the first time in a steady 
state laboratory-scale plasma facility: VEHICLE-1.1) For the 
bi-directional hydrogen permeation experiments, the 
hydrogen partial pressure and Hα emission at the plasma 
side are detected by a partial pressure gauge and a visible 
spectrometer, respectively. The membrane is made by a 
ferritic steel alloy: F82H with a thickness of 0.5 mm. The 
membrane temperature is between 550 and 600 oC and the 
hydrogen gas pressure for GDP is set to be 700 Torr. At the 
plasma side, the electron temperature is raised up to ~10 eV 
for the improved sensitivity of Hα spectroscopy. As shown 
in Fig. 1, both of the hydrogen partial pressure and Hα 
intensity at the plasma side have been found to increase 
when GDP take place. This result indicates that GDP may 
take place in the opposite direction of PDP, which then 
affects the edge plasma density (i.e. recycling >100%). 

A one-dimensional diffusion code: DIFFUSE 2) has 
extensively been executed, employing multiple hydrogen 
isotopes (D/T) for bi-directional permeation. The input data 
for DIFFUSE are such that the thickness of a membrane 
made of α-Fe (used as a surrogate of F82H) is 5 mm at a 
temperature of 527 oC, the D/T inflows from the plasma-
facing side are driven by PDP with D/T bombarding fluxes 
of 5 × 1015 D/cm2/s and 5 × 1015 T/cm2/s at a bombarding 
energy of 100 eV, and the T inflow from the gas-facing side 
is driven by GDP with a T2 gas pressure of 1 Pa. 
Recombination release and Sieverts’ law are employed as 
the boundary conditions for the plasma-facing surface and 
gas-facing surface, respectively. An intrinsic trap density of 

1% and a trapping energy of 0.62 eV in the α-Fe bulk are 
assumed. Figure 2 show the time evolution of D/T-
concentration profiles. The same isotopic species (T) has 
been found to interact with each other in the two counter 
flows. Deuterium flow appears to be independent of these 
tritium flows, driven by its own concentration gradient, i.e. 
“random walk” diffusion, suggesting that deuterium through 
the first wall will result in the mixture of D-T in the 
breeder/coolant, which necessitates an isotope separation 
process in the tritium-recovery loop.   
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Fig. 1. GDP hydrogen PH2 pressure and Hα signals 
detected in the upstream hydrogen plasma in 
VEHICLE-1.3) 

 
Fig. 2. Time evolution of D/T-concentration profiles 
calculated by the DIFFUSE-code for bi-directional 
PDP-D/T and GDP-T2 from the upstream and 
downstream surfaces, respectively. 

Reduced activation ferritic/martensitic steels 
(RAFMs) are candidate structural material for the first 
blanket in fusion reactors. ODS-RAFM is one of RAFMs
strengthened by oxide dispersion. It has excellent high 
temperature mechanical properties compared with non-
ODS RAFMs. Thus it can be used as the high temperature 
part joining to non-ODS RAFMs to enhance the allowable 
temperature of fusion blankets to 923 K. Therefore, it is 
essential to develop bonding techniques for ODS-RAFM
and non-ODS RAFM. In this study, 9Cr-ODS and JLF-1
was utilized for dissimilar bonding investigation. The 
chemical composition is Fe-9.08Cr-0.14C-1.97W-0.23Ti-
0.29Y-0.16O-0.013N for 9Cr-ODS and Fe-9.00Cr-0.09C-
1.98W-0.20V-0.083Ta-0.015N for JLF-1, respectively. 
The final heat treatment before bonding was 1323 K × 1h 
normalization for both, followed by tempering at 1073K × 
1h for 9Cr-ODS, and 1053K × 1h for JLF-1. The two 
steels were hot-isostatic-pressed (HIP) under 191 MPa at 
1273 K for 3h. The cooling rate of HIP was 5 K/min.

As shown in Fig. 1, the base metal of 9Cr-ODS as-
HIPed was much softened compared with that before HIP; 
however the JLF-1 as-HIPed was hardened. 
Microstructural analysis by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) 
showed that, the microstructure for 9Cr-ODS as-HIPed 
consists of ferrite; Whereas, the microstructure of JLF-1
consists of quenched martensite. These results indicate 
that the cooling rate after HIP 5 K/mm was too slow for 
9Cr-ODS to induce quenching for martensite 
transformation, while it was enough for JLF-1. Post-bond 
heat treatment (PBHT) is necessary to recover the 
hardness of both the base metals to the levels before HIP.
The joint was normalized again at 1323 K×1h with a rapid 
cooling rate of ~36 K/min. Quenched martensite was 
induced for both 9Cr-ODS and JLF-1, therefore the 
materials were hardened. And then, tempering was 
examined from 993 K to 1093 K for 1h to control hardness 
and microstructure. As tempering temperature increased,
the hardness decreased slightly.

The grain size of 9Cr-ODS was 1.3 μm, and did
not changed during HIP and PBHT process, as shown in 
Fig. 1, because high-density nano-particles in 9Cr-ODS 
could retard grain growth. However for JLF-1, the grain 
size increased during HIP and the further PBHT. Grain 
growth should be minimized because it sometimes induces 
degradation of strength and toughness. Combining the 
grain growth with the hardness test result above-
mentioned, tempering at 1013-1033 K seems optimal for 
the joint to recover the hardness to the similar levels 
before HIP without significant grain growth.  After the 
PBHT with normalization and tempering, the 
microstructure recovered to that before HIP with tempered 
martensite and M23C6 particles on the grain boundaries 
and lath boundaries, though density of nano-particles in 
9Cr-ODS slightly decreased during HIP and PBHT. 

Fig.1 Hardness and grain size of 9Cr-ODS and JLF-1 base metals at 
different conditions.

All the tensile tests of the joint at as-HIPed and 
PBHT conditions showed loss of elongation. Fracture 
stress was lower than yield strength of the base metals.
However, SEM still showed dimple pattern in fracture 
surfaces. Energy dispersive spectrum (EDS) determined 
that the specimens fractured at the 9Cr-ODS side near the 
bonding interface, because Ti and Y were detected for the 
particles in dimples.  

Fig.2 Microstructure of the bonding interface at as-HIP condition.

There is a few-particle layer on the JLF-1 side near 
the bonding interface at as-HIP condition as shown in Fig. 
2. The few-particle layer consists of soft ferrite, and is
supposed to be formed by decarburization during heating 
in vacuum in the HIP process. After the following PBHT 
with normalization and tempering, the few-particle layer 
disappeared. Since the fracture surface is always 9Cr-ODS, 
decarburization should occur also in the 9Cr-ODS and 
produce soft layer. If 9Cr-ODS is softened to comparable 
level to JLF-1, fracture of 9Cr-ODS would be earlier due 
to its lower ductility than JLF-1.

Next, HIP at higher temperature of 1323 K and 
1373 K is planned to improve the bonding strength of the 
joint.

H
ar

dn
es

s (
H

V)

100

200

300

400

500

G
ra

in
 S

iz
e (

m
)

0

10

20

30

40

509Cr-ODS-hardness
JLF-1-hardness
9Cr-ODS-grain size
JLF-1-grain size

Before HIP

as-HIPed

1323K×1h

1323K×1h
+993K×1h

1323K×1h
+1013K×1h

1323K×1h
+1033K×1h

1323K×1h
+1053K×1h

1323K×1h
+1073K×1h

1323K×1h
+1093K×1h

Few-particle
layer JLF-19Cr-ODS

Interface 

2μm 

337

§18.	 Post-bond Heat Treatment for a Hot Isostatic 
Pressed Joint of 9Cr-ODS and JLF-1 Reduced 
Activation Ferritic/Martensitic Steels

Fu, H.Y. (Grad. Univ. Advanced Studies),  
Nagasaka, T., Muroga, T.




