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Abstract
Reduced activation ferritic/martensitic (RAFM) steels are considered as one of the
promising structural materials for fusion blanket systems because of their mature
fabrication technologies, good irradiation resistance, and excellent thermo-mechanical
properties. The operation temperature of RAFM steels ranges from 300oC to 550oC.
Oxide-dispersion-strengthened RAFM (ODS-RAFM) steels are produced with high
number-density nano-scale oxide particles. Because ODS-RAFM steels have excellent
high temperature strength and good irradiation resistance, the dissimilar-metal joints can
be used in the first wall blanket to locate the ODS-RAFM steels near the blanket surface
and to enhance the acceptable heat load from the fusion plasma. In this concept, the
acceptable temperature of the first wall will be improved to 700oC from 550oC of fullconventional-RAFM-blanket concept. Thus, it is important to develop dissimilar-metal
bonding between ODS-RAFM steels and conventional RAFM steels to apply ODSRAFM steels in advanced concept of fusion blanket systems. While, austenitic stainless
steels are structural materials of out-vessel components for tritium extraction and heat
exchange in a fusion reactor. For the connection of the blanket to the out-vessel
components, it is also essential to develop dissimilar-metal bonding between
conventional RAFM steels and austenitic stainless steels.
By considering a plate bonding for thermal protection on the blanket surface, the first
wall structure requires large area and complicated-shape bonding for ODS-RAFM steels
and conventional RAFM steels with a typical cross section of one square meter.
Compared with other techniques, diffusion bonding with hot isostatic pressing (HIP) is
more suitable for such bonding. For the cooling channel connection inside or at the
backside of the blanket between ODS-RAFM steels and conventional RAFM steels, and
between conventional RAFM steels and austenitic stainless steels, electron beam welding
(EBW) is necessary for robust bonding with several millimeters in thickness to resist the
coolant pressure.
In this study, an ODS-RAFM steel, designated as 9Cr-ODS, and a conventional
RAFM steel, JLF-1, were bonded by EBW and HIP. Another conventional RAFM steel,
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F82H, and austenitic stainless steel type 316L were also bonded by EBW. Bonding
mechanisms and optimum bonding conditions were investigated for these dissimilarmetal joints. As a result of the bonding, the weld metal (WM: the melted zone during the
welding), heat-affected zones (HAZs: the heat-damaged zone around the WM with
mechanical property and microstructural change) and the base metals (BMs) in the joints
exhibited undesirable hardening or softening. Post-weld heat treatment (PWHT) was
studied for recovery of microstructure and mechanical properties for these joints. The
mechanisms for the degradation and recovery were well understood by carbon behavior
in the steels, such as phase transformation with carbide decomposition, carbon dissolution
and re-precipitation, and carbide coarsening and decarburization. In addition, the
experimental mechanical property tests were combined with computer simulations using
finite element method (FEM), which revealed better-estimated bonding strength of the
EBW joint between 9Cr-ODS and JLF-1 compared with conventional experiments. On
the other hand, the joint between F82H steel and 316L steel, was neutron-irradiated and
showed good resistance to neutron-irradiation embrittlement under a commercial reactor
condition.

1. Dissimilar-metal joints between 9Cr-ODS steel and JLF-1 steel made by HIP
Dissimilar-metal joints between 9Cr-ODS and JLF-1 were fabricated by HIP at
1000oC, 1050oC, and 1100oC, under a pressure of 191 MPa for 3h with a cooling rate of
5oC/min after the HIP. The HIP process always induced undesirable hardening in the BM
of JLF-1, and also undesirable softening at the bonding interface, irrespective of the HIP
temperatures.
The hardening is due to the formation of quenched martensite, because the cooling
rate after the HIP was enough for quenching before carbon diffusion in the BM of JLF-1.
While, it was too slow for 9Cr-ODS when HIP at 1000oC, where coarse carbides
observed on the grain boundaries evidently indicated much diffusion of the carbon before
quenching. No quenching (ferritic structure) and the carbide coarsening resulted in the
softening of the BM of 9Cr-ODS. However, HIP at higher temperatures of 1050oC and
1100oC also induced quenched martensite with smaller coarse carbides. For the recovery
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of both the hardening and softening in the BMs, PWHT with normalization (1050oC×1h)
and tempering (780oC×1h) with a rapid cooling at 36oC/min was effective.
On the other hand, the softening at the interface is attributed to decarburization of the
specimen surface during the HIP process before bonding, which produced few-particle
soft layer there. The soft layer is clearly observed in the 1000oC-HIP specimen, and can
be a potential fracture site in tensile tests. Coarse carbides near the interface are more
than those in 9Cr-ODS BM, and can be another potential fracture site during tensile tests.
There is also supposed to have un-bonded areas with spherical voids at the interface in
the 1000oC-HIP joint, because only 1/3 yield strength of 9Cr-ODS is needed to make the
joint fracture with almost no elongation in tensile tests. However, the elongation was
improved very much at higher HIP temperatures, such as 1050oC and 1100oC.
Disappearance of the few-particle layer is observed at these temperatures. It is probably
promoted by the decomposition of the M23C6 carbides and re-distribution of carbon at the
high temperatures and the following diffusion of carbon into the few-particle layer.
Actually, 1100oC HIP resulted in slight lower strength of the joint than 1050oC HIP. This
is likely because of coarsening of grain structures. Therefore, 1050oC is the optimum HIP
temperature in the present study. The following PWHT with normalization and tempering
is necessary to recover microstructure and mechanical properties of the whole joint.

2. Dissimilar-metal joint between 9Cr-ODS steel and JLF-1 steel made by EBW
Dissimilar-metal butt joint between 9Cr-ODS and JLF-1 was fabricated by EBW
with an output of 15 mA and 150 V and with a speed of 2000 mm/min. The electron
beam was at the butting position for the plates.
The hardness of WM and HAZs in both 9Cr-ODS and JLF-1 was much higher than
the BMs. The WM is quenched martensitic phase with occasional δ-ferrite phase. The
HAZs are also quenched martensitic phase with carbide decomposition. The quenched
martensite in the WM and HAZs contributes unacceptable hardening for the joints. Two
conditions of PWHT were carried out to relieve the hardening and recover the
microstructures of WM and HAZs to the levels close to the BMs.
One condition of PWHT is only tempering at 720-780oC for 1h. The tempering
changes the quenched martensite into softer tempered martensite. As tempering
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temperature increased, the hardening of WM and HAZs was relieved. The complete
recovery of the hardening is obtained by tempering at 780oC for 1h. However, the δferrite phase still remained in the WM, and softening of BMs was induced by overtempering.
The other condition of PWHT is a combination of normalization at 1050oC for 1h and
then the complete-recovery tempering at 780oC for 1h. Because of the normalization,
residual δ-ferrite disappeared. The whole microstructure including WM, HAZs, and BMs
is quenched martensite after the normalization. After the following tempering, the whole
microstructure is tempered martensite. No residual δ-ferrite existed anymore. The PWHT
is the optimum to relief the hardening of WM and HAZs, and eliminate the residual
ferrite at the same time. The strength of BMs was kept in the similar level as that before
EBW. No softening of BMs induced by over-tempering was observed in this PWHT
condition with normalization and tempering.
All the specimens fractured at the BM of JLF-1 during tensile tests, because the
interface is stronger than BM of JLF-1. In this situation, the bonding strength cannot be
determined by uniaxial tensile tests in the same way as the HIP joints, and is estimated
larger than the ultimate tensile strength of JLF-1. In order to make better estimation of the
bonding strength of the joint, symmetric four-point bend tests, which can concentrate the
stress inside the inner span including the WM, was executed for the joint. Bending
normal stress can be calculated according to the theory of elasticity within only 0.25% in
strain, though the joint shows large deformation with more than 10% in strain due to
plastic deformation. Thus, FEM simulation was used to extend the analysis to large
deformation condition in the bend tests.
The large deformation induces sliding at the contact areas between the specimen and
jig. The sliding must be also simulated for accurate analysis, which requires an input
parameter of friction coefficient at the contact areas. The friction coefficient was fitted by
simulation for bending behavior on BM-single-material specimens. According to the
coincidence of the displacement-load curves of the upper jig between simulation and
experiment, the friction coefficient was determined as 0.3 for the contact between 9CrODS and jig at RT, 0.5 and 0.55 between JLF-1 and jig at RT and 550oC, respectively.
Because of the analysis on the friction, the simulation successfully calculated the stress
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distribution in the specimens up to strain of 20.0% at RT and 23.4% at 550oC. The
maximum stress applied to the WM of the joint is estimated as 854 MPa at RT and 505
MPa at 550oC. The bonding strength is estimated to be larger than these stresses because
the specimens did not fracture during bend tests. The FEM simulation successfully made
better estimation for bonding strength than uniaxial tensile tests and conventional analysis
on bend tests with the theory of elasticity.

3. Dissimilar-metal joint between F82H steel and 316L stainless steel made by EBW
The butt joint between F82H steel and 316L steel plates with a thickness of 7 mm was
made by EBW with an output of 20 mA and 150 V, and a welding speed of 2000 mm/min.
The electron beam position was 0.2 mm shifted from the butting position toward 316L
side according to previous studies. PWHT condition was also determined by the previous
study as 680oC for 1h.
Neutron irradiation was carried out for the joint at 300oC with a neutron flux of
5.6±0.1×1023 n m-2, which is equivalent to a dose of 0.1 dpa (displacement per atom). The
joint will be located near the vacuum vessel and superconducting magnet in fusion
reactors. The maximum dose for the vacuum vessel in ITER (International thermonuclear
experimental reactor) has been estimated as 0.027 dpa. The neutron flux at the magnets in
commercial-grade reactor design is about 1×1023 n m-2. Since the present irradiation dose
was more than these conditions, it is enough to evaluate the resistance of the dissimilarmetal joint to neutron irradiation under fusion reactor condition.
Neutron irradiation induced hardening for the whole part of joint, such as BMs, WM,
and HAZs. Hardness of the joint before irradiation ranged from 180 HV to 210 HV, while
the one after the irradiation ranged from 230 HV to 300 HV. In addition, significant
hardening area with 450 HV in hardness and with a size of 50 µm was discovered at the
fine-grain HAZ of F82H. One of possible mechanisms for the significant hardening is
irradiation-induced precipitations produced by the carbides decomposed during the
welding. The PWHT condition with 680oC for the irradiated specimens was determined
by the previous study, mainly from the viewpoint to avoid softening of F82H steel by
over-tempering. However, it was not enough to complete the recovery of the hardness
change by the welding. The present study found a better PWHT condition as 750oC for
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1h from further investigation from the viewpoint of precipitation control. This PWHT
will suppress the significant irradiation hardening and should be examined under neutron
irradiation in future.
Fortunately, the significant irradiation hardening observed in the HAZ of F82H did
not degrade the impact property of the joint. This is probably because the hardening
volume was very limited. In addition, 316L steel part of the joint maintained much
ductility and assisted the deformation of the joint during the impact test. The present
study successfully demonstrated the resistance of the joint to neutron irradiation under the
commercial reactor condition. The results presented in the work are expected to provide
technical reference for the design and construction of a fusion reactor in the future.
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1.

Introduction

There is great demand for electric power in the world today and tomorrow. A lot of
resources can be utilized for power generation, such as oil, coal, natural gas, hydropower,
geothermy, wind, biofuels, solar, nuclear, and so on. The non-renewable resources such
as oil, coal and natural gas, are limited and consumable, and become fewer and fewer.
The renewable resources such as wind, solar, and biofuels, are scattered, unstable,
technology-limited, and small-production. They cannot fulfill the increasing demand of
humans completely. Nuclear is a kind of promising power resource. Figure 1-1
demonstrates that nuclear power will play more and more important role in the next
decades to fulfill the huge demands of electricity by humans.

Figure 1-1 Evolution of electricity mix in the next decades[1].

Fusion nuclear energy is a type of safe and clean power without high level
radioactive waste and CO2 emission[2,3]. The fusion reactions in the reactor core are
expressed in the followings[4],
D + T→ n (14.1 MeV) + 4He (3.5 MeV)

(1-1)

D + 3He→ 4He (3.5 MeV) + p (14.6 MeV)

(1-2)

D + D→ n (2.5 MeV) + 3He (0.8 MeV)

(1-3)

→ T(1.0 MeV) + p (3.0 MeV)
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Figure 1-2 shows the reaction rate of fusion reactions. The D-T reaction is the most
possible because relatively low temperature (several tens keV, i.e. 4.7×107oC[5]) is
needed to have a peak cross section. Totally 17.6 MeV (2×10-12 J) is released for the D-T
reaction, 14.1 MeV with neutron and 3.5 MeV with helium.
The fuel tritium is quite rare in nature. However it can be produced in the breeding
blanket of a fusion reactor through the reaction of lithium with neutron as follows,
n + 6Li→T + 4He + 4.8 MeV

(1-4)

n + 7Li→T + 4He + n – 2.5 MeV

(1-5)

For a 1 GW fusion power plant, only 0.1 ton deuterium and 10 tons lithium per
year[2] as fuels is needed. The fuels deuterium and lithium are inexhaustible on the earth.
They can be obtained from sea water. While tritium can be obtained by industrial
production and from the breeding system of the fusion blanket itself by isotope separation
techniques with column exchange separation method and vacuum distillation method[2].
Fusion energy is safe and clean from the following viewpoints: (1) unlike fission
energy with chain reaction, D and T fuels are fed continuously into the fusion reactor.
When the feeding is stopped, fusion reactions stopped immediately. (2) No green-house
gas CO2 emitted in the fusion reactor. The production by D-T reaction is helium, which is
not radioactive at all. (3) Tritium is a radioactive element with half-life of only 12 years.
However tritium is confined and bred in the blanket by the reaction between lithium and
neutron. The hazard potential due to radioactivity is only 1/1500 of that of a fission
reactor[2]. (4) The only nuclear waste is structural materials with neutron induced
activation. The present material design of fusion reactors is focused on recycling of
structural materials after 50 to 100 years cooling down. In this case, structural materials
with low-activation are required.
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Figure 1-2 Fusion reaction rate between light atoms[2] (for the kinetic temperature, 1 eV
corresponds to 11600oC).

As depicted in Figure 1-2, hot D-T plasmas are required with temperature of about
10×107oC for the fusion reaction. The thermo-nuclear plasma has to meet the condition of
self-sustained ignition n.τE.T > 5×1021 m-3 keV.s[1], where τE is the confinement time, n
the electronic density, and T the temperature. The research and development of fusion
energy have already persisted almost 60 years since the 1950s. Achievement of fusion
energy is not easy because it is hard to maintain burning after heating the plasma to the
extremely high temperature for igniting fusion reaction. There are no commercial fusion
reactors in the world yet since the key issues for plasma control are unsolved. However,
two types of experimental facilities for fusion research are operated, designed, or under
construction. (a) Inertial confinement fusion facilities[4][6] are the National Ignition
Facility[7] (NIF, USA), the Laser MegaJoule facility[8] (LMJ, France), Shenguang
9

facility (SG-IV, China), the Fast Ignition Realization Experiment project (FIREX)[9][10]
and International Laboratory Inertial Fusion Test (i-LIFT) experimental reactor (Japan).
(b) Magnetic confinement fusion facilities of Tokamak-type are JT-60U[11] (Japan),
EAST[12] (China), HL-2A[13] (China), Korea Superconducting Tokamak Advanced
Research facility[14] (KSTAR, Korea), the Joint European Torus[15] (JET, EU), the
Tokamak Fusion Test Reactor tritium facility[16][17] (TFTR, USA), and of Helical-type
such as the Large Helical Device[18] (LHD, Japan), the WENDELSTEIN 7-X
stellarator[19] (W7-X, Germany).
(a)

(b)

Figure 1-3 Two concepts of magnetic confinement fusion, (a) Tokamak type, (b) Helical type[2].

Figure 1-3(a) illustrates the concept of Tokamak-type magnetic confinement of
fusion. The plasma with currents is confined by the toroidal field coils, and then is heated
to high temperature to meet the self-sustained ignition condition for fusion reaction.
International Thermonuclear Experimental Reactor (ITER) is a kind of Tokamak facility
under construction in Cadarache, France, by the joint cooperation of seven leading parties,
i.e. China, EU, Japan, India, Korea, Russia, and the USA. ITER does not have the plan
for electrical power generation. The goal of ITER is just to demonstrate control of
burning plasma and engineering feasibility[20][21] of a fusion reactor. The first D-T
operation in ITER is estimated in 2027[22]. National Institute for Fusion Science (NIFS)
in Japan is famous for the large helical device (LHD). As depicted in Figure 1-3(b), it
utilizes helical coils to generate magnetic field for confining plasmas. The helical system
has advantages of steady-state and stable operation compared with Tokamak system,

10

because it does not need currents in plasma to generate helical magnetic field for
confinement.

1.1 Fusion reactor and structural materials
Typical structure of a fusion reactor contains vacuum vessel, breeding and shielding
blanket, magnet system, cryostat, cooling systems, and so on. Figure 1-4 is a kind of
force-free helical reactor FFHR-2[23] designed in NIFS. The plasma major radius is 14 m.
It can produce fusion power of 1.9 GW. By considering the construction of a fusion
reactor, not only to develop materials itself, but also it is important to develop component
fabrication technologies of divertor, blanket, superconductors, cryostat, and bonding and
assembly of these different kinds of components together. Among these components, two
in-vessel components i.e. divertor and blanket, are particularly important for the
operation of a fusion reactor. The former is essential to self-sustained ignition by
purifying the plasma with evacuation of α particles and impurities. The significance of
the latter is extracting the energy from neutron and plasma, breeding tritium fuel for selfsufficient operation, and proving shielding for the out-vessel components such as
superconductors.

Figure 1-4 Helical-type reactor FFHR-2 designed in NIFS[23].

Development of blanket structural materials to resist the high flux of 14 MeV
neutrons generated by the D-T reaction is a key issue for the construction and normal
11

operation of fusion nuclear power plants. The first wall blanket has to evacuate peak heat
flux of 0.5 MW/m2[24]. In addition, the 14 MeV intense neutrons will make huge
damages to the structural materials because the neutrons have no electrical charge and
cannot be confined by the magnetic field. The blanket structure will undergo 30-80
dpa[25] (displacement per atom) in the Demonstration (DEMO) reactors or even 100-150
dpa in prototype commercial reactors[26][27], respectively. In addition, the D-T reaction
will produce high concentration of He and H in the structural materials with a production
rate of 10 and 45 appm/dpa[1], respectively. This means that the structural materials
should have excellent resistance to high dose neutron irradiation, high heat load, and
He/H swelling and embrittlement at the same time.
Moreover, the structural materials should satisfy low-activation requirement by
considering minimization of radioactive waste and its hazard. There are four types of low
activation criteria for structural materials of fusion reactors as the following examples,
(1) Release limit: one-year dose to the population due to the maximum release to
environment in case of the worst accidental conditions. The early dose should be
under 50 mSv[28].
(2) Maintenance limit: contact dose rate after one day of cooling should not exceed
104 Gy/h[28].
(3) Waste disposal limit: decay heat should be less than 10 W/m3 and contact dose
rate under 20 mSv/h after no more than 50 years of cooling (acceptable for deep
geological repository (DGR))[28]. 10 µSv/year can be as shallow land burial
(SLB) criterion after 300 years cooling[29].
(4) Recycling limit: for remote recycling, the limit is 10 mSv/h[30] after 50 years
cooling. For hands-on recycling, the contact dose rate should be less than 10
µSv/h[31] after no more than 100 years of cooling down.
Furthermore, the blanket structural materials should have excellent mechanical and
physical properties, and good compatibility with the liquid coolant, to keep well
operation during the whole life-time of a fusion reactor. The cost of fabrication and
maintenance of the structure should also be acceptable. In summary, the blanket
structural materials in a fusion reactor should meet the requirements shown in
Table 1-1.
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Table 1-1 Requirements for fusion blanket materials.
Requirements
1

Low-activation property to decrease radioactive waste and its
hazard on environment and the population.

2

Excellent high-temperature mechanical properties and their stability
during the lifetime.

3

Satisfactory tolerance against neutron and heat loads from D-T
plasma.

4

Resistance to swelling and H/He embrittlement.

5

Sufficient compatibility with breeder/coolant.

6

Machinability and acceptable cost for fabrication and maintenance.

In the fusion blanket systems, there are three candidates for structural materials, i.e.
reduced activation ferritic/martensitic (RAFM) steels, vanadium alloys, and SiC/SiC
composites. Table 1-2 lists these structural materials utilized in different design concepts
of blanket systems. The blanket concepts with different structural materials are classified
into solid-breeder/water-cooled, solid-breeder/He-cooled, Li/self-cooled, FLiBe/selfcooled, and so on. The maximum application temperature of the blanket is 550oC for
RAFM steels as structural materials, 700oC for vanadium alloys, and 1157oC for SiC/SiC
composites. If the high-temperature mechanical properties of RAFM steels and vanadium
alloys are improved by advanced nano-particle dispersion strengthening, the application
temperature of the blanket can be increased by 100-150oC.

Table 1-2 Structural materials in different concepts of blanket systems[32][33].
Concept

SSTR[34][35][36]

ARIES-RS

A-SSTR2[40]

FFHR-2[41]

Li2TiO3

FLiBe

[37][38][39]
Breeder

Li2O, Li2TiO3

Li

(pebble bed)
Breeder

temperature

(pebble bed)

300-600(900)

330-610

700-800

450-550

Multiplier

Be (pebble bed)

―

Be (pebble bed)

Be (pebble bed)

Multiplier temperature

300-600

―

700-800

o

( C)
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(oC)
Coolant
Coolant

temperature

H2O

Li

He

FLiBe

280(290*)-

330-610

600-900

450-550 (700)

(oC)

320(520*)

Coolant pressure

15 (25*)

<1

10

0.5

Structural material

RAFM

Vanadium

SiC/SiC

RAFM,
vanadium

Structural

temperature

280-550

330-700

700-1157

300-550 (700)

3-5

5.6

6

1.5

1

0.5

<1

0.1

1.3

1.21

1.3

Tritium breeding ratio

1.2

1.1

1.3

>1

Thermal efficiency (%)

35 (>40*)

46

>50

38

(oC)
Max. neutron wall load
2

(MW/m )
Max. surface heat flux
2

(MW/m )
Energy

multiplication

factor

*supercritical

–

pressurized water

RAFM steels are selected as the first candidate structural materials in fusion blanket
systems due to their mature fabrication technology, good neutron irradiation resistance,
and

excellent

thermo-

physical

and

mechanical

properties[42–44].

Chemical

compositions of RAFM steels should be limited by considering minimization of the
residual radioactive waste. Table 1-3 shows the maximum permissible concentrations of
elements in the RAFM steels according to remote recycling criteria after 50 years cooling
down, and hands-on recycling criteria after 100 years cooling down.

Figure 1-5

compares dose rate of several blanket structural materials after 30 years operation in the
reactor FFHR-2 with Li as coolant. V-4Cr-4Ti alloy (NIFS-HEAT-2) and pure SiC can
reach the full-remote recycling level (30 years after cooling down) earlier than RAFM
steel (F82H) (50 years after cooling down). However, after 100 years cooling down,
RAFM steel (F82H) reaches the same level as that of V-4Cr-4Ti alloy (NIFS-HEAT-2)
for full-remote recycling.
14

Table 1-3 Maximum permissible concentrations of the elements in steel according to the “handson” limit on surface γ-dose at 100 year after irradiation[45][46].
100-year
cooling,
“Hands-on”
limit

50-year
cooling,
“Remote
recycling”
limit

No limit

10-90%

1-10%

0.1-1%

H, He, Li, Be,
B, C, N, O, F,
Ne, Na, Mg, P,
S, Ar, V, Cr,
Mn, Ga, Ge,
As, Se, Sr, Y,
Sb, Te, I, Pr,
Au, Hg, Tl
H, He, Li, Be,
B, C, N, O, F,
Ne, Mg, Si, P,
S, Cl, Ar, K,
Ca, V, Cr, Mn,
Ga, Ge, As, Se,
Br, Zr, Ru, In,
Sr, Y, Sb, Te,
I, La, Ce, Pr,
Ta, W, Re, Au,
Hg, Tl

Si, Cl, K,
Fe, Zn,
Rh, Sn,
La, Ce

Ca,
Br,
Rb,
Ru, In,
W, Re

Ti, Zr,
Yb, Lu,
Ta

Na, Ti,
Fe, Zn,
Rb, Sn,
Yb, Pb

Al, Sc,
Mo,
Er,
Tm,
Lu, Pt

Kr, Rh,
Pd, Cd,
Xe, Nd,
Dy

100-1000
ppm
Sc, Ni, Cu,
Mo, Pb

10-100
ppm
Al, Kr,
Cs, Ba,
Nd, Er,
Tm, Pt

Ni, Cu, Cs,
Ba, Sm,
Gd, Hf

Nb, Ho,
Os, Bi

1-10
ppm
Co,
Pd,
Cd,
Xe,
Sm,
Gd,
Dy,
Hf
Co,
Ag,
Tb,
Ir

0.1-1
ppm
Nb,
Os,
Bi

<0.1
ppm
Ag,
Eu,
Tb,
Ho,
Ir

Eu

_

RAFM
V alloy F82H
NIFS-HEAT-2
Pure SiC

SS for ITER

Figure 1-5 Dose rate after shutdown for different structural materials[47].

RAFM steels are ferritic or martensitic structure. Compared with austenitic steels
316SS, as shown in Figure 1-6, these steels have much smaller void swelling after
neutron irradiation, since high density dislocations, large areas of packets and lath
boundaries in the structure of RAFM steels provide sinks for neutron irradiation
defects[48]. Table 1-4 shows the chemical composition range of RAFM steels. The steels
commonly contain 8% to 9% Cr, because at this range, the steels have the smallest
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ductile-to-britle transition temperature (DBTT) shift due to neutron irradiation, as
indicated in Figure 1-7. W contents are optimized to balance solution hardening effect
and against embrittlement by Laves phase. In the world, various RAFM steels are
developed, such as F82H[49] and JLF-1[50] (Japan), Eurofer 97[51] (EU), CLF-1[52]
and CLAM[53] (China), 9Cr-2WVTa[54] (USA), and so on.
Oxide-dispersion-strengthened (ODS) RAFM steels have more superior high
temperature strength than conventional RAFM steels. Its maximum application
temperature can be increased by 100-150oC compared with conventional RAFM
steels[55]. The first ODS ferritic steels developed in Japan were in Japan Atomic Energy
Agency (JAEA) in 1987, for fuel pin cladding tubes to endure heavy displacement
damage to 250 dpa at high temperatures up to 700oC in commercial sodium cooled fast
breeder reactor cores[1]. Nowadays, to develop ODS-RAFM steels for fusion application,
valuable experiences from ODS pin cladding have been drawn on. Two types of ODSRAFM steels have been developed in Japan, 9Cr-ODS martensitic steels for better
radiation resistance, and 12~15Cr-ODS ferritic steels for better corrosion resistance. The
chemical composition range of ODS-RAFM steels shown in Table 1-4 is mainly designed
to maximize high temperature strength by high number-density nano-scale oxide-particle
dispersion and solution strengthening mechanisms. C and Cr contents are designed for α
to γ transformation to form martensite for 9Cr-ODS steel, and to form fully ferrite for
12~15Cr-ODS steels. Ti, Y, and O concentrations are optimized for high temperature
strength by controlling microstructure. ODS-RAFM steels are usually fabricated by
mechanical alloying, hot extrusion or hot-isostatic pressing, and hot forging[56]. There
are many kinds of ODS-RAFM steels developed in the world, such as 9Cr-ODS and
12Cr-ODS[56][57] (Japan), SOC1, SOC5, SOC-P3[58][59] (14~16Cr-ODS, Japan),
15Cr-ODS[60] (Korea), ODS Eurofer[61][62][63](EU), Fe–14CrWTi ODS[64] (France),
ODS-CLF[65] (China), ODS CLAM[66] (China), etc.
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Figure 1-6 Void swelling behavior after neutron irradiation for austenitic steels and
banite/martensite/ferrite steels[1].
Table 1-4 Chemical composition range of RAFM and ODS-RAFM steels (wt. %).
Steels

Fe

Cr

W

C

RAFM

Bal.

8-9

1-2

0.1-0.15

ODS-RAFM

Bal.

9-15

1-2

<0.03-0.15

Ti

0.2-0.4

Y

0.2-0.3

V

Ta

0.2

0.04-0.15

O

0.1-0.2

Figure 1-7 DBTT shift for several steels with different Cr content after neutron irradiation[67].

A lot of issues should be concerned for the development of both conventional RAFM
steels and ODS-RAFM steels: (1) Manufactory techniques especially for industrial
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production with low activation characteristics are critical to meet large demand of
structural materials in the blanket of the future fusion plants. (2) Irradiation induced
hardening and shift of DBTT after irradiation at temperatures below 350oC are the most
critical issues for ferritic and martensitic steels. It is important to develop advanced
RAFM steels especially ODS-RAFM steels for excellent irradiation resistance. (3)
Compatibility with coolant is important to apply RAFM steels in fusion blanket.
Development of proper coating in the coolant tubes is necessary to increase corrosion
resistance. (4) Development of component fabricating technologies is also essential to the
construction of the blanket structure of a fusion reactor. The issue (4) is very important
but has not been investigated systematically yet. Therefore, the present study focuses on
this issue.

1.2 Dissimilar-metal bonding issues for fusion reactors
The main technologies to fabricate a blanket include: (a) cutting and machining of
semi-finished products, (b) bonding of comonents especially for the plates with internal
coolant channels, (c) bending of coolant pipes as well as avoiding fusion welding close to
the first wall[68], (d) post-weld heat treatment (PWHT) of the joints to improve
mechanical properties. Among these, bonding techniques and the following PWHT are
the most important to determing the mechanical strength and the DBTT before and after
neutron irradiation.
By considering development of component fabrication technologies for fusion blanket
systems, invesitigation of bonding techniques for structural materials has been carried out
by scientists in the world. Nowadays, lots of activities are conducted for single-metal
bondings (the bondings for themselves) of RAFM steels and ODS-RAFM steels, as
shown in Table 1-5. The single-metal joints are mainly fabricated by techniques of
electron beam welding (EBW), hot isostatic pressing (HIP) or hot pressing (HP), tungsten
inert gas welding (TIGW), pressurized resistance welding (PRW), laser welding (LW),
friction stir welding (FSW), and so on. For the bondings of conventional RAFM steels,
all the above techniques are applicable. However, for ODS-RAFM steels, usually fusion
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welding such as LW, EBW, and TIGW should be avoided. Otherwise, disruption of nanoscale oxide particles in the heat-affected zones (HAZs) and weld metal (WM) would be
induced. This would lead to degradation of mechanical properties of the joints. K.
Hatayama et al.[69] have investigated bonding of 9Cr-ODS steel by LW, EBW, and
TIGW. The joints fractured at the WM by tensile tests because of local softening there.
The bonding strength is only 53-75% of that of the base metal (BM). R. Lindau et al.[70]
have developed the single-metal bonding for ODS Eurofer by EBW. Compared to BM,
loss of tensile strength and impact absorbed energy was found for the joint due to grain
and particle coarsening in the WM. The joint is considered to be applied in regions with
lower mechanical loads of fusion blanket systems.
Other techniques such as diffusion bonding with HP or HIP and forging welding with
FSW or PRW are more suitable for the bonding of ODS-RAFM steels to avoid disruption
of nano-scale oxide particles and fine grain structures. (1) During diffusion bonding
process, an adequate temperature (50-80% of the melting temperature Tm[71]) and
pressure for a specific time can be determined in the range where the atomistic interaction
happened between the joint interfaces by diffusion. S. Noh et al.[72] have studied
diffusion bonding by HP with phase transformation (1150oC) to join 9Cr-ODS steel. By
the following PWHT with normalization and tempering (N&T), fine tempered martensitic
structure and nano-scale oxide particles were homogeneously distributed at the interface
region. The diffusion bonded joints exhibited the similar tensile behavior as that of the
BM. (2) FSW uses the friction heat generated between the stir tool and the material of the
work pieces. The heat softens the material work pieces without reaching the melting point.
The materials are forged together by the intimate contact of the stir tool. W. Han et al.[73]
have researched the effect of mechanical force of friction tool on grain structure of 15CrODS ferrite steel. The mechanical force can activate recrystallization and contribute to
grain refinement of the stir zone. Thus by well control of the mechanical force of friction
tool, good bonding properties of the joints of ODS steels can be gained. (3) PRW utilizes
the heat generated by resistance at the butt-aligned joint of the weld materials under a
specified axial pressure while passing a large current. H. Endo et al.[74] and M. Seki et
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al.[75] have utilized PRW for the bonding for 14Cr-ODS steel, 12Cr-ODS steel, and 9CrODS. The strength of the WM was maintained equal to or higher than that of the BMs.
Table 1-5 Single-metal bonding techniques for conventional RAFM steels and ODS-RAFM steels
For conventional RAFM steels
For ODS-RAFM steels
F82H, HIP[76][77][78], TIGW[79], EBW[80]

9Cr-ODS, HP[72], PRW[75]

JLF-1, TIGW[81]

15Cr-ODS, FSW[73], HP[88]

CLAM, TIG[82], HIP[83][84]

ODS Eurofer, EBW[70]

CLF-1, EBW, HIP, TIG[85]
Eurofer97, TIG[86], EB, LW, HIP[87]

On the other hand, it is also essential to develop dissimilar-metal bondings for the
fabrication of fusion reactors by using RAFM steels as structural material and austenitic
stainless steels as out-vessel-component material. As shown in Figure 1-8 (a), if only
conventional RAFM steels are used as blanket structural material by bonding with outvessel austenitic stainless steel, the application temperature of the blanket system would
be below 550oC. However, as depicted in Figure 1-8 (b), if ODS-RAFM steels used
partly for the surface of fusion blanket close to the plasma by bonding with conventional
RAFM steels, the application temperature of blanket surface would be increased by up to
100 to 150oC. This advanced concept is very attractive, since thermal margin is gained in
the blanket design. Therefore, dissimilar-metal bondings are important topics in the
blanket systems. Dissimliar-metal bonding between conventional RAFM steels and
austenitic stainless steels is a common issue for both the conventional design and
advanced design.
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<550oC

(a) Conventional
design:

Coolant:
Li, LiPb, Flibe, water

Conventional
RAFM steels
300-550oC
ODS-RAFM steels >550oC <550oC
Maximum: 700oC
(b) Advanced
design:

Coolant:
Li, LiPb, Flibe

Dissimilar-metal
bonding
Plasma

Austenitic stainless steels

Blanket

Out-vessel component

Figure 1-8 Illustration of dissimilar-metal bondings in blanket systems.

Several dissimilar-metal joints between ODS-RAFM steels and conventional RAFM
steels, and between conventional RAFM steels and austenitic stainless steels are
developed by scientists, as listed in Table 1-6, by EBW, HIP or HP, TIGW, LW, FSW,
and so on.

Unlike HP with only uniaxial pressure which is usually executed in a

hydrostatic vacuum hot-press furnace, HIP produces isostatic pressure (from highpressure gas) acting on the outer surfaces of the welding objects. Thus compared to HP,
wider area bonding of components with more complicated shape can be made by HIP.
For the large area bonding of the plate structure in the first wall blanket as depicted in
Figure 1-8, HIP is the most suitable among the above-mentioned bonding techniques. It
has been considered to be the most promising methods[77] for fabricating of blanket
components of a complicated structure with rectangular coolant channels in the first wall
to remove the heat from the plasma. HIP has also been chosen as the main manufacturing
technique for the substructures of the test blanket modules (TBMs) for ITER[68].
Fusion welding is used for assembling of the main parts of the blanket system such as
for the pipes connection. In the fusion welding techniques, EBW is more proper because
it can produce robust joints with high accuracy and narrow HAZs and WM compared
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with other fusion welding techniques. In addition, because of the vacuum environment,
EBW can make joints without air contamination.
For the dissimilar-metal bonding between ODS-RAFM steel and conventional RAFM
steel, there are some activities in Europe by R. Lindau et al.[63][89] with HIP and by L.
Commin et al.[90] with EBW by using ODS Eurofer steel and Eurofer steel. Tensile tests
showed good strength of the dissimilar-metal joints. Fracture always occurred outside the
WM in the Eurofer part (below 550oC) or ODS Eurofer part (after 600oC), as shown in
Figure 1-9. Impact tests of the joints made by HIP showed up to 80% of upper shelf
energy (USE) of Eurofer BM (Figure 1-11 (a)). DBTT is about 50oC, below the DBTT of
ODS Eurofer material. For the EBW dissimilar-metal joint, PWHT as shown in Figure
1-10, is required for grain structure modification and carbide re-precipitation in the WM
to achieve high creep strength and low DBTT (Figure 1-11 (b)). L. Commin and R.
Lindau et al. have successfully demonstrated the feasibility to apply HIP and EBW for
the dissimilar-metal bonding between 9Cr ODS-RAFM and conventional RAFM.

Table 1-6 Dissimilar-metal bonding technologies currently developed in the world.
Between ODS-RAFM steels and conventional Between conventional RAFM steels and
RAFM steels

austenitic stainless steels

ODS Eurofer—Eurofer, EBW[90], HIP[63][89]

F82H—SUS304, FSW[94]

15CrODS—F82H, HP[91]

F82H—316L,

9Cr-ODS—PNC-FMS(11Cr ferrite steel), FSW[92] TIG[98]
14YWT—F82H, FSW[93]
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EBW[95,96],

LW[97],

Figure 1-9 Fracture surface of the joint between ODS Eurofer and Eurofer (a) until 550oC, (b)
and (c) after 600oC[90].

Figure 1-10 Effect of PWHT on the EBW joint between ODS Eurofer and Eurofer[90].
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Figure 1-11 Charpy impact properties of the joint between ODS Eurofer and Eurofer (a) by
HIP[63], (b) by EBW[90].

For the dissimilar-metal bonding between conventional RAFM steel and austenitic
stainless steel by EBW, there are also activities conducted by S. Nogami and N.
Hara[95,96] in Japan. The effect of electron beam position was investigated by N. Hara.
The hardening in the WM can be completely eliminated by PWHT if the electron beam
shifted 0.2 mm towards the 316L during EBW, as depicted in Figure 1-12, while the
hardening cannot be cleared up if without any electron beam shift. As shown in Figure
1-13, the joint with the electron beam shifted 0.2 mm towards 316L side showed
excellent impact property compared to that without any shift. In S. Nogami et al.’s work,
the hardness recovery process by PWHT with tempering was investigated, as illustrated
in Figure 1-14, and proton irradiation hardening was also studied for the joint in Figure
1-15.

Figure 1-12 Hardness of the EBW joints with and without electron beam shift[96].
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Figure 1-13 Charpy impact property of the joints between F82H and 316L when the electron
beam located at different positions during EBW process[96].

Figure 1-14 Hardness recovery of the dissimilar-joint between F82H and 316L by PWHT[95].
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Figure 1-15 Proton irradiation on the dissimilar-metal joint between F82H and 316L at 0.1 dpa
and 1dpa[95].

1.3 Motivation and purpose of this study
Dissimilar-metal bondings are very important for the construction of a fusion reactor.
In the present study, dissimilar-metal joints between ODS-RAFM steels and conventional
RAFM steels, and between conventional RAFM steels and austenitic stainless steels were
developed by welding techniques of HIP and EBW.
As mentioned above, activities on dissimilar-metal bonding between ODS-RAFM
steel (ODS Eurofer) and conventional RAFM steel (Eurofer) have been conducted in
Europe by HIP and EBW. They produced the dissimilar-metal joints with the welding
condition already optimized for the conventional Eurofer steel, and analyzed the effect of
PWHT on mechanical properties with tensile test, Charpy impact test, and creep test.
However, the optimum bonding and PWHT conditions have not been systematically
investigated yet by using dissimilar-metal joints. In the present study, more progress is
obtained on the optimum bonding and PWHT conditions to get good bonding properties
of the dissimilar-metal joints. In addition, in their work the bonding strength was not
analyzed further when the fracture occurred at the base metal, because this situation
satisfies the practical requirements for joints. In the present study, further analysis on the
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bonding strength was conducted to obtain the margin for fracture from academic
viewpoint.
On the dissimilar-metal bonding between conventional RAFM steel and austenitic
stainless steel by EBW, N. Hara and S. Nogami et al.[95][96] have preliminarily
investigated the optimum bonding and PWHT conditions, and the effect of proton
irradiation at 300oC for 1dpa on the joint. However, it is necessary to evaluate the
irradiation resistance of the dissimilar-metal joint under neutron irradiation more close to
the real fusion environment. In this work, investigation on neutron irradiation at 300oC
was conducted on the basis of their work.
The following goals will be obtained,
1. Development of dissimilar-metal bondings between ODS-RAFM steel and
conventional RAFM steel, and between conventional RAFM steel and austenitic steel by
HIP and EBW, investigation of proper welding parameters for good bonding properties.
2. Evaluation of microstructure evolution during welding, understanding welding
mechanisms, and investigation of PWHT for recovery of microstructure and mechanical
properties of the dissimilar-metal joints after welding.
3. Investigation of neutron irradiation effect on the dissimilar-metal joint between
conventional RAFM and austenitic stainless steel, interpreting hardening mechanism of
the joint, and obtaining neutron irradiation data to provide support for the design of
fusion reactors.
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2.

Experimental Procedure

2.1 Materials
Materials used in the present study are conventional RAFM steels F82H and JLF-1,
ODS-RAFM steel 9Cr-ODS, and nuclear-grade austenitic stainless steel type 316L. Table
2-1 roughly introduces the fabrication process and final heat treatment conditions of these
steels. RAFM steels of F82H and JLF-1 were made by vacuum induction melting (VIM)
with or without electro slag re-melting (ESR)[99] followed by forging and rolling. 9CrODS was fabricated by mechanical alloying, extrusion, and forging. The final heat
treatments for F82H, JLF-1, and 9Cr-ODS are normalization and tempering (N&T) to
form tempered martensitic structure. However, for the 316L steel, the microstructure is
austenite. The fabrication process is similar as that of conventional RAFM steels with
melting, forging, and rolling. However, the necessary final heat treatment is just
normalization to form austenite structure.
Table 2-1 Fabrication process and final heat treatment of the materials
Materials

Fabrication process
induction

Final heat treatment
o

Structure
o

JLF-1[50],

Vacuum

melting F82H:1040 C×40min+750 C×1h Tempered

F82H[99]

(VIM) + electro slag re- JLF-1: 1050oC×1h+780oC×1h

martensite

melting (ESR), followed by
hot forging and rolling
9Cr-ODS[56]

Mechanical

alloying+

hot 1050oC×1h+800oC×1h

extrusion+ hot forging
316L

Melting + hot forging+ rolling

Tempered
martensite

o

1040 C×30min

Austenite

2.1.1 F82H and JLF-1 reduced-activation ferritic/martensitic
(RAFM) steels
The conventional RAFM steels used in this work containing 8 wt.% Cr (F82H) and 9
wt.% Cr (JLF-1) solidify as δ-ferrite and transform to austenite during cooling, as shown
the Fe-Cr phase diagram in Figure 2-1. When the cooling rate is sufficiently rapid, the
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austenite transforms into quenched martensite. Because of low carbon content (0.09
wt.%), the steels are expected to have good resistance to under-bead cracking which was
induced by internal stresses when austenite-to-martensite transformation during
welding[100].

Figure 2-1 Fe-Cr phase diagram

The conventional RAFM steels used in this study are F82H-IEA heat[101][102] and
JLF-1 JOYO heat[102], respectively. The chemical composition of them is shown in
Table 2-2.

Table 2-2 Chemical composition of F82H and JLF-1 (wt.%).
C
Si
Mn
P
Cr
W
F82H 0.091 0.11
0.16
0.002
7.71
1.95
JLF-1 0.09
0.05
0.49
<0.003 9.00
1.98

F82H
JLF-1

V
0.16
0.20

Ta
0.02
0.083

N
0.006
0.015

O
0.002

S
0.002
0.0005

Co
0.005

Cu
0.01

Ni
0.02

Ti
0.01

Al
0.003

Mo
0.003

2.1.2 9Cr oxide-dispersion-strengthened (ODS) RAFM steel
The ODS-RAFM steel used in this study is 9Cr-ODS steel. The detailed fabrication
process of 9Cr-ODS steel is shown in Figure 2-2. Argon gas atomized pre-alloyed steel
powders and Y2O3 particulates were mechanical alloyed by ball mill in high purity argon
gas atmosphere to avoid contamination by air. The mechanical alloying was carried out
for 48h with a rotation speed of 220 rpm. The mixed powders were sieved, filled into
mild steel cans, degassed at 400oC for 3h. And then, 3 bars with 30 mm in diameter were
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hot extruded at 1150oC with the ratio of 6.4. By the following hot forging at 1150oC,
plates with thickness of 10 mm were made. The final annealing is 1050oC×1h for
normalization and 800oC×1h for tempering, with air cooling (AC). At last, by cutting and
shaping, plates with 5 to 6 mm in thickness were fabricated.
Argon gas atomized power
pre-alloyed, <150 µm

Addition of Y2O3 (about 20 nm in diameter)
Addition of elements for compositional adjustment

Mechanical alloying
Attrition ball milling (220 rpm, 48h, Ar)

Canning, Degassing
(400oC, >3h)

Hot extrusion
(1150oC, extrusion ratio=6.4, φ30 mm)

Hot Forging
(1150oC, 50-60 mm (width) ×10 mm (thickness))

Annealing
(1050oC×1h, AC+ 800oC×1h, AC)

Cutting, shaping
(40 mm (width)) × 200 mm (length) × 5-6 mm (thickness))
Figure 2-2 Fabrication process of 9Cr-ODS plates, reproduced from[56].
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The detailed chemical composition of 9Cr-ODS is shown in Table 2-3. In which, C
and S were analyzed by combustion-infrared absorptiometry, Si and P by absorption
spectrophotometry, Mn, Ni, Cr, W, Ti, and Y by inductively coupled plasma atomic
emission spectroscopy, and O, N and Ar by inert gas fusion method. The Y2O3 and
excess oxygen contents were estimated as 0.37 and 0.082 in weight percentage,
respectively. The excess oxygen is inevitable for ODS steels. It originates from
contamination during fabrication process of mechanical alloying and the following
degassing. However, the content of excess oxygen was well controlled in the 9Cr-ODS of
the present study. The chemical compositions of 9Cr-ODS fulfill the low activation
criterion in Table 1-3 for RAFM steels for fusion application.
Table 2-3 Detailed chemical composition of 9Cr-ODS (wt.%).
C
Si
Mn
P
S
Ni
0.14
0.06
0.09
<0.005
0.004
0.03

Cr
9.08

Ti
0.23

Ex.O
0.082

Y
0.29

O
0.16

N
0.013

Ar
0.005

Y2O3
0.37

W
1.97

Mechanical alloying is an important process for the fabrication of 9Cr-ODS steel. It
controls the size distribution of nano-scale oxide particles, the dispersion hardening effect
and microstructure controllability in the following fabrication of plates with hot extrusion
and hot forging. Repeated severe plastic deformation occurred for the alloy powders
during mechanical alloying process with high energy ball milling. It provides stored
energy for recrystallization and nucleation for precipitation. During the following hot
extrusion and hot forging process, Ti, Y, and O precipitated out to form finely dispersed
complicated nano-scale oxide particles. The microstructure of 9Cr-ODS taken by optical
microscopy (OM), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) is displayed in Figure 2-3. The grain size of the steel is 1 to 2 µm.
High density carbides are homogeneous distributed on the grain boundaries. TEM
observation showed that the steel has tempered martensitic structure with carbides and
dislocations. The size and density of nano-scale oxide particles are 3.1 nm and 1.2×1023
m-3, respectively.
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The strain-stress curves of 9Cr-ODS are depicted in Figure 2-4. The yield strength is
about 1170 MPa at RT and 270 MPa at 700oC. The strength of 9Cr-ODS is much higher
than that of conventional RAFM steels.

(a) OM

(b) SEM

(c) TEM

Figure 2-3 Microstructure of 9Cr-ODS taken by OM, SEM, and TEM[56].
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700oC

Figure 2-4 Tensile curves of 9Cr-ODS at RT and 700oC[56].

2.1.3 316L austenitic stainless steel
316L austenitic steel is chosen as the out-vessel component material for heat
exchanger, and tritium extractor in fusion reactors. Elements of Ni and Mn in the steel
extend the γ-loop in the Fe-C phase diagram. Adding Ni into the Fe-Cr alloys can widen
the austenite existing window and increase its stability at low temperatures. It contains
more than 15 wt.% Cr and enough Ni to maintain a stable austenitic structure over the
temperature window from 1100oC to room temperature (RT). Cr not only retards the
kinetics of the γ→α transformation, but also has corrosion resistance because of the
formation of a very thin stable oxide film on the surface of austenitic steel[103].
Usually, conventional austenitic stainless steels are more susceptible to stresscorrosion cracking (SCC) at high operation temperature 300oC. In the presence of an
aqueous solution in nuclear-reactor environments, SCC attack easily occurs by a
mechanism of inter-granular failure, and is aggravated by the precipitation of carbides
and depletion of alloy, and the segregation of impurities at the grain boundaries. Nucleargrade 316L austenitic stainless steels have been developed worldwide to solve the
problem of SCC attack.
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The austenitic steel used in the present work is the nuclear grade 316L steel. It
contains less C, Si, and S than conventional 316L steel to increase resistance of SCC
sensitization, as shown the chemical composition comparison in Table 2-4. Co is limited
to a maximum of 0.05% to minimize neutron radioactivity due to the (n, γ) reaction. B is
limited to maximum 0.004% because of its neutron-capture properties, which influence
the neutron economy adversely.
The detailed chemical composition of the nuclear grade 316L steel used in the present
work is shown in Table 2-5. H, N, and O were analyzed by inert gas fusion method, C by
combustion-infrared absorptiometry, Zr, Nb, and Ta by inductively coupled plasma
atomic emission spectroscopy, and the others by glow discharge mass spectrometry.

Table 2-4 Chemical composition comparison between conventional 316L steel and nuclear grade
316L steel (wt.%)[104].
Conventional 316L steel
Nuclear grade 316L steel
C

Max. 0.03

Max. 0.02

Mn

Max. 2.0

Max. 2.0

Si

Max. 1.0

Max. 0.75

S

Max. 0.03

Max. 0.01

P

Max. 0.03

Max. 0.03

Cr

16-18

16-18

Ni

10-14

10-14

Mo

2-3

2-3

N

Max. 0.14

B

Max. 0.004

Co

Max. 0.05

Table 2-5 Detailed chemical composition of the nuclear grade 316L steel in this work (wt.%).
H
C
N
O
Al
Si
P
S
<0.005
0.014
0.0375
0.0645
0.0034
0.745
0.0224
<0.005
Ti
0.0017

V
0.0855

Cr
18.5

Mn
1.23

Fe
66

As
<0.01

Nb
0.0823

Mo
1.91

Sn
0.0055

W
0.0033
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Co
0.0544

Ni
11.4

Cu
0.0945

2.2 Hot isostatic pressing (HIP) and post-weld heat
treatment (PWHT)
HIP is a kind of solid-state diffusion bonding process. The temperatures for HIP
process are commonly beyond the AC3 line in the Fe-C phase diagram. During the HIP
process, the elements would be diffused at the interface, and then the BMs are bonded
together. Materials for HIP in this work were 9Cr-ODS and JLF-1 by considering large
area bonding during component fabrication of plate-shape blanket structure in future. The
9Cr-ODS disks were 5 mm thick and 24 mm in diameter. The JLF-1 blocks were 20 mm
thick and 24 mm in diameter. The blocks were electro-polished to remove the
contamination of the surfaces with solution of 13% HClO4, 13% ethylene glycol
monobutyl ether, and 74% acetic acid, at 15 V below 5oC. After cleaned and dried, as
shown in Figure 2-5 (a), one 9Cr-ODS disk was sandwiched between two JLF-1 blocks
and sealed into a SS300 type soft steel capsule using EBW. As illustrated in Figure 2-6
the HIP procedure, three groups of HIP were carried out at 1000oC, 1050oC, and 1100oC
for 3h under the pressure of 191 MPa with a cooling rate of 5oC/min, respectively. After
HIP, no defects like pores were found by OM (Figure 2-5(b)). Specimens were machined
for microstructure and mechanical properties evaluation. As illustrated in Figure 2-7 the
machining instruction, the interface of the joints was located at the center of tensile
specimens. The gauge size of tensile specimens is 0.25 mm×1.2 mm×5 mm. φ3 mm TEM
specimens were machined in 9Cr-ODS and JLF-1 BMs. Coupon specimens (0.5 mm×4
mm×15 mm) were also machined for hardness tests and SEM microstructural analysis.

JLF-1

9Cr-ODS

JLF-1

Figure 2-5 Materials of 9Cr-ODS and JLF-1 before and after HIP.
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5oC/min

Temperature

9Cr-ODS

1000o C-1100o C/
191MPa/3h

150
100

Temperature
Pressure

50

SS300
High pressure Ar

200

0

100

200

300

400

Pressure (MPa)

250

0
500

Time (min)

Figure 2-6 Illustration of the HIP process.
Tensile
Coupon
JLF-1

JLF-1

TEM
9Cr-ODS

Figure 2-7 Machining of specimens for the HIPed joints.

The HIP treatment may change the microstructure and mechanical properties of the
joints. PWHT was carried out for recovery of microstructure and mechanical properties
by normalization (N) at 1050oC for 1h and tempering (T) at 720-820oC for 1h with a fast
cooling rate of 36oC/min (compared with the one in the HIP process mentioned above) in
an image furnace with the vacuum less than 3*10-4 Pa. After PWHT for these joints,
microstructural characterization was conducted by OM, SEM, and TEM. Mechanical
properties evaluation was carried out by tensile tests and hardness tests.

2.3 Electron-beam welding (EBW) and PWHT
EBW is different from HIP. It is a kind of fusion welding process. The metals are
melted by the high-temperature focused electron beam. The BMs are bonded together
robustly after rapid cooling of the melted liquid. In this study, EBW was executed for the
joints between 9Cr-ODS and JLF-1, and between F82H and 316L, as illustrated in Figure
2-8 and Figure 2-9.
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The electron beam was located at the butting position between 9Cr-ODS and JLF-1.
After EBW, machining was conducted for tensile, coupon, and bending specimens with
the WM located at the center.

Because the high heat during EBW would induce

microstructural disruption of WM and HAZs, PWHT with normalization and tempering
(N&T) or only tempering (T) was carried out for hardening relief of WM and HAZs, as
shown in Table 2-6.

Electron beam

WM

15 mA
150 KV
2000 mm/min

Tensile
Coupon
Bending

20 mm

9Cr-ODS

JLF-1

20 mm

5 mm
JLF-1

9Cr-ODS

Figure 2-8 Schematic illustration of EBW process and machining instruction of the joints
between 9Cr-ODS and JLF-1.

Electron beam

0.2 mm

HAZ

20 mA
150 KV
2000 mm/min

Coupon
1.5CVN
Tensile

20 mm

F82H

TEM

20 mm

7 mm

F82H

WM

316L

316L

Figure 2-9 Schematic illustration of the EBW process and machining instruction of the joint
between F82H and 316L.
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Table 2-6 PWHT of the EBW joints.
Joints
PWHT
9Cr-ODS—JLF-1

Normalization and tempering (N&T): 1050oC×1h+780oC×1h
Tempering (T): 720-780oC×1h
Tempering (T): 640-750oC×1h

F82H—316L

For the joint between F82H and 316L, the electron beam was 0.2 mm shifted towards
the 316L side according to the previous study[96]. Tensile, coupon, φ3mm TEM
specimens were also machined for microstructure and mechanical properties evaluation.
In addition, 1.5CVN Charpy impact specimens (1.5 mm×1.5 mm×20 mm) were also
machined with the V-notch located at positions of WM, HAZ of F82H, and BMs of 316L
and F82H. The 1.5CVN specimens were designated according to the position of the Vnotch, as shown in

Table 2-7. PWHT was also carried out for the joint

between F82H and 316L at 640-750oC for 1h, as shown in Table 2-6. Evolution of
hardening relief in the HAZ of F82H was studied.

Table 2-7 Naming of the 1.5CVN specimens
Position of the V-notch
ID of the 1.5CVN specimens
BM of F82H

F82H-BM

BM of 316L

316L-BM

HAZ of F82H

F82H-HAZ

WM

WM

DBTT of the 1.5CVN specimens was evaluated for the EBW joint between F82H
and 316L after PWHT and after neutron irradiation. DBTT is defined as the temperature
when the absorbed energy is half of the upper shelf energy (Figure 2-10). Below this
temperature, the material is brittle. DBTT is an important property for the evaluation of a
material’s ductility especially after neutron irradiation.
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Absorbed energy

Upper shelf energy
Brittle

Ductile

1/2 Upper shelf energy
Transition Temperature

Temperature

Figure 2-10 Definition of DBTT.

2.4 Neutron irradiation on the dissimilar-metal joint of
F82H steel—316L steel
Neutron irradiation of the dissimilar-metal joint between F82H and 316L after
PWHT at 680oC for 1h was executed in the water cooled facility CALLISTO at the
reactor BRII in Belgium.
The dissimilar-metal joint is expected to be located behind fusion blanket.
Therefore neutron irradiation condition should be similar to the vacuum vessel and
magnets. The neutron irradiation was carried out at 300oC for the dose of 0.1 dpa (for Fe).
The detail is shown in Table 2-8. Mechanical properties of hardness and impact
properties were evaluated after neutron irradiation. Impact properties were evaluated for
the 1.5CVN specimens with the V-notch at the WM, HAZ of F82H, and BMs of F82H
and 316L.

Table 2-8 Irradiation condition for the joint between F82H and 316L.
Irradiation facility

CALLISTO, BRII

Fluence (E> 1MeV)

5.5 to 5.7×1023 n/m2

Irradiation time

40 days, 2 cycles

Damage

0.1 dpa (for Fe)

Irradiation temperature

295±12oC

Specimens

1.5CVN
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2.5

Microstructural

characterization

and

mechanical

property tests
Microstructural characterization was carried out for the dissimilar-metal joints in the
conditions of as-HIPed, as-welded, and after PWHT. The coupon specimens for the joints
were etched, and then observed with OM and SEM.
Table 2-9 shows several kinds of etchant for the joints. For the joint between F82H
and 316L, because the microstructure of 316L and WM is austenite, different with that of
F82H, tempered martensite, the ordinary etching solution does not have effect on 316L
and WM for microstructure display.

Oxalic acid solution can be used to reveal grain

structures of F82H, 316L, and the WM. But it makes the carbides in F82H dissolved.
Thus according to different purpose, different solution can be selected for microstructural
analysis of the dissimilar-metal joints in this study. For better estimation of carbides in
the joints between 9Cr-ODS and JLF-1, and BM of F82H, the first 3 kinds in the table
can be considered. For grain size estimation, the fourth with oxalic acid can be chosen.

Table 2-9 Etchant for microstructural display of the dissimilar-metal joints.
Etchant

For the joints between 9Cr-

For 316L BM

ODS and JLF-1, F82H BM
1

1g Picric acid + 5ml Hydrochloric

For WM of
F82H-316L

Laths + carbides

No effect

No effect

Laths + carbides

No effect

No effect

Laths + carbides

No effect

No effect

10g Oxalic acid + 100ml water, 0-

Lath+ grain boundaries,

Grain

Dendritic

10oC, electro-etching, 10V, 20s

carbides disappeared.

boundaries

structure

acid + 100ml Ethanol, RT
2

13% Perchloric acid + 74% Acetic
acid + 13% 2-butoxyethanol, 0-10oC,
electro-etching, 30V, 10s

3

25% Hydrofluoric acid + 25% Nitric
acid + 50% Ethanol, RT

4

Microstructural analysis with TEM was also carried out for the joints. The TEM
specimens were 3 mm in diameter and 0.25 mm in thickness. After electro-polishing in
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the electrolyte with 5% Perchloric acid and 95% acetic acid at RT, TEM observation was
operated at a voltage of 200 kV.
Hardness tests were carried out for the dissimilar-metal joints with a load of 100g for
30s. In order to distinguish the interface or fusion boundary for better locating and
without disturbance of grain boundaries on hardness results, the coupon specimens were
mechanical polished, and etched with about 20% diluted etching solution with picric acid
shown in Table 2-9. Hardness across the interface or WM of the dissimilar-metal joints
was measured to evaluate hardening or softening probably happened on the BMs, HAZs,
WM, or interface during HIP or EBW and the following PWHT process.
Uniaxial tensile tests, as illustrated in Figure 2-11, with an initial strain rate of
6.7×10-4 s-1 were carried out at RT and 550oC for the dissimilar-metal joints between 9CrODS and JLF-1, and at RT and 300oC for the joint between F82H and 316L. 550oC and
300oC are the maximum operation temperatures of the joints between 9Cr-ODS and JLF1, and the joint between F82H and 316L, respectively. The high-temperature tensile tests
were executed in a vacuum less than 10-6 torr with the specimens surrounded by Zr foil to
scavenge O and N gas. The tensile specimens are SSJ specimens, as shown in Figure 2-12.
The gauge size of the tensile specimens is 5 mm×1.2 mm.

Load

Specimen

Figure 2-11 Illustration of tensile test.
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Figure 2-12 Dimension of SSJ tensile specimen.

For the dissimilar-metal joints which fractured at BM, not at the interface or WM,
tensile tests cannot be utilized to obtain the bonding strength of the joints anymore. In
this case, symmetric four-point bend experiments (Figure 2-13) which can concentrate
the stress inside the inner span including the WM were carried out to get the bonding
strength of the joints. Besides the dissimilar-metal joints, bend experiments of the BMs
were also carried out to get friction coefficient between BMs and jig, as explained in
detail in Chapter 4. The size of the bending specimens is 1.5 mm×1.5 mm×20 mm, as
illustrated in Figure 2-14.
Load

Jig
Specimen

Jig

Figure 2-13 Illustration of symmetric four-point bend test.

Figure 2-14 Dimension of the bending specimen.
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2.6 Summary
Dissimilar-metal joints between ODS-RAFM steel, 9Cr-ODS, and conventional
RAFM steel, JLF-1, between RAFM steel F82H and austenitic steel 316L were fabricated
by HIP or EBW. PWHT was utilized to recover microstructure and mechanical properties.
It is beneficial to understand the bonding mechanisms and provide proper bonding
conditions and bonding strength for blanket design. Neutron irradiation on the joint
between F82H and 316L is helpful to estimate irradiation resistance and understand
irradiation hardening mechanism on this joint.
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3.

Results and discussion

3.1 The HIP joints of 9Cr-ODS steel—JLF-1 steel
3.1.1 Effect of PWHT
The effect of PWHT was investigated for the dissimilar-metal joint which was HIPed
at 1000oC under a pressure of 191 MPa for 3h. The cooling rate after the HIP is 5oC/min
as illustrated in Figure 3-1.
o
HIP:
N: 1050 C×1h
1000 C×191MPa×3h
o

Temperature

o

T: 720-820 C×1h
o

o

5 C/min

36 C/min

Time (h)

Figure 3-1 History of the HIP and PWHT procedure.

According to the continuous cooling transformation (CCT) diagram for 9Cr-ODS and
conventional RAFM steel, as shown in Figure 3-2, after HIP with the cooling rate of
5oC/min (i.e., about 104 s would be taken cooling from the HIP temperature), the
microstructure should be ferrite for 9Cr-ODS BM, while quenched martensite for JLF-1
BM. The hardness result after the HIP at 1000oC is depicted in Figure 3-3 (a). The
hardness before HIP is about 350 HV for 9Cr-ODS, and 210 HV for JLF-1. After the HIP,
the 9Cr-ODS was a little softened, while JLF-1 was much hardened compared with that
before HIP with hardness about 400 HV. PWHT is necessary to recover both 9Cr-ODS
and JLF-1 BMs to that before HIP with tempered martensitic structure. As shown in
Figure 3-1, PWHT with a fast cooling rate of 36oC/min was carried out for the dissimilarmetal joint. Normalization (N) was executed at 1050oC for 1h, followed by tempering (T)
at 720-820oC for 1h. After PWHT with normalization, both 9Cr-ODS and JLF-1 was
hardened (Figure 3-3 (a)), this means quenched martensite induced for both 9Cr-ODS and
JLF-1 (about 103 s was taken after cooling down from 1050oC normalization in the CCT
diagram in Figure 3-2 (a)). After the following tempering, as temperature increases,
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hardness slightly decreases, as shown in Figure 3-3 (a). The tempering temperature at
740-780oC is proper for the hardness recovery without obvious softening of the BMs. The
optimum PWHT condition was chosen to be 1050oC×1h + 780oC×1h. In this case, the
hardness of JLF-1 BM was recovered the most close to that before HIP.
As shown in Figure 3-3 (b), the grain size of JLF-1 BM increased after the HIP, and
increased further after the following PWHT with normalization. However, the grain size
of 9Cr-ODS BM did not change during the HIP and PWHT process; this may be due to
high density nano-scale oxide particles in the matrix which impeded the growth of
grains[105].

(a)

(b)

Figure 3-2 Reproduced continuous cooling transformation (CCT) diagram for (a) 9Cr-ODS[106]
and (b) RAFM steel[107].
50

(a)
Grain size ( µm)

40

(b)

9Cr-ODS base metal
JLF-1 base metal

30
20
10

1050oC×1h
+740o C×1h

as-HIPed
0
before HIP 1050o C×1h

1050o C×1h
+780oC×1h

1050o C×1h
+760oC×1h

1050oC×1h
+800oC×1h

Figure 3-3 (a) Hardness and (b) grain size evolution of the BMs before and after PWHT.

Figure 3-4 shows the SEM microstructure of the BMs after the HIP and PWHT
procedure. The as-received materials of 9Cr-ODS and JLF-1 (before HIP) are tempered
martensite with carbides (mainly M23C6) on the grain and lath boundaries. After HIP at
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1000oC, quenched martensite formed in the JLF-1 BM, coincident with the assumption
by the CCT diagram in Figure 3-2. No carbides existed on lath and grain boundaries.
However, there are coarse carbides in the 9Cr-ODS BM. The similar coarse carbides
were also observed by S. Noh et al.[72] in the single-metal bonding of 9Cr-ODS by HP at
1150oC under 25 MPa for 60 min with the same cooling rate of 5oC/min. The coarse
carbides found in the present work are 150-400 nm long, 60-180 nm wide, gathered on
the grain boundaries. The clusters with several carbides together are 0.15-1.8 µm in size,
comparable to the grain size of 9Cr-ODS. The formation of coarse carbides may be due
to the slow cooling rate after the HIP process. The cooling rate of the following PWHT
was increased to 36oC/min which is to be expected to recover the microstructure to
tempered martensite with mainly M23C6 carbides. After PWHT with normalization at
1050oC for 1h with the fast cooling rate, the microstructure of both 9Cr-ODS and JLF-1
BMs is quenched martensite with elements dissolved into the matrix. After the following
tempering at 780oC for 1h, the microstructure of both BMs has recovered to tempered
martensite with M23C6 carbides on grain and lath boundaries.
TEM images of the BMs before HIP, after HIP, and after the following PWHT with
N&T are listed in Figure 3-5. It can be seen that, before HIP, it is tempered martensitic
structure for 9Cr-ODS BM with high-density nano-scale oxide particles, carbides, and
dislocations. For JLF-1 BM, the structure is also tempered martensite with carbides and
dislocations. However, after HIP at 1000oC with the slow cooling rate of 5oC/min, the
9Cr-ODS BM is ferritic structure with few dislocations but still high density dispersions
of nano-scale oxide particles; The JLF-1 BM is quenched martensite with high-density
tangled dislocations and without carbides. While after PWHT with N&T, the
microstructure of both 9Cr-ODS and JLF-1 has recovered to that before HIP with
tempered martensitic structure of carbides and dislocations. The nano-scale oxide
particles still kept high density in the matrix of 9Cr-ODS BM.
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9Cr-ODS BM

JLF-1 BM

Before HIP

As-HIPed

1050oC×1h

1050oC×1h
+780oC×1h
5µm
Figure 3-4 SEM microstructure of 9Cr-ODS and JLF-1 BMs.
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50nm9Cr-ODS BM

JLF-1 50nm
BM

As-received
500nm

500nm

500nm

50nm

500nm

500nm

50nm

500nm

500nm

50nm

As-HIPed

PWHT: N&T

Figure 3-5 TEM images of 9Cr-ODS and JLF-1 BMs.

Figure 3-6 depicts the solution curve of M23C6 carbides in steels. The carbon content
in 9Cr-ODS (0.14%) is higher than that in JLF-1 steel (0.09%), and the high number
density of nano-oxide dispersions in 9Cr-ODS may impede the decomposition of M23C6
carbides, thus the complete decomposition temperature of M23C6 carbides for 9Cr-ODS
(>1100oC) is much higher than that for JLF-1 (<1000oC). Therefore, during the 1000oCHIP, M23C6 carbides were already completely decomposed in JLF-1 BM. Its
microstructure is quenched martenste without any carbides. However, for 9Cr-ODS,
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during the 1000oC-HIP, M23C6 was not completely decomposed. There were still some
carbides remaining in the 9Cr-ODS BM. During the slow cooling with 5oC/min, the
residual M23C6 carbides can be nucleation sites to form the coarse carbides with irregular
shape as shown in Figure 3-4. After the PWHT with N with rapid cooling, both 9Cr-ODS
and JLF-1 was quenched martensite. There may be still a few residual M23C6 carbides in
9Cr-ODS. However because of the rapid cooling rate, there was no chance for the
residual carbides to be nucleation sites to form coarse carbides. After the following
tempering, new M23C6 carbides formed in both 9Cr-ODS and JLF-1 BMs. The
microstructure of them was recovered to that before HIP with tempered martensite (the
lath width in JLF-1 is larger than that before HIP). The above mentioned microstructure
evolution of 9Cr-ODS and JLF-1 BMs was illustrated in Figure 3-7 and summarized in
Table 3-1.

Figure 3-6 Solution curve of M23C6 carbides in steels, produced referring to[108][109].
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(2)

(1)

(3)
(5)

(4)

Figure 3-7 Schematic of the formation of microstructure in 9Cr-ODS and JLF-1 BMs during
the process of HIP and PWHT.

Table 3-1 Summary of microstructure evolution of 9Cr-ODS and JLF-1 BMs during the 1000oCHIP and the following PWHT.
BM

Before

During 1000oC-HIP

After HIP

HIP
9Cr-ODS

JLF-1

After

After PWHT:

PWHT: N

N&T

Tempered

Incomplete decomposition

Ferrite + coarse

Quenched

Tempered

martensite

of carbides

carbides

martensite

martensite

Tempered

Complete decomposition of

Quenched

Quenched

Tempered

martensite

carbides

martensite

martensite

martensite

3.1.2 Effect of HIP temperature
Figure 3-8 depicts the hardness evolution for the joints HIPed at different
temperatures from 1000 to 1100oC. Hardness before HIP is about 350 HV for 9Cr-ODS,
210 HV for JLF-1. HIP always induced quenched martensite for JLF-1 with hardness of
above 400 HV. HIP at 1000oC induced a little softening for 9Cr-ODS BM. However, HIP
at higher temperatures of 1050oC and 1100oC also resulted in hardening for 9Cr-ODS
BM. As mentioned in Section 3.1.1, the microstructure for JLF-1 after HIP at 1000oC
with the slow cooling rate is quenched martensite, and is ferrite for 9Cr-ODS BM. HIP at
higher temperatures of 1050oC and 1100oC for 9Cr-ODS induced more decomposition of
M23C6 carbides than HIP at 1000oC. Thus, more elements were dissolved into matrix,
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and quenched martensite also occurred for 9Cr-ODS to induce hardening after the highertemperature HIP conditions. After PWHT with normalization (N) with rapid cooling rate,
both 9Cr-ODS and JLF-1 BMs was hardened. While after the following PWHT with
normalization and tempering (N&T), the hardness of both 9Cr-ODS and JLF-1 BMs
recovered to that before HIP.
Note that, the interface is soft for all the as-HIPed joints. For the 1000oC-HIP joint,
the interface is still soft even after PWHT with N or N&T. After PWHT with N, for the
joints HIPed at higher temperatures of 1050oC and 1100oC, the hardness of the interface
is comparable to that of JLF-1 BM. While after PWHT with N&T, the hardness of the

Hardness (HV)
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550
1050 oC HIP
1000 oC HIP
500 (a)
500 (b)
450
450
Before HIP
400
400 Before HIP
350
350
Interface
Interface
300
300
9Cr-ODS
JLF-1
JLF-1
9Cr-ODS
250
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as-HIPed
as-HIPed
200
200
PWHT: N
PWHT: N
150
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PWHT: N&T
PWHT: N&T
100
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-1.5 -1 -0.5 0 0.5 1 1.5
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Position (mm)
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(c)
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9Cr-ODS
JLF-1
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as-HIPed
200
PWHT: N
150
Before HIP
PWHT: N&T
100
-1.5 -1 -0.5 0 0.5 1 1.5
Position (mm)

Hardness (HV)

Hardness (HV)

interface is not the smallest any more. Instead, JLF-1 BM is the softest.

Figure 3-8 Hardness of the joints between 9Cr-ODS and JLF-1 HIPed at (a) 1000oC, (b) 1050oC,
and (c) 1100oC. PWHT: N—normalization (1050oC×1h), N&T—normalization+ tempering
(1050oC×1h+780oC×1h).

Figure 3-9 shows the tensile results of the joints. The hardness distribution of the
joints depicted in Figure 3-8 has an important relationship with the fracture behavior
during tensile tests. The tensile specimens fractured at the softest site. For the 1000oC51

HIP joint, after PWHT with N or N&T, the tensile specimen fractured at the interface (i.e.
the softest site) before yield point with brittle facture mode. The fracture strength is about
32% of the yield strength of 9Cr-ODS BM. The 68% reduction in strength is not
coincident with the 14% reduction in hardness at the soft layer near the interface as
shown in Figure 3-8 (a). This means that, 1000oC is too low to bond well the joint even
after PWHT. There may be un-bonded areas existed at the interface for the 1000oC-HIP
joint. The un-bonded areas can induce much high stress at the interface. It was assumed
spherical voids. For the specimen after PWHT with N&T, the tensile stress at the fracture,
370 MPa, can induce 3 times more stress, 1110 MPa, which can be comparable to the
yield strength of the 9Cr-ODS BM, 1172 MPa[56].
However, for the joints HIPed at higher temperatures of 1050oC and 1100oC, the
tensile specimens fractured on the 9Cr-ODS side at the interface after yield point with
ductile mode. The tensile property was summarized in Table 3-2. The 1050oC-HIP joint
showed the best bonding strength and reduction of area. HIP at 1100oC decreased the
bonding strength may be due to grain coarsening of JLF-1 as also shown in Table 3-2.
After PWHT with N, the specimens still fractured at interface when tested at 550oC, but
fractured at the JLF-1 BM at RT. After PWHT with N&T, all the specimens fractured
outside the interface at JLF-1 the BM at both RT and 550oC. PWHT with normalization
followed by tempering was believed to further improve the bonding property of the joints.
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(a)

(b)

(c)

Figure 3-9 Tensile curves of the HIP joints
Table 3-2 Tensile properties of the HIP joints fractured at the interface.
HIP

Condition

Test

Bonding

Reduction

temperature

strength

of area

PWHT: N

RT

520 MPa

7.3%

PWHT: N&T

RT

370 MPa

9.8%

as-HIPed

RT

temperature
o

1000 C
o

1050 C

as-HIPed
o

1100 C

1200 MPa

39%

o

820 MPa

43%

o

550 C

PWHT: N

550 C

920 MPa

64%

as-HIPed

RT

1140 MPa

15%

as-HIPed

550oC

755 MPa

15%

915 MPa

33%

PWHT: N

o

550 C

JLF-1 grain
size
28µm

30µm

45µm

Macroscopic fracture surfaces of the joints are shown in Figure 3-10. It can be seen
that, the 1000oC-HIP joint after PWHT with N and N&T fractured at the interface. The
fracture surfaces are flat and no necking with brittle characteristic. However, the
microstructure of the fracture surfaces shows ductile characteristic, as shown in Figure
3-11(a). Lots of particles existed in the shallow dimples. The particles are of Y-Ti-O type
detected by energy dispersive X-ray spectroscopy (EDS). For the 1050oC- and 1100oC53

HIP joints, they also fractured at the interface. Y-Ti-O particles were also detected in the
dimples. As shown in Figure 3-10, the fracture surfaces showed ductile characteristic
with necking. The microstructure of the fracture surfaces are inter-granular mode for the
1050oC-HIP joint (Figure 3-11 (b)), and cleavage and sallow dimples for the 1100oC-HIP
joint (Figure 3-11(c)). The ductility of the 1050oC-HIP joint is better than that of the
1100oC-HIP joint. For the joints after PWHT, they fractured at the JLF-1 BMs, the
fracture surfaces showed excellent ductility with necking (Figure 3-10) and deep dimples
(Figure 3-11 (d)).
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1000oC-HIP

1050oC-HIP

1100oC-HIP

as-HIPed
RT test

as-HIPed
550oC test

PWHT: N
RT test

PWHT: N
550oC test

PWHT: N&T
RT test

5mm
PWHT: N&T
550oC test
100µm

Figure 3-10 Macrostructure of the fracture surfaces for the joints at different HIP and PWHT
conditions.

55

(a)
1000oC-HIP
PWHT: N&T
RT test
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1050oC-HIP
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1100oC-HIP
As-HIPed
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1050oC-HIP
PWHT: N&T
RT test

1µm

10µm

Ti and Y were detected
at the fracture surfaces.

1µm

1µm

10µm

10µm

1µm
Figure 3-11 Microstructure of the tensile fracture surfaces.

Figure 3-12 depicts the microstructure across the interfaces taken by SEM. It is
shown that, for all the as-HIPed conditions, quenched martensite without any carbides
appeared on the JLF-1 side, while coarse carbides on the 9Cr-ODS side. As the HIP
temperature increased, the density and size of coarse carbides decreased. HIP at higher
temperatures induced more decomposition of M23C6 carbides for 9Cr-ODS BM, more
elements have dissolved into matrix, and quenched martensite formed, thus the hardness
of the 9Cr-ODS BM after HIP at 1050oC and 1100oC was much higher than that HIPed at
1000oC. While after PWHT with N&T, all the joints across the interfaces have recovered
to tempered martensite with normal carbides (mainly M23C6) on lath and grain boundaries.
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PWHT: N&T

As-HIPed
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(a)

9Cr-ODS

JLF-1
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JLF-1
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(f)

1050oC-HIP

1100oC-HIP
5µm

Interface

Interface

Figure 3-12 SEM microstructure of the interfaces HIPed at different temperatures before and
after PWHT with N&T

A few-particle layer was found at the interface on the JLF-1 side while HIP at 1000oC,
as shown in Figure 3-12 (a) and Figure 3-13, which contains almost no MX particles. It
seems to be ferritic structure, different from the JLF-1 BM of quenched martensite with
MX particles in the laths. This ferritic structure with lower hardness and with width of 50
µm was also found by Hirose et al.[77] at the interface for a dissimilar-metal joint
between W and F82H made by spark plasma sintering (SPS). However, formation
mechanism of the ferrite layer has not been explained yet in their work. In the present
work, the formation of the few-particle layer may be due to decarburization when heating
in vacuum during the HIP. Thus softening was induced there at the interface.
Enhancement of carbon diffusion and carbides decomposition at higher HIP temperatures
of 1050oC and 1100oC is effective to homogenize carbon distribution and eliminate this
few-particle layer, as shown in Figure 3-12.
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9Cr-ODS
SS300

Interface

9Cr-ODS

High-pressure Ar

JLF-1

5 µm

Vacuum

Few-particle layer

Figure 3-13 A few-particle layer was found when HIP at 1000oC, which might be induced by
decarburization during the HIP process.

Why the interface is soft? For all the as-HIPed joints, the specimens always
fractured on the 9Cr-ODS side at the interface due to local softening. Figure 3-14 and
Table 3-3 depict the size distribution, mean size, and density of coarse carbides in 9CrODS at BM and at the interface after HIP at different temperatures. It can be seen that,
for all the HIP conditions, coarse carbides with size ˃0.6 µm are more at the interface
than at the BM. This means that, at the interface, the decomposition of M23C6 carbides is
less than that in the BM. Therefore, the interface is soft. During tensile tests, the
specimens fractured at the soft area at 9Cr-ODS near interface.
As illustrated in Figure 3-15, before HIP, 9Cr-ODS and JLF-1 are tempered
martensitic structure with M23C6 carbides. There are also rough surfaces for the materials
before HIP. For the 1000oC-HIP, the temperature is too low. There may be un-bounded
areas after HIP due the incomplete contact of the rough surfaces. The following PWHT
cannot even “heal” the un-bonded areas. These un-bonded areas can be crack initiation
during tensile tests. On the other hand, the denser coarse carbides at 9Cr-ODS near the
interface can also be potential fracture sites during tensile tests. However, as the HIP
temperatures increased to 1050oC and 1100oC, more decomposition of M23C6 carbides
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occurred during the HIP, re-distribution of carbon happened at the interface, and the
interface was bonded completely. Thus, after the higher-temperature HIP, the size of the
coarse carbides decreased. The bonding strength was improved.
(a) 1000oC-HIP

(c) 1100oC-HIP

(b) 1050oC-HIP

Figure 3-14 Size distribution of coarse carbides in 9Cr-ODS at BM and near the interface
when HIP at (a) 1000oC, (b) 1050oC, and (c) 1100oC.
Table 3-3 Size and density of coarse carbides in 9Cr-ODS at interface and BM.
Interface
BM
HIP Temperature

Density (n/µm2)

Size (µm)

Density (n/µm2)

Size (µm)

1000oC

0.66

0.65

0.45

0.65

1050 C

0.36

0.41

0.32

0.4

1100oC

0.30

0.42

0.38

0.35

o

5oC/min

5oC/min

5oC/min
Figure 3-15 Schematic of carbides evolution after HIP at different temperatures.
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The HIP temperature and cooling rate has significant influence on microstructure and
hardness of 9Cr-ODS. S. Noh et al.[72] also have found coarse carbides in the singlemetal joint of 9Cr-ODS when diffusion bonded by HP under a uniaxial pressure of 25
MPa at 1150oC for 1h with a cooling rate of 5oC/min (furnace cooling). The coarse
carbides disappeared after the following PWHT with N&T with a fast cooling rate (air
cooling). In this study, additional heat treatment at 800-1100oC for 3h was carried out for
the as-received 9Cr-ODS with the cooling rate ranged from 0.5oC/min to 36oC/min. The
effect of temperature and cooling rate on hardness was investigated, as shown in Figure
3-16. The result showed that when the cooling rate is very slow as 0.5oC/min, hardening
can be never induced. The microstructure of 9Cr-ODS would be ferrite with coarse
carbides. When the cooling rate is 5oC/min, the HIP temperature can be no less than
1050oC to obtain quenched martensitic structure for hardening. When the cooling rate is
36oC/min, the HIP temperature can be no less than 1000oC for quenched martensite. Next,
the critical cooling rate would be investigated to get quenched martensite without any
coarse carbides. Thus, the following PWHT with only tempering is necessary to recover
the microstructure of 9Cr-ODS to tempered martensite. In this case, the PWHT with
normalization to eliminate coarse carbides can be avoided to reduce the cost of the
blanket fabrication in the future.

Hardness (HV)

500

Hardening,
quenched
martensite

400
300
0.5 oC/min
5oC/min
36 oC/min

200
100

0

Softening,
ferrite

200 400 600 800 1,000 1,200
Temperature (oC) ×3h

Figure 3-16 Effect of temperature and cooling rate on hardness of 9Cr-ODS.
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Figure 3-17 depicts the microstructure evolution after PWHT for the joint HIPed at
1050oC. For the as-HIPed joint, the microstructure was quenched martensite without any
carbides for JLF-1, and was quenched martensite with coarse carbides for 9Cr-ODS. The
size of the carbides size was a little larger near the interface than that in the BM. After
PWHT with normalization at 1050oC with fast cooling rate of 36oC/min, the carbides
were almost decomposed and the elements were dissolved into the matrix. Both 9CrODS and JLF-1 was quenched martensite without any coarse carbides. After the
following tempering, new M23C6 carbides precipitated out. Thus, the microstructure of
the whole joint was recovered to that before HIP with tempered martensite with M23C6
carbides on lath and grain boundaries.

5oC/min

36oC/min

36oC/min
Figure 3-17 Schematic of microstructure evolution after PWHT.

Furuya et al.[110] have investigated the diffusion bonding of F82H by HIP at 1040oC
under the pressure of 150 MPa for 2h followed by PWHT with tempering at 740oC for 2h.
Grain coarsening and large inclusions were found at the interface. This induced
deterioration of impact property of the joint. The large inclusions at the interface are
similar to the coarse carbides in this study, which may be formed due to contamination
before HIP. It was suggested that surfaces cleaning and grain refining is very important to
improve toughness of the HIP joints.
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There are also research work of dissimilar-metal bonding between ODS Eurofer and
Eurofer by HIP in Europe. Comparison between the activity in Europe and this work is
shown in Table 3-4. The HIP temperature range is almost the same but under different
pressure. The optimum HIP temperature to get the best bonding property was at 1100oC
in the Europe work, larger than that in this study, 1050oC. However, the former was
under lower pressure of 150 MPa than the latter (191 MPa) to achieve the similar bonding
effect. During the following PWHT process, normalization was carried out at 1040oC for
avoiding the grain coarsening of Eurofer steel, similar to that at 1050oC for JLF-1.
Systematic PWHT has not been studied for the activity in Europe yet. However, in this
work tempering after normalization was investigated systematically for the hardness
recovery of the BMs of 9Cr-ODS and JLF-1. The optimum bonding condition for the
activity in Europe is HIP at 1100oC for 3h under 100 MPa, followed by PWHT at 1040oC
for normalization and at 740oC for tempering. The optimum bonding condition in this
work is HIP at 1050oC for 3h under the pressure of 191 MPa, followed by PWHT at
1050oC for normalization and at 780oC for tempering.
For the Europe activity, more mechanical properties evaluation such as tensile, impact
tests was carried out. In this study the microstructural evolution at different positions at
BMs and near the interface at different HIP temperatures and different PWHT conditions
was investigated in detail. The microstructural characterization is effective to understand
the bonding mechanism and to provide guidance to improve the bonding properties. For
example, in the future for the large component fabrication of the blanket structure with
HIP, besides proper higher HIP temperature, fast cooling rate is also necessary to keep
the formation of coarse carbides which would deteriorate the bonding properties. If slow
cooling rate is unavoidable, appropriate PWHT should be executed to redeem bonding
properties of the joints.
Table 3-4 Comparison of the present work with the similar work in Europe.
In Europe[63]
In this work
Dissimilar-metal joint

ODS Eurofer―Eurofer
o

9Cr-ODS―JLF-1

HIP investigation

980-1100 C×3h×100MPa

1000-1100oC×3h×191MPa

PWHT investigation

980-1040oC×30min +750oC×2h

1050oC×1h+720-780oC×1h

Mechanical properties

Tensile (RT, 700oC)

Tensile (RT, 550oC)
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Charpy impact test
Optimum bonding

HIP: 1100oC×3h×100MPa

HIP: 1050oC×3h×191MPa

condition

PWHT:1040oC×30min+750oC×2h

PWHT: 1050oC×1h+780oC×1h

Comments

More mechanical properties

Microstructure evolution during

evaluation was carried out, such as

HIP and the following PWHT was

creep, impact tests.

investigated in detail.

3.2 The EBW joint of 9Cr-ODS steel—JLF-1 steel
3.2.1 Characterization of weld metal and heat-affected zones
Figure 3-18 shows the microstructure of the EBW joint in as-welded condition. The
WM is about 0.8 mm in width. It is mainly quenched martensite with (Y, Ti)-rich
particles. Some δ-ferrite also exists in the WM occasionally. The illustration of formation
of the WM is shown in Figure 3-19. The quenched martensite and δ-ferrite were formed
by rapid cooling from very high temperature after EBW. The width of the HAZs of both
9Cr-ODS and JLF-1 is about 0.3 mm. The HAZs are also quenched martensitic structure.
The carbides in the HAZs are coarser and fewer than in the BMs because they are going
to be decomposed at the temperature influence during welding.
Table 3-5 Phase transformation temperatures for RAFM steel from DSC results[111].
Transformation reaction
Temperature (oC) estimated from DSC
α→α+γ

831

α+γ→ γ

877

γ→ δ+ γ

1302

δ+ γ→ δ

1457

δ→ δ+ L (Liquid)

1480

δ+ L (Liquid) → L (Liquid)

1532

S. Sam et al.[111] have investigated the δ-ferrite in the WM of RAFM steel. The
transformation temperatures from differential scanning calorimetry (DSC) are shown in
Table 3-5. δ-ferrite is formed at high temperature above 1302oC. The hardness at
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different positions in the joint of the present study is shown in Table 3-6. The hardness of
δ-ferrite in the center of the WM is higher than that near the fusion boundary.
(b) 9Cr-ODS BM

(a)

(c) 9Cr-ODS HAZ

WM
9Cr-ODS
HAZ

JLF-1
HAZ
10 µm

1000µm
(d) WM

(e) JLF-1 HAZ

2 µm

10 µm
(e) JLF-1 BM

10 µm

10 µm

Figure 3-18 Microstructure of the as-welded EBW joint between 9Cr-ODS and JLF-1.

Figure 3-19 Fe-9Cr phase diagram reproduced from[112], thermal cycle, and temperature
illustration of 9Cr-ODS—JLF-1 joint during EBW.
Table 3-6 Hardness at different positions of the EBW joint between 9Cr-ODS and JLF-1.
Position

Microstructure

Hardness (HV)

WM

Quenched martensite

420

δ ferrite (at center)

378

δ ferrite (near fusion boundary)

330

Quenched martensite with carbides decomposition, 9Cr-ODS

481

Quenched martensite with carbides decomposition, JLF-1

440

BM of 9Cr-ODS

350

HAZs

BMs

64

BM of JLF-1

210

3.2.2 Effect of PWHT
Two kinds of PWHT were carried out for the EBW dissimilar-metal joint between
9Cr-ODS and JLF-1. One is only tempering (T), as shown in Figure 3-20 the
microstructure; more carbides arise for HAZs of 9Cr-ODS and JLF-1. And the δ-ferrite
still remained in the WM. Another PWHT is normalization at 1050oC for 1h followed by
tempering at 780oC for 1h (N&T). In this case, the carbides in HAZs are smaller than the
above mentioned PWHT with only tempering, and the ferritic structure disappeared. The
normalization process is helpful to decompose the carbides, make the elements dissolve
into matrix, and transfer the microstructure of whole joint into quenched martensite. After
the following tempering, new carbides precipitated out. Thus the carbides in the HAZs
are smaller than that in the before-mentioned PWHT with only tempering.
As-welded

PWHT: T

PWHT: N&T

9Cr-ODS
HAZ

WM

ferrite

ferrite

JLF-1
HAZ
10µm
Figure 3-20 Microstructure of the joint in the conditions of PWHT with only tempering and
PWHT with N&T.
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Figure 3-21 Hardness of the EBW joint at different PWHT conditions.

Figure 3-21 shows the hardness evolution of the EBW joint. Hardness before EBW is
about 350 HV for 9Cr-ODS and 210 HV for JLF-1. Hardening was induced for the WM
and HAZs after EBW. During the following PWHT, as the tempering temperature
increased, the hardening of the WM and HAZs decreased. After tempering at 780oC×1h,
the hardening was almost relieved. However, softening of BMs was caused. As shown in
Table 3-7, hardness was decreased to 327 HV for 9Cr-ODS BM, to 185 HV for JLF-1
BM. Another kind of PWHT with N&T, as shown in Figure 3-21 (f) and Table 3-7, is
useful to avoid softening of BMs, and keep the hardness of WM, HAZ, and BM of JLF-1
similar to that of JLF-1 before EBW in a flat level, and the hardness of HAZ and BM of
9Cr-ODS similar to that of 9Cr-ODS before EBW as well.
Table 3-7 Mean hardness of the EBW joint at different positions and under different conditions.
Condition
9Cr-ODS BM 9Cr-ODS HAZ WM JLF-1 HAZ JLF-1 BM
As-welded
PWHT: T

350

479

418

418

210

o

338

364

250

233

189

o

740 C×1h

327

365

245

230

186

760oC×1h

327

360

237

204

184

327

346

210

175

185

366

365

208

200

202

720 C×1h

o

780 C×1h
PWHT:N&T 1050oC×1h
o

+780 C×1h
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Tensile tests of the dissimilar-metal joint were carried out at RT and 550oC. The
engineering strain-stress curves are shown in Figure 3-22. All the specimens fractured at
JLF-1 BM after tensile tests. Table 3-8 summarized the tensile properties of the joint
under different conditions. PWHT with tempering at 780oC×1h showed lower strength
than the as-welded because of softening of JLF-1 BM. However PWHT with
normalization and tempering (N&T) improved the strength. Because the specimens
fractured not at the WM, but at the BM of JLF-1, the bonding strength cannot be obtained
by uniaxial tensile tests. It is estimated lager than the ultimate tensile strength of JLF-1
BM. It is necessary to make the better estimation of the bonding strength to provide the
margin of the bonding strength compared to the strength of BM (how much the bonding
strength is larger than the strength of BM). This can make sure the safety of structure if
the joint is located at higher load condition (more stress concentration than the BM).
Besides the bonding strength, the parameter of plastic strain in the WM is also an
important parameter for the blanket structure. The plastic strain in the WM cannot be
obtained by uniaxial tensile tests, but can be obtained by four-point bend tests (which can
concentrate the stress inside the inner span including the WM) combined with finite
element method (FEM) simulation. This will be introduced in Chapter 4.
o
1,200 (b) 550 C

1,200 (a) RT

1,000

as-received JLF-1
as-received 9Cr-ODS
as-welded
PWHT: T

800
600

Stress (MPa)

Stress (MPa)

1,000

400
200
0

800

as-received JLF-1
as-received 9Cr-ODS
as-welded
PWHT: T
PWHT: N&T

600
400
200

0

0.05

0.1 0.15
Strain

0.2

0

0.25

0

0.05

0.1 0.15
Strain

Figure 3-22 Tensile curves of the EBW joint at RT and 550oC.
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0.2

0.25

Table 3-8 Tensile properties of the EBW joint under different conditions.
Test

Total

Reduction of

Yield strength

Ultimate tensile

temperature

elongation (%)

area (%)

(MPa)

strength (MPa)

As-welded

RT

12

78

500

590

As-welded

o

550 C

11

90

330

340

PWHT:T

RT

16

79

450

580

PWHT:T

o

550 C

15

87

300

320

PWHT:N&T

550oC

12

84

305

350

Condition

L. Commin et al.[90] have developed a dissimilar-metal joint between ODS Eurofer
and Eurofer by EBW. In their work, two conditions of PWHT were studied, i.e.
tempering at 770oC for 2h (T), and normalization at 1050oC for 1h and tempering at
770oC for 2h (N&T), similar to the PWHT conditions in the present work. In this work,
the hardness evolution as tempering temperature increased was studied more
systematically. 780oC for tempering is a proper PWHT condition to eliminate hardening
in the WM and HAZs. However, it induced softening of BMs. In L. Commin et al.’s work,
the hardness of ODS Eurofer BM was decreased by 120 HV. The hardness of 9CrODS
BM was decreased by only 20 HV in this work. PWHT with N&T is effective to keep
the strength of BMs. The hardness of 9Cr-ODS and JLF-1 BMs can be kept in the same
level as that before EBW. However, the hardness was decreased from 400 HV to 300 HV
for ODS Eurofer BM, from 240 HV to 180 HV for Eurofer BM, due to grain coarsening
after the PWHT with N&T. The grain size of HAZs, WM, and BM was increased after
the PWHT with N&T. Especially that of Eurofer BM was increased significantly from 20
µm to 150µm. The microstructure of the materials in the present study showed more
stable than ODS Eurofer and Eurofer. In addition, the present work showed the effect of
two PWHT conditions on the microstructure of WM and HAZs. PWHT with N&T can
eliminate the ferrite in the WM, and keep smaller carbides in the whole joint including
HAZs, WM, and BMs. No significant grain coarsening was found in this work.
More mechanical property tests were conducted in L. Commin et al.’s work, such as
Charpy impact test, creep test, etc. The Charpy V-notch was located at the WM of the
joint. The EBW dissimilar-metal joint between ODS Eurofer and Eurofer showed higher
DBTT than Eurofer BM, ODS Eurofer BM, and EBW Eurofer, because of quenched
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marteniste in the WM. However, the impact properties can be improved by the following
PWHT due to the recovered tempered martensite in the WM. The dissimilar-metal joint
showed higher Laser-Miller parameter than EBW Eurofer, comparable to Eurofer BM.
However, their work has not evaluated the bonding strength of the dissimilar-metal joint
yet. In this work, more evaluation on mechanical properties for the EBW dissimilar-metal
joint between 9Cr-ODS and JLF-1 should be done in the future. However, bonding
strength of the joint was evaluated successfully by four-point bend tests and FEM
simulation, as depicted in Chapter 4.
EBW is a proper technique to bond 9Cr-ODS and JLF-1 in the present study.
Generally, fusion welding is not suitable for the single-metal bonding for ODS-RAFM
steels, since the strengthening agent for ODS steels, nano-scale oxide particles, are
decomposed in the WM due to the melting. Their joint is usually fabricated with nonmelting process, such as HIP, PRW, FSW, etc. However, the nano-scale oxide particles
are not necessarily required for the WM of the present dissimilar-metal joint between
9Cr-ODS and JLF-1, because the conventional RAFM steel does not contain nano-scale
oxide particles and accepts no oxide-dispersion strengthening if the WM is not softer than
the BM of the conventional RAFM steel. In the present study, the electron beam is
located at the butting position of the 9Cr-ODS and JLF-1 blocks. After the EBW, the
microstructure of the WM in the dissimilar-metal joint is mainly quenched martensite
with 9% Cr. This quenched martensitic structure would never cause softening of the WM.
Instead, hardening was induced. After PWHT with T or N&T, the microstructure is
recovered to the same as that of the JLF-1 BM with tempered martensite. Actually,
during the EBW process, the electron beam located at any position is expected
appropriate for the dissimilar-metal bonding between 9Cr-ODS and JLF-1, such as at the
butting position, or towards 9Cr-ODS side, or towards JLF-1 side. Since 9Cr-ODS and
JLF-1 steels are both martensitic steels, after EBW, even if the nano-scale oxide particles
in 9Cr-ODS are decomposed by the welding, however, because of the specific chemical
composition with 9% Cr, the WM is always martensitic structure. This would never make
the loss of the strength in the WM of the joint.
However, if the dissimilar-metal bonding is between ODS ferritic steel, such as 12CrODS or 15Cr-ODS, and conventional RAFM steel, it should be noted that, the electron
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beam should not be at the butting position or shifted towards ODS steel side to form
ferritic structure without nano-particle dispersions. This would induce the loss of strength
in the WM. Instead, the electron beam should be shifted towards the conventional RAFM
steel side to make the whole WM form quenched martensitic structure. Thus, the
softening of WM can be avoided. After the following PWHT, the microstructure of the
WM can be recovered same as that of the BM of conventional RAFM steel with tempered
martensitic structure.

3.3 The EBW joint of F82H steel—316L steel
3.3.1 Characterization of weld metal and heat-affected zones
Figure 3-23 shows the macroscopic image of the as-welded joint between F82H and
316L. The WM is dendritic structure with about 0.76 mm in width. The width of HAZ of
F82H is about 0.37 mm. Because 316L has austenite structure, it has no microstructural
evolution during the EBW. Therefore, the boundary of the HAZ of 316L cannot be
distingushied.

F82H

WM

316L
HAZ

HAZ

1000µm
Figure 3-23 Macroscopic image of the EBW joint between F82H and 316L.

The HAZ of F82H can be classified into 3 regions: interlayer (IL), fine-grain HAZ,
and coarse-carbide HAZ according to the distance from the fusion boundary, as shown in
Figure 3-24. The IL is located between F82H and the WM with about 10µm in width. Its
structure may be δ-ferrite according to S. Nogami’s investigation[95]. The fine-grain
HAZ with about 90 µm in width, is quenched martensitic structure with grain size of 9µm.
The width of the coarse-carbide HAZ is about 270 µm. The grain size in corase-carbide
HAZ is 57 µm, same as that in the BM of F82H. The coarse-carbide HAZ formed due to
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the temperature there during welding was above the decomposition temperature of M23C6
carbides in F82H. Incomplete decompostion of carbides occurred there. The WM is
austenite phase, same as that in the BM of 316L. It is dendritic structure with grain size of
8 µm, much smaller than that in the BM of 316L being 35 µm in size. There is no
microstructure change for the HAZ of 316L, because there is no phase transformation
during the EBW process, as illustrated the phase diagram and thermal cycle during the
welding in Figure 3-25.

(a)

Fusion
boundary

F82H
HAZ

(b) F82H BM

(c) Coarse-carbide HAZ

WM

CoarseIL
carbide
Finegrain

50 µm

2 µm
(f) 316L BM

(e) WM

(d) Fine-grain HAZ

2 µm

10 µm

2 µm

10 µm

Figure 3-24 Microstructure of the as-welded joint between F82H and 316L.

Figure 3-25 Phase diagram and thermal cycle of the joint between F82H and 316L during the
EBW process.

3.3.2 Effect of PWHT
Figure 3-26 shows the hardness of the EBW joint between F82H and 316L. The
microstructure of both the WM and HAZ of 316L was always austenitic structure because
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no phase transformation happened during the EBW process, thus there was no hardening
for the WM and HAZ of 316L. However, hardening was induced for the HAZ of F82H.
The hardness was up to 400 HV. After PWHT with tempering, as the tempering
temperature increased, hardness of the HAZ of F82H decreased. After PWHT with
tempering at 750oC, hardening in HAZ of F82H was almost relieved, except the IL which
kept the hardness of 245 HV after the PWHT.

Figure 3-26 Hardness evolution of the joint between F82H and 316L.

The microstructure of the fine-grain HAZ of F82H is shown in Figure 3-27. In the aswelded condition, the microstructure was of quenched martensitic phase with highdensity dislocations and laths (Figure 3-27 (a) and (c)). After PWHT at 680oC, the
microstructure was tempered martensitic phase with M23C6 carbides on lath and grain
boundaries (Figure 3-27 (b) and (d)).
Table 3-9 summarized size and density of carbides in the fine-grain HAZ, the coarsecarbide HAZ, and the BM of F82H under different conditions from SEM images. In the
as-welded condition, there are no M23C6 carbides in the fine-grain HAZ because its
structure is quenched martensite. In the coarse-carbide HAZ, the carbides density is
smaller but carbide size is larger than those in the BM of F82H. This is because the
carbides in the coarse-carbide HAZ were partly decomposed at the temperature during
the welding. After PWHT at 680oC, the size and density of carbides in the fine-grain
HAZ are smaller than those in the BM and in the coarse-carbide HAZ. This means that
72

more elements were kept in the matrix, not completely precipitated out in the fine-grain
HAZ. After PWHT at 750oC, the carbide size and density in the fine-grain HAZ were
increased to close to those in the BM of F82H. PWHT at higher temperature of 750oC
made carbides completely precipitate out in the fine-grain HAZ. Thus the hardening in
the HAZ can be completely eliminated. However, over-tempering was induced for BM of
F82H when PWHT at 750oC. The carbide size increased compared to that in the aswelded condition and PWHT at lower temperature of 680oC. The over-tempering made
softening of the BM of F82H.
680oC PWHT

As-welded

(a)

(b)

TEM
200nm

200nm

(c)

(d)

1µm

1µm

SEM

Figure 3-27 Microstructure of the fine-grain HAZ of F82H.
Table 3-9 Size and density of carbides in the BM, the coarse-carbide HAZ, and the fine-grain
HAZ of H82H at the conditions of as-welded and after PWHT at 680oC and 750oC.
Position
Carbide conditions
As-welded
680oC
750oC

BM

Mean size (W×L, nm×nm)

55×100

2

Number density (N/m )

3.58×10

13

PWHT

PWHT

55×100

60×100

3.20×10

13

2.42×1013

Fine-grain

Mean size (W×L, nm×nm)

—

40×90

85×138

HAZ

Number density (N/m2)

—

1.86×1013

1.74×1013

Coarse-carbide

Mean size (W×L, nm×nm)

84×170

60×100

90×120

HAZ

Number density (N/m2)

0.94×1013

1.93×1013

2.12×1013
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Tensile tests were carried out at RT and 300oC for the joint at different conditions.
The strain-stress curves are shown in Figure 3-28, and the tensile properties are
summarized in Table 3-10. According to the distribution of element Cr and Ni in the joint,
line scanning of the specimens after tensile tests can reveal the fracture site as shown in
Figure 3-29. The specimens fractured at the soft site during tensile tests. For the
conditions in as-welded and PWHT at 680oC, the tensile specimens fractured at the WM
or 316L BM. The WM and 316L BM are both austenite structure. In the conditions of aswelded and 680oC PWHT, the BM of F82H still kept the strength higher than the WM
and 316L BM, thus the specimens fractured at the softer WM or 316L (austenite
structure). However, after PWHT at higher temperature of 750oC, the specimen fractured
at F82H BM, i.e. fractured at tempered martensite, not at the austenite structure any more.
As mentioned above, 750oC made over-tempering for the BM of F82H. The specimen
fractured at F82H BM because of the softening induced by the over-tempering.
700

700

(a)

500

As-welded

400
300
200

RT
300oC

100
0

0

(b)

600

Stress (MPa)

Stress (MPa)

600

10

500
400
300

680oCPWHT-RT
750oC PWHT-RT

200
100

20
30
Strain (%)

40

0

50

0

10

20
30
Strain (%)

40

50

Figure 3-28 Strain-stress curves of the EBW joint between F82H and 316L (a) in as-welded
condition and (b) after PWHT.
Table 3-10 Tensile properties of the EBW joint between F82H and 316L.
Condition

Test

Total

Reduction

Fracture

Yield strength

Ultimate tensile

temperature

elongation (%)

of area (%)

site

(MPa)

strength (MPa)

As-welded

RT

45

88

316L

360

610

As-welded

o

300 C

15

92

WM

250

420

RT

46

82

316L

340

610

o

680 C×1h
PWHT

74

750oC×1h

RT

24

81

F82H

350

590

PWHT

As-welded, RT
test
Fractured
316L BM

at

WM F82H

316L

Cr
Ni
Mo

1mm

2mm

WM

As-welded,
300oC test

Cr
Ni
Mo

Fractured at the
WM

2mm

750oC PWHT,
RT test
Fractured
F82H BM

F82H

1mm

F82H

WM+316L

Cr
Ni
Mo

at
2mm

1mm

Figure 3-29 Line scanning of the specimens to indicate the fracture sites during tensile tests.

3.3.3 Effect of neutron irradiation
After PWHT at 680oC, the joint between F82H and 316L was neutron irradiated at
300oC for a dose of 0.1 dpa. Because of the limited volume during neutron irradiation, the
joint was chosen at the condition of PWHT at 680oC from the viewpoint of avoiding
softening of BM of F82H. However, other PWHT conditions are still remaining to be
investigated in the future if possible.
Figure 3-30 depicts the hardness evolution after the neutron irradiation. Neutron
irradiation induced hardening for the whole joint, such as BMs, WM, and HAZs. Asshown in Table 3-11, hardness of F82H BM after irradiation increased by 20 HV, while
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that of the WM and 316L increased by 50-60 HV. According to S. Nogami et al.’s
investigation of proton irradiation experiment on the joint, the number density and size
of dislocation loops in austenitic structure of the WM and 316L BM can reach saturation
earlier than that in the F82H[95]. One possible explanation is that, the original high
density dislocations and lath boundaries in the F82H retarded the dislocation loop
evolution during irradiation compared with the austenite structure in the WM and 316L
BM. Thus the irradiation hardening in the WM and 316L BM was larger than that in the
BM of F82H.
Interestingly, for the HAZ of F82H, the neutron irradiation hardening there is almost
comparable to that in the as-welded condition. The hardness was increased by 100 HV
after the irradiation for the IL and coarse-carbide HAZ. Especially, significant hardening
happened in the fine-grain HAZ. The hardness was increased by 200 HV in the limited
region of the fine-grain HAZ with about 50 µm in width.
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One of possible mechanisms for the significant hardening in the fine-grain HAZ of
F82H is irradiation induced precipitations from the carbon generated by the dissolution of
prior carbides during the welding, as illustrated in Figure 3-31. The PWHT condition
with 680oC was determined mainly from the viewpoint to avoid softening of F82H BM
by over-tempering. However, the temperature was not enough to complete the recovery
of the hardness in the fine-grain HAZ. The incomplete hardness recovery during PWHT
at 680°C indicates the presence of residual carbon atoms to be precipitated out during the
neutron irradiation.

For ferritic/martensitic steels, the irradiation induced precipitates

can be fine M6C (η) (diamond-cubic (E93, Fd3m) structure), α’(Cr-rich bcc ferritic phase),
χ phases (Fe-Cr intermetallic), M2X (hexagonal (L’3, P6/mmm) structure, needle shape),
σ phase[113]. These fine precipitates retarded the motion of dislocations. Thus the
hardening is significant at the fine-grain HAZ of F82H. In such a mechanism, the
significant hardening would be reduced by higher temperature PWHT, such as 750oC.
According to S. Nogami et al.’s[95] results of proton irradiation experiment on the joint,
as depicted in Figure 1-15, after PWHT at 720oC for nearly complete relief of hardening
induced by EBW (Figure 1-14), only irradiation hardening on the WM and 316L was
found obviously. There was no significant hardening was observed for the HAZ of F82H.
Therefore, in this study, PWHT at 750oC for 1h is supposed to suppress the
significant irradiation hardening from the viewpoint of precipitation control. If possible,
this would be examined under neutron irradiation in future.
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Figure 3-30 Hardness of the dissimilar-metal joint between F82H and 316L after neutron
irradiation.
Table 3-11 Hardness at different positions before and after neutron irradiation (HV).
Condition
F82H BM
HAZ of F82H
WM
Coarse-carbide

Fine-grain

IL

316L BM

As-welded

220

406

415

327

197

179

o

PWHT: 680 C

214

253

254

249

184

183

As-irradiated

236

364

444

356

246

232

Figure 3-31 Schematic of the neutron irradiation induced precipitates in the fine-grain HAZ of
F82H.

Charpy impact property of the joint before and after neutron irradiation is shown in
Figure 3-32. The upper-shelf energy decreased after irradiation for all the CVN
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specimens of BMs, WM, and F82H-HAZ. Both the WM and BM of 316L are of
austenitic phase with excellent ductility. The impact properties did not change
significantly by the irradiation. In these cases, the DBTT was estimated as less than 196oC. However, DBTT of F82H-BM and F82H-HAZ increased from -103oC to -20oC
and from -143oC to -110oC, respectively, after irradiation. The impact property of the
1.5CVN specimen of F82H-HAZ degraded due to the irradiation hardening in the HAZ
of F82H, but is still better than that of F82H-BM. Generally, hardening leads to
degradation of impact properties. However, the significant irradiation hardening observed
in the fine-grain HAZ of F82H did not degrade the impact property significantly. This is
probably because the hardening area was very limited as several tens micron in size. In
addition, 316L BM part of the specimens maintained much ductility and assisted the

Energy ( E/(Bb)3/2 , J/mm3 )

Energy (E/(Bb)3/2 , J/mm3 )

deformation of the joint during the impact test.
1

(a) Before irradiation
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Figure 3-32 Charpy impact property of the joint (a) before and (b) after neutron irradiation.

Figure 3-33 shows the fracture morphology of the irradiated specimens after impact
tests at -100oC. When the notch was located at the BM of 316L and the WM, the
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specimens showed plastic deformation with good ductility after impact tests. When the
notch was located at the BM of F82H, the fracture showed more brittle than that when the
notch was at the HAZ of F82H. As explained above, the 316L part assisted the
deformation of F82H-HAZ specimen during the impact tests. Thus the F82H-HAZ
specimens showed better impact properties than the F82H-BM specimens.

(a) 316L-BM

(b) WM

(c) F82H-HAZ

(d) F82H-BM

Figure 3-33 Fracture morphology of the irradiated V-notch specimens after Charpy impact tests at
-100oC. The V-notch was located at (a) the BM of 316L, (b) the WM, (c) the HAZ of F82H, and
(d) the BM of F82H, respectively.

The present work has investigated the effect of PWHT with tempering on the
hardness recovery of the HAZ of F82H, as depicted in Figure 3-26. The complete
hardness recovery needs higher temperature of 750oC. However, the neutron irradiation
experiment was carried out with the PWHT at lower temperature of 680oC, from the view
point of keep strength of the BM of F82H. The difference between the two PWHT
conditions is shown in Table 3-12. PWHT at 750oC induced over-tempering of F82H BM.
However, it was supposed no significant hardening in the HAZ of F82H after neutron
irradiation experiment, because at this condition, hardening there was almost completely
eliminated. There is no residual carbon to be precipitated out during irradiation. Trade-off
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between “the significant hardening in the fine-grain HAZ” and “over-tempering of F82H
BM” should be evaluated by more investigation in the future work.
Table 3-12 Comparison between PWHT at 680oC and 750oC.
Item 680oC PWHT
750oC PWHT
1

Keep the strength of BM of F82H

Over-tempering of BM of F82H

2

Still remain hardening in the HAZ of F82H

Almost completely relief the hardening of
F82H

3

After

neutron

irradiation,

significant It was supposed no significant hardening

hardening occurred in the fine-grain HAZ after neutron irradiation. This needs further
of F82H
4

investigation.

The significant neutron hardening did not Needs further investigation for impact
deteriorate the impact property of the joint.

property after neutron irradiation.

One difference of this work from S. Nogami et al.’s[95] work is that, the
microstructure of the HAZ of F82H was classified more in detail to IL, fine-grain HAZ,
and coarse-carbide HAZ to investigate the mechanism of neutron irradiation induced
significant hardening. The IL is δ ferrite. In their work, as the temperature in PWHT with
tempering increased, the hardness of IL was decreased from 370 HV to 200 HV, similar
level as that in BM. However, in this work, the hardness of IL kept stable as 250 HV after
tempering from 640 to 750oC. There was still hardening in the IL. After the following
neutron irradiation, the IL also showed significant hardening as hardness of 350 HV.
However, in S. Nogami et al.’s work, no hardening was observed in the IL. This is may
be caused by the effect of indentation size and its interval in hardness test. The interval
for the indentation in hardness test by S. Nogami et al. was 100 µm, which is larger than
the typical size of the hardening area, 50 µm, while the interval was comparable to the
size of the hardening area in our tests. In addition, indentation size in their test was 10 µm,
which is smaller than 30 µm in our test. Higher resolution for the position by the smaller
interval, and larger interaction volume with surrounding area due to the larger indentation
size can result in the detection of the localized hardening in our test.
Another difference from S. Nogami et al.’s work is that, no hardening was observed
after proton irradiation at 300oC for 0.1 dpa in their work, but significant hardening was
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found in the present work after neutron irradiation with the same 300oC for 0.1 dpa.
Neutron irradiation for the present joint was after PWHT at 680oC (lower than S. Nogami
et al.’s 720oC), to avoid over-tempering of base metal of F82H. At this condition, the
hardening at the fine-grain HAZ of F82H was not completely eliminated. Significant
neutron irradiation hardening was found in this area. One of possible mechanisms for the
significant hardening is irradiation induced precipitations from the carbon generated by
the dissolution of prior carbides during the welding. The incomplete hardness recovery
during PWHT at 680°C indicates the presence of residual carbon atoms to be precipitated
out during irradiation. However, S. Nogami et al.’s PWHT before proton irradiation was
selected at 720oC. At this condition the hardening in the HAZ of F82H was almost
eliminated, and hardness recovery was almost completed. No residual carbon atoms to be
precipitated out during the following proton irradiation.
S. Nogami et al.’s proton irradiation experiments on the dissimilar-metal joint can
only make the irradiation damage range from the surface of the specimens to 4 µm below
the surface. Thus only microstructural analysis and hardness tests can be applied for the
joints. Other mechanical property tests cannot be executed. In addition, to date, there is
no work about neutron irradiation experiments on the dissimilar-metal joint between
F82H and 316L was found. The present work demonstrated excellent neutron resistance
of the joint by Charpy impact tests. The dissimilar-metal joint between F82H and 316L in
the present study is expected to be located behind fusion blanket; therefore neutron
irradiation condition should be similar to the vacuum vessel and magnets. The maximum
dose for the vacuum vessel in ITER has been estimated as 0.027 dpa[114]. The neutron
flux at the magnets in DEMO-grade reactor design has been obtained as, for example,
6×1022 n/m2[115] and 1×1023 n/m2[116]. Since the present irradiation dose was more than
these conditions, the resistance of the dissimilar-metal joint to neutron irradiation has
been demonstrated from the practical view point. However, the growth of the severe
hardening region in the fine-grain HAZ has to be investigated if the joint is located at
high dose position or other temperature area than the present irradiation temperature.
The behavior of the EBW dissimilar-metal joint between F82H and 316L
(F82H―316L) in this work is different from that of the single-metal joint of F82H
(F82H―F82H), as summarized in Table 3-13. For the joint of F82H―F82H after EBW,
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the WM and two HAZs of F82H showed hardening[117] because of quenched
martensitic structure. PWHT with tempering can eliminate the hardening in both the WM
and HAZs. However, for the joint F82H―316L in the present work, the WM is austenite
without hardening. Only the HAZ of F82H showed hardening. The data on impact
property of F82H—F82H under similar neutron irradiation conditions in this work is not
found. For the EBW joint of F82H—F82H with PWHT of tempering, after neutron
irradiation at 300oC for 2.5 dpa, the DBTT is -15oC[118] at the WM (notch was located at
WM), comparable to the DBTT in the BM of F82H in this study, -20oC. For the EBW
joint of F82H—316L in this work, after neutron irradiation at 300oC for 0.1 dpa, because
of austenite structure in the WM, the DBTT at the WM is <-196oC.
Table 3-13 Difference between the joint of F82H―316L and F82H―F82H.
F82H—F82H
F82H—316L
WM

Martensite, hardening

HAZ

Two HAZs for F82H, martensite HAZ for F82H, hardening.
with

carbide

Austenite, no hardening

decomposition, No evolution in HAZ of 316L, same

hardening
PWHT

with 316 BM

Eliminate hardening in WM and Eliminate hardening in HAZ of F82H
HAZs

Impact

Notch in WM and HAZs: lower Notch in WM, high absorbed energy

properties

absorbed

energy

because

of because of austenite structure

tempered martensitic structure

Notch in HAZ of F82H, higher
absorbed energy because of the support
of the 316L side with large deformation

Neutron

Significant hardening in both HAZs Significant hardening in HAZ of F82H

irradiation

if the PWHT is not sufficient

if the PWHT is not sufficient

3.4 Optimum welding condition for the dissimilar-metal
joints
1. The HIP joints between 9Cr-ODS and JLF-1
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Dissimilar-metal joints between 9Cr-ODS and JLF-1 were fabricated by HIP at
1000oC, 1050oC, and 1100oC, under a pressure of 191 MPa for 3h with a cooling rate of
5oC per minute after the heating. The HIP process induced undesirable hardening in the
BM of JLF-1, and also undesirable softening at the bonding interface, irrespective of the
HIP temperatures.
The hardening is due to the formation of quenched martensite, which is an iron metal
phase with super-saturated carbon in solid solution, because the cooling rate after the HIP
was enough for quenching before carbon diffusion in the BM of JLF-1. While, it was too
slow for 9Cr-ODS when HIP at 1000oC, where coarse carbides observed on the grain
boundaries evidently indicated much diffusion of the carbon before quenching. In the
1000oC-HIP condition, no quenching and the carbide coarsening resulted in the softening
of the BM of 9Cr-ODS. PWHT with a rapid cooling at 36oC per minute was effective to
recover both the hardening and softening in the BMs. It is revealed that full recovery
required the PWHT at 1050oC for 1h for normalization followed by 780oC for 1h for
tempering.
On the other hand, the softening at the interface was attributed to decarburization of
the specimen surface during the HIP process and less decomposition of carbides on the
9Cr-ODS side, which produced soft layer there. The decarburization layer with few
particles was clearly observed in the 1000oC-HIP specimen. Furthermore, 1000oC-HIP
also induced un-bonded areas at the interface. Both the soft layer and the un-bonded areas
can lead to very local deformation and almost no elongation of the joint in tensile tests.
Even PWHT cannot eliminate the un-bonded areas. However, the elongation was
improved very much at higher HIP temperatures, such as 1050oC and 1100oC. The
interface was completely bonded. Disappearance of the few-particle layer was also
observed at the temperatures. It is probably promoted by the decomposition of the M23C6
carbides at the high temperatures and the following diffusion of carbon into the fewparticle layer. Actually, the 1100oC-HIP resulted in slight lower strength of the joint than
the 1050oC HIP. This is likely because of coarsening of grain structures. Therefore,
1050oC is the optimum HIP temperature for the present dissimilar-metal bonding.
In conclusion, PWHT after the HIP can control the recovery of the BMs of the joint.
However, the improvement of joint interface requires higher HIP temperature to
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eliminate the few-particle layer and unbounded areas at the interface. The optimum
condition is, HIP at 1050oC followed by normalization at 1050oC and tempering at 780oC.
2 The EBW joint between 9Cr-ODS and JLF-1
The hardness of the WM and both the HAZs in 9Cr-ODS and JLF-1 was much higher
than the BMs. The WM is quenched martensitic phase with occasionally some ferritic
phase (iron metal phase with thermal equilibrium carbon in solid solution). The HAZs are
also quenched martensitic phase with carbides decomposition. The quenched martensite
in the WM and HAZs contributes the hardening and can induce embrittlement for the
joint. Ferritic phase is soft and does not induce embrittlement by the formation itself.
However, it is known that ferritic phase induces more irradiation hardening and
embrittlement under neutron irradiation condition, compared with martensite. Therefore,
both the quenched martensitic phase and the ferritic phase should be eliminated. Two
conditions of PWHT were carried out for the joints to recover the hardening and the
microstructure of WM and HAZs to the levels close to the BMs.
One was only tempering at 720-780oC for 1h. The tempering removed a part of
carbon in solid-solution and hardening by it, and changed the quenched martensite into
tempered martensite. As the tempering temperature increased, the hardening of the WM
and HAZs was relieved. The PWHT necessary for the complete recovery of the
hardening was obtained as 780oC for 1h. However, the ferritic phase remained after the
PWHT. Therefore, the other condition based on the 780oC PWHT was examined.
The other condition of PWHT was a combination of normalization at 1050oC for 1h
and then tempering at 780oC for 1h. Because of the normalization, residual ferrite
disappeared. The whole microstructure including the WM, the HAZs, and the BMs was
quenched martensite just after the normalization. After the following tempering, the
whole microstructure was tempered martensite. No residual ferrite existed anymore. The
PWHT with combination of normalization and tempering is the optimum to relief the
hardening of WM and HAZs, and eliminate the residual ferrite at the same time.
3. The EBW joint between F82H and 316L
PWHT with tempering was carried out at 640-750oC for the dissimilar-metal joint
between F82H and 316L made by EBW. PWHT at 680oC can suppress softening and
keep the strength of F82H BM. However, the hardening in the fine-grain HAZ cannot be
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completely eliminated. This resulted in the significant neutron induced hardening in this
area. The significant neutron hardening did not deteriorate the impact property of the
joint in the present irradiation condition at 300oC for 0.1dpa, though it should be
seriously evaluated if the joint is used in other severe conditions such as at higher
temperatures or higher irradiation doses.
PWHT at 750oC made a little softening of F82H BM. But the hardening induced by
EBW in the HAZ of F82H was almost completely eliminated. It is supposed that, after
neutron irradiation, there is no significant irradiation hardening existed in the fine-grain
HAZ of F82H anymore. However, this should be evaluated by neutron irradiation
experiments in the future.
In conclusion, from the viewpoint of avoiding significant neutron induced hardening
in the HAZ of F82H, 750oC is a better choice for the PWHT condition of the dissimilarmetal joint between F82H and 316L.

3.5 Schaeffler diagram and carbon behavior of the joints
Schaeffler diagram[119] as shown in Figure 3-34, plots the compositional limits at
RT of austenite (A), ferrite (F), and martensite (M) according to nickel and chromium
equivalents. It is often used to predict phase composition during fusion welding. In the
Schaeffler diagram, Cr and Ni equivalent is calculated as follows,
Cr equivalent= (Cr) +2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb) + 1.5(Ti) +
0.75(W)
Ni equivalent= (Ni) + (Co) + 0.5(Mn) +0.3(Cu) + 25(N) + 30(C)
All element concentrations are expressed in weight percentages.
EDS in SEM can roughly estimate the chemical composition at different positions in
the dissimilar-metal joints made by EBW in the present study. Table 3-14 shows the
chemical compositions and the corresponding Cr and Ni equivalent in the WM and HAZs
of the joints developed in the present work. According to the Cr and Ni equivalent, the
WM of the dissimilar-metal joint between F82H and 316L is austenite structure, the WM
of the joint between 9Cr-ODS and JLF-1 is martensite with ferritic structure. The HAZs
of F82H, 9Cr-ODS, and JLF-1 also shows martensite with ferritic structure. This is
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agreed with the microstructure observation by SEM, which is mentioned in Section 3.2.1
and 3.3.1.

WM of F82H—316L

HAZ of F82H
WM of 9CrODS—JLF-1
HAZ of 9CrODS, JLF-1
Figure 3-34 Schaeffler diagram recomposed from[119].
Table 3-14 Chemical compositions at different positions in EBW joints detected by EDS (wt.%).

WM of 9CrODS—JLF-1
HAZ in 9CrODS
HAZ in JLF-1
WM of F82H—
316L
HAZ of F82H

Cr

Ti

W

9.45

0.27

2.16

Cr
equivalent
11.5

9.06

0.23

1.85

10.8

9.53
16.37

2.24

9.09

3.18

Ni

11.16

Mn

0.53
1.78

Si

0.9

11.21
18
11.5

Ni
equivalent

Phase
M+F
M+F

12.05

M+F
A
M+F

The mechanical properties of the joints in this study were controlled by the carbon
behavior, as summarized in Figure 3-35. If carbon was dissolved in the matrix to form
quenched martensite, the joint would be hardened. If carbon was precipitated out in
carbides (especially in coarse carbides) the joints would be softened. For instance, when
HIP at low temperature of 1000oC, the incomplete decomposition of carbides (carbon was
kept in coarse carbides, not in matrix) and ferritic structure induced softening of 9CrODS BM; complete decomposition (carbon was kept in matrix) made hardening of JLF-1
BM after the HIP; and decarburization (escape of carbon in matrix) also induced
softening at the interface after HIP. In addition, carbon dissolution (quenched martensite)
made hardening of WM and HAZs of the EBW joints between 9Cr-ODS and JLF-1 and
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between F82H and 316L. Proper PWHT can recover the mechanical properties of the
above-mentioned joints from the undesirable hardening or softening.
Moreover, after neutron irradiation, more precipitates come out from the carbon
generated by the dissolution of prior carbides during the welding at the fine-grain HAZ of
F82H, and induced significant hardening at this area. The incomplete hardness recovery
during PWHT at 680°C indicates the presence of residual carbon atoms to be precipitated
out during neutron irradiation.

(a) Joints between 9Cr-ODS and JLF-1
Interface: decarburization

Softening

1000oC, coarse carbides
HIP

9Cr-ODS BM

1050-1100oC, carbon dissolution,
carbides decomposition

JLF-1 BM: carbon dissolution

M23C6
carbides

EBW

Softening
Hardening

Hardening

HAZs: carbon dissolution+ incomplete
carbides decomposition
WM: carbides dissolution

Hardening

Hardening

PWHT: T

PWHT: N

Softening, recovery

Carbides dissolution

Hardening

(b) Joint between F82H and 316L
F82H side
M23C6
carbides

Fine-grain HAZ
EBW

Carbon
dissolution
Hardening

680oC
PWHT

M23C6
carbides
Incomplete
recovery

High-density fine
Neutron
irradiation precipitates
Significant
hardening

Figure 3-35 Carbon behavior in the dissimilar-metal joints at different conditions.
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3.6 Scenario for the construction of blanket
In the present work, for the blanket fabrication with conventional design concept in
Figure 1-8 (a), the scenarios are shown in Figure 3-36 (a). Conventional RAFM steels are
fully selected as the blanket material in this concept. The blanket fabrication process can
be as follows, (1) the whole blanket system with rectangular coolant tubes and the first
wall panels which are made of RAFM steels, are capsuled and sealed into soft steel, and
then HIP is carried out at such as the optimum condition of 1050oC for 3h under 191 MPa
with cooling rate of 5oC/min. And then, because the cooling rate is enough for
conventional RAFM steels to form quenched martensite without any carbides, PWHT
with only tempering (780oC) is necessary to recover the mechanical properties of the
blanket. Bending of the coolant tubes in the blanket structure can be applied before or
after the HIP. If it is after the HIP, final heat treatment with N&T or only T is necessary
to recover any possible material deterioration and residual stress caused by the bending
process[120]. The last step for the blanket construction is the pipes connection between
the blanket and the out vessel components which are made of stainless steel. Fusion
welding such as EBW, LW, and TIGW can be utilized. TIGW is more suitable for the onsite welding for the blanket construction.
On the other hand, for the construction of the blanket structure with advanced ODSRAFM steels partly used as the blanket surface, which is depicted in Figure 1-8 (b), the
scenarios are also shown in Figure 3-36 (b). The difference of its construction from the
blanket with above mentioned conventional concept is that, at first the rectangular coolant
tubes of ODS-RAFM steels are joined with tubes of RAFM steels by fusion welding.
PWHT is unnecessary after the fusion welding in this step, because the next HIP
procedure at high temperature would change the microstructure of the materials, the
PWHT after HIP can recover the joint by fusion welding at the same time. And then, the
first wall plates with ODS-RAFM steels together with the above mentioned rectangular
coolant tubes would be capsuled and sealed into soft steel for HIP. If the cooling rate
after HIP is slow as the similar condition in the present work with 5oC/min, the PWHT
after the HIP is different from the blanket with conventional concept. PWHT with
normalization (1050oC) is necessary to eliminate coarse carbides in ODS-RAFM steels.
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However, if the HIP is carried out with a fast cooling rate such as 36oC/min in the present
study to induce full martensite for ODS-RAFM steels, only PWHT with tempering is
enough for recovery of microstructure and mechanical properties of the blanket with
ODS-RAFM steels.
After HIP, the capsule can be not removed to avoid atmosphere contamination during
the following PWHT. The PWHT after HIP can be carried out by seeking the
collaboration with large corporations, such as corporations for steel production. Bogie
Hearth Furnace can be used for the PWHT which can bear a load of up to 40 tons. In this
case, if one blanket module weighs 2 tons, twenty blanket modules can be heat treated at
a time. For example, the Japanese DEMO reactor concept, Slim CS, will require about
3500 tons[121] of RAFM steel such as F82H. About 90 batches PWHT for HIP are
necessary for the blanket fabrication. The temperature of Bogie Hearth Furnace can be up
to 1300°C, and can fulfill the PWHT requirement in the present study (1050oC for
normalization, 780oC for tempering). The large components are loaded outside the
furnace. Afterwards, the hearth moves into the furnace housing. As soon as the furnace
door is closed, the bottom side of the bogie hearth seals itself automatically against the
bottom side of the furnace. After the heat treatment, the bogie hearth is moved through
the open furnace door and out of the furnace to be unloaded.
After the fusion welding between blanket (RAFM) and out-vessel components
(stainless steel) for coolant tubes connection, local circumferential PWHT can be used for
the joints to eliminate hardening in the weld metal and heat affected zones. Low/high
voltage electric resistance heaters (contact pads or radiation elements supported on a
structure), high velocity gas combustion burners (high velocity gas, luminescent flame,
and infrared burners), induction coils, and quartz lamps can be used to perform the local
PWHT. Local heating is also useful during on-site fabrication and repair of components
for the fusion blanket.
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(a)For Conventional design blanket
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②
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①
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Bending
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②
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With Stainless
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Figure 3-36 Scenarios for the blanket construction in the present study.

However, the breeding blanket systems containing tritium breeder and neutron
multiplier have more complicated structure with a lot of joints than the present condition
depicted in Figure 1-8. HIP is a matured technology, and can be utilized to fabricate full
scale blanket systems with cooling channels. Fusion welding can be utilized for butt joint
and corner joint in the blanket systems. For RAFM steels such as F82H, there is no big
technical issue for fusion welding. Very low hot cracking sensitivity was found and the
mechanical properties were not far different from that of BM after PWHT at 720oC for
1h[121]. H. Tanigawa et al.[122] have demonstrated the fabrication technologies for
ITER WCSB TBM (water-cooled solid breeding test blanket module) by using F82H.
Total net weight of the blanket module is about 2 tons. A variety of plates, pipes, and
round and rectangular tubes are required for its fabrication. TIGW is used for sealing of
headers of first wall, side wall, and back wall, because it has the largest gap allowance
compared to other fusion welding methods. EBW can minimize the volume of weld bead
and is preferable for thick-plate welds. LW was selected for fabrication of membrane
panel which is required for the breeder and multiplier partition. A. von der Weth et
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al.[123] have investigated the fabrication process of the first wall made from Eurofer
steel with U-shape plate containing coolant channels. Manufacturing of it can start with
flat symmetric half plates with half of the coolant channels milled in each plate. The
surfaces are cleaned and degreased by plasma etching or dry ice cleaning. These plates
are connected by diffusion bonding and are bent to U-shape. Diffusion bonding is carried
out by an industrial scaled triple step process. The first step is homogenization of the
plastic creep behavior of the structural material at 1050oC. The second step applies
pressure of 30 MPa and lower temperature of 1010oC for plastic deformation of the two
half pieces to produce intimate contact. The third step (15 MPa and 1050oC) forces the
diffusion bonding and improvement of the seam quality. PWHT is necessary for
martensite transformation (980oC, 30min) and then tempering (760oC, 90min) for
ductility recovery. The FW panel has to be bent twice for U-shape. A second PWHT
should be conducted to remove the residual stresses and possible deterioration caused by
the bending and to restore ductility. The blanket structure is very complicated. Therefore,
in the future for the blanket construction of fusion reactors, the experiences from other
scientists should be referred.

3.7 Corrosion problem for the dissimilar-metal joints
The dissimilar-metal joints developed in the present work would undergo corrosion
attack in coolants such as water, Li, LiPb, He, or FLiBe, under non-isothermal conditions.
Dissolution of material in one region would lead to mass transfer and deposition of solute
in another part of the coolant system. Proper coating can be used to resist corrosion, such
as coatings of Y2O3, Er2O3, or multi-layer coating alternated with vanadium and oxide.
Nagasaka et al.[124] suggested combination of VPS W coating for simple and large area
coating and chromizing for limited but complicated shape section. The coatings indicated
suppression of fluoridation in corrosion tests compared to JLF-1 steel without coating.
For the HIPed joints used near the first wall surface and in the breeding blanket
(plates with coolant channels) if the joints are fabricated according to the scenario as
depicted in Figure 3-36, there is no corrosion problem for the joints because the interface
would not contact the coolant. Only corrosion on RAFM structural materials themself
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such as 9Cr-ODS and JLF-1 should be considered there. However, as suggested by A.
von der Weth et al.[123], if the HIP process was conducted on flat symmetric half plates
with half of the coolant channels milled in each plate, corrosion problem should also be
considered because the interface would contact the coolant.
For the joints made by fusion welding (pipes connection), elements C and N in
coolant would transfer into the joints. This may make coarsening of the carbides in HAZs,
and make embrittlement there. Element O in joints would transfer to the coolant. If the
WM has more oxygen content in the WM during welding induced by contamination (by
TIGW), there may be more severe corrosion in the WM than in the BMs. This would
induce softening there. Corrosion resistance of the dissimilar-metal joints should be
verified in the future work.
Up to now, few corrosion experiments on dissimilar-joints for fusion blanket were
conducted, especially for the joints between ODS-RAM steel and conventional RAFM
steel. However, corrosion problem for material itself or similar-metal joints has been
widely investigated by scientists. J. Konys et al.[125] have performed corrosion tests for
RAFM steels of Eurofer and CLAM in flowing Pb-15.7Li at a flow velocity of about
0.10m/s in the PICOLO loop at Karlsruhe Institute of Technology (KIT). The corrosion
attack rate is 220µm/yr. The dissolved amount of material (2 kg/m2yr) is significant and
precipitates formed at cooler loop sections are a serious risk for plugging. A combination
of corrosion barriers, which also act as tritium permeation barriers, would be necessary to
control circulating precipitates. Y.F. Li et al.[126] have investigated 9Cr-ODS in static Li
at 600oC for 250h. 9Cr-ODS showed slight weight loss and decrease in hardness near
surface. The corrosion attack also induced loss of ductility and decrease of creep lifetime.
Microstructural analysis demonstrated a non-uniform corrosion behavior by preferential
grain boundary attack and pronounced nodule-like morphology. Slight depletion of Cr
was detected to about 15um in depth. The nano-scale oxide particles of TiO2 in 9Cr-ODS
are thermodynamically less stable, and can be decomposed to form Li2O in Li
environment. Y2O3 in 9Cr-ODS may be reacted with Li to form YLiO2. The mechanism
of corrosion was proposed as the dissolution of Cr and Fe in matrix into liquid Li,
chemical interaction of nano-scale oxide particles with Li, preferential grain boundary
attack and penetration of Li, and finally development of extreme nodule-like structure.
93

Austenitic stainless steels are easy to produce transformation to ferrite in surface layer
when exposed to Li due to preferential dissolution of austenite stabilizing elements of Mn
and Ni[127]. In Q. Xu et al.’s results[128], RAFM steel JLF-1 also showed phase
transformation from tempered martensite to ferrite in the near surface at 600-700oC in Li
because of decarburization. Selective depletion of Cr and W was also detected on the
surface. The decarburization and element depletion induced softening on the surface.
Their results also revealed corrosion rate in a thermal convection Li loop was
significantly larger than that in the static Li. The flowing Li enhanced the weight loss,
phase transformation, and hardness reduction due to mass transfer. T. Muroga et al.[129]
reported that corrosion rate of JLF-1 steel was enhanced with the increase of the N
content in Li. When exposed in liquid FLiBe, both fluoridation and oxidation were
observed. In addition, the weight loss was much larger in a Ni crucible than in a RAFM
crucible may be induced by electrochemical circuit effect. It was suggested that the
corrosion rate of RAFM can be reduced by limiting the N impurity in Li and avoiding the
use of dissimilar materials in FLiBe coolant systems.
X. Chen et al.[130] have studied an as-welded joint (without PWHT) for RAFM steel
CLAM made by TIGW in flowing liquid Pb-17Li at 480oC. There is no penetration of
LiPb for long exposure time. The main corrosion attack is caused by the dissolution of
the passivated layer. However, the joint showed different behavior from the BM due to
effect of welding thermal cycle. The weight loss test showed that corrosion resistance of
CLAM steel joint is poor when exposed in up to 1000h dynamic conditions. The thicker
martensitic lath in the WM led to higher corrosion amount. With the increasing exposure
time, the corrosion rate decreased. The area short of Cr in the thick martensitic lath in the
WM is easily corroded. Large residual stress after fusion welding would also lead to more
severe corrosion attack in the WM. Thus PWHT after welding is necessary for stress
relief to reduce corrosion in liquid coolant.
The corrosion behavior for a dissimilar-metal joint between SUS410 ferrite steel and
SUS316 austenitic stainless steel made by TIGW in Li environment at 600oC for 250h
was investigated by V. Tsisar et al.[131]. Marked depletion of Cr in ferritic structure and
depletion of Ni in austenitic structure was found in near-surface layers. And low-angle
sub boundaries transformed into large-angle due to grain boundary corrosion attack.
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The WM in the dissimilar-metal joints developed in the present work are supposed to
have better corrosion resistance than the BMs, since the microstructure in the WM of the
EBW joint between 9Cr-ODS and JLF-1 has smaller grain size and lath width than the
JLF-1 BM. The WM in the joint between F82H and 316L has austenitic structure with
smaller grain size, different from the F82H BM. It is also believed to have better
corrosion resistance than the F82H BM. However, corrosion reaction of these joints is
complicated due to different materials and chemical compositions at different positions of
WM, HAZs, and HAZs under different corrosion environment of liquid coolant with
various temperatures, exposure time, flow speed, etc. For instance, the corrosion behavior
of steels in LiPb and pure Li are different. The influence of impurities such as O, N, and
C on the compatibility in LiPb is limited contrast to significant effects in Li. A layer of
protective corrosion products can form on the surface of RAFM because of lower Li
reactivity. The corrosion resistance of the joints developed in the present work should be
evaluated in detail by various experiments in the future. More mechanical property tests
should be conducted to evaluate degradation of the joints under corrosion environments
of coolants such as FLiBe molten salt proposed in NIFS.

3.8 Summary
For the dissimilar-metal joints made by HIP, because of the slow cooling rate after
HIP, the microstructure of 9Cr-ODS BM is ferrite with coarse carbides in the 1000oCHIP condition, while quenched martensite with smaller coarse carbides in the 1050oCand 1100oC-HIP conditions. However, the microstructure of JLF-1 BM is always
quenched martensite in all the HIP conditions. The as-HIPed dissimilar-metal joints,
fractured at 9Cr-ODS near the interface during tensile tests because of the local softening
induced by less carbides decomposition and the decarburization layer at the interface
there. Low temperature HIP at 1000oC also induced un-bonded areas at the interface
which made crack initiation during tensile tests. HIP at higher temperatures of 1050oC
and 1100oC is effective to heal the un-bonded areas. The optimum HIP temperature is
1050oC, at this condition, the joint showed the best bonding strength. After PWHT with
normalization and tempering (1050oC×1h + 780oC×1h) with a fast cooling rate, the
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bonding property was improved further, since the joints fractured at JLF-1 BM not at the
interface anymore. At the same time the microstructure of both the 9Cr-ODS and JLF-1
BMs was recovered to that before HIP with tempered martensite.
Dissimilar-metal joints between 9Cr-ODS and JLF-1, and between F82H and 316L
were fabricated by EBW. Bonding mechanism was realized by microstructural
characterization. PWHT was carried out for recovery of microstructure and mechanical
properties. Proper PWHT parameter was obtained for the joints. PWHT with
normalization and tempering (1050oC×1h + 780oC×1h) for the dissimilar-metal joint
between 9Cr-ODS and JLF-1 is good for avoiding softening of the BMs, relieving
hardening in HAZs and WM, and eliminating the ferritic structure in the WM. For the
dissimilar-metal joint between F82H and 316L, complete relief of hardening in the HAZ
of F82H needs PWHT at 750oC. However, for avoiding softening of F82H BM, PWHT at
lower temperature 680oC is necessary.
Significant irradiation hardening occurred in the fine-grain HAZ of the joint between
F82H and 316L due to irradiation induced precipitations. The joint has good neutron
irradiation resistance despite the significant hardening. PWHT at higher temperature at
750oC is supposed to avoid the significant irradiation hardening.
The dissimilar-metal joints developed in the present study should be evaluated for
corrosion compatibility in coolant systems in the future work.
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4. Finite element method (FEM)
simulation for deformation behavior
of the EBW joint 9Cr-ODS—JLF-1
Up to now, bend tests including three-point and four-point bend tests used to
determine bonding strength of dissimilar-metal joints were not found in the field of fusion
blanket structures. As summarized in Table 4-1, bend tests were carried out for pure
materials (not joints) in the field of biological materials[132], ceramics[133][134],
fiberglass[135], wood[136], viscoelastic materials[137], and so on. In their experiments
the bending strength was expressed mostly with load “N”, not given in the unit of “MPa”.
Ö.ÜNAL et al.[138] have applied asymmetric four-point bend tests to evaluate shear
strength of the solder joints of Sn-Ag alloys. However, in the plastic phase, the shear
strength was incorrectly estimated according to elastic theory. C.A Lewinsohn et al.[139]
has applied both symmetric and asymmetric four-point bend experiments to evaluate
bonding strength of the joints of SiC/SiC composites for fusion application. Because the
deformation is still in elastic phase, of course the bonding strength can be calculated
according to elastic theory. H. Serizawa et al.[140][141] have investigated the joints of
SiC/SiC composites by the simulation of asymmetric four-point bending with finite
element method (FEM). The shear stress distribution at the interface of the joint
calculated by FEM was almost agreed with elastic analytical theory. However, because of
limited plasticity of SiC/SiC composites, their FEM work was mainly focused on small
deformation behavior of the joints. K. Ueda et al.[142] and J. Henry et al.[143] have
applied bend tests with FEM simulation to evaluate neutron irradiation and He induced
embrittlement of Mo, W, and T91 steel up to plastic deformation. As concluded in the
table, bend experiments with FEM simulation is a potential technique to evaluate bonding
strength of joints especially for dissimilar-metal joints with large deformation. This kind
of work has not been found yet in the field of fusion blanket structure and needs to be
developed. Thus the objective of the present work is to evaluate bonding strength for the
EBW dissimilar-metal joint between 9Cr-ODS and JLF-1 by combination of symmetric
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four-point bend experiments and FEM simulation. This work is also necessary for other
fusion related dissimilar-metal joints in the future.
Table 4-1 Current status using bend tests to evaluate strength of materials or joints.
Materials/joints
Status
Other non-fusion fields

Ceramic, wood,

Bending with elastic theory or FEM analysis

glass, epoxy, etc.

to evaluate strength (small elastic
deformation)

Fusion field

Solder joints

Bending with elastic theory analysis

SiC/SiC joints

Bending with elastic theory or FEM to
evaluate bonding strength (small elastic
deformation)

Mo, W, T91 alloys

Bending with FEM (large plastic
deformation)

Comments

Bend tests combined with FEM simulation are a potential technique
to evaluate bonding strength of joints especially for dissimilar-metal
joints with large plastic deformation for fusion application.

4.1 Simulation model
In Section 3.2, the bonding strength of the EBW joint between 9Cr-ODS and JLF-1
cannot be gained by uniaxial tensile tests because the specimens always fractured at the
JLF-1 BM, not at the WM. The bonding strength is only roughly estimated larger than the
ultimate strength of JLF-1 BM. In this chapter, symmetric four-point bend tests were
carried out to concentrate the stress inside the inner span including the WM, thus bonding
strength of the joint can be obtained.
Figure 4-1 depicts the illustration of symmetric four-point bend test. During the
bending process, there is no shear stress, only normal stress inside the inner span of the
specimen. According to elastic theory, the maximum normal stress occurs at the top and
bottom center of the bending specimen, and can be calculated according to the formula as
follows[144],

σmax=±

3P(S-L)

(4-1)

2HB2
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Where, H and B are the thickness and width of the bending specimen, P is the applied
load on the upper jig which is contacting the specimen, and S and L are outer span and
inner span during bend experiment.

Specimen
of the joint

Figure 4-1 Illustration of shear force and bend moment in symmetric four-point bend test.

However, the formula from the elastic theory can only provide the stress condition of
the present specimens up to about 0.25% in strain, though the experiments showed larger
deformation with more than 10% in strain due to plastic deformation. Therefore,
computer simulation with FEM was used to extend the analysis to larger deformation
condition in the bend experiments.
The geometric modeling of the bending system including specimen and jigs was
constructed in the unit of mm; accordingly, density and Young’s modulus of the materials
of jig and specimens, which will be mentioned thereafter, should be in the unit of
ton/mm3 and MPa, respectively. And the applied load on the upper jig is expressed in N
with time (s).
The procedure for FEM simulation is depicted in Figure 4-2. The pre-process
procedure includes modeling, properties setting, and meshing. After that, load with time
was applied on the upper jig. Solution was carried out by adjusting options of solution
control. The output results would be compared with the experiment results. If not
consistent, modeling, meshing, and solution method etc. should be adjusted until the
simulation results are satisfied.
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Geometric modeling
Pre-process

Meshing
Improvement for
better results, if
necessary

Element type, material
properties, density…

Properties setting

Contact properties, friction
coefficient…

Apply load
Solution

Solution control

Large displacement, time
control, time step…

Solve

Results

Post-process

Compare with the
experiment data

Figure 4-2 Procedure of the FEM simulation.

a Element type
There are two concepts of element property for FEM mechanical simulation, i.e.,
plane stress and plane strain. Plane stress[145] is defined to be a state of stress in which
the normal stress, σz, and the shear stresses, σxz and σyz directed perpendicular to the x-y
plane are assumed to be zero.
Plane strain[145] is define to be a state of strain in which the strain normal to the x-y
plane, εz, and the shear strain γxz and γyz, are assumed to be zero. There is no
displacement along the Z direction, and the mechanical response is the same in the planes
which are normal to the Z direction (no change with the change of Z). Displacement in X,
Y, and Z directions is:
Ux=Ux (x,y), Uy=Uy (x,y), Uz=0
Thus according to the definition the mechanical simulation of symmetric four-point
bending behavior of the dissimilar-metal joint in the present study is chosen to be “plane
strain” to simplify the model to 2D. And the element type is “Solid/Quad 4 node 182”.
Software ANSYS APDL 14.5 was utilized for the FEM simulation.
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b Density of the materials
The density of a material can be calculated according to the contents of the
elements[146],
1 w1% w2% w3%
wi%
=
+
+
+…
ρ2
ρ3
ρi
ρ ρ1
Where, ρ is the density of the material, ρi is density of the pure alloying elements. Wi
is the corresponding weight percentage.
By calculation, the density of BMs of 9Cr-ODS and JLF-1 at RT is estimated, as
shown in Table 4-2. The density of the jig (Mo) at RT is from literature. While, the
density of all the materials at 550oC is estimated according to the ratio of F82H at 550oC
and RT.
Table 4-2 Density (10-9 ton. mm-3) of the materials in the FEM simulation.
Materials
RT

550oC

Jig (Mo)

10. 28[147]

10.05

9Cr-ODS

7.823

7.649

JLF-1

7.852

7.677

F82H[49,148]

7.871

7.695

c Material properties
In the present work the steels 9Cr-ODS and JLF-1 are considered as isotropic
materials which have the same mechanical properties in all directions of X, Y, and Z.
Because the bending specimens experienced permanent plastic deformation in this study,
thus non-linear plastic material model is necessary in the FEM simulation. There are 3
kinds of methods for modeling non-linear plastic material behavior, i.e. bilinear model,
multi-linear model, and power law model.
In this work, multi-linear material model was utilized to keep accuracy of the
simulation, as shown in Figure 4-3. The strain-stress curve is divided into a number of
straight lines and true strain-stress from (ε1, σ1) to (εi, σi) was inputted for plastic
properties during FEM simulation.
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Figure 4-3 Multi-linear model of materials[149].

Elastic properties of Young’s modulus and Poison’s ratio of the materials are shown
in Table 4-3. The elastic properties of Mo and JLF-1 are from literatures. And those of
9Cr-ODS is from the measurement by company with supersonic method[150]. In the
multi-linear model, the yield strength of the materials according to experiment data is
shown later in Section 4.2.
Table 4-3 Elastic properties of the materials.
Materials
Temperature
Young’s modulus (105 MPa)

Poison’s ratio

Jig(Mo)[151]

3.295

0.294

550 C

3.126

0.3

RT

2.28

0.29

550oC

1.82

0.3

RT

2.177

0.29

1.871

0.3

RT
o

9Cr-ODS

JLF-1[101][152]

o

550 C

d Element size
Element size is 0.1 mm of the bending specimen and the contact areas between
specimen (BMs part) and jig. The element of other areas is 0.2 mm and 0.5 mm in size.

e Friction coefficient
Friction is the force resisting the relative motion of solid surfaces of materials
contacted. In the FEM simulation in this study, at the initial stage, the contact surfaces are
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static friction, because of no motion between jigs and joints. Friction coefficient is
defined as[153]:
µ=Ff /N

(4-2)

Where, Ff =friction force along the surface;
N= Normal reaction perpendicular to the surface.
However, after a while, there may be slipping happened. In this case dynamic friction
should be considered. The dynamic friction coefficient should be a little smaller than the
static friction coefficient.
The friction coefficient between BMs and jig is unknown. Thus, during the FEM
simulation, the first step is for the fitting of friction coefficient between BMs and jig
according to the bend experiments of BM-single-material specimens.

f About solution
Because the dissimilar-metal joint exceed more than 10% plastic deformation during
the bend experiments, analysis option of “large displacement” was selected for the FEM
simulation.
A load step[145] is simply a configuration of loads for which a solution is obtained.
Solving an analysis with nonlinearities requires convergence of an iterative solution
procedure. Convergence of this solution procedure requires the load to be applied
gradually with solutions carried out at intermediate load values. These intermediate
solution points within a step are referred to as sub-steps, as illustrated in Figure 4-4.
Essentially a sub-step is an increment of load within a step at which a solution is carried
out. The iterations carried out at each sub-step to arrive at a converged solution are
referred to as equilibrium iterations. Equilibrium iterations are additional solutions
calculated at a given sub-step for convergence purposes. They are iterative corrections
used only in nonlinear analyses, where convergence plays an important role.
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Figure 4-4 Illustration of sub-steps in the FEM simulation.

g Contact Algorithm
Four different contact algorithms can be implemented in the element: pure penalty
method, augmented Lagrange method, pure Lagrange multiplier method, and Lagrange
multiplier on contact normal and penalty on frictional direction.
Pure Penalty Method: This method requires both contact normal and tangential
stiffness. The main drawback is that the amount penetration between the two surfaces
depends on this stiffness. Higher stiffness values decrease the amount of penetration but
can lead to ill-conditioning of the global stiffness matrix and to convergence difficulties.
Ideally, a high enough stiffness is necessary to make that contact penetration is
acceptably small, but a low enough stiffness that the problem will be well-behaved in
terms of convergence or matrix ill-conditioning.
Augmented Lagrangian Method：The augmented Lagrangian method is an iterative
series of penalty updates to find the Lagrange multipliers (i.e., contact tractions).
Compared to the penalty method, the augmented Lagrangian method usually leads to
better conditioning and is less sensitive to the magnitude of the contact stiffness
coefficient. However, in some analyses, the augmented Lagrangian method may require
additional iterations, especially if the deformed mesh becomes excessively distorted.
Pure Lagrange Multiplier Method: The pure Lagrange multiplier method does not
require contact stiffness. Instead it requires chattering control parameters. Theoretically,
the pure Lagrange multiplier method enforces zero penetration when contact is closed
and "zero slip" when sticking contact occurs. However the pure Lagrange multiplier
method adds additional degrees of freedom to the model and requires additional iterations
to stabilize contact conditions. This will increase the computational cost. This algorithm
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has chattering problems due to contact status changes between open and closed or
between sliding and sticking. The other main drawback of the Lagrange multiplier
method is over-constraint in the model. The model is over-constrained when a contact
constraint condition at a node conflicts with a prescribed boundary condition on that
degree of freedom at the same node. Over-constraints can lead to convergence difficulties
and/or inaccurate results. The Lagrange multiplier method also introduces zero diagonal
terms in the stiffness matrix, so that iterative solvers cannot be used.
Lagrange Multiplier on Contact Normal and Penalty on Frictional Direction: in this
method only the contact normal pressure is treated as a Lagrange multiplier. The
tangential contact stresses are calculated based on the penalty method. This method
allows only a very small amount of slip for a sticking contact condition. It overcomes
chattering problems due to contact status change between sliding and sticking which
often occurs in the pure Lagrange Multiplier method. Therefore this algorithm treats
frictional sliding contact problems much better than the pure Lagrange method.
The contact stiffness factor, FKN, is used to control contact penetration once contact
is initiated. A smaller value provides for easier convergence, but with more penetration.
For bending behavior simulation in this study, the normal penalty stiffness (FKN) is
chosen to be 1.0, and the penetration tolerance (FTOLN) is 0.1.

4.2 Experiments for determination of input material
parameters for simulation
PWHT was carried out at 780oC for 1h for tempering for the tensile and bending
specimens of the EBW joint and the BM-single-material specimens of 9Cr-ODS and
JLF-1.
a Tensile tests
Tensile tests were carried out to get the yield strength and plastic data of the BMs.
The tensile tests were conducted at RT and 550oC with an initial strain rate of 6.7×10-4 s-1.
The yield strength of 9Cr-ODS and JLF-1 BMs are shown in Table 4-4. While that of
the HAZs and WM is estimated according to the hardness. The yield strength was
inputted into the multi-linear model as depicted in Figure 4-3.
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Table 4-4 Yield strength (σ0) of each part in the EBW joint at RT and 550oC.
9Cr-ODS BM
9Cr-ODS HAZ
WM
JLF-1 HAZ

JLF-1 BM

Hardness (HV)

327

346

210

175

185

RT σ0 (MPa)

982

1039

478

398

421

636

673

359

298

316

o

550 C σ0 (MPa)

The engineering strain-stress of 9Cr-ODS and JLF-1 at RT and 550oC is shown in
Figure 4-5. From the engineering total strain-stress curves, plastic data was obtained.
True plastic strain and stress can be calculated as follows[144],
εtp= ln (1+εep)

(4-3)

σt=(1+εep)σe

(4-4)

Where, εtp is true plastic strain, σt is true stress, εep is engineering plastic strain, σe is
engineering stress.
The true plastic strain-stress can be fitted as power law relationship, i.e., Hollomon
equation[144],
σt=Kεtpn

(4-5)

Where, n is hardening coefficient, K is strength index. n and K can be calculated from
the slope and intercept of the lnεtp-lnσt linear fit, as shown in Figure 4-6. The linear fit
and the corresponding Hollomon equation for BMs of 9Cr-ODS and JLF-1 is shown in
Table 4-5. As shown in Figure 4-7, the true plastic strain stress data of the BMs, WM,
and HAZs was inputted in the multi-linear model during FEM simulation.
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Figure 4-5 Engineering strain-stress of (a) 9Cr-ODS and (b) JLF-1 BMs at RT and 550oC.
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Figure 4-6 Fitting of hardening coefficient n and strength index K in the Hollomon equation
for 9Cr-ODS and JLF-1 BMs at RT and 550oC.
Table 4-5 Fitting of Hollomon equation for 9Cr-ODS and JLF-1 BMs.
RT
550oC
Linear fit
Hollomon
Linear fit
equation
9Cr-ODS
lnσt=0.0576lnεt+7.226
σt=1371εtp0.0576
lnσt=0.0179lnεt+6.5708
JLF-1

lnσt=0.1223lnεt+6.7233

σt=832εtp0.1223
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lnσt=0.0382lnεt+6.0032

Hollomon
equation
σt=714εtp0.0179
σt=405εtp0.0382
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Figure 4-7 True plastic strain-stress of each part of the EBW joint at (a) RT and (b) 550oC.

b Bend tests
The width of the WM and HAZs in the dissimilar-metal joint between 9Cr-ODS and
JLF-1 is 0.8 mm and 0.3 mm, respectively. The thickness and length of the joint are 1.5
mm and 20 mm. During bend experiments, the outer span is 12.5 mm, and the inner span
is 5mm, as shown in Figure 4-8.
The time and displacement data during bend experiments was recorded to be inputted
on the upper jig for the FEM simulation. The displacement and load data of the upper jig
which was contacting to the specimens during bend experiments was used for comparison
to verify the simulation reliability.
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Load P

Figure 4-8 Illustration of symmetric four-point bend test.

4.3 Evaluation on bonding strength of the EBW joint of 9CrODS steel—JLF-1 steel
a. Fitting of friction coefficient between the BMs and jig
The displacement and load of the upper jig was simulated at different friction
coefficient between BMs and jig, as shown in Figure 4-9. The standard deviation of the
results between simulation and experiment can be expressed as[154],
S=

1
n

2
∑x=i
x=0 ∆Px

(4-6)

For the bending of 9Cr-ODS BM-single-material specimen at RT, when the friction
coefficient is 0.3, the displacement and load of the upper jig is the most coincident with
the experiment, the deviation is about 9 N. Similarly, the friction coefficient is 0.5 at RT
and 0.55 at 550oC between JLF-1 BM and jig. The deviation is about 13 N and 11 N
respectively. According the ratio of friction coefficient between JLF-1 BM and jig at RT
and 550oC, the friction coefficient between 9Cr-ODS BM and jig is estimated as 0.33 at
550oC. The friction coefficient fitted by using the software of ANSYS APDL in the
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present study is only suitable in the case of “time-displacement load on the upper jig”, not
applicable in “time-pressure load on the upper jig”. In other cases, such as by using other
FEM software, the friction coefficient between BMs and jigs should be fitted again for
the right simulation results.
Usually, the friction coefficient between two contact surfaces will be decreased as the
temperature increases due to the tribologically generated oxide films. However, in the
present work the friction coefficient between BMs and jig at 550oC is larger than that at
RT. The possible reasons are, (1) RT tests were conducted in the air, while high
temperature tests were in vacuum. The contact surface conditions for both the specimen
and the jigs would be changed if the contact surfaces of them were oxidized in the air[155]
when the bend tests were carried out at RT. The oxide film can make the friction
coefficient at RT smaller than that at 550oC in this work. (2) When tests were carried out
high temperature of 550oC, decomposition and evaporation of the oxide film can happen
in vacuum, and lead to appearance of fresh metal surfaces[155]. In this condition, the
fresh surfaces contacted and adhered directly during bend tests. Thus the friction
coefficient increased. The fresh surfaces are difficult to be oxidized again in vacuum.
The better the vacuum degree is, the higher the friction coefficient is. (3) On the other
hand, the materials of BMs would be softened at high temperature. And because there is
no thermal convection in the vacuum environment, the friction heat cannot be emitted.
This can make higher temperature at the local contact surfaces. The contact areas
between BMs and jig were plastic deformed and adhered at high temperature[153] tests at
550oC compared to RT. Thus the friction coefficient between BMs and jig at 550oC is
higher than that at RT.
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Figure 4-9 Fitting of friction coefficient between 9Cr-ODS and JLF-1 BMs and jig.

By inputting the friction coefficient fitted above mentioned, the simulated
displacement and load of the upper jig during the bending of the EBW joint at RT and
550oC was shown in Figure 4-10. The standard deviation between simulation and
experiment is 15 N at RT and 10 N at 550oC, respectively.
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Figure 4-10 Displacement and load of the upper jig during the bending simulation for the
EBW joint at (a) RT and (b) 550oC.
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b. Bonding properties of the EBW joint
Figure 4-11 shows the relationship between the displacement in Y direction
(perpendicular, absolute value) and normal stress in X direction (horizontal) at the bottom
center of the joint. At the elastic phase, yield strength in X direction (horizontal) at the
bottom center joint can be calculated as 535 MPa at RT and 413 MPa at 550oC, as shown
in Table 4-6, according to σ elastic=±

3 P S-L
2 H B2

. The simulation results almost meet the

calculation ones. To some extent, it verifies the accuracy of the simulation in this study.
The maximum normal stress in X direction at the bottom center of the joint is 854 MPa at
RT and 505 MPa at 550oC. Figure 4-11 also shows the distribution of normal stress in X
direction at the last time during bend tests. The top of the joint undergoes compression,
the bottom of the joint withstands tension, and the neutral surface has the minimum
normal stress during bending. In addition, the 9Cr-ODS side and the center area of the
joint have more normal stress than the JLF-1 side.
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Figure 4-11 The Y-displacement and X-normal stress curve, and the distribution of X-normal
stress at the last time during the bending process at the bottom center of the joint at (a) RT and (b)
550oC.
Table 4-6 Comparison of the yield strength at the bottom center of the EBW joint by FEM
simulation and by elastic formula.
Yield strength by FEM
Yield strength by elastic formula
RT
538 MPa
535 MPa
550oC
410 MPa
413 MPa

The normal stress in Y direction (across the thickness of the joint) is tiny as less than
10 MPa, and is ignorable in the present study. However, the normal stress in the Z
direction (across the width of the joint) cannot be ignored. Figure 4-12 shows the normal
stress in Z direction at the bottom center of the joint. It can be drawn that, the bottom
center of the joint reaches the yield point at Z direction later than the X direction. The
maximum Z-component stress is 422 MPa at RT and 242 MPa at 550oC. In this work, the
simulation was carried out in the condition of 2D plane strain model. It was supposed that
the normal stress distribution in the X-Y planes is the same in the Z direction (across
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width of the joint), and the displacement of the joint in Z direction is zero in the present
2D model simulation. However, the homogeneity of the stress distribution in Z direction
should be verified in future by 3D simulation.
Figure 4-12 also shows the von Mises stress at the bottom center of the joint. The
maximum von Mises stress is 747 MPa at RT and 444 MPa at 550oC. von Mises stress is
defined as follows[144],
2

σ1-σ2 + σ2-σ3 2+ σ3-σ1

σ v=

2

2

1
2

(4-7)

In the bending behavior of the present study, σ1=σx, σ2=σy, σ3=σz.
As mentioned above, the normal stress at Y direction (perpendicular), σy, is very
small as less than 10 MPa at the bottom center of the joint during the four-point bend
tests, and can be regarded as zero.
Since σz < σx,
σz ―σx< 0
σz (σz ―σx)< 0
σv=

2

σx-σz + σz
2

2 +σx 2

1
2

1

= σx 2 +σz 2 -σxσz 2 <σx

(4-8)

Therefore, the maximum von Mises stress 747 MPa at RT and 444 MPa at 550oC,
must be smaller than the normal stress in X direction, i.e. 854 MPa at RT and 505 MPa at
550oC. von Mises stress is also important for the design of fusion blanket structure. It
should be noted that, the von Mises stress should be larger than the yield strength to
ensure safety operation of the joints.
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Figure 4-12 Evolution of X-component stress, Z-component stress, and von Mises stress at
the bottom center of the joint at (a) RT and (b) 550oC.

The bending specimens of the joint after unloading are shown in Figure 4-13. The
final shape of the specimens after simulation is almost coincident with the experiment,
especially at the center area of the specimens and the 9Cr-ODS side. However, the
deformation of the joint during bend experiments is more complicated than in the FEM
simulation. It is impossible make the simulation completely coincident with the
experiment. During bend tests the deformation of the whole dissimilar-metal joint was
asymmetric. The JLF-1 part had more plastic deformation in the experiment. However,
for better convergence during FEM simulation, the top center of the joint was constrained
as the displacement in horizontal (X) direction was zero. This leads to the error of the
simulation to some extent. By microstructural observation with OM for the joint after
bend experiments, deformation traces were found at the center of the joint. It can be seen
that, the HAZ of JLF-1 has the most severe local deformation there, because of the
softening induced by over-tempering as depicted in Figure 3-20 and Figure 3-21.
The displacement in Y direction (deflection, towards the lower jig side) after bend
experiments can be measured from the photos taken by OM, as shown in Figure 4-14.
After bending, the final bottom center of the joint is not the original one anymore. The
original bottom center (point a) is moved towards the 9Cr-ODS side (to point a’). The
final bottom center (point b) is still in the WM, but is about 0.2 mm from the original
center of the joint. Figure 4-15 (a) depicts the simulated displacement of the bottom
center of the joint in X direction (towards the 9Cr-ODS side). It is 0.23 mm at RT and
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0.25 mm at 550oC, almost agreed with the experiment. The absolute displacement in Y
direction (deflection) of the final bottom center is determined as the blue lines “a-b” in
Figure 4-14, i.e. 1.69 mm at RT and 2.25 mm at 550oC. The absolute displacement in Y
direction (deflection) of the bottom center of the joint in the FEM simulation, 1.68 mm at
RT and 2.21 mm at 550oC, as depicted in Figure 4-15 (b), is almost coincident with the
experiment.
The other simulated properties at RT and 550oC at the bottom center joint are
summarized in Table 4-7. The EBW joint showed large plastic deformation. The
equivalent plastic strain is 0.2316 at RT and 0.27 at 550oC. The bonding strength at the
bottom center is estimated larger than the maximum normal stress in X direction, i.e. 854
MPa at RT and 505 MPa at 550oC, since the specimens did not fracture after the bend
experiments.
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Figure 4-13 Shapes of the EBW dissimilar-metal joint between 9Cr-ODS and JLF-1 after
unloading in the simulation and experiment at RT and 550oC.
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Figure 4-14 Determination of Y-displacement of the bottom center of the EBW joint between
9Cr-ODS and JLF-1 after the bend experiments at (a) RT and (b) 550oC.
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Figure 4-15 Simulated displacement of the bottom center joint in (a) X direction (towards the
9Cr-ODS side) and (b) Y direction (towards the lower jig).

Table 4-7 The simulated bonding properties at the bottom center of the EBW joint at RT and
550oC.
RT
550oC
σmax (X-component of stress), MPa

854

505

σmax (von Mises stress), MPa

747

444

σmax (Z-component of stress), MPa

422

242

X-component of elastic strain

0.0034

0.0023

X-component of plastic strain

0.20

0.234

Y-component of elastic strain

-0.0017

-0.0013

Y-component of plastic strain

-0.20

-0.2335

X-component of displacement, mm

-0.23

-0.25

Y-component of displacement, mm

-1.68

-2.21

Equivalent elastic strain

0.00343

0.00238

Equivalent plastic strain

0.2316

0.27

In L. Commin et al.’s work[90] on the EBW dissimilar-metal joint between ODSRAFM steel and conventional RAFM steel, there is no result on the evaluation of
bonding strength. The present work has successfully evaluated the bonding strength of
the dissimilar-metal joint between 9Cr-ODS and JLF-1. The technology of four-point
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bend tests combined with FEM simulation can be applied for the fusion blanket joints in
the future.

4.4 Summary
To get the bonding properties, symmetric four-point bend experiments combined with
FEM simulation were carried out for the EBW dissimilar-metal joint between 9Cr-ODS
and JLF-1 at RT and 550oC. The accuracy of the FEM simulation is reflected in the
following points:
(1) The displacement-load relationship of the upper jig during bending is coincident
between simulation and experiment. The deviation between each other is 15 N at
RT and 10 N at 550oC.
(2) At the bottom center of the joint, the yield stress at elastic phase in simulation is
538 MPa at RT and 410 MPa at 550oC. It almost has no difference with the 535
MPa at RT and 413 MPa at 550oC calculated by formula with elastic theory.
(3) The Y displacement of the bottom center joint by simulation is -1.68 mm at RT
and -2.21 mm at 550oC. This is nearly agreed with the experiment of -1.69 mm at
RT and -2.25 mm at 550oC.
Therefore, the FEM simulation results in the present study are believable. The
maximum normal stress in X direction applied to the WM of the joint is estimated as 854
MPa at RT and 505 MPa at 550oC. Since the bending specimens were not fractured, the
bonding strength is estimated to be larger than these values. The present study
successfully utilized bend experiments and FEM simulation to make better estimation for
the bonding strength than the tensile tests and the conventional analysis on the bend tests
with elastic theory. The other bonding properties are also obtained in the present work.
The stress in Z direction cannot be ignored. The homogeneity of the stress distribution in
Z direction should be investigated by 3D model in the future work.
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5.

Conclusions

Dissimilar-metal joints for fusion blanket structure were developed in the present
work. HIP can be used for large area bonding for the thermal-protection plate bonding to
the first wall. EBW can be utilized for the robust bonding for connection of coolant tubes.
The mechanical properties of the joints were controlled by carbon behavior. As depicted
in Figure 5-1, HIP always induced quenched martensite (carbon dissolution, hardening)
for JLF-1 BM. While HIP at low temperature of 1000oC, the incomplete decomposition
of carbides in ferritic structure induced softening of 9Cr-ODS BM. Decarburization also
induced softening at the interface after the 1000oC-HIP. However, HIP at higher
temperatures of 1050oC and 1100oC induced more decomposition of carbides and carbon
dissolution for 9Cr-ODS (quenched martensite, hardening). For the EBW joints between
9Cr-ODS and JLF-1 and between F82H and 316L, carbon dissolution (quenched
martensite) made hardening of WM and HAZs. Proper PWHT can recover the
mechanical properties of the joints from the hardening and softening. In addition, the
significant neutron hardening in the fine-grain HAZ of F82H is due to irradiation-induced
precipitations from the carbon generated by the dissolution of prior carbides during the
welding. The incomplete hardness recovery during PWHT at 680oC cannot make the
dissolved carbides to be precipitated out and could be the source for the irradiationinduced precipitates.
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Figure 5-1 Carbon behavior in the dissimilar-metal joints at different conditions, reproduced
from Figure 3-35.

The other main results in the present study are summarized as follows,
1. The dissimilar–metal joints between 9Cr-ODS and JLF-1 fabricated by HIP
The cooling rate after HIP in the present study is only 5oC/min. 1000oC-HIP induced
ferrite, while 1050oC- and 1100oC-HIP induced quenched martensite for 9Cr-ODS BM.
However, during the slow cooling process, coarse carbides with irregular shape always
precipitated out. These coarse carbides influenced the mechanical properties of the joints.
In the future work, HIP with fast cooling rate is necessary to form quenched martensite
for 9Cr-ODS and avoid the formation of coarse carbides.
The above mentioned coarse carbides in 9Cr-ODS BM can be eliminated with PWHT
of normalization at 1050oC with a fast cooling rate of 36oC/min. The elements in the
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coarse carbides were dissolved into matrix to form quenched martensite. After the
following tempering, new carbides precipitated out. The microstructure of 9Cr-ODS BM
was recovered to that before HIP with tempered martensitic structure.
For the BM of JLF-1, the cooling rate after HIP is enough to form quenched
martensite. PWHT with normalization and tempering is useful for the microstructure
recovery to tempered martensite.
The interface is soft for all the joints after HIP at 1000 to 1100oC. For the 1000oCHIP joint, the softening at the interface may be due to carbides coarsening (less
decomposition of carbides), and decarburized few-particle layer. For the joints HIPed at
higher temperatures of 1050oC and 1100oC, the softening is mainly due to carbides
coarsening.
The coarse carbides at 9Cr-ODS near the interface is larger and denser than those in
the BM of 9Cr-ODS. The less decomposition of carbides at the interface induced
softening of 9Cr-ODS near the interface. This is a main reason why all the as-HIPed
dissimilar-metal joints fractured at the interface.
1000oC is too low to bond well the dissimilar-metal joint. By the low temperature HIP,
there may be un-bonded areas at the interface which was caused by the incomplete
contact of the rough surfaces of the BM blocks. Even after PWHT, these un-bonded areas
cannot be elapsed. In addition, there is a layer of few-particle grains existed on the JLF-1
side at the interface. The formation of few-particle layer may be caused by
decarburization during HIP. Thus the joint fractured at the interface during tensile tests.
The optimum HIP temperature is 1050oC in the present study. The joint showed the
best bonding strength and ductility. The 1100oC-HIP joint showed a little loss of strength
probably due to grain structure coarsening. After PWHT with N&T, the bonding property
was improved further, because the joints fractured at JLF-1 BM, not at the interface
anymore.
In conclusion, PWHT with N&T is effective to recover microstructure and
mechanical properties of BMs. But to keep good strength, HIP at the optimum
temperature of 1050oC is necessary.
2. The dissimilar-metal joint between 9Cr-ODS and JLF-1 made by EBW
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For the EBW dissimilar-metal joint between 9Cr-ODS and JLF-1, bonding
mechanism was analyzed by microstructural characterization. The hardness of WM and
HAZs in both 9Cr-ODS and JLF-1 was much higher than the BMs. The WM is quenched
martensitic phase with occasionally some ferritic phase (iron metal phase with thermal
equilibrium carbon in solid solution). The HAZs is also quenched martensitic phase with
carbides decomposition. Two conditions of PWHT were carried out for the joints to
recover the hardening and the microstructures of WM and HAZs to the levels close to the
BMs.
One is only tempering at 720-780oC for 1h. The tempering removed a part of carbon
in solid-solution and hardening by it, and changed the quenched martensite into tempered
martensite. As tempering temperature increased, the hardening of WM and HAZs was
relieved. The PWHT necessary for the complete recovery of the hardening is obtained as
780oC for 1h. However, the ferritic phase remained in the WM and softening was induced
by over-tempering for BMs after the PWHT. Therefore, the other condition based on the
780oC PWHT was examined.
The other condition of PWHT is a combination of normalization at 1050oC for 1h and
then tempering at 780oC for 1h. Because of the normalization, residual ferrite disappeared.
The whole microstructures including WM, HAZs and BMs is quenched martensite just
after the normalization. After the following tempering, the whole microstructure is
tempered martensite. No residual ferrite existed anymore. The strength of the BMs was
kept in the similar level as that before EBW. The PWHT is the optimum to relief the
hardening of WM and HAZs, eliminate the residual ferrite, and avoid softening of BMs
in the same time.
All the specimens fractured at the BM of JLF-1 steel in the tensile tests, because the
interface is stronger than it. In this situation, the bonding strength cannot be determined
in the same way with the HIP joints, and estimated simply as the one larger than the
ultimate tensile strength of JLF-1 steel.
In order to make better estimation of the bonding strength of the joint, symmetric
four-point bend tests, which can concentrate the stress inside the inner span including the
WM, was executed for the joint. Generally, bend test results are analyzed with elastic
deformation theory. However, a bending formula from the theory can provide the stress
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condition of the present specimens up to only 0.25% in strain, though it shows larger
deformation with more than 10% in strain due to plastic deformation. Thus, computer
simulation with FEM was used to extend the analysis to larger deformation condition in
the bend tests.
The large deformation induces sliding at the contact areas between the specimen and
jig (specimen holder made of molybdenum). The sliding must be also simulated for
accurate analysis, which requires an input parameter of friction coefficient at the contact.
The friction coefficient was measured with a combination of bend tests on BM-singlematerial specimens and the simulations for them. According to the coincidence of the
displacement-load curve of the upper jig in bend experiments and the simulation, the
friction coefficient was determined as 0.3 for the contact between 9Cr-ODS and jig at RT,
0.5 and 0.55 between JLF-1 and jig at RT and 550oC, respectively.
In the simulation for the dissimilar-metal joint, the maximum displacement of the
bottom center of the specimen is -1.68 mm at RT and -2.21 mm at 550oC, which are
almost coincident with, -1.69 mm at RT and -2.25 mm at 550oC, the deformation of the
specimens measured after the experiment. The simulation successfully calculated the
stress distribution in the specimens up to 20.0% at RT and 23.4% at 550oC. The
maximum stress applied to the bonding interface of the joint with the PWHT is estimated
as 854 MPa at RT and 505 MPa at 550oC. The bonding strength is estimated to be larger
than these stresses. The present study successfully made better estimation for bonding
strength than the tensile tests and the conventional analysis on the bend tests with elastic
deformation theory.

3. The dissimilar-metal joint between F82H and 316L made by EBW
The dissimilar-metal joint between non-ODS conventional steel and stainless steel
will be used for only the cooling channel connection behind the blanket near the vacuum
vessel. Therefore, only EBW process was investigated in the present study.
For the dissimilar-metal bonding between F82H and 316L in this work, the electron
beam position was 0.2 mm shifted from the butting position toward 316L side according
to previous studies. PWHT condition was also determined by the previous study as 680oC
for 1h.
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Neutron irradiation was carried out for the joint at 300oC with a neutron flux of
5.6±0.1×1023 n m-2, which is equivalent to a dose of 0.1 dpa (displacement per atom). The
joint will be located near the vacuum vessel and superconducting magnet in fusion
reactors. The maximum dose for the vacuum vessel in ITER (International thermonuclear
experimental reactor) has been estimated as 0.027 dpa. The neutron flux at the magnets in
commercial-grade reactor design is about 1×1023 n m-2. Since the present irradiation dose
was more than these conditions, the present study can evaluate the resistance of the
dissimilar-metal joint to neutron irradiation under fusion reactor condition.
Neutron irradiation induced hardening for the whole part of joint, such as BMs, WM,
and HAZ. Hardness of the joint before irradiation ranged from 180 HV to 250 HV, while
the one after the irradiation ranged from 230 HV to 300 HV. Significant hardening area
with 450 HV in hardness and with a size of 50 µm was discovered at the fine-grain HAZ
of F82H. One of possible mechanisms for the significant hardening is irradiation-induced
precipitations produced by the carbides decomposed during the welding. As mentioned
above, the PWHT condition with 680oC was determined mainly from the viewpoint to
avoid softening of F82H steel by over-tempering. However, it was not enough to
complete the recovery of the hardness change by the welding. The incomplete hardness
recovery during the PWHT at 680oC indicates that the dissolved carbides still cannot be
precipitated out and can be the source for the irradiation-induced precipitates. The present
study found a better PWHT condition as 750oC for 1h from the viewpoint of precipitation
control. This PWHT will suppress the significant irradiation hardening and should be
examined under neutron irradiation in future.
Impact tests, high-speed bend tests with V-shaped notch at different positions of HAZ,
BMs, and WM of the joint, were performed on the irradiated specimens. Fortunately, the
significant irradiation hardening observed in the HAZ of F82H did not degrade the
impact properties of the joint. This is probably because the hardening area was very
limited as 50 µm in size. In addition, 316L steel part of the joint maintained much
ductility and assisted the deformation of the joint during the impact tests. The present
study successfully demonstrated the resistance of the joint to neutron irradiation under the
commercial reactor condition.

126

Other topics not for the present study but for the future
research on dissimilar-metal joints:
(1) More mechanical properties evaluation for the dissimilar-metal joints, such as
Charpy impact tests, fatigue tests.
(2) The first wall blanket will undergo 30 to 80 dpa (displacement per atom) or even
100 to 150 dpa for the Demonstration (DEMO) or prototype commercial reactors[1].
Evaluation of neutron irradiation resistance at high dose is very important for the
dissimilar-metal joints between ODS-RAFM steel and conventional RAFM steel.
(3) Thermal aging evaluation at the operation temperature of the dissimilar-metal
joints.
(4) Corrosion resistance evaluation of the dissimilar-metal joints in flowing coolant of
Li or FLiBe.
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