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Abstract

Reduced activation ferritic/martensitic (RAFM) d&eare considered as one of the
promising structural materials for fusion blanketstems because of their mature
fabrication technologies, good irradiation resiseggnand excellent thermo-mechanical
properties. The operationtemperatureof RAFM steels ranges from 3% to 550C.
Oxide-dispersion-strengthened RAFM (ODS-RAFM) «eale produced with high
number-density nano-scale oxide particles. Bec&I3&-RAFM steels have excellent
high temperature strength and good irradiatiorstasce, the dissimilar-metal joints can
be used in the first wall blanket to locate the GR&FM steels near the blanket surface
and to enhance the acceptable heat load from tienfyplasma. In this concept, the
acceptable temperature of the first wall will bepioved to 708C from 550C of full-
conventional-RAFM-blanket concept. Thus, it is imtpat to develop dissimilar-metal
bonding between ODS-RAFM steels and conventionaFRAsteels to apply ODS-
RAFM steels in advanced concept of fusion blankstesns. While, austenitic stainless
steels are structural materials of out-vessel carapts for tritium extraction and heat
exchange in a fusion reactor. For the connectionthef blanket to the out-vessel
components, it is also essential to develop didaimetal bonding between
conventional RAFM steels and austenitic stainléss|s.

By considering a plate bonding for thermal pro@tton the blanket surface, the first
wall structure requires large area and complicatepe bonding for ODS-RAFM steels
and conventional RAFM steels with a typical crogxtion of one square meter.
Compared with other techniques, diffusion bondinthvinot isostatic pressing (HIP) is
more suitable for such bonding. For the coolingnclgh connection inside or at the
backside of the blanket between ODS-RAFM steelscamyentional RAFM steels, and
between conventional RAFM steels and austenitiolstss steels, electron beam welding
(EBW) is necessary for robust bonding with severdlimeters in thickness to resist the
coolant pressure.

In this study, an ODS-RAFM steel, designated as-ODE, and a conventional
RAFM steel, JLF-1, were bonded by EBW and HIP. Aeotconventional RAFM steel,
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F82H, and austenitic stainless steel type 316L vedse bonded by EBW. Bonding
mechanisms and optimum bonding conditions were sinyated for these dissimilar-
metal joints. As a result of the bonding, the weletal (WM: the melted zone during the
welding), heat-affected zones (HAZs: the heat-dadagone around the WM with
mechanical property and microstructural change)thadase metals (BMs) in the joints
exhibited undesirable hardening or softening. Radt heat treatment (PWHT) was
studied for recovery of microstructure and mechalnproperties for these joints. The
mechanisms for the degradation and recovery wetleunderstood by carbon behavior
in the steels, such as phase transformation withide decomposition, carbon dissolution
and re-precipitation, and carbide coarsening andarberization. In addition, the
experimental mechanical property tests were contbwigh computer simulations using
finite element method (FEM), which revealed beéstimated bonding strength of the
EBW joint between 9Cr-ODS and JLF-1 compared withventional experiments. On
the other hand, the joint between F82H steel aril 3teel, was neutron-irradiated and
showed good resistance to neutron-irradiation dtfdsrient under a commercial reactor

condition.

1. Dissimilar-metal joints between 9Cr-ODS steal dhF-1 steel made by HIP

Dissimilar-metal joints between 9Cr-ODS and JLF-g&revfabricated by HIP at
1000C, 1056C, and 1108C, under a pressure of 191 MPa for 3h with a cgotate of
5°C/min after the HIP. The HIP process always indusedesirable hardening in the BM
of JLF-1, and also undesirable softening at thedbaninterface, irrespective of the HIP
temperatures.

The hardening is due to the formation of quenchedtensite, because the cooling
rate after the HIP was enough for quenching betarbon diffusion in the BM of JLF-1.
While, it was too slow for 9Cr-ODS when HIP at 1800 where coarse carbides
observed on the grain boundaries evidently indeccatech diffusion of the carbon before
quenching. No quenching (ferritic structure) and tarbide coarsening resulted in the
softening of the BM of 9Cr-ODS. However, HIP at linég temperatures of 10%D and
1100C also induced quenched martensite with smallerseoearbides. For the recovery



of both the hardening and softening in the BMs, PW#ith normalization (105 x1h)
and tempering (78Cx1h) with a rapid cooling at 36/min was effective.

On the other hand, the softening at the interfacdtributed to decarburization of the
specimen surface during the HIP process beforeibgnevhich produced few-particle
soft layer there. The soft layer is clearly obsdrirethe 1008C-HIP specimen, and can
be a potential fracture site in tensile tests. €®@ararbides near the interface are more
than those in 9Cr-ODS BM, and can be another pialéracture site during tensile tests.
There is also supposed to have un-bonded areasspliterical voids at the interface in
the 10006C-HIP joint, because only 1/3 yield strength of 9OIDS is needed to make the
joint fracture with almost no elongation in tensiésts. However, the elongation was
improved very much at higher HIP temperatures, sash 1050C and 110€C.
Disappearance of the few-particle layer is obsemtethese temperatures. It is probably
promoted by the decomposition of thedis carbides and re-distribution of carbon at the
high temperatures and the following diffusion ofrbmn into the few-particle layer.
Actually, 1106C HIP resulted in slight lower strength of the jdiman 1058C HIP. This
is likely because of coarsening of grain structuTdéerefore, 105 is the optimum HIP
temperature in the present study. The following PWkith normalization and tempering

IS necessary to recover microstructure and mechbpioperties of the whole joint.

2. Dissimilar-metal joint between 9Cr-ODS steel dh#-1 steel made by EBW

Dissimilar-metal butt joint between 9Cr-ODS aid~-1 was fabricated by EBW
with an output of 15 mA and 150 V and with a speé®000 mm/min. The electron
beam was at the butting position for the plates.

The hardness of WM and HAZs in both 9Cr-ODS ahE-1 was much higher than
the BMs. The WM is quenched martensitic phase wibasionab-ferrite phase. The
HAZs are also quenched martensitic phase with @arbdiecomposition. The quenched
martensite in the WM and HAZs contributes unacddptaardening for the joints. Two
conditions of PWHT were carried out to relieve thardening and recover the
microstructures of WM and HAZs to the levels clts¢he BMs.

One condition of PWHT is only tempering at 720-780for 1h. The tempering

changes the quenched martensite into softer temhpemartensite. As tempering



temperature increased, the hardening of WM and HAZAs relieved. The complete
recovery of the hardening is obtained by tempedh@80C for 1h. However, thé-
ferrite phase still remained in the WM, and softgnof BMs was induced by over-
tempering.

The other condition of PWHT is a combination ofmalization at 105 for 1h and
then the complete-recovery tempering at °@8@or 1h. Because of the normalization,
residuald-ferrite disappeared. The whole microstructureudolg WM, HAZs, and BMs
is quenched martensite after the normalizationerAtthe following tempering, the whole
microstructure is tempered martensite. No residifalrite existed anymore. The PWHT
is the optimum to relief the hardening of WM and #A and eliminate the residual
ferrite at the same time. The strength of BMs wagst kn the similar level as that before
EBW. No softening of BMs induced by over-temperiwgs observed in this PWHT
condition with normalization and tempering.

All the specimens fractured at the BM of JLF-1 dgritensile tests, because the
interface is stronger than BM of JLF-1. In thiuation, the bonding strength cannot be
determined by uniaxial tensile tests in the samg asthe HIP joints, and is estimated
larger than the ultimate tensile strength of JLFlorder to make better estimation of the
bonding strength of the joint, symmetric four-pdoend tests, which can concentrate the
stress inside the inner span including the WM, wascuted for the joint. Bending
normal stress can be calculated according to therytof elasticity within only 0.25% in
strain, though the joint shows large deformatiothwnore than 10% in strain due to
plastic deformation. Thus, FEM simulation was usedextend the analysis to large
deformation condition in the bend tests.

The large deformation induces sliding at the candaeas between the specimen and
jig. The sliding must be also simulated for acoarahalysis, which requires an input
parameter of friction coefficient at the contactas. The friction coefficient was fitted by
simulation for bending behavior on BM-single-madérspecimens. According to the
coincidence of the displacement-load curves of upper jig between simulation and
experiment, the friction coefficient was determireexi0.3 for the contact between 9Cr-
ODS and jig at RT, 0.5 and 0.55 between JLF-1 andtjRT and 551, respectively.

Because of the analysis on the friction, the sititasuccessfully calculated the stress



distribution in the specimens up to strain of 20.8%RT and 23.4% at 580. The
maximum stress applied to the WM of the joint iireated as 854 MPa at RT and 505
MPa at 556C. The bonding strength is estimated to be larigan these stresses because
the specimens did not fracture during bend tedte. HEM simulation successfully made
better estimation for bonding strength than unilabeiasile tests and conventional analysis

on bend tests with the theory of elasticity.

3. Dissimilar-metal joint between F82H steel an@l3&tainless steel made by EBW

The butt joint between F82H steel and 316L stemtiesl with a thickness of 7 mm was
made by EBW with an output of 20 mA and 150 V, andlelding speed of 2000 mm/min.
The electron beam position was 0.2 mm shifted ftbenbutting position toward 316L
side according to previous studies. PWHT conditi@s also determined by the previous
study as 68TC for 1h.

Neutron irradiation was carried out for the joint300FC with a neutron flux of
5.6+0.1x16° n m?, which is equivalent to a dose of 0.1 dpa (dispiaent per atom). The
joint will be located near the vacuum vessel angdestonducting magnet in fusion
reactors. The maximum dose for the vacuum vesd@HER (International thermonuclear
experimental reactor) has been estimated as 0j027Tthe neutron flux at the magnets in
commercial-grade reactor design is about F*h0n?. Since the present irradiation dose
was more than these conditions, it is enough tduata the resistance of the dissimilar-
metal joint to neutron irradiation under fusionatea condition.

Neutron irradiation induced hardening for the whoéet of joint, such as BMs, WM,
and HAZs. Hardness of the joint before irradiatianged from 180 HV to 210 HV, while
the one after the irradiation ranged from 230 HV3@0D HV. In addition, significant
hardening area with 450 HV in hardness and witlza af 50 um was discovered at the
fine-grain HAZ of F82H. One of possible mechanisimsthe significant hardening is
irradiation-induced precipitations produced by tb&bides decomposed during the
welding. The PWHT condition with 680 for the irradiated specimens was determined
by the previous study, mainly from the viewpointawoid softening of F82H steel by
over-tempering. However, it was not enough to cetepthe recovery of the hardness

change by the welding. The present study foundtebBEWHT condition as 75G for



1h from further investigation from the viewpoint pfecipitation control. This PWHT
will suppress the significant irradiation hardenamgd should be examined under neutron
irradiation in future.

Fortunately, the significant irradiation hardenioigserved in the HAZ of F82H did
not degrade the impact property of the joint. Tisigorobably because the hardening
volume was very limited. In addition, 316L steelrtpaf the joint maintained much
ductility and assisted the deformation of the jailoring the impact test. The present
study successfully demonstrated the resistandgegbint to neutron irradiation under the
commercial reactor condition. The results presemetie work are expected to provide

technical reference for the design and construafanfusion reactor in the future.



1. Introduction

There is great demand for electric power in theldveoday and tomorrow. A lot of
resources can be utilized for power generatior stscoil, coal, natural gas, hydropower,
geothermy, wind, biofuels, solar, nuclear, and 8o ®he non-renewable resources such
as oil, coal and natural gas, are limited and coradale, and become fewer and fewer.
The renewable resources such as wind, solar, aoflieis, are scattered, unstable,
technology-limited, and small-production. They cainfulfill the increasing demand of
humans completely. Nuclear is a kind of promisingwer resource. Figure 1-1
demonstrates that nuclear power will play more amate important role in the next

decades to fulfill the huge demands of electribgyhumans.
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Figure 1-1 Evolution of electricity mix in the nexécades[1].

Fusion nuclear energy is a type of safe and cleawep without high level
radioactive waste and G@mission[2,3]. The fusion reactions in the reactore are

expressed in the followings([4],

D + T— n (14.1 MeV) +'He (3.5 MeV) (1-1)
D +°He— “He (3.5 MeV) + p (14.6 MeV) (1-2)
D + D— n (2.5 MeV) +*He (0.8 MeV) (1-3)

— T(1.0 MeV) + p (3.0 MeV)



Figure 1-2 shows the reaction rate of fusion reasti The D-T reaction is the most
possible because relatively low temperature (séverss keV, i.e. 4.7x16C[5]) is
needed to have a peak cross section. Totally 128 {@x10'2J) is released for the D-T
reaction, 14.1 MeV with neutron and 3.5 MeV withitne.

The fuel tritium is quite rare in nature. Howevercan be produced in the breeding
blanket of a fusion reactor through the reactiotitbfum with neutron as follows,

n +°%Li—T +“He + 4.8 MeV (1-4)
n+'Li—T +“He + n— 2.5 MeV (1-5)

For a 1 GW fusion power plant, only 0.1 ton dewteriand 10 tons lithium per
year[2] as fuels is needed. The fuels deuteriumlitmdm are inexhaustible on the earth.
They can be obtained from sea water. While tritivam be obtained by industrial
production and from the breeding system of theotu&ilanket itself by isotope separation
techniques with column exchange separation methddracuum distillation method[2].

Fusion energy is safe and clean from the followingwvpoints: (1) unlike fission
energy with chain reaction, D and T fuels are fedtinuously into the fusion reactor.
When the feeding is stopped, fusion reactions stdpmmediately. (2) No green-house
gas CQ emitted in the fusion reactor. The production by Beaction is helium, which is
not radioactive at all. (3) Tritium is a radioaetielement with half-life of only 12 years.
However tritium is confined and bred in the blankgtthe reaction between lithium and
neutron. The hazard potential due to radioactiistyonly 1/1500 of that of a fission
reactor[2]. (4) The only nuclear waste is strudturaterials with neutron induced
activation. The present material design of fusieactors is focused on recycling of
structural materials after 50 to 100 years cootiown. In this case, structural materials

with low-activation are required.
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Figure 1-2 Fusion reaction rate between light af@jr(for the kinetic temperature, 1 eV
corresponds to 11660).

As depicted in Figure 1-2, hot D-T plasmas are ireguwith temperature of about
10x10°C for the fusion reaction. The thermo-nuclear piasmas to meet the condition of
self-sustained ignition . T > 5x1G*m™ keV.s[1], where is the confinement time, n
the electronic density, and T the temperature. fEsearch and development of fusion
energy have already persisted almost 60 years $ivec@950s. Achievement of fusion
energy is not easy because it is hard to maintainibg after heating the plasma to the
extremely high temperature for igniting fusion mé@e. There are no commercial fusion
reactors in the world yet since the key issuegpfasma control are unsolved. However,
two types of experimental facilities for fusion easch are operated, designed, or under

construction. (a) Inertial confinement fusion féamk[4][6] are the National Ignition
Facility[7] (NIF, USA), the Laser MegaJoule fagi®] (LMJ, France), Shenguang



facility (SG-IV, China), the Fast Ignition Realizat Experiment project (FIREX)[9][10]
and International Laboratory Inertial Fusion TadtlFT) experimental reactor (Japan).
(b) Magnetic confinement fusion facilities diokamak-type are JT-60U[11] (Japan),
EAST[12] (China), HL-2A[13] (China), Korea Superatutting Tokamak Advanced
Research facility[14] (KSTAR, Korea), the Joint Bpean Torus[15] (JET, EU), the
Tokamak Fusion Test Reactor tritium facility[16]J{(7FTR, USA), and oHélical-type
such as the Large Helical Device[18] (LHD, Japati}e WENDELSTEIN 7-X
stellarator[19] (W7-X, Germany).

(@)

Plasma

7 DA N
Toroidal field Plasma currents Helical coil

coil

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

Figure 1-3(a) illustrates the concept of Tokamagketymagnetic confinement of
fusion. The plasma with currents is confined byttiveidal field coils, and then is heated
to high temperature to meet the self-sustainedtiggnicondition for fusion reaction.
International Thermonuclear Experimental ReactdER) is a kind of Tokamak facility
under construction in Cadarache, France, by timt gmoperation of seven leading parties,
i.e. China, EU, Japan, India, Korea, Russia, aeduBA. ITER does not have the plan
for electrical power generation. The goal of ITERjust to demonstrate control of
burning plasma and engineering feasibility[20][2#] a fusion reactor. The first D-T
operation in ITER is estimated in 2027[22]. Natibimatitute for Fusion Science (NIFS)
in Japan is famous for the large helical device B)HAs depicted in Figure 1-3(b), it
utilizes helical coils to generate magnetic fiadd €onfining plasmas. The helical system

has advantages of steady-state and stable opermaiopared with Tokamak system,

10



because it does not need currents in plasma toraenéelical magnetic field for
confinement.

1.1 Fusion reactor and structural materials

Typical structure of a fusion reactor contains wanwessel, breeding and shielding
blanket, magnet system, cryostat, cooling systend, so on. Figure 1-4 is a kind of
force-free helical reactor FFHR-2[23] designed 8l The plasma major radius is 14 m.
It can produce fusion power of 1.9 GW. By considgrihe construction of a fusion
reactor, not only to develop materials itself, also it is important to develop component
fabrication technologies of divertor, blanket, sigoaductors, cryostat, and bonding and
assembly of these different kinds of componentsttegy. Among these components, two
in-vessel components i.e. divertor and blanket, paeticularly important for the
operation of a fusion reactor. The former is esakrb self-sustained ignition by
purifying the plasma with evacuation efparticles and impurities. The significance of
the latter is extracting the energy from neutrod plasma, breeding tritium fuel for self-
sufficient operation, and proving shielding for tloeit-vessel components such as
superconductors.

Super—conducting Cryostat

poloidal coilstinc \

Vacuum vessel

)

Support structure

— f )
Super—cona{;:ting Core plasma \/m

helical coils

Figure 1-4 Helical-type reactor FFHR-2 designetiRS[23].

Development of blanket structural materials to steshe high flux of 14 MeV

neutrons generated by the D-T reaction is a keyeiger the construction and normal
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operation of fusion nuclear power plants. The fivatl blanket has to evacuate peak heat
flux of 0.5 MWI/nf[24]. In addition, the 14 MeV intense neutrons witiake huge
damages to the structural materials because theonsuhave no electrical charge and
cannot be confined by the magnetic field. The bdéandtructure will undergo 30-80
dpa[25] (displacement per atom) in the DemonstnaiRkEMO) reactors or even 100-150
dpa in prototype commercial reactors[26][27], respely. In addition, the D-T reaction
will produce high concentration of He and H in #teictural materials with a production
rate of 10 and 45 appm/dpa[l], respectively. Thi&ans that the structural materials
should have excellent resistance to high dose orutradiation, high heat load, and
He/H swelling and embrittlement at the same time.

Moreover, the structural materials should satisfy-hctivation requirement by
considering minimization of radioactive waste arsdhiazard. There are four types of low
activation criteria for structural materials of ifus reactors as the following examples,

(1) Release limit: one-year dose to the population wuthe maximum release to
environment in case of the worst accidental cood#ti The early dose should be
under 50 mSv[28].

(2) Maintenance limit: contact dose rate after one afagooling should not exceed
10" Gy/h[28].

(3) Waste disposal limit: decay heat should be less fltaW/n? and contact dose
rate under 20 mSv/h after no more than 50 year®oling (acceptable for deep
geological repository (DGR))[28]. 10 uSv/year cam &s shallow land burial
(SLB) criterion after 300 years cooling[29].

(4) Recycling limit: for remote recycling, the limit 50 mSv/h[30] after 50 years
cooling. For hands-on recycling, the contact daste should be less than 10
uSv/h[31] after no more than 100 years of cooliog/al.

Furthermore, the blanket structural materials sthdwdve excellent mechanical and
physical properties, and good compatibility withe thiquid coolant, to keep well
operation during the whole life-time of a fusioraceor. The cost of fabrication and
maintenance of the structure should also be adueptdn summary, the blanket
structural materials in a fusion reactor should tmde requirements shown in
Table1-1.
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Table 1-1 Requirements for fusitemket materials.
Requirement

1 Low-activationpropertyto decrease radioactiwaste and it
hazard on environment and the population.
2  Excellent higl-temperature mechanical propertand their stabilit

during the lifetime.

3 Satisfactor tolerance against neutron and heat loads fr¢-T
plasma.
4 Resistance tswelling ancH/He embrittlemen

Sufficient compatibility with breeder/coolar

(o]

Machinability and «cceptablecost forfabricatior and maintenant.

In the fusion blanket systems, there are threeidates for structural materials, i.e.
reduced activation ferritic/martensitic (RAFM) dteevanadium alloys, and SiC/SiC
composites. Table 1-2 lists these structural maltetitilized in different design concepts
of blanket systems. The blanket concepts with diffe structural materials are classified
into solid-breeder/water-cooled, solid-breeder/ideled, Li/self-cooled, FLiBe/self-
cooled, and so on. The maximum application tempezadf the blanket is 558G for
RAFM steels as structural materials, #0@or vanadium alloys, and 11%7 for SiC/SiC
composites. If the high-temperature mechanical gnitgs of RAFM steels and vanadium
alloys are improved by advanced nano-particle dspe strengthening, the application

temperature of the blanket can be increased byl S0(G.

Table 1-2Structural materials in different concepts of bleingystems[32][33].

Concept SSTR[34][35][36] ARIES-RS A-SSTR2[40] FFHR-2[41]
[37][38][39]
Breeder LjO, Li,TiO3 Li Li,TiO3 FLiBe
(pebble bed) (pebble bed)
Breeder temperature300-600(900) 330-610 700-800 450-550
(°C)
Multiplier Be (pebble bed) — Be (pebble bed) Be (pebble bed)
Multiplier temperature 300-600 — 700-800

13



(’C)

Coolant HO Li He FLiBe

Coolant temperature 280(290%)- 330-610 600-900 450-550 (700)

(°C) 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)

(°C)

Max. neutron wall load 3-5 5.6 6 15

(MW/m?)

Max. surface heat flux 1 0.5 <1 0.1

(MW/m?)

Energy multiplication 1.3 1.21 1.3

factor

Tritium breeding ratio 1.2 1.1 1.3 >1

Thermal efficiency (%) 35 (>40%) 46 >50 38

*supercritical -

pressurized water

RAFM steels are selected as the first candidatetstral materials in fusion blanket
systems due to their mature fabrication technolaggd neutron irradiation resistance,
and excellent thermo- physical and mechanical ptEs42-44]. Chemical
compositions of RAFM steels should be limited byhsidering minimization of the
residual radioactive waste. Table 1-3 shows theimmam permissible concentrations of
elements in the RAFM steels according to remotgadlety criteria after 50 years cooling
down, and hands-on recycling criteria after 100ryeeooling down. Figure 1-5
compares dose rate of several blanket structurtdrmabs after 30 years operation in the
reactor FFHR-2 with Li as coolant. V-4Cr-4Ti alloMIFS-HEAT-2) and pure SiC can
reach the full-remote recycling level (30 yearsrftooling down) earlier than RAFM
steel (F82H) (50 years after cooling down). Howe\adter 100 years cooling down,
RAFM steel (F82H) reaches the same level as that-4€r-4Ti alloy (NIFS-HEAT-2)

for full-remote recycling.
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Table 1-3 Maximum permissible concentrations ofdte@ments in steel according to the “hands-
on” limit on surfacey-dose at 100 year after irradiation[45][46].

No limit 10-90% 1-10% 0.1-1% 100-1000 10-100 1-10 0.1-1 <0.1
ppm ppm ppm ppm __ ppm

100-year H, He, Li, Be, Si, Cl, K, Ca, Ti, Zr, Sc, Ni, Cu, Al, Kr, Co, Nb, Ag,
cooling, B,C,N,O,F, Fe, Zn, Br, Yb, Lu, Mo, Pb Cs, Ba, Pd, Os, Eu,

“Hands-on” Ne, Na, Mg, P, Rh, Sn, Rb, Ta Nd, Er, Cd, Bi Th,
limit S, Ar, V, Cr, La,Ce Ru, In, Tm, Pt Xe, Ho,
Mn, Ga, Ge, W, Re Sm, Ir
As, Se, S, Y, Gd,
Sb, Te, |, Pr, Dy,
Au, Hg, Tl Hf

50-year H, He, Li, Be, Na, Ti, Al,Sc, Kr,Rh, Ni, Cu,Cs, Nb,Ho, Co, Eu
cooling, B,C,N,O,F, Fe,Zn, Mo, Pd, Cd, Ba, Sm, Os, Bi Ag,

“Remote Ne, Mg, Si, P, Rb, Sn, Er, Xe, Nd, Gd, Hf Th,
recycling” S, Cl, Ar, K, Yb, Pb m, Dy Ir
limit Ca, V, Cr, Mn, Lu, Pt
Ga, Ge, As, Se,
Br, Zr, Ru, In,
Sr, Y, Sb, Te,
I, La, Ce, Pr,
Ta, W, Re, Au,
Hg, Tl
105' T T T T :
104‘ - FFHR-Li Blanket
N First wall
= 10°k RAF 1.5MW/m’
3 ' 30 years operation
7 107 1
o i\ N ]
® 10
2 10°F
g " S$ for ITER Fyiremote
210 °F 1 recycling
81072 | = ss3t6Ln-1G 1 &—
c —o— Fg2H
810 3 |[—A— NIFS-HEAT-2 1
_4F [ ~Y SiC (no impurity) Full-hands-on
10 1 recycling
-5 L 1 1 Il 1 <4

10° 10" 10" 10 10° 10" 10
Decay time after shutdown (year)

Figure 1-8Dose rate after shutdown for different structuratenials[47].

RAFM steels are ferritic or martensitic structu@mpared with austenitic steels
316SS, as shown in Figure 1-6, these steels hawh remaller void swelling after
neutron irradiation, since high density dislocasiomarge areas of packets and lath
boundaries in the structure of RAFM steels provileks for neutron irradiation
defects[48]. Table 1-4 shows the chemical compmsitange of RAFM steels. The steels

commonly contain 8% to 9% Cr, because at this ratiye steels have the smallest
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ductile-to-britle transition temperature (DBTT) fhdue to neutron irradiation, as
indicated in Figure 1-7. W contents are optimizedalance solution hardening effect
and against embrittlement by Laves phase. In thddwwarious RAFM steels are
developed, such as F82H[49] and JLF-1[50] (Japaanjpfer 97[51] (EU), CLF-1[52]
and CLAM[53] (China), 9Cr-2WVTa[54] (USA), and s0.0

Oxide-dispersion-strengthened (ODS) RAFM steels ehawore superior high
temperature strength than conventional RAFM stedls. maximum application
temperature can be increased by 100°C5@ompared with conventional RAFM
steels[55].The first ODS ferritic steels developed in Japameas Japan Atomic Energy
Agency (JAEA) in 1987, for fuel pin cladding tubé&s endure heavy displacement
damage to 250 dpa at high temperatures up t8C700commercial sodium cooled fast
breeder reactor cores[1]. Nowadays, to develop ®BEM steels for fusion application,
valuable experiences from ODS pin cladding havenlirawn on. Two types of ODS-
RAFM steels have been developed in Japan, 9Cr-OB8ensitic steels for better
radiation resistance, and 12~15Cr-ODS ferriticIstém better corrosion resistance. The
chemical composition range of ODS-RAFM steels showhable 1-4 is mainly designed
to maximize high temperature strength by high nurdessity nano-scale oxide-particle
dispersion and solution strengthening mechanismandCCr contents are designed dor
to y transformation to form martensite for 9Cr-ODS kteead to form fully ferrite for
12~15Cr-ODS steels. Ti, Y, and O concentrations cgoiemized for high temperature
strength by controlling microstructure. ODS-RAFNeeals are usually fabricated by
mechanical alloying, hot extrusion or hot-isostgiessing, and hot forging[56]. There
are many kinds of ODS-RAFM steels developed in wueld, such as 9Cr-ODS and
12Cr-ODS[56][57] (Japan), SOC1, SOC5, SOC-P3[53][6P4~16Cr-ODS, Japan),
15Cr-ODS[60] (Korea), ODS Eurofer[61][62][63](ELje—14CrWTi ODS[64] (France),
ODS-CLF[65] (China), ODS CLAM[66] (China), etc.

16



;\; 16 T T T 5 ;
; 14 bt ? gﬁ;;é?-owo LRRRE
= 316 SS —
g 2} Tirr ~ 420°C
)
S 8 L il i ]
g D9 (Ti-mod 316SS)
4 [ EERESH ISIND iy
2 1/4Cr, 9CR, |
0 2 ‘ :

0 50 100 150 200 250
Displacement Dose (dpa)

Figure 1-6 Void swelling behavior after neutron attiation for austenitic steels and
banite/martensite/ferrite steels[1].

Table 1-4 Chemical composition range of RAFM andSaRAFM steels (wt. %).

Steels Fe Cr w C Ti Y \Y Ta (0]
RAFM Bal. 8-9 1-2 0.1-0.15 0.2 0.04-0.15
ODS-RAFM Bal. 9-15 1-2 <0.03-0.15 0.2-04 0.2-0.3 0.1-0.2
250 A
2.25¢Crv JLF-6 1
¢t2-25 1wV 12Cr-6Mn-1W
10dpa: 365°C | |

IF4 ey 1 sy
r—1. ,
el B ) R. Klueh et al. 72Cf-6Mn—1V ;
\ R
—~ ° . \ 36dpa;410°C /I, oWV
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Figure 1-7 DBTT shift for several steels with difat Cr content after neutron irradiation[67].

A lot of issues should be concerned for the devakg of both conventional RAFM
steels and ODS-RAFM steels: (1) Manufactory tedesq especially for industrial
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production with low activation characteristics aggtical to meet large demand of
structural materials in the blanket of the fututsion plants. (2) Irradiation induced
hardening and shift of DBTT after irradiation atfgeratures below 35C are the most
critical issues for ferritic and martensitic steelisis important to develop advanced
RAFM steels especially ODS-RAFM steels for excdllémadiation resistance. (3)
Compatibility with coolant is important to apply RM steels in fusion blanket.
Development of proper coating in the coolant tuisesecessary to increase corrosion
resistance. (4) Development of component fabrigathnologies is also essential to the
construction of the blanket structure of a fusieaator. The issue (4) is very important
but has not been investigated systematically yleerdfore, the present study focuses on

this issue.

1.2 Dissimilar-metal bonding issues for fusion redors

The main technologies to fabricate a blanket inelu@) cutting and machining of
semi-finished products, (b) bonding of comoneniseerlly for the plates with internal
coolant channels, (c) bending of coolant pipes @t as avoiding fusion welding close to
the first wall[68], (d) post-weld heat treatmentWHT) of the joints to improve
mechanical properties. Among these, bonding tectesicand the following PWHT are
the most important to determing the mechanicahgtteand the DBTT before and after

neutron irradiation.

By considering development of component fabricatemhnologies for fusion blanket
systems, invesitigation of bonding techniques farctural materials has been carried out
by scientists in the world. Nowadays, lots of atieg are conducted for single-metal
bondings (the bondings for themselves) of RAFM Isteand ODS-RAFM steels, as
shown in Table 1-5. The single-metal joints are miyaifabricated by techniques of
electron beam welding (EBW), hot isostatic presghid) or hot pressing (HP), tungsten
inert gas welding (TIGW), pressurized resistancéding (PRW), laser welding (LW),
friction stir welding (FSW), and so on. For thendings of conventional RAFM steels,

all the above techniques are applicable. HowewerQDS-RAFM steels, usually fusion
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welding such as LW, EBW, and TIGW should be avoid@therwise, disruption of nano-
scale oxide patrticles in the heat-affected zonesZ@) and weld metal (WM) would be
induced. This would lead to degradation of mechanmoperties of the joints. K.
Hatayama et al.[69] have investigated bonding of-ODS steel by LW, EBW, and
TIGW. The joints fractured at the WM by tensilettebecause of local softening there.
The bonding strength is only 53-75% of that of blase metal (BM). R. Lindau et al.[70]
have developed the single-metal bonding for ODSteurby EBW. Compared to BM,
loss of tensile strength and impact absorbed emneegyfound for the joint due to grain
and particle coarsening in the WM. The joint is sidered to be applied in regions with

lower mechanical loads of fusion blanket systems.

Other techniques such as diffusion bonding withddPiIP and forging welding with
FSW or PRW are more suitable for the bonding of XM steels to avoid disruption
of nano-scale oxide particles and fine grain stmeg. (1) During diffusion bonding
process, an adequate temperature (50-80% of th&ngeakmperature Jf[71]) and
pressure for a specific time can be determinetderrange where the atomistic interaction
happened between the joint interfaces by diffusi®n.Noh et al.[72] have studied
diffusion bonding by HP with phase transformatiad50C) to join 9Cr-ODS steel. By
the following PWHT with normalization and temperi®&T), fine tempered martensitic
structure and nano-scale oxide particles were hemegusly distributed at the interface
region. The diffusion bonded joints exhibited thikr tensile behavior as that of the
BM. (2) FSW uses the friction heat generated betvtke stir tool and the material of the
work pieces. The heat softens the material workgsevithout reaching the melting point.
The materials are forged together by the intimatgact of the stir tool. W. Han et al.[73]
have researched the effect of mechanical forceicfdn tool on grain structure of 15Cr-
ODS ferrite steel. The mechanical force can adtivatrystallization and contribute to
grain refinement of the stir zone. Thus by well tcohof the mechanical force of friction
tool, good bonding properties of the joints of Ofi8els can be gained. (3) PRW utilizes
the heat generated by resistance at the butt-aigmiet of the weld materials under a

specified axial pressure while passing a largeetiiriH. Endo et al.[74] and M. Seki et
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al.[75] have utilized PRW for the bonding for 140BS steel, 12Cr-ODS steel, and 9Cr-
ODS. The strength of the WM was maintained equak thigher than that of the BMs.

Table 1-5 Single-metal bonding techniques for cativaal RAFM steels and ODS-RAFM steels

For conventional RAFM stee For ODS-RAFM steel

F82H, HIF[76][77][78], TIGW[79], EBW[80] 9C1-ODS, HH72], 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 develispimilar-metal bondings for the
fabrication of fusion reactors by using RAFM stea$sstructural material and austenitic
stainless steels as out-vessel-component maté&sakhown in Figure 1-8 (a), if only
conventional RAFM steels are used as blanket straictnaterial by bonding with out-
vessel austenitic stainless steel, the applicagorperature of the blanket system would
be below 558C. However, as depicted in Figure 1-8 (b), if ODSHR1 steels used
partly for the surface of fusion blanket closetie plasma by bonding with conventional
RAFM steels, the application temperature of blarskeface would be increased by up to
100 to 156C. This advanced concept is very attractive, stheemal margin is gained in
the blanket design. Therefore, dissimilar-metal diogs are important topics in the
blanket systems. Dissimliar-metal bonding betweenventional RAFM steels and
austenitic stainless steels is a common issue @h bhe conventional design and

advanced design.
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Figure 1-8 lllustration of dissimilar-metal bondsim blanket systems.

Several dissimilar-metal joints between ODS-RAFMeft and conventional RAFM
steels, and between conventional RAFM steels arstenitic stainless steels are
developed by scientists, as listed in Table 1-6EBWV, HIP or HP, TIGW, LW, FSW,
and so on. Unlike HP with only uniaxial presswich is usually executed in a
hydrostatic vacuum hot-press furnace, HIP produsestatic pressure (from high-
pressure gas) acting on the outer surfaces of &iéivg objects. Thus compared to HP,
wider area bonding of components with more comtgdahape can be made by HIP.
For the large area bonding of the plate structaréhe first wall blanket as depicted in
Figure 1-8, HIP is the most suitable among the abuentioned bonding techniques. It
has been considered to be the most promising msthiddfor fabricating of blanket
components of a complicated structure with rectirgroolant channels in the first wall
to remove the heat from the plasma. HIP has alea bkosen as the main manufacturing
technique for the substructures of the test blanmieules (TBMs) for ITER[68].

Fusion welding is used for assembling of the mairigpof the blanket system such as
for the pipes connection. In the fusion weldinghteiques, EBW is more proper because

it can produce robust joints with high accuracy aadrow HAZs and WM compared
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with other fusion welding techniques. In addititsgcause of the vacuum environment,
EBW can make joints without air contamination.

For the dissimilar-metal bonding between ODS-RARBEEand conventional RAFM
steel, there are some activities in Europe by Rdau et al.[63][89] with HIP and by L.
Commin et al.[90] with EBW by using ODS Euroferedtand Eurofer steel. Tensile tests
showed good strength of the dissimilar-metal joiRtsaicture always occurred outside the
WM in the Eurofer part (below 550) or ODS Eurofer part (after 600), as shown in
Figure 1-9. Impact tests of the joints made by ldHéwed up to 80% of upper shelf
energy (USE) of Eurofer BM (Figure 1-11 (a)). DBETabout 56C, below the DBTT of
ODS Eurofer material. For the EBW dissimilar-mgtaht, PWHT as shown in Figure
1-10, is required for grain structure modificatiamd carbide re-precipitation in the WM
to achieve high creep strength and low DBTT (Figl¥gl (b)). L. Commin and R.
Lindau et al. have successfully demonstrated thsilfdity to apply HIP and EBW for
the dissimilar-metal bonding between 9Cr ODS-RAHRM aonventional RAFM.

Table 1-6 Dissimilar-metal bonding technologiesrently developed in the world.

Between OD-RAFM steels and conventioneé Between conventional RAF 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, EBWI[95,96], LW[97],
9Cr-ODS—PNC-FMS(11Cr ferrite steel), FSW[92T1G[98]

14YWT—F82H, FSW[93]
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Figure 1-9 Fracture surface of the joint betweerS@wrofer and Eurofer (a) until 5%8) (b)
and (c) after 60C[90].
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Figure 1-10 Effect of PWHT on the EBW joint betwe@BS Eurofer and Eurofer[90].
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Figure 1-11 Charpy impact properties of the joietween ODS Eurofer and Eurofer (a) by

HIP[63], (b) by EBW[90].

For the dissimilar-metal bonding between converidRAFM steel and austenitic

stainless steel by EBW, there are also activitiendacted by S. Nogami and N.
Hara[95,96] in Japan. The effect of electron bgasition was investigated by N. Hara.
The hardening in the WM can be completely elimidaty PWHT if the electron beam
shifted 0.2 mm towards the 316L during EBW, as depl in Figure 1-12, while the
hardening cannot be cleared up if without any etdecbeam shift. As shown in Figure
1-13, the joint with the electron beam shifted @n2n towards 316L side showed
excellent impact property compared to that witheny shift. In S. Nogami et al.’s work,
the hardness recovery process by PWHT with temgewxiais investigated, as illustrated
in Figure 1-14, and proton irradiation hardeningsvaéso studied for the joint in Figure

FS2H(BM) HAZ WM HAZ  316L(BM) F82H(BM) HAZ WM HAZ  316L(BM)
500
400 | (a) FS2H/316L+/-0 ' | (b) F§2H/3161.+0.2 '
As-welded ' As-welded .

2 300 \ .
::-.‘ 2(x) ._ . |
-g L ) L) ~ . .
=100 T e
§ 400 f@FS2HBI6L0 1A @ FS2HBI6LH02 't !
2 PWHT(750°C x 1h) , . PWHT(750°C x1h) , + .
-~ 300 f ' " '

200
100

0 1 2 3 4 -4 30 2 -1 0 1 2 3 4 5

Distance fromthe center of weld metal [mm)]

Figure 1-1Hardness of the EBW joints with and without elestb@am shift[96].
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Figure 1-13 Charpy impact property of the jointsadmen F82H and 316L when the electron

beam located at different positions during EBW pes§96].
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Figure 1-14 Hardness recovery of the dissimilantjbietween F82H and 316L by PWHT[95].
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Figure 1-15 Proton irradiation on the dissimilartahgoint 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 foe tonstruction of a fusion reactor.
In the presenstudy, dissimilar-metal joints between ODS-RAFMesteand conventional
RAFM steels, and between conventional RAFM steetsaustenitic stainless steels were
developed by welding techniques of HIP and EBW.

As mentioned above, activities on dissimilar-mdiahding between ODS-RAFM
steel (ODS Eurofer) and conventional RAFM steelr@er) have been conducted in
Europe by HIP and EBW. They produced the dissiamatal joints with the welding
condition already optimized for the conventionalddar steel, and analyzed the effect of
PWHT on mechanical properties with tensile testar@i impact test, and creep test.
However, the optimum bonding and PWHT conditionsehaot been systematically
investigated yet by using dissimilar-metal joints.the present study, more progress is
obtained on the optimum bonding and PWHT conditimnget good bonding properties
of the dissimilar-metal joints. In addition, in thevork the bonding strength was not
analyzed further when the fracture occurred atlithse metal, because this situation

satisfies the practical requirements for jointstia present study, further analysis on the
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bonding strength was conducted to obtain the mafgm fracture from academic
viewpoint.

On the dissimilar-metal bonding between conventiddaFM steel and austenitic
stainless steel by EBW, N. Hara and S. Nogami ¢03[96] have preliminarily
investigated the optimum bonding and PWHT condgjoand the effect of proton
irradiation at 308C for ldpa on the joint. However, it is necessaryetvaluate the
irradiation resistance of the dissimilar-metal fjaimder neutron irradiation more close to
the real fusion environment. In this work, inveatign on neutron irradiation at 3T
was conducted on the basis of their work.

The following goals will be obtained,

1. Development of dissimilar-metal bondings betwe®DS-RAFM steel and
conventional RAFM steel, and between convention®FM steel and austenitic steel by
HIP and EBW, investigation of proper welding parsene for good bonding properties.

2. Evaluation of microstructure evolution during leveg, understanding welding
mechanisms, and investigation of PWHT for recowarynicrostructure and mechanical
properties of the dissimilar-metal joints after diab.

3. Investigation of neutron irradiation effect dmetdissimilar-metal joint between
conventional RAFM and austenitic stainless steggrpreting hardening mechanism of
the joint, and obtaining neutron irradiation dataprovide support for the design of

fusion reactors.
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2. Experimental Procedure

2.1 Materials

Materials used in the present study are conventi@d&M steels F82H and JLF-1,
ODS-RAFM steel 9Cr-ODS, and nuclear-grade austesitinless steel type 316L. Table
2-1 roughly introduces the fabrication process famal heat treatment conditions of these
steels. RAFM steels of F82H and JLF-1 were madeaayium induction melting (VIM)
with or without electro slag re-melting (ESR)[99]Ibwed by forging and rolling. 9Cr-
ODS was fabricated by mechanical alloying, extmisiand forging. The final heat
treatments for F82H, JLF-1, and 9Cr-ODS are nomatibn and tempering (N&T) to
form tempered martensitic structure. However,tfar 316L steel, the microstructure is
austenite. The fabrication process is similar @ ti conventional RAFM steels with
melting, forging, and rolling. However, the necegséinal heat treatment is just

normalization to form austenite structure.

Table 2-1 Fabrication process and final heat treatrof the materials

Materials Fabrication proce Final heat treatme Structure

JLF-1[50], Vacuum induction meltinn F82H:104Cx4(min+75(°Cx1f Temperec
F82H[99] (VIM) + electro slag re- JLF-1: 1056Cx1h+780Cx1h martensite
melting (ESR), followed by
hot forging and rolling

9CI-ODS[56] Mechanical alloying+ hc 105(°Cx1h+80C°Cx1F Temperec
extrusion+ hot forging martensite
316L Melting + hot forging+ rollini  104(°Cx30mir Austenite

2.1.1 F82H and JLF-1 reduced-activation ferritic/matensitic

(RAFM) steels
The conventional RAFM steels used in this work aonihg 8 wt.% Cr (F82H) and 9
wt.% Cr (JLF-1) solidify as-ferrite and transform to austenite during cooliag,shown

the Fe-Cr phase diagram in Figure 2-1. When thdirgpoate is sufficiently rapid, the
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austenite transforms into quenched martensite. Becaf low carbon content (0.09
wt.%), the steels are expected to have good resist under-bead cracking which was
induced by internal stresses when austenite-toemsite transformation during

welding[100].
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Figure 2-1 Fe-Cr phase diagram
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The conventional RAFM steels used in this studyF82H-IEA heat[101][102] and
JLF-1 JOYO heat[102], respectively. The chemicahposition of them is shown in
Table 2-2.

Table 2-2 Chemical composition of F82H and JLF-1.%%.

C Si Mn P Cr W Cu Ni Mo

F82 0.091 0.11 0.1¢ 0.00z% 7.71 1.9¢ 0.01 0.0z 0.00:
JLF-1  0.0¢ 0.0t 0.4¢ <0.00: 9.0C 1.9¢

\Y Ta N O S Ca Ti Al
F82H 0.1¢€ 0.0z 0.00¢ 0.00z 0.00¢ 0.01 0.00¢
JLF-1 0.2C 0.08: 0.01f 0.00: 0.000¢

2.1.2 9Cr oxide-dispersion-strengthened (ODS) RAFMteel
The ODS-RAFM steel used in this study is 9Cr-OD&ektThe detailed fabrication
process of 9Cr-ODS steel is shown in Figure 2-3joAirgas atomized pre-alloyed steel
powders and YOs particulates were mechanical alloyed by ball imilhigh purity argon
gas atmosphere to avoid contamination by air. Teehanical alloying was carried out
for 48h with a rotation speed of 220 rpm. The miyedvders were sieved, filled into
mild steel cans, degassed at #D@or 3h. And then, 3 bars with 30 mm in diameteraev
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hot extruded at 115G with the ratio of 6.4. By the following hot fang at 1156C,
plates with thickness of 10 mm were made. The fimahealing is 105Cx1h for
normalization and 80Cx1h for tempering, with air cooling (AC). At lagty cutting and

shaping, plates with 5 to 6 mm in thickness webgitated.

Argon gas atomized powe
pre-alloyed, <150 um

=

Addition of Y ,03 (about2C nmin diamete)
Addition of elements for compositional adjustment

-

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

-

Canning, Degassinc
(400°C, >3h)

-

Hot extrusion
(1150°C, extrusion ratio=6.4p30 mm)

-

Hot Forging
(1150C, 50-60 mm (width) x10 mm (thickness)

-

Annealing
(1050Cx1h, AC+ 800Cx1h, AC)

7

Cutting, shaping
(40 mm (width)) x 200 mm (length) x 5-6 mm (thicks®

Figure 2-2 Fabrication process of 9Cr-ODS platestaduced from[56].



The detailed chemical composition of 9Cr-ODS isvaman Table 2-3. In which, C
and S were analyzed by combustion-infrared absorairy, Si and P by absorption
spectrophotometry, Mn, Ni, Cr, W, Ti, and Y by imtively coupled plasma atomic
emission spectroscopy, and O, N and Ar by inert fgason method. The Y03 and
excess oxygen contents were estimated as 0.37 &8P On weight percentage,
respectively. The excess oxygen is inevitable fddSOsteels. It originates from
contamination during fabrication process of mectanialloying and the following
degassing. However, the content of excess oxygsnaegd controlled in the 9Cr-ODS of
the present study. The chemical compositions of-ODE fulfill the low activation
criterion in Table 1-3 for RAFM steels for fusiopgication.

Table 2-3 Detailed chemical composition of 9Cr-O@&%).

C Si Mn P S Ni Cr W
0.1¢ 0.0¢ 0.0¢ <0.00¢ 0.00¢ 0.0¢ 9.0¢ 1.97
Ti Y @) N Ar Y04 Ex.C

0.2 0.2¢ 0.1¢ 0.01: 0.00¢ 0.37 0.08:

Mechanical alloying is an important process for félgrication of 9Cr-ODS steel. It
controls the size distribution of nano-scale oxpdeticles, the dispersion hardening effect
and microstructure controllability in the followirigbrication of plates with hot extrusion
and hot forging. Repeated severe plastic deformaticcurred for the alloy powders
during mechanical alloying process with high enebgl milling. It provides stored
energy for recrystallization and nucleation for gypéation. During the following hot
extrusion and hot forging process, Ti, Y, and Ccimiéated out to form finely dispersed
complicated nano-scale oxide particles. The mtonoture of 9Cr-ODS taken by optical
microscopy (OM), scanning electron microscopy (SEMhd transmission electron
microscopy (TEM) is displayed in Figure 2-3. Thaigrsize of the steel is 1 to 2 um.
High density carbides are homogeneous distributedth® grain boundaries. TEM
observation showed that the steel has temperecensart structure with carbides and
dislocations. The size and density of nano-scaideoparticles are 3.1 nm and 1.2%510

m, respectively.
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The strain-stress curves of 9Cr-ODS are depictddgare 2-4. The yield strength is
about 1170 MPa at RT and 270 MPa at°@0rhe strength of 9Cr-ODS is much higher
than that of conventional RAFM steels.

Figure 2-3 Microstructure of 9Cr-ODS taken by ONENE and TEM[56].
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Figure 2-4 Tensile curves of 9Cr-ODS at RT and’C{&5].

2.1.3 316L austenitic stainless steel

316L austenitic steel is chosen as the out-veseeiponent material for heat
exchanger, and tritium extractor in fusion react@ements of Ni and Mn in the steel
extend they-loop in the Fe-C phase diagram. Adding Ni into BeeCr alloys can widen
the austenite existing window and increase itsil#talat low temperatures. It contains
more than 15 wt.% Cr and enough Ni to maintainadlst austenitic structure over the
temperature window from 1100 to room temperature (RT). Cr not only retards the
kinetics of they—a transformation, but also has corrosion resistdmeeause of the
formation of a very thin stable oxide film on thaface of austenitic steel[103].

Usually, conventional austenitic stainless steels more susceptible to stress-
corrosion cracking (SCC) at high operation tempeeaB00C. In the presence of an
agueous solution in nuclear-reactor environmentSC Sattack easily occurs by a
mechanism of inter-granular failure, and is aggredey the precipitation of carbides
and depletion of alloy, and the segregation of irtj@s at the grain boundaries. Nuclear-
grade 316L austenitic stainless steels have beeelapeed worldwide to solve the
problem of SCC attack.
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The austenitic steel used in the present work és rihiclear grade 316L steel. It
contains less C, Si, and S than conventional 316kl g0 increase resistance of SCC
sensitization, as shown the chemical compositionparison in Table 2-4. Co is limited
to a maximum of 0.05% to minimize neutron radioagtidue to the (ny) reaction. B is
limited to maximum 0.004% because of its neutropkmee properties, which influence
the neutron economy adversely.

The detailed chemical composition of the nucleadgr316L steel used in the present
work is shown in Table 2-5. H, N, and O were anadiyby inert gas fusion method, C by
combustion-infrared absorptiometry, Zr, Nb, and @y inductively coupled plasma
atomic emission spectroscopy, and the others hy dlscharge mass spectrometry.

Table 2-4 Chemical composition comparison betwamventional 316L steel and nuclear grade
316L steel (wt.%)[104].

Conventional 316L ste Nuclear grade 16L stee

C Max. 0.0: Max. 0.0:
Mn Max. 2.( Max. 2.(
Si Max. 1.( Max. 0.7!

Max. 0.0: Max. 0.0:

Max. 0.0: Max. 0.0:
Cr 16-18 16-18
Ni 10-14 1C-14
Mo 2-3 2-3

Max. 0.4

B Max. 0.00:
Ca Max. 0.0

Table 2-5 Detailed chemical composition of the eaclgrade 316L steel in this work (wt.%).

H C N (@] Al Si P S
<0.00¢ 0.01¢ 0.037¢ 0.064* 0.003¢ 0.74¢ 0.022: <0.00¢
Ti \Y Cr Mn Fe Ca Ni Cu
0.001" 0.085¢ 18.F 1.2¢ 66 0.054: 11.¢ 0.094¢
As Nb Mo Sr W

<0.01 0.082: 1.91 0.005¢ 0.003:

34



2.2 Hot isostatic pressing (HIP) and post-weld heat
treatment (PWHT)

HIP is a kind of solid-state diffusion bonding pess. The temperatures for HIP
process are commonly beyond the /A@e in the Fe-C phase diagram. During the HIP
process, the elements would be diffused at thefade, and then the BMs are bonded
together. Materials for HIP in this work were 9CB® and JLF-1 by considering large
area bonding during component fabrication of pttape blanket structure in future. The
9Cr-ODS disks were 5 mm thick and 24 mm in diamétbe JLF-1 blocks were 20 mm
thick and 24 mm in diameter. The blocks were eteptolished to remove the
contamination of the surfaces with solution of 139€10,; 13% ethylene glycol
monobutyl ether, and 74% acetic acid, at 15 V befd@. After cleaned and dried, as
shown inFigure 2-5(a), one 9Cr-ODS disk was sandwiched between tellblocks
and sealed into a SS300 type soft steel capsutg EEBW. As illustrated in Figure 2-6
the HIP procedure, three groups of HIP were camwigdat 1008C, 1056C, and 1108C
for 3h under the pressure of 191 MPa with a cootatg of 5C/min, respectively. After
HIP, no defects like pores were found by OM (Fig2+®(b)). Specimens were machined
for microstructure and mechanical properties evadnaAs illustrated in Figure 2-7 the
machining instruction, the interface of the joimss located at the center of tensile
specimens. The gauge size of tensile specimen25s@mx1.2 mmx5 mnp3 mm TEM
specimens were machined in 9Cr-ODS and JLF-1 BMsipGn specimens (0.5 mmx4

mmx15 mm) were also machined for hardness testSBiI microstructural analysis.

JLF-1

Smm

Figure 2-5Materials of 9Cr-ODS and JLF-1 before and after.HIP
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Figure 2-6lllustration of the HIP process.

Tensile O O
Coupor
JIF1 @TEM JLFL

9Cr-ODS

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

The HIP treatment may change the microstructureraadhanical properties of the
joints. PWHT was carried out for recovery of midrasture and mechanical properties
by normalization (N) at 105CQ for 1h and tempering (T) at 720-820for 1h with a fast
cooling rate of 38C/min (compared with the one in the HIP processtinead above) in
an image furnace with the vacuum less than 3*P@. After PWHT for these joints,
microstructural characterization was conducted by, GEM, and TEM. Mechanical

properties evaluation was carried out by tensgéstand hardness tests.
2.3 Electron-beam welding (EBW) and PWHT

EBW is different from HIP. It is a kind of fusionelMing process. The metals are
melted by the high-temperature focused electrormbéghe BMs are bonded together
robustly after rapid cooling of the melted liquid.this study, EBW was executed for the
joints between 9Cr-ODS and JLF-1, and between F8#H316L, as illustrated in Figure
2-8 and Figure 2-9.
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The electron beam was located at the butting poshietween 9Cr-ODS and JLF-1.
After EBW, machining was conducted for tensile, mon, and bending specimens with
the WM located at the center. Because the high Heeng EBW would induce
microstructural disruption of WM and HAZs, PWHT tihormalization and tempering

(N&T) or only tempering (T) was carried out for daning relief of WM and HAZs, as
shown in Table 2-6.

Electron beam

WM

15 mA
150 KV
2000 mm/min

/

20 mm 9Cr-oDS JLF-1
20 mm

9Cr-ODS JLF-1

i

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

Electron beam H
20mA
. 150 KV Coupon | |
£ mEm 2000 mm/min | — T | — ~ —

1.5CVN b— —

L |
/ Tensie[ O YH=, O
20mm - TEM
7 mm 20 mm
F82H WM 316L
F82H 316L

Figure 2-9Schematic illustration of the EBW process and maokiinstruction 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 temperil (N&T): 105(°Cx1h+78(°Cx1t
Temperin( (T): 72(-78C°Cx1F

F82H—316L Temperin( (T): 64C-75CCx1r

For the joint between F82H and 316L, the electreanb was 0.2 mm shifted towards
the 316L side according to the previous study[9B&nsile, coupone3mm TEM
specimens were also machined for microstructureraechanical properties evaluation.
In addition, 1.5CVN Charpy impact specimens (1.5t mmx20 mm) were also
machined with the V-notch located at positions dIWWAZ of F82H, and BMs of 316L
and F82H. The 1.5CVN specimens were designatear@iog to the position of the V-
notch, as shown in Table PWHT was also carried out for the joint
between F82H and 316L at 640-760for 1h, as shown in Table 2-6. Evolution of
hardening relief in the HAZ of F82H was studied.

Table 2-7 Naming of the 1.9C¥%pecimens
Position of the \-notck ID of the 1.:CVN specimen

BM of F82F F82F-BM
BM of 316L 316L-BM
HAZ of F82F F82H-HAZ
WM WM

DBTT of the 1.5CVN specimens was evaluated forEB&V joint between F82H
and 316L after PWHT and after neutron irradiatbBTT is defined as the temperature
when the absorbed energy is half of the upper ghedfgy (Figure 2-10). Below this
temperature, the material is brittle. DBTT is amportant property for the evaluation of a

material’s ductility especially after neutron irratiion.
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Figure 2-1Mefinition of DBTT.

2.4 Neutron irradiation on the dissimilar-metal joint of

F82H steel—316L steel

Neutron irradiation of the dissimilar-metal joinetoveen F82H and 316L after
PWHT at 686C for 1h was executed in the water cooled faciLLISTO at the

reactor BRIl in Belgium.

The dissimilar-metal joint is expected to be lodateehind fusion blanket.
Therefore neutron irradiation condition should bemilar to the vacuum vessel and
magnets. The neutron irradiation was carried 0B0EtC for the dose of 0.1 dpa (for Fe).
The detail is shown in Table 2-8. Mechanical prtiper of hardness and impact
properties were evaluated after neutron irradiatibnpact properties were evaluated for
the 1.5CVN specimens with the V-notch at the WM, Héf F82H, and BMs of F82H

and 316L.

Table 2-8Irradiation condition for the joint between F82HJaBiL6L.

Irradiation facility CALLISTO, BRII
Fluence (E> 1MeV 5.5 t05.7x10% n/n?
Irradiation timi 40 days, 2 cycle
Damag 0.1dpa (for Fe

Irradiation temperatu | 295+12°C

Specimens 1.5CVN
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2.5 Microstructural characterization and mechanical

property tests

Microstructural characterization was carried outtfee dissimilar-metal joints in the
conditions of as-HIPed, as-welded, and after PWHe coupon specimens for the joints
were etched, and then observed with OM and SEM.

Table 2-9 shows several kinds of etchant for thetgo For the joint between F82H
and 316L, because the microstructure of 316L and id/Austenite, different with that of
F82H, tempered martensite, the ordinary etchingtewl does not have effect on 316L
and WM for microstructure display. Oxalic acidwimn can be used to reveal grain
structures of F82H, 316L, and the WM. But it makies carbides in F82H dissolved.
Thus according to different purpose, different solucan be selected for microstructural
analysis of the dissimilar-metal joints in thisdtu For better estimation of carbides in
the joints between 9Cr-ODS and JLF-1, and BM ofHE8the first 3 kinds in the table
can be considered. For grain size estimation,dbgh with oxalic acid can be chosen.

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

Etchant For the joints between 9Cr-For 316L BM For WM of
ODS and JLF-1, F82H BM F82H-316L
1 1g Picric acid + 5ml Hydrochloric Laths + carbides No effect No effect
acid + 100ml Ethanol, RT
2 13% Perchloric acitl 74% Acetic Laths + carbides No effect No effect

acid + 13% 2-butoxyethanol, 0-(D,
electro-etching, 30V, 10s

3 25% Hydrofluoric acid + 25% Nitric Laths + carbides No effect No effect
acid+ 50% Ethanol, RT
4 10g Oxalic acid + 100ml water, O-  Lath+ grain boundaries, Grain Dendritic
10°C, electro-etching, 10V, 20s carbides disappeared. boundaries structure

Microstructural analysis with TEM was also carriedt for the joints. The TEM

specimens were 3 mm in diameter and 0.25 mm irknikegs. After electro-polishing in
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the electrolyte with 5% Perchloric acid and 95%tiacacid at RT, TEM observation was
operated at a voltage of 200 kV.

Hardness tests were carried out for the dissinilatal joints with a load of 100g for
30s. In order to distinguish the interface or fasiboundary for better locating and
without disturbance of grain boundaries on hardmesslts, the coupon specimens were
mechanical polished, and etched with about 20%etiletching solution with picric acid
shown in Table 2-9. Hardness across the interdad®M of the dissimilar-metal joints
was measured to evaluate hardening or softeningapitp happened on the BMs, HAZs,
WM, or interface during HIP or EBW and the followiPWHT process.

Uniaxial tensile tests, as illustrated in Figuredl2-with an initial strain rate of
6.7x10%s™ were carried out at RT and $&Dfor the dissimilar-metal joints between 9Cr-
ODS and JLF-1, and at RT and 300for the joint between F82H and 316L. 860and
300°C are the maximum operation temperatures of thregdietween 9Cr-ODS and JLF-
1, and the joint between F82H and 316L, respegtivihe high-temperature tensile tests
were executed in a vacuum less thaf? tdr with the specimens surrounded by Zr foil to
scavenge O and N gas. The tensile specimens argp88dnens, as shown in Figure 2-12.

The gauge size of the tensile specimens is 5 mnmiin2

Loac

]
L ]

o)
Specimen

0]

T

L7777 777777

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

For the dissimilar-metal joints which fracturedB¥l, not at the interface or WM,
tensile tests cannot be utilized to obtain the bundtrength of the joints anymore. In
this case, symmetric four-point bend experimentguiie 2-13) which can concentrate
the stress inside the inner span including the Wafencarried out to get the bonding
strength of the joints. Besides the dissimilar-rhgteats, bend experiments of the BMs
were also carried out to get friction coefficiergtlween BMs and jig, as explained in
detail in Chapter 4. The size of the bending spensnis 1.5 mmx1.5 mmx20 mm, as
illustrated in Figure 2-14.

Load

Specimen

Figure 2-13 lllustration of symmetric four-pointrizktest.

1.501+0.01
! I Y,

‘

t

1.50£0.01

20031

Figure 2-14 Dimension of the bending specimen.
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2.6 Summary

Dissimilar-metal joints betwee®©®DS-RAFM steel, 9Cr-ODS, and conventional
RAFM steel, JLF-1, between RAFM steel F82H andeniit steel 316L were fabricated
by HIP or EBW. PWHT was utilized to recover microsture and mechanical properties.
It is beneficial to understand the bonding mechmasisand provide proper bonding
conditions and bonding strength for blanket desigeutron irradiation on the joint
between F82H and 316L is helpful to estimate iaadn 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 distammetal joint which was HIPed
at 1006C under a pressure of 191 MPa for 3h. The coolatg after the HIP is°&/min
as illustrated in Figure 3-1.

HIP:

. N: 1050Cx1h
Ho'Cx191MPax3

[y

T: 720-820Cx1h

o
5°C/min 6 ¢/

Temperature

Time (h)

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

According to the continuous cooling transformat{@€T) diagram for 9Cr-ODS and
conventional RAFM steel, as shown in Figure 3-2eraHIP with the cooling rate of
5°C/min (i.e., about 1Ds would be taken cooling from the HIP temperatutlk
microstructure should be ferrite for 9Cr-ODS BM,ilwlguenched martensite for JLF-1
BM. The hardness result after the HIP at fGD@s depicted in Figure 3-3 (a). The
hardness before HIP is about 350 HV for 9Cr-ODS, 210 HV for JLF-1. After the HIP,
the 9Cr-ODS was a little softened, while JLF-1 wasch hardened compared with that
before HIP with hardness about 400 HV. PWHT is seagy to recover both 9Cr-ODS
and JLF-1 BMs to that before HIP with tempered esitic structure. As shown in
Figure 3-1, PWHT with a fast cooling rate of’@&min was carried out for the dissimilar-
metal joint. Normalization (N) was executed at 1@€or 1h, followed by tempering (T)
at 720-826C for 1h. After PWHT with normalization, both 9CiBS and JLF-1 was
hardened (Figure 3-3 (a)), this means quenchecermare induced for both 9Cr-ODS and
JLF-1 (about 1¥s was taken after cooling down from 186ormalization in the CCT

diagram in Figure 3-2 (a)). After the following tpering, as temperature increases,
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hardness slightly decreases, as shown in Figurg&-3The tempering temperature at
740-780C is proper for the hardness recovery without obwisoftening of the BMs. The
optimum PWHT condition was chosen to be 15aLh + 786Cx1h. In this case, the
hardness of JLF-1 BM was recovered the most closieat before HIP.

As shown in Figure 3-3 (b), the grain size of JLBI increased after the HIP, and
increased further after the following PWHT with malization. However, the grain size
of 9Cr-ODS BM did not change during the HIP and PWbtocess; this may be due to
high density nano-scale oxide particles in the matvhich impeded the growth of
grains[105].

Acéoo 1100

900 @) i b
Aclgy Fs Ac3 ()
3 : Acl”V [+
~ 70 - 800 |- B
O 60 E; ~ 700 P
N O
= 50 M < 600 41°C/min
40 S — B 500 s ERY
30 i ,T : \ 400 :
200 6000°d/min ! Sc - 30°C/min \O.3°C/min 300~ M, M
. 600°C/min min =
100 46311; 44 1(1)\/. RPYYThYS \AWIV . \30111\’ ?gg vl soshvaotai MYy
1 10 10° 10° 10* 10° 1 10 10 10 o'
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Figure 3-2Reproduced continuous cooling transformation (C@iaygram for (a) 9Cr-ODS[106]
and (b) RAFM steel[107].
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Figure 3-3a)Hardness and (b) grain size evolution of the BMsitgeand after PWHT.

Figure 3-4 shows the SEM microstructure of the Bater the HIP and PWHT
procedure. The as-received materials of 9Cr-ODBMuf-1 (before HIP) are tempered

martensite with carbides (mainly,BCs) on the grain and lath boundaries. After HIP at
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1000C, quenched martensite formed in the JLF-1 BM, cdient with the assumption
by the CCT diagram in Figure 3-2. No carbides texison lath and grain boundaries.
However, there are coarse carbides in the 9Cr-ODNS Bhe similar coarse carbides
were also observed by S. Noh et al.[72] in thelsimgetal bonding of 9Cr-ODS by HP at
1150°C under 25 MPa for 60 min with the same cooling rat $C/min. The coarse
carbides found in the present work are 150-400 omg,| 60-180 nm wide, gathered on
the grain boundaries. The clusters with sevenddidas together are 0.15-1.8 um in size,
comparable to the grain size of 9Cr-ODS. The foromadf coarse carbides may be due
to the slow cooling rate after the HIP process. ¢beling rate of the following PWHT
was increased to 36/min which is to be expected to recover the micugsure to
tempered martensite with mainly,Ms carbides. After PWHT with normalization at
1050C for 1h with the fast cooling rate, the microsture of both 9Cr-ODS and JLF-1
BMs is quenched martensite with elements dissalvidthe matrix. After the following
tempering at 78T for 1h, the microstructure of both BMs has receudeto tempered

martensite with MsCg carbides on grain and lath boundaries.

TEM images of the BMs before HIP, after HIP, anttiathe following PWHT with
N&T are listed in Figure 3-5. It can be seen tlhatfore HIP, it is tempered martensitic
structure for 9Cr-ODS BM with high-density nanodscaxide particles, carbides, and
dislocations. For JLF-1 BM, the structure is alempered martensite with carbides and
dislocations. However, after HIP at 1000with the slow cooling rate of°6/min, the
9Cr-ODS BM is ferritic structure with few dislocatis but still high density dispersions
of nano-scale oxide particles; The JLF-1 BM is qired martensite with high-density
tangled dislocations and without carbides. WhildeafPWHT with N&T, the
microstructure of both 9Cr-ODS and JLF-1 has receeto that before HIP with
tempered martensitic structure of carbides andocigions. The nano-scale oxide
particles still kept high density in the matrix@@r-ODS BM.
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Figure 3-4SEM microstructure of 9Cr-ODS and JLF-1 BMs.
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As-receivel

As-HIPed

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

Figure 3-6 depicts the solution curve obdds carbides in steels. The carbon content
in 9Cr-ODS (0.14%) is higher than that in JLF-1ekt©.09%), and the high number
density of nano-oxide dispersions in 9Cr-ODS mapede the decomposition of MCs
carbides, thus the complete decomposition temperatiiM,;Cs carbides for 9Cr-ODS
(>1100C) is much higher than that for JLF-1 (<160 Therefore, during the 100D
HIP, My3Cs carbides were already completely decomposed in-1JLBM. Its

microstructure is quenched martenste without ampidas. However, for 9Cr-ODS,
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during the 1008C-HIP, MxsCs was not completely decomposed. There were stifieso
carbides remaining in the 9Cr-ODS BM. During thewslcooling with 8C/min, the
residual M3Cs carbides can be nucleation sites to form the eoaasbides with irregular
shape as shown in Figure 3-4. After the PWHT wittvith rapid cooling, both 9Cr-ODS
and JLF-1 was quenched martensite. There may Iba $w residual MsCs carbides in
9Cr-ODS. However because of the rapid cooling réttere was no chance for the
residual carbides to be nucleation sites to forrar@® carbides. After the following
tempering, new WCs carbides formed in both 9Cr-ODS and JLF-1 BMs. The
microstructure of them was recovered to that bekbife¢ with tempered martensite (the
lath width in JLF-1 is larger than that before HIPhe above mentioned microstructure
evolution of 9Cr-ODS and JLF-1 BMs was illustraiadrigure 3-7 and summarized in
Table 3-1.
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Figure 3-6 Solution curve of MCs carbides in steels, produced referring to[108][109
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Figure 3-7 Schematic of the formation of microstme in 9Cr-ODS and JLF-1 BMs during
the process of HIP and PWHT.

Table 3-1 Summary of microstructure evolution of @DS and JLF-1 BMs during the 1003

HIP and the following PWHT.
BM Before During 1006C-HIP After HIP After After PWHT:
HIP PWHT: N N&T
9Cr-ODS | Tempered Incomplete decomposition| Ferrite + coarse| Quenched Tempered
martensite of carbides carbides martensite martensite
JLF-1 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 tbents HIPed at different
temperatures from 1000 to 110 Hardness before HIP is about 350 HV for 9Cr-ODS,
210 HV for JLF-1. HIP always induced quenched nmeite for JLF-1 with hardness of
above 400 HV. HIP at 1000 induced a little softening for 9Cr-ODS BM. HoweyiIP
at higher temperatures of 1080and 1108C also resulted in hardening for 9Cr-ODS
BM. As mentioned in Section 3.1.1, the microstwetfor JLF-1 after HIP at 1000
with the slow cooling rate is quenched martensitel is ferrite for 9Cr-ODS BM. HIP at
higher temperatures of 10%Dand 1108C for 9Cr-ODS induced more decomposition of

M2sCs carbides than HIP at 108D. Thus, more elements were dissolved into matrix,
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and quenched martensite also occurred for 9Cr-@D&duce hardening after the higher-
temperature HIP conditions. After PWHT with normaation (N) with rapid cooling rate,
both 9Cr-ODS and JLF-1 BMs was hardened. Whiler &fte following PWHT with
normalization and tempering (N&T), the hardnessboth 9Cr-ODS and JLF-1 BMs
recovered to that before HIP.

Note that, the interface is soft for all the as-etiHoints. For the 100Q-HIP joint,
the interface is still soft even after PWHT withdN&T. After PWHT with N, for the
joints HIPed at higher temperatures of 1%@&nd 1108C, the hardness of the interface
is comparable to that of JLF-1 BM. While after PWMith N&T, the hardness of the
interface is not the smallest any more. Instea#; JIBM is the softest.
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Figure 3-8 Hardness of the joints between 9Cr-OB& H.F-1 HIPed at (a) 1000, (b) 1056C,
and (c) 1108C. PWHT: N—normalization (105CGx1h), N&T—normalization+ tempering
(1050Cx1h+780Cx1h).

Figure 3-9 shows the tensile results of the joifise hardness distribution of the
joints depicted in Figure 3-8 has an important trefship with the fracture behavior

during tensile tests. The tensile specimens fradtat the softest site. For the 1800
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HIP joint, after PWHT with N or N&T, the tensile sgmen fractured at the interface (i.e.
the softest site) before yield point with brittecfure mode. The fracture strength is about
32% of the yield strength of 9Cr-ODS BM. The 68%luetion in strength is not
coincident with the 14% reduction in hardness & $bft layer near the interface as
shown in Figure 3-8 (a). This means that, PO too low to bond well the joint even
after PWHT. There may be un-bonded areas existélueanterface for the 1060-HIP
joint. The un-bonded areas can induce much higisstat the interface. It was assumed
spherical voids. For the specimen after PWHT wiali\the tensile stress at the fracture,
370 MPa, can induce 3 times more stress, 1110 MB&h can be comparable to the
yield strength of the 9Cr-ODS BM, 1172 MPa[56].

However, for the joints HIPed at higher temperatuoé 1056C and 1108C, the
tensile specimens fractured on the 9Cr-ODS siddatnterface after yield point with
ductile mode. The tensile property was summaripe@iable 3-2. The 105C-HIP joint
showed the best bonding strength and reductiorres. HIP at 110 decreased the
bonding strength may be due to grain coarseningLBf1 as also shown in Table 3-2.
After PWHT with N, the specimens still fracturedimtierface when tested at 580 but
fractured at the JLF-1 BM at RT. After PWHT with Ni&all the specimens fractured
outside the interface at JLF-1 the BM at both R@ &8FC. PWHT with normalization
followed by tempering was believed to further impggdhe bonding property of the joints.
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Figure 3-9 Tensile curves of the HIP joints

Table 3-2 Tensile properties of the HIP jointcftaied at the interface.

HIP Condition Test Bonding Reduction JLF-1 grain

temperature temperature strength of area size

1000C PWHT: N RT 520 MPa 7.3% 28um
PWHT: N&T RT 370 MPa 9.8%

1050C as-HIPed RT 1200 MPa 39% 30um
as-HIPed 55 820 MPa 43%
PWHT: N 550C 920 MPa 64%

1100C as-HIPed RT 1140 MPa 15% 45um
as-HIPed 55 755 MPa 15%
PWHT: N 550C 915 MPa 33%

Macroscopic fracture surfaces of the joints arensh Figure 3-10. It can be seen
that, the 1000C-HIP joint after PWHT with N and N&T fractured #ite interface. The
fracture surfaces are flat and no necking withtlericharacteristic. However, the
microstructure of the fracture surfaces shows tctaracteristic, as shown in Figure
3-11(a). Lots of particles existed in the shallamples. The particles are of Y-Ti-O type
detected by energy dispersive X-ray spectroscofdSjE For the 105TC- and 110€C-
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HIP joints, they also fractured at the interfaceTiYO particles were also detected in the
dimples. As shown in Figure 3-10, the fracturefeeres showed ductile characteristic
with necking. The microstructure of the fracturefaces are inter-granular mode for the
1050°C-HIP joint (Figure 3-11 (b)), and cleavage andosaldimples for the 110C-HIP
joint (Figure 3-11(c)). The ductility of the 108D-HIP joint is better than that of the
1100C-HIP joint. For the joints after PWHT, they framd at the JLF-1 BMs, the
fracture surfaces showed excellent ductility widtking (Figure 3-10) and deep dimples
(Figure 3-11 (d)).
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Figure 3-10 Macrostructure of the fracture surfdoeshe joints at different HIP and PWHT
conditions.
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Figure 3-11 Microstructure of the tensile fractatefaces.

Figure 3-12 depicts the microstructure across therfaces taken by SEM. It is
shown that, for all the as-HIPed conditions, quedcimartensite without any carbides
appeared on the JLF-1 side, while coarse carbideth® 9Cr-ODS side. As the HIP
temperature increased, the density and size oseozarbides decreased. HIP at higher
temperatures induced more decomposition @§Q¥l carbides for 9Cr-ODS BM, more
elements have dissolved into matrix, and quenchademsite formed, thus the hardness
of the 9Cr-ODS BM after HIP at 108D and 1108C was much higher than that HIPed at
1000°C. While after PWHT with N&T, all the joints acroti®e interfaces have recovered

to tempered martensite with normal carbides (mdiidyCs) on lath and grain boundaries.
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Figure 3-12 SEM mlcrostructure of the mterfaceE’H:i at dlfferent temperatures before and
after PWHT with N&T

A few-particle layer was found at the interfacetba JLF-1 side while HIP at 100D,
as shown in Figure 3-12 (a) and Figure 3-13, witimhtains almost no MX particles. It
seems to be ferritic structure, different from thé--1 BM of quenched martensite with
MX patrticles in the laths. This ferritic structusgth lower hardness and with width of 50
pum was also found by Hirose et al.[77] at therfate for a dissimilar-metal joint
between W and F82H made by spark plasma sintel@RfS). However, formation
mechanism of the ferrite layer has not been expthiyet in their work. In the present
work, the formation of the few-particle layer mag thue to decarburization when heating
in vacuum during the HIP. Thus softening was indudbere at the interface.
Enhancement of carbon diffusion and carbides deosiipn at higher HIP temperatures
of 1050C and 110€C is effective to homogenize carbon distributionl @timinate this

few-particle layer, as shown in Figure 3-12.
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Figure 3-13 A few-particle layer was found when HIPLOOGC, 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 twukocal softening. Figure 3-14 and
Table 3-3 depict the size distribution, mean sa®] density of coarse carbides in 9Cr-
ODS at BM and at the interface after HIP at différeemperatures. It can be seen that,
for all the HIP conditions, coarse carbides withest0.6 um are more at the interface
than at the BM. This means that, at the interftoe decomposition of bCs carbides is
less than that in the BM. Therefore, the interfagesoft. During tensile tests, the
specimens fractured at the soft area at 9Cr-ODSintaface.

As illustrated in Figure 3-15, before HIP, 9Cr-Ol#d JLF-1 are tempered
martensitic structure with p4Cs carbides. There are also rough surfaces for therrabs
before HIP. For the 106G-HIP, the temperature is too low. There may béoumnrded
areas after HIP due the incomplete contact of thugh surfaces. The following PWHT
cannot even “heal” the un-bonded areas. These nddabareas can be crack initiation
during tensile tests. On the other hand, the detsarse carbides at 9Cr-ODS near the
interface can also be potential fracture sitesrgdutensile tests. However, as the HIP

temperatures increased to 1860and 1108C, more decomposition of MCs carbides

58



occurred during the HIP, re-distribution of carboappened at the interface, and the

interface was bonded completely. Thus, after tighdr-temperature HIP, the size of the
coarse carbides decreased. The bonding strengtimpasved.
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Figure 3-14 Size distribution of coarse carbide8@n-ODS at BM and near the interface
when HIP at (a) 100C, (b) 1056C, and (c) 110T.

Table 3-3 Size and density of coarse carbides m@QS at interface and BM.

Interface BM
HIP Temperatur: Density (n/ur?) Size (um Density (n/un?) Size (UM
100C°C 0.6¢ 0.6t 0.4f 0.6t
105C°C 0.3¢ 0.41 0.32 0.4
110C°C 0.3C 0.4z 0.3¢ 0.3t
9Cr-ODS JLF-1
BM M.,Cq Near the interface Laths

carbides
Before
HIP

Grains Un-bonded areas Decarburization

1000° C 1ayer
HIP
5°C/min Coarse

Softening carbides Softening Hardening Hardening

1050°C //

HIP

o .

5°C/min Hardening Hardening Hardening Hardening
1100°C D‘- //
HIP So——

o AT W

5°C/min

Hardening Hardening Hardening Hardening
Figure 3-15 Schematic of carbides evolution aftd® bk different temperatures.
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The HIP temperature and cooling rate has signific#tuence on microstructure and
hardness of 9Cr-ODS. S. Noh et al.[72] also hawmdocoarse carbides in the single-
metal joint of 9Cr-ODS when diffusion bonded by Rder a uniaxial pressure of 25
MPa at 1158C for 1h with a cooling rate of°6/min (furnace cooling). The coarse
carbides disappeared after the following PWHT vNi&T with a fast cooling rate (air
cooling). In this study, additional heat treatman800-1108C for 3h was carried out for
the as-received 9Cr-ODS with the cooling rate rdnigem 0.5C/min to 36C/min. The
effect of temperature and cooling rate on hardmess investigated, as shown in Figure
3-16. The result showed that when the cooling isateery slow as 0% /min, hardening
can be never induced. The microstructure of 9Cr-Gidfaild be ferrite with coarse
carbides. When the cooling rate iSCfmin, the HIP temperature can be no less than
1050C to obtain quenched martensitic structure for &airy. When the cooling rate is
36°C/min, the HIP temperature can be no less than®@ff quenched martensite. Next,
the critical cooling rate would be investigatedget quenched martensite without any
coarse carbides. Thus, the following PWHT with or@gnpering is necessary to recover
the microstructure of 9Cr-ODS to tempered martendit this case, the PWHT with
normalization to eliminate coarse carbides can V@dad to reduce the cost of the

blanket fabrication in the future.

500 : - - - Hardeniny,
quenchgd
%\ 4001 martensite
‘(;)/ o8 ¥
2 300 . Softening,
c - ferrite
O 0.5°C/min
S 200! = 5°C/min
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0O 200 400 600 800 1,000 1,200
Temperature €C) x3h

Figure 3-16 Effect of temperature and cooling miehardness of 9Cr-ODS.
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Figure 3-17 depicts the microstructure evolutioreraPWHT for the joint HIPed at
1050C. For the as-HIPed joint, the microstructure wasnched martensite without any
carbides for JLF-1, and was quenched martensite eaiairse carbides for 9Cr-ODS. The
size of the carbides size was a little larger ribarinterface than that in the BM. After
PWHT with normalization at 108G with fast cooling rate of 36/min, the carbides
were almost decomposed and the elements were wbssoito the matrix. Both 9Cr-
ODS and JLF-1 was quenched martensite without awgrse carbides. After the
following tempering, new MCg carbides precipitated out. Thus, the microstrctofr
the whole joint was recovered to that before HIfhwempered martensite with BCs

carbides on lath and grain boundaries.

9Cr-ODS JLF-1
M.,Cq Near the interface Laths BM
carbides
Before
HIP
Grains
1050°C Coarse 3
0,
S C/mm‘ Hardenin Hardening Hardening Hardening
PWHT: //
N
360C/mi‘ Hardenin Hardening  Hardening Hardenlng
PWHT:
N&T
36°C/min Softening Softening  Softening Softening

Figure 3-17 Schematic of microstructure evolutiieraPWHT.

Furuya et al.[110] have investigated the diffusbmmding of F82H by HIP at 1040
under the pressure of 150 MPa for 2h followed byHAWvith tempering at 74T for 2h.
Grain coarsening and large inclusions were foundthat interface. This induced
deterioration of impact property of the joint. Tlege inclusions at the interface are
similar to the coarse carbides in this study, whitdy be formed due to contamination
before HIP. It was suggested that surfaces cleandggrain refining is very important to

improve toughness of the HIP joints.
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There are also research work of dissimilar-metaidboy between ODS Eurofer and
Eurofer by HIP in Europe. Comparison between the/iacin Europe and this work is
shown in Table 3-4. The HIP temperature rangen®at the same but under different
pressure. The optimum HIP temperature to get tisé th@ending property was at 1100
in the Europe work, larger than that in this stui950C. However, the former was
under lower pressure of 150 MPa than the lattet (@#®a) to achieve the similar bonding
effect. During the following PWHT process, normatinn was carried out at 104D for
avoiding the grain coarsening of Eurofer steel,ilsimto that at 105 for JLF-1.
Systematic PWHT has not been studied for the agtimi Europe yet. However, in this
work tempering after normalization was investigaggtematically for the hardness
recovery of the BMs of 9Cr-ODS and JLF-1. The optimbonding condition for the
activity in Europe is HIP at 1160 for 3h under 100 MPa, followed by PWHT at 1820
for normalization and at 74G for tempering. The optimum bonding condition st
work is HIP at 1058 for 3h under the pressure of 191 MPa, followedPWHT at
1050C for normalization and at 780 for tempering.

For the Europe activity, more mechanical propemeguation such as tensile, impact
tests was carried out. In this study the microstmat evolution at different positions at
BMs and near the interface at different HIP tempees and different PWHT conditions
was investigated in detail. The microstructuralrelterization is effective to understand
the bonding mechanism and to provide guidance fawe the bonding properties. For
example, in the future for the large componentitabion of the blanket structure with
HIP, besides proper higher HIP temperature, fastimg rate is also necessary to keep
the formation of coarse carbides which would detate the bonding properties. If slow
cooling rate is unavoidable, appropriate PWHT stichg executed to redeem bonding

properties of the joints.

Table 3-4 Comparison of the present work with fin@lar work in Europe.

In Europ(63] In this wok
Dissimilar-meta joint ODES Eurofe—Eurofe 9Cr-ODS—JLF-1
HIP investigatiol 98(-110(°Cx3hx100MPx 100(-110C°Cx3hx191MP:
PWHT investigatiol 98(-104(°Cx30min +75(°Cx2h 105C°Cx1h+72(-78(°Cx1h
Mechanical properti Tensile (RT, 70°C) Tensile (RT, 55°C)
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Charpy impact te

Optimum bonding HIP: 110C°Cx3hx100MP: HIP: 105(°Cx3hx191MP:
condition PWHT:1040Cx30min+750Cx2h  PWHT: 1050Cx1h+780Cx1h
Comment More mechanical propertis Microstructure evolution durin

evaluation was carried out, such aslIP 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-afféed zones

Figure 3-18 shows the microstructure of the EBWitjon as-welded condition. The
WM is about 0.8 mm in width. It is mainly quenchethrtensite with (Y, Ti)-rich
particles. Somé-ferrite also exists in the WM occasionally. THastration of formation
of the WM is shown in Figure 3-19. The quenchedteraite and-ferrite were formed
by rapid cooling from very high temperature aft&VE The width of the HAZs of both
9Cr-ODS and JLF-1 is about 0.3 mm. The HAZs are gleenched martensitic structure.
The carbides in the HAZs are coarser and fewer ithdéine BMs because they are going

to be decomposed at the temperature influence glwaiding.

Table 3-5 Phase transformation temperatures forNRAteel from DSC results[111].

Transformation reactic Temperature®C) estimated from DS
o—aty 831
aty—y 871
y— 3+ 130z
5+ y— 5 1457
d— o+ L (Liquid) 148(
&+ L (Liquid) — L (Liquid) 153z

S. Sam et al.[111lhave investigated thé-ferrite in the WM of RAFM steel. The
transformation temperatures from differential seéagrcalorimetry (DSC) are shown in

Table 3-5.5-ferrite is formed at high temperature above f802The hardness at
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different positions in the joint of the presentdstus shown in Table 3-6. The hardness of
d-ferrite in the center of the WM is higher thantthear the fusion boundary.

(@)

WM
9Cr-ODS JLF-1

HAZ HAZ

1500 &

HAZ AZ

T

1200

Temperature (°C)
o
(=1
(=1

300

0 0.1 0.2 0.3 0 5
C content (wt.%)
Fe-9Cr phase diagram

L L L '] 1
10 15 20 25 30
Time (s)

Thermal cycle Temperature illustration

Figure 3-19 Fe-9Cr phase diagram reproduced froBj[lthermal cycle, and temperature
illustration of 9Cr-ODS—JLF-1 joint during EBW.

Peak temperature

Table 3-6 Hardness at different positions of th&\Eint between 9Cr-ODS and JLF-1.
Position Microstructure Hardness (HV)

WM Quenched martensite 420

d ferrite (at center) 378

d ferrite (near fusion boundary) 330
HAZs Quenched martensite with carbides decomposii€r-ODS 481

Quenched martensite with carbides decompositidf,1J 440
BMs BM of 9Cr-ODS 350
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BM of JLF-1 210

3.2.2 Effect of PWHT

Two kinds of PWHT were carried out for the EBW thsigar-metal joint between
9Cr-ODS and JLF-1. One is only tempering (T), a®wsh in Figure 3-20 the
microstructure; more carbides arise for HAZs of @IS and JLF-1. And th&-ferrite
still remained in the WM. Another PWHT is normatioa at 1056C for 1h followed by
tempering at 78t for 1h (N&T). In this case, the carbides in HAZ® smaller than the
above mentioned PWHT with only tempering, and #reitic structure disappeared. The
normalization process is helpful to decompose #rbides, make the elements dissolve
into matrix, and transfer the microstructure of Vehjoint into quenched martensite. After
the following tempering, new carbides precipitated. Thus the carbides in the HAZs

are smaller than that in the before-mentioned PWiith only tempering.

As-welded PWHT: T PWHT: N&T

9CI-oDS |
HAZ

WM

JLF-1
HAZ

o
/, a

Figure 3-20 Microstructure of the joint in the cdiwhs of PWHT with only tempering and
PWHT with N&T.
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Figure 3-21 Hardness of the EBW joint at differBRYHT conditions.
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Figure 3-21 shows the hardness evolution of the B&8W. Hardness before EBW is
about 350 HV for 9Cr-ODS and 210 HV for JLF-1. Hamohg was induced for the WM
and HAZs after EBW. During the following PWHT, akettempering temperature
increased, the hardening of the WM and HAZs deeataifter tempering at 78Gx1h,
the hardening was almost relieved. However, saftgof BMs was caused. As shown in
Table 3-7, hardness was decreased to 327 HV forC3%3 BM, to 185 HV for JLF-1
BM. Another kind of PWHT with N&T, as shown in Figu3-21 (f) and Table 3-7, is
useful to avoid softening of BMs, and keep the hass of WM, HAZ, and BM of JLF-1
similar to that of JLF-1 before EBW in a flat leyvahd the hardness of HAZ and BM of
9Cr-ODS similar to that of 9Cr-ODS before EBW adlwe
Table 3-7 Mean hardness of the EBW joint at difféqgositions and under different conditions.

Condition 9C-ODSBM  9Cr-ODSHAZ WM JLF-1HAZ JLF-1BM

As-weldec 35C 47¢ 41€ 41€ 21C

PWHT: T 72C°Cx1h  33¢ 364 25C 23: 18¢
740°Cx1h 327 36¢ 24t 23C 18€
760°Cx1h 327 36C 237 204 184
780°Cx1h 327 34¢€ 21C 17t 18t

PWHT:N&T 105(°Cx1h 36€ 36% 20¢€  20C 202
+780Cx1h
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Tensile tests of the dissimilar-metal joint wererieal out at RT and 55Q. The
engineering strain-stress curves are shown in Eige22. All the specimens fractured at
JLF-1 BM after tensile tests. Table 3-8 summarittesl tensile properties of the joint
under different conditions. PWHT with tempering7®FCx1h showed lower strength
than the as-welded because of softening of JLF-1. Bidwever PWHT with
normalization and tempering (N&T) improved the sgth. Because the specimens
fractured not at the WM, but at the BM of JLF-1g thonding strength cannot be obtained
by uniaxial tensile tests. It is estimated lagemthhe ultimate tensile strength of JLF-1
BM. It is necessary to make the better estimatibthe bonding strength to provide the
margin of the bonding strength compared to thengtreof BM (how much the bonding
strength is larger than the strength of BM). Thas enake sure the safety of structure if
the joint is located at higher load condition (mateess concentration than the BM).
Besides the bonding strength, the parameter oftiplasrain in the WM is also an
important parameter for the blanket structure. Plastic strain in the WM cannot be
obtained by uniaxial tensile tests, but can beinethby four-point bend tests (which can
concentrate the stress inside the inner span imguthe WM) combined with finite
element method (FEM) simulation. This will be irduaed in Chapter 4.

b) 550C

1,200 1'200( = — as-received JLF-1

1,000+ 1,000} — as-received 9Cr-ODS |
< < — as-welded
o 800¢ o 800} PWHT: T
3 = — PWHT: N&T
» 600¢ o» 600}
o 2
3z 400 = 400}

2004 i 200
Ok . ! . . 0 . . , .
0 0.05 0.1 0.15 0.2 0.2 0 005 0_1 0_15 02 025

Strain Strain

Figure 3-22 Tensile curves of the EBW joint at Rill #50C.
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Table 3-8 Tensile properties of the EBW joint undiéfierent conditions.

Condition Test Total Reduction of  Yield strength  Ultimate tensile
temperature elongation (%) area (%) (MPa) strength (MPa)
As-welded RT 12 78 500 590
As-welded 556C 11 90 330 340
PWHT:T RT 16 79 450 580
PWHT:T 550C 15 87 300 320
PWHT:N&T 550°C 12 84 305 350

L. Comminet al.[90] have developed a dissimilar-metal jairtween ODS Eurofer
and Eurofer by EBW. In their work, two condition§ BWHT were studied, i.e.
tempering at 7T for 2h (T), and normalization at 108D for 1h and tempering at
770°C for 2h (N&T), similar to the PWHT conditions ihe present work. In this work,
the hardness evolution as tempering temperaturgeased was studied more
systematically. 78 for tempering is a proper PWHT condition to efiatie hardening
in the WM and HAZs. However, it induced softenirfd@d/ls. In L. Commin et al.’s work,
the hardness of ODS Eurofer BM was decreased byHM(0The hardness of 9CrODS
BM was decreased by only 20 HV in this work. PWitith N&T is effective to keep
the strength of BMs. The hardness of 9Cr-ODS arfetJIBMs can be kept in the same
level as that before EBW. However, the hardnessdeaseased from 400 HV to 300 HV
for ODS Eurofer BM, from 240 HV to 180 HV for EussfBM, due to grain coarsening
after the PWHT with N&T. The grain size of HAZs, WMnd BM was increased after
the PWHT with N&T. Especially that of Eurofer BM wancreased significantly from 20
pum to 150um. The microstructure of the materialshie present study showed more
stable than ODS Eurofer and Eurofer. In additibe, present work showed the effect of
two PWHT conditions on the microstructure of WM addZs. PWHT with N&T can
eliminate the ferrite in the WM, and keep smallarbides in the whole joint including
HAZs, WM, and BMs. No significant grain coarsenimgs found in this work.

More mechanical property tests were conducted i@ammin et al.’s work, such as
Charpy impact test, creep test, etc. The Charpyt¢mwas located at the WM of the
joint. The EBW dissimilar-metal joint between OD8r&fer and Eurofer showed higher
DBTT than Eurofer BM, ODS Eurofer BM, and EBW Euwnfbecause of quenched
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marteniste in the WM. However, the impact propertian be improved by the following
PWHT due to the recovered tempered martensiteedWfM. The dissimilar-metal joint
showed higher Laser-Miller parameter than EBW Eemo€omparable to Eurofer BM.
However, their work has not evaluated the bondingngth of the dissimilar-metal joint
yet. In this work, more evaluation on mechanicalparties for the EBW dissimilar-metal
joint between 9Cr-ODS and JLF-1 should be donehm future. However, bonding
strength of the joint was evaluated successfullyfdyr-point bend tests and FEM
simulation, as depicted in Chapter 4.

EBW is a proper technique to bond 9Cr-ODS and JLiR-Xhe present study.
Generally, fusion welding is not suitable for thagée-metal bonding for ODS-RAFM
steels, since the strengthening agent for ODS sstewlno-scale oxide particles, are
decomposed in the WM due to the melting. Theirtjanusually fabricated with non-
melting process, such as HIP, PRW, FSW, etc. Howedkie nano-scale oxide particles
are not necessarily required for the WM of the @nédissimilar-metal joint between
9Cr-ODS and JLF-1, because the conventional RAFI stoes not contain nano-scale
oxide particles and accepts no oxide-dispersi@ngthening if the WM is not softer than
the BM of the conventional RAFM steel. In the prasstudy, the electron beam is
located at the butting position of the 9Cr-ODS ahdF-1 blocks. After the EBW, the
microstructure of the WM in the dissimilar-metalnpis mainly quenched martensite
with 9% Cr. This quenched martensitic structureimever cause softening of the WM.
Instead, hardening was induced. After PWHT with ITN&T, the microstructure is
recovered to the same as that of the JLF-1 BM wethpered martensite. Actually,
during the EBW process, the electron beam locatedcany position is expected
appropriate for the dissimilar-metal bonding betw®€r-ODS and JLF-1, such as at the
butting position, or towards 9Cr-ODS side, or todgadLF-1 side. Since 9Cr-ODS and
JLF-1 steels are both martensitic steels, after EBYEn if the nano-scale oxide particles
in 9Cr-ODS are decomposed by the welding, howdwetause of the specific chemical
composition with 9% Cr, the WM is always martemsgiiructure. This would never make
the loss of the strength in the WM of the joint.

However, if the dissimilar-metal bonding is betwe&2DS ferritic steel, such as 12Cr-
ODS or 15Cr-ODS, and conventional RAFM steel, il be noted that, the electron
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beam should not be at the butting position or stliftowards ODS steel side to form
ferritic structure without nano-particle dispersoithis would induce the loss of strength
in the WM. Instead, the electron beam should bieshtowards the conventional RAFM
steel side to make the whole WM form quenched maitie structure. Thus, the
softening of WM can be avoided. After the followiRyVHT, the microstructure of the
WM can be recovered same as that of the BM of auoimweal 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-afféed zones
Figure 3-23 shows the macroscopic image of the elded joint between F82H and
316L. The WM is dendritic structure with about 0mién in width. The width of HAZ of
F82H is about 0.37 mm. Because 316L has auststniteture, it has no microstructural
evolution during the EBW. Therefore, the boundafytte HAZ of 316L cannot be
distingushied.

|

Figure 3-23 Macroscoic imagé of the EBW joint bextww F82H and 316L.

The HAZ of F82H can be classified into 3 regiomgeilayer (IL), fine-grain HAZ,
and coarse-carbide HAZ according to the distanme fihe fusion boundary, as shown in
Figure 3-24. The IL is located between F82H andwh¢ with about 10um in width. Its
structure may be-ferrite according to S. Nogami’'s investigation[99]he fine-grain
HAZ with about 90 um in width, is quenched martgastructure with grain size of 9um.
The width of the coarse-carbide HAZ is about 270 [Ihe grain size in corase-carbide

HAZ is 57 um, same as that in the BM of F82H. Tharse-carbide HAZ formed due to
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the temperature there during welding was above#wemposition temperature of,Ms

carbides in F82H. Incomplete decompostion of cabidccurred there. The WM is
austenite phase, same as that in the BM of 316&.déndritic structure with grain size of
8 um, much smaller than that in the BM of 316L lgeBb um in size. There is no
microstructure change for the HAZ of 316L, becatlsye is no phase transformation

during the EBW process, as illustrated the phaagrdm and thermal cycle during the
welding in Figure 3-25.

(f) 316L BM

Figure 3-24 Microstructure of the as-welded jobétween F82H and 316L.
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Figure 3-25 Phase diagram and thermal cycle ofoihebetween F82H and 316L during the
EBW process.

3.3.2 Effect of PWHT

Figure 3-26 shows the hardness of the EBW jointveeh F82H and 316L. The
microstructure of both the WM and HAZ of 316L wawsays austenitic structure because
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no phase transformation happened during the EBWesSK) thus there was no hardening
for the WM and HAZ of 316L. However, hardening waduced for the HAZ of F82H.
The hardness was up to 400 HV. After PWHT with tenmm, as the tempering
temperature increased, hardness of the HAZ of F82kreased. After PWHT with
tempering at 75tC, hardening in HAZ of F82H was almost relieved;ept the IL which
kept the hardness of 245 HV after the PWHT.
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Figure 3-26 Hardness evolution of the joint betwE8AH and 316L.

The microstructure of the fine-grain HAZ of F82Hsisown in Figure 3-27. In the as-
welded condition, the microstructure was of quedcheartensitic phase with high-
density dislocations and laths (Figure 3-27 (a) éi). After PWHT at 68fC, the
microstructure was tempered martensitic phase MitkCs carbides on lath and grain
boundaries (Figure 3-27 (b) and (d)).

Table 3-9 summarized size and density of carbideke fine-grain HAZ, the coarse-
carbide HAZ, and the BM of F82H under different diions from SEM images. In the
as-welded condition, there are no,d¥% carbides in the fine-grain HAZ because its
structure is quenched martensite. In the coardaemrHAZ, the carbides density is
smaller but carbide size is larger than those & BiIM of F82H. This is because the
carbides in the coarse-carbide HAZ were partly demused at the temperature during
the welding. After PWHT at 68C, the size and density of carbides in the finéngra

HAZ are smaller than those in the BM and in therseaarbide HAZ. This means that
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more elements were kept in the matrix, not complgtescipitated out in the fine-grain
HAZ. After PWHT at 756C, the carbide size and density in the fine-graikiZHvere
increased to close to those in the BM of F82H. PWadhigher temperature of 7%D
made carbides completely precipitate out in the-firmin HAZ. Thus the hardening in
the HAZ can be completely eliminated. However, eteenpering was induced for BM of
F82H when PWHT at 75C. The carbide size increased compared to théhenas-
welded condition and PWHT at lower temperature 85°6. The over-tempering made
softening of the BM of F82H.

As-welded 680°C PWHT
TN ', % Al > -

TEM

SEM

Figure 3-27 Microstructure of the fine-grain HAZE82H.

Table 3-9 Size and density of carbides in the Bi,doarse-carbide HAZ, and the fine-grain
HAZ of H82H at the conditions of as-welded and RR®VHT at 680C and 75€C.

Position Carbide conditior As-weldec 68C°C 75C°C

PWHT PWHT

BM Mean size (WxL, nmxnr 55x10( 55x10( 60x10(
Numter density (N/r) 3.58x1(" 3.20x1(* 2.42x1("

Fine-grair Mean size (WxL, nmxnr — 40%9( 85x13¢
HAZ Number density (N/P) — 1.86x1(* 1.74x1(%

Coarsrcarbide Mean size (WxL, nmxnr 84x17( 60x10( 90x12(
HAZ Number density (N/F) 0.94x1(* 1.93x1(* 2.12x1(*
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Tensile tests were carried out at RT and°B0fbr the joint at different conditions.
The strain-stress curves are shown in Figure 3&®] the tensile properties are
summarized in Table 3-10. According to the distiidyu of element Cr and Ni in the joint,
line scanning of the specimens after tensile temtsreveal the fracture site as shown in
Figure 3-29. The specimens fractured at the sdé& during tensile tests. For the
conditions in as-welded and PWHT at 880the tensile specimens fractured at the WM
or 316L BM. The WM and 316L BM are both austentteicture. In the conditions of as-
welded and 68 PWHT, the BM of F82H still kept the strength héghthan the WM
and 316L BM, thus the specimens fractured at thigers&VM or 316L (austenite
structure). However, after PWHT at higher tempesatf 750C, the specimen fractured
at F82H BM, i.e. fractured at tempered martensiteé at the austenite structure any more.
As mentioned above, 780 made over-tempering for the BM of F82H. The speci
fractured at F82H BM because of the softening ieduzy the over-tempering.

700 T T T T 700
600} (@) 1 600}
T . | .
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3 300 % 300
0 0
3 200§ _ gt { & 200
100t — 300°C 100
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Figure 3-28 Strain-stress curves of the EBW joatineen F82H and 316L (a) in as-welded
condition and (b) after PWHT.

Table 3-10 Tensile properties of the EBW joint bextw 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 300C 15 92 WM 250 420
680°Cx1h RT 46 82 316L 340 610
PWHT
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750Cx1h RT 24 81 F82H 350 590
PWHT

As-welded, R
test

Fractured at
316L BM

As-welded,
300°C test

Fractured at the
VWM

75°C  PWHT, F82F WM+316L  Cf
RT test T EE Ni
pn 8 Mo
Fractured at
F82H BM

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

3.3.3 Effect of neutron irradiation

After PWHT at 686C, the joint between F82H and 316L was neutrordiatad at
300°C for a dose of 0.1 dpa. Because of the limitedima during neutron irradiation, the
joint was chosen at the condition of PWHT at ®B@rom the viewpoint of avoiding
softening of BM of F82H. However, other PWHT cdrathis are still remaining to be
investigated in the future if possible.

Figure 3-30 depicts the hardness evolution after butron irradiation. Neutron
irradiation induced hardening for the whole joistich as BMs, WM, and HAZs. As-
shown in Table 3-11, hardness of F82H BM afterdiaton increased by 20 HV, while
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that of the WM and 316L increased by 50-60 HV. dérding to S. Nogami et al.’s

investigation of proton irradiation experiment dre foint, the number density and size
of dislocation loops in austenitic structure of i and 316L BM can reach saturation
earlier than that in the F82H[95]. One possiblelaxation is that, the original high

density dislocations and lath boundaries in the H-8Btarded the dislocation loop

evolution during irradiation compared with the @mste structure in the WM and 316L
BM. Thus the irradiation hardening in the WM andBBM was larger than that in the

BM of F82H.

Interestingly, for the HAZ of F82H, the neutronaidiation hardening there is almost
comparable to that in the as-welded condition. Maeliness was increased by 100 HV
after the irradiation for the IL and coarse-carbiti®Z. Especially, significant hardening
happened in the fine-grain HAZ. The hardness wageased by 200 HV in the limited
region of the fine-grain HAZ with about 50 pm indth.
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One of possible mechanisms for the significant éairtg in the fine-grain HAZ of
F82H is irradiation induced precipitations from ttezbon generated by the dissolution of
prior carbides during the welding, as illustratedFigure 3-31. The PWHT condition
with 680°C was determined mainly from the viewpoint to aveadtening of F82H BM
by over-tempering. However, the temperature wasenough to complete the recovery
of the hardness in the fine-grain HAZ. The incortgleardness recovery during PWHT
at 680°C indicates the presence of residual caabems to be precipitated out during the
neutron irradiation.  For ferritic/martensitic sig the irradiation induced precipitates
can be fine MC (n) (diamond-cubic (E9 Fd3m) structure)y'(Cr-rich bcc ferritic phase),

x phases (Fe-Cr intermetallic),,M (hexagonal (L'3, P6/mmm) structure, needle shape)
o phase[113]. These fine precipitates retardedniegion of dislocations. Thus the
hardening is significant at the fine-grain HAZ o82H. In such a mechanism, the
significant hardening would be reduced by highengerature PWHT, such as 780
According to S. Nogami et al[%5] results of proton irradiation experiment on thjo
as depicted in Figure 1-15, after PWHT at “@@or nearly complete relief of hardening
induced by EBW (Figure 1-14), only irradiation hanthg on the WM and 316L was
found obviously. There was no significant hardemirags observed for the HAZ of F82H.

Therefore, in this study, PWHT at 7&D for 1h is supposed to suppress the
significant irradiation hardening from the viewpbof precipitation control. If possible,

this would be examined under neutron irradiatiofuinre.
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Figure 3-30 Hardness of the dissimilar-metal jbietween F82H and 316L after neutron
irradiation.

Table 3-11 Hardness at different positions befowk a&ter neutron irradiation (HV).

Conditior F82H BNV HAZ of F82F WM  316L BM
Coarsecarbide  Fine-grair IL
As-weldec 22C 40€ 41F 327 197 17¢
PWHT: 68(°C 214 252 254 24¢ 184 18:<
As-irradiatec 23€ 364 444 35¢€ 24¢ 23z
As-welded 680°Cx1h Neutron
o PWHT irradiation
' X LR
BM . | [ ‘| RER
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Figure 3-31 Schematic of the neutron irradiatimiuiced precipitates in the fine-grain HAZ of
F82H.

Charpy impact property of the joint before and rafteutron irradiation is shown in
Figure 3-32. The upper-shelf energy decreased aftadiation for all the CVN
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specimens of BMs, WM, and F82H-HAZ. Both the WM aB#§ of 316L are of
austenitic phase with excellent ductility. The impaproperties did not change
significantly by the irradiation. In these casd® DBTT was estimated as less than -
196°C. However, DBTT of F82H-BM and F82H-HAZ increasiedm -103C to -20C
and from -143C to -116C, respectively, after irradiation. The impact prdg of the
1.5CVN specimen of F82H-HAZ degraded due to thadiation hardening in the HAZ
of F82H, but is still better than that of F82H-BNkenerally, hardening leads to
degradation of impact properties. However, theiaant irradiation hardening observed
in the fine-grain HAZ of F82H did not degrade thepact property significantly. This is
probably because the hardening area was very tnaiseseveral tens micron in size. In
addition, 316L BM part of the specimens maintaimedch ductility and assisted the
deformation of the joint during the impact test.
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Figure 3-32 Charpy impact property of the jointltfajore and (b) after neutron irradiation.

Figure 3-33 shows the fracture morphology of thadiated specimens after impact
tests at -10C. When the notch was located at the BM of 316L &mel WM, the
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specimens showed plastic deformation with good ikilycafter impact tests. When the
notch was located at the BM of F82H, the fractimeged more brittle than that when the
notch was at the HAZ of F82H. As explained aboves B816L part assisted the
deformation of F82H-HAZ specimen during the impaests. Thus the F82H-HAZ

specimens showed better impact properties thaR@R&l-BM specimens.

(a) 316L-BMe

Figure 3-33 Fracture morphology of the irradiatedafch specimens after rpy impact tests at
-10C°C. The V-notch was located at (a) the BM of 316i),the WM, (c) the HAZ of F82H, and
(d) the BM of F82H, respectively.

The present work has investigated the effect of HWMth tempering on the
hardness recovery of the HAZ of F82H, as depictedrigure 3-26. The complete
hardness recovery needs higher temperature diC73@owever, the neutron irradiation
experiment was carried out with the PWHT at loveenperature of 68C, from the view
point of keep strength of the BM of F82H. The diffiece between the two PWHT
conditions is shown in Table 3-12. PWHT at %Snduced over-tempering of F82H BM.
However, it was supposed no significant hardenmghe HAZ of F82H after neutron
irradiation experiment, because at this condittardening there was almost completely

eliminated. There is no residual carbon to be pitated out during irradiation. Trade-off
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between “the significant hardening in the fine-greiAZ” and “over-tempering of F82H

BM” should be evaluated by more investigation ie tature work.

Table 3-12 Comparison between PWHT at%€8and 756C.

Item | 68C°C PWHT 75C°C PWHT

1 Keep the strength of BM of F8: Over-tempering of BM of F82|

2 Still remain hardening in the HAZ of F8: | Almost completely relief the hardening
F82H

3 After neutron irradiation, significal| It was supposed no significant harder

hardening occurred in the fine-grain HAZAfter neutron irradiation. This needs further
of F82H investigation.

4 The significantneutron hardening did n| Needs further investigation for impe

deteriorate the impact property of the jointproperty after neutron irradiation.

One difference of this work from S. Nogami et % work is that, the
microstructure of the HAZ of F82H was classifiedrenan detail to IL, fine-grain HAZ,
and coarse-carbide HAZ to investigate the mecharaémeutron irradiation induced
significant hardening. The IL &ferrite. In their work, as the temperature in PWhiith
tempering increased, the hardness of IL was desdefasm 370 HV to 200 HV, similar
level as that in BM. However, in this work, the dhaess of IL kept stable as 250 HV after
tempering from 640 to 75Q. There was still hardening in the IL. After thaldwing
neutron irradiation, the IL also showed significdr@rdening as hardness of 350 HV.
However, in S. Nogami et al.’s work, no hardeningsvobserved in the IL. This is may
be caused by the effect of indentation size anéhiesval in hardness test. The interval
for the indentation in hardness test by S. Nogarmal.evas 100 um, which is larger than
the typical size of the hardening area, 50 um, evtlie interval was comparable to the
size of the hardening area in our tests. In addiiledentation size in their test was 10 um,
which is smaller than 30 pm in our test. Higheohatson for the position by the smaller
interval, and larger interaction volume with sumding area due to the larger indentation
size can result in the detection of the localizactkening in our test.

Another difference from S. Nogami et al.’s worktligt, no hardening was observed

after proton irradiation at 360 for 0.1 dpa in their work, but significant hardenwas
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found in the present work after neutron irradiatigith the same 30C for 0.1 dpa.
Neutron irradiation for the present joint was af@WHT at 686C (lower than S. Nogami
et al.’'s 726C), to avoid over-tempering of base metal of F82#Hthis condition, the
hardening at the fine-grain HAZ of F82H was not ptetely eliminated. Significant
neutron irradiation hardening was found in thisaa@ne of possible mechanisms for the
significant hardening is irradiation induced pré@pons from the carbon generated by
the dissolution of prior carbides during the wetdihe incomplete hardness recovery
during PWHT at 680°C indicates the presence ofitedicarbon atoms to be precipitated
out during irradiation. However, S. Nogami et aP®/HT before proton irradiation was
selected at 72C. At this condition the hardening in the HAZ of /8 was almost
eliminated, and hardness recovery was almost caatpldlo residual carbon atoms to be
precipitated out during the following proton irraton.

S. Nogami et al.’s proton irradiation experimentsthe dissimilar-metal joint can
only make the irradiation damage range from théaserof the specimens to 4 um below
the surface. Thus only microstructural analysis haniness tests can be applied for the
joints. Other mechanical property tests cannotxsewed. In addition, to date, there is
no work about neutron irradiation experiments oa thssimilar-metal joint between
F82H and 316L was found. The present work demaestraxcellent neutron resistance
of the joint by Charpy impact tests. The dissimitagtal joint between F82H and 316L in
the present study is expected to be located behisidn blanket; therefore neutron
irradiation condition should be similar to the vasuvessel and magnets. The maximum
dose for the vacuum vessel in ITER has been estdrat 0.027 dpa[114]. The neutron
flux at the magnets in DEMO-grade reactor desigs lbeen obtained as, for example,
6x107% n/mf[115] and 1x16& n/nf[116]. Since the present irradiation dose was rtimag
these conditions, the resistance of the dissimilatal joint to neutron irradiation has
been demonstrated from the practical view pointweleer, the growth of the severe
hardening region in the fine-grain HAZ has to beestigated if the joint is located at
high dose position or other temperature area thaptesent irradiation temperature.

The behavior of the EBW dissimilar-metal joint beem F82H and 316L
(F82H—316L) in this work is different from that of thengie-metal joint of F82H
(F82H—F82H), as summarized in Table 3-13. For the jofff8H—F82H after EBW,
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the WM and two HAZs of F82H showed hardening[11#4cduse of quenched
martensitic structure. PWHT with tempering can @liamte the hardening in both the WM
and HAZs. However, for the joint F82H316L in the present work, the WM is austenite
without hardening. Only the HAZ of F82H showed temtg. The data on impact
property of F82H—F82H under similar neutron irrditia conditions in this work is not
found. For the EBW joint of F82H—F82H with PWHT témpering, after neutron
irradiation at 308C for 2.5 dpa, the DBTT is -26[118] at the WM (notch was located at
WM), comparable to the DBTT in the BM of F82H iniglstudy, -26C. For the EBW
joint of F82H—316L in this work, after neutron idiation at 308C for 0.1 dpa, because
of austenite structure in the WM, the DBTT at thé\i¢ <-196C.

Table 3-13 Difference between the joint of F82B16L and F82H-F82H.

F82H—F82k F82H—316L

WM Martensite, hardenir Austenite, no hardeni

HAZ Two HAZs for F82H, martensit| HAZ for F82H, hardenin
with carbide decomposition,No evolution in HAZ of 316L, same
hardening with 316 BM

PWHT Eliminate hardening in WM ani| Eliminate hardening in HAZ of F8z
HAZs

Impact Notch in WM and HAZs: lowe| Notch in WM, high absorbeenerg

properties | absorbed energy because |dfecause 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 hardeningn both HAZs| Significant hardening in HAZ of F82|
irradiation | if the PWHT is not sufficient if the PWHT is not sufficient

3.4 Optimum welding condition for the dissimilar-mdal
joints

1. The HIP joints between 9Cr-ODS and JLF-1
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Dissimilar-metal joints between 9Cr-ODS and JLF-&revfabricated by HIP at
1000C, 1056C, and 1108C, under a pressure of 191 MPa for 3h with a cgotate of
5°C per minute after the heating. The HIP processdad undesirable hardening in the
BM of JLF-1, and also undesirable softening atlibeding interface, irrespective of the
HIP temperatures.

The hardening is due to the formation of quenchadensite, which is an iron metal
phase with super-saturated carbon in solid solubenause the cooling rate after the HIP
was enough for quenching before carbon diffusiothenBM of JLF-1. While, it was too
slow for 9Cr-ODS when HIP at 108D, where coarse carbides observed on the grain
boundaries evidently indicated much diffusion o# #tarbon before quenching. In the
1000C-HIP condition, no quenching and the carbide a@rg) resulted in the softening
of the BM of 9Cr-ODS. PWHT with a rapid cooling28°C per minute was effective to
recover both the hardening and softening in the B¥s revealed that full recovery
required the PWHT at 1080 for 1h for normalization followed by 780 for 1h for
tempering.

On the other hand, the softening at the interfaas attributed to decarburization of
the specimen surface during the HIP process arsddesomposition of carbides on the
9Cr-ODS side, which produced soft layer there. Teearburization layer with few
particles was clearly observed in the 1TW®IP specimen. Furthermore, 1600HIP
also induced un-bonded areas at the interface. tBetkoft layer and the un-bonded areas
can lead to very local deformation and almost mm@étion of the joint in tensile tests.
Even PWHT cannot eliminate the un-bonded areas. édewy the elongation was
improved very much at higher HIP temperatures, saghl056C and 1108C. The
interface was completely bonded. Disappearancehefféew-particle layer was also
observed at the temperatures. It is probably prethby the decomposition of the,¥s
carbides at the high temperatures and the followdiffyision of carbon into the few-
particle layer. Actually, the 1160-HIP resulted in slight lower strength of the jdinan
the 1056C HIP. This is likely because of coarsening of gratructures. Therefore,
1050C is the optimum HIP temperature for the presesgidiilar-metal bonding.

In conclusion, PWHT after the HIP can control teeavery of the BMs of the joint.

However, the improvement of joint interface reqsirbigher HIP temperature to

84



eliminate the few-particle layer and unbounded sretthe interface. The optimum
condition is, HIP at 105C followed by normalization at 1080 and tempering at 780.

2 The EBW joint between 9Cr-ODS and JLF-1

The hardness of the WM and both the HAZs in 9Cr-@ib& JLF-1 was much higher
than the BMs. The WM is quenched martensitic phasle occasionally some ferritic
phase (iron metal phase with thermal equilibriumboa in solid solution). The HAZs are
also quenched martensitic phase with carbides dgasition. The quenched martensite
in the WM and HAZs contributes the hardening and reluce embrittlement for the
joint. Ferritic phase is soft and does not induc@ittlement by the formation itself.
However, it is known that ferritic phase induces renarradiation hardening and
embrittlement under neutron irradiation conditicompared with martensite. Therefore,
both the quenched martensitic phase and the tepitase should be eliminated. Two
conditions of PWHT were carried out for the joittsrecover the hardening and the
microstructure of WM and HAZs to the levels closdhe BMs.

One was only tempering at 720-780for 1h. The tempering removed a part of
carbon in solid-solution and hardening by it, ahdreged the quenched martensite into
tempered martensite. As the tempering temperahareased, the hardening of the WM
and HAZs was relieved. The PWHT necessary for tbhenptete recovery of the
hardening was obtained as 780for 1h. However, the ferritic phase remainedratiie
PWHT. Therefore, the other condition based on 8@#G PWHT was examined.

The other condition of PWHT was a combination ofmalization at 105t for 1h
and then tempering at 7&D for 1h. Because of the normalization, residuatitte
disappeared. The whole microstructure including\Wid, the HAZs, and the BMs was
quenched martensite just after the normalizatiofierAthe following tempering, the
whole microstructure was tempered martensite. Nmlval ferrite existed anymore. The
PWHT with combination of normalization and tempegriis the optimum to relief the
hardening of WM and HAZs, and eliminate the resideaite at the same time.

3. The EBW joint between F82H and 316L

PWHT with tempering was carried out at 640-%5dor the dissimilar-metal joint
between F82H and 316L made by EBW. PWHT at°686an suppress softening and
keep the strength of F82H BM. However, the hardgmnthe fine-grain HAZ cannot be
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completely eliminated. This resulted in the sigrafit neutron induced hardening in this
area. The significant neutron hardening did notuetate the impact property of the
joint in the present irradiation condition at 8G0for 0.1dpa, though it should be
seriously evaluated if the joint is used in othewese conditions such as at higher
temperatures or higher irradiation doses.

PWHT at 756C made a little softening of F82H BM. But the hanithg induced by
EBW in the HAZ of F82H was almost completely elimied. It is supposed that, after
neutron irradiation, there is no significant irraitbn hardening existed in the fine-grain
HAZ of F82H anymore. However, this should be eveddaby neutron irradiation
experiments in the future.

In conclusion, from the viewpoint of avoiding sifioant neutron induced hardening
in the HAZ of F82H, 75%C is a better choice for the PWHT condition of thesimilar-
metal joint between F82H and 316L.

3.5 Schaeffler diagram and carbon behavior of thegjnts

Schaeffler diagram[119] as shown in Figure 3-3#t9the compositional limits at
RT of austenite (A), ferrite (F), and martensite) (&cording to nickel and chromium
equivalents. It is often used to predict phase asitipn during fusion welding. In the
Schaeffler diagram, Cr and Ni equivalent is cali®daas follows,

Cr equivalent= (Cr) +2(Si) + 1.5(Mo) + 5(V) + 5.9jA+ 1.75(Nb) + 1.5(Ti) +
0.75(W)

Ni equivalent= (Ni) + (Co) + 0.5(Mn) +0.3(Cu) + 28+ 30(C)

All element concentrations are expressed in wegghtentages.

EDS in SEM can roughly estimate the chemical contiposat different positions in
the dissimilar-metal joints made by EBW in the prasstudy. Table 3-14 shows the
chemical compositions and the corresponding CrNirefjuivalent in the WM and HAZs
of the joints developed in the present work. Acaogdo the Cr and Ni equivalent, the
WM of the dissimilar-metal joint between F82H arikbB is austenite structure, the WM
of the joint between 9Cr-ODS and JLF-1 is martensiith ferritic structure. The HAZs
of F82H, 9Cr-ODS, and JLF-1 also shows martensith Werritic structure. This is
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agreed with the microstructure observation by SEMich is mentioned in Section 3.2.1
and 3.3.1.

WM of F82H—316L

- A

a 20 F

(D]

s A+M

2

= A+F

g 10 f

= M
HAZ of F82H M
WM of 9CrODS—JILF- Fﬂl\’[ M+F F

U L AY 1 1 L

HAZ of 9CrODS, JLF- 0 10 20 30

Crequivalent
Figure 3-34 Schaeffler diagram recomposed from[119]

Table 3-14 Chemical compositions at different posg in EBW joints detected by EDS (wt.%).

Cr Ti w Ni Mn Si Cr Ni Phase
equivalent equivalent

WM of 9Cr 9.4t 0.27 2.1¢ 11.5 M+F
ODS—IJLF-1
HAZ in 9Cr- 9.06 0.2z 1.8t 10.¢ M+F
OoDS
HAZ in JLF-1 9.5 2.24 0.5 11.21 M+F
WM of F82F— 16.3i 11.1¢ 1.7¢ 0. 18 12.0¢ A
316L
HAZ of F82F  9.0¢ 3.1¢ 11.5 M+F

The mechanical properties of the joints in thisdgtwere controlled by the carbon
behavior, as summarized in Figure 3-35. If carb@s wissolved in the matrix to form
guenched martensite, the joint would be hardenkedarbon was precipitated out in
carbides (especially in coarse carbides) the joiusld be softened. For instance, when
HIP at low temperature of 108D, the incomplete decomposition of carbides (casbas
kept in coarse carbides, not in matrix) and ferrgiructure induced softening of 9Cr-
ODS BM; complete decomposition (carbon was kephatrix) made hardening of JLF-1
BM after the HIP; and decarburization (escape abaa in matrix) also induced
softening at the interface after HIP. In additioartbon dissolution (quenched martensite)
made hardening of WM and HAZs of the EBW jointswestn 9Cr-ODS and JLF-1 and
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between F82H and 316L. Proper PWHT can recovemtaehanical properties of the
above-mentioned joints from the undesirable harggar softening.

Moreover, after neutron irradiation, more precif@é&acome out from the carbon
generated by the dissolution of prior carbidesrdythe welding at the fine-grain HAZ of
F82H, and induced significant hardening at thisafde incomplete hardness recovery
during PWHT at 680°C indicates the presence ofltedicarbon atoms to be precipitated

out during neutron irradiation.

(a) Joints between 9Cr-ODS and JLF-1
- Interface: decawurizatior Softening —
100(°C, coarse carbid Softening
HIP 9CI-ODS BV . —
105(-110C°C, _carbon dlssolut_lqr Hardening
carbides decomposition
. . 1
- JLF-1 BM: carbon dissolutic Hardening
HAZs: carbon dissolution+ incomple Hardeni
M,3Cs EBW carbides decomposition ardening
carbides
WM: carbides dissolution| Hardening —
PWHT: T \L PWHT: N
- Carbides dissolution .
Softening, recovery Hardening
(b) Joint between F82H and 316L
F82H side Fine-grain HAZ
M,2Cs EBW_| Carbon 68C°C .| M23Cs Neutron .| High-densit fine
carbides dissolution |pwHT | carbides [irradiation| precipitates
Hardening Incomplet Significant
recovery hardening

Figure 3-35Carbon behavior in the dissimilar-metal joints ifiedlent conditions.
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3.6 Scenario for the construction of blanket

In the present work, for the blanket fabricatiorthaconventional design concept in
Figure 1-8 (a), the scenarios are shown in Figu86é 8a). Conventional RAFM steels are
fully selected as the blanket material in this @ptc The blanket fabrication process can
be as follows, (1) the whole blanket system witttaegular coolant tubes and the first
wall panels which are made of RAFM steels, are wlepsand sealed into soft steel, and
then HIP is carried out at such as the optimum itimmdof 1050C for 3h under 191 MPa
with cooling rate of %C/min. And then, because the cooling rate is enofayh
conventional RAFM steels to form quenched martengiithout any carbides, PWHT
with only tempering (78) is necessary to recover the mechanical progediethe
blanket. Bending of the coolant tubes in the blardtaucture can be applied before or
after the HIP. If it is after the HIP, final heaéatment with N&T or only T is necessary
to recover any possible material deterioration eegidual stress caused by the bending
process[120]. The last step for the blanket constm is the pipes connection between
the blanket and the out vessel components whichreage of stainless steel. Fusion
welding such as EBW, LW, and TIGW can be utiliZEGW is more suitable for the on-
site welding for the blanket construction.

On the other hand, for the construction of the kéarstructure with advanced ODS-
RAFM steels partly used as the blanket surfacechvig depicted in Figure 1-8 (b), the
scenarios are also shown in Figure 3-36 (b). Tiferdnce of its construction from the
blanket with above mentioned conventional concephat, at first the rectangular coolant
tubes of ODS-RAFM steels are joined with tubes &fFRI steels by fusion welding.
PWHT is unnecessary after the fusion welding irs thiep, because the next HIP
procedure at high temperature would change theostiwrcture of the materials, the
PWHT after HIP can recover the joint by fusion wetgat the same time. And then, the
first wall plates with ODS-RAFM steels together hwihe above mentioned rectangular
coolant tubes would be capsuled and sealed intosse¢l for HIP. If the cooling rate
after HIP is slow as the similar condition in thegent work with %/min, the PWHT
after the HIP is different from the blanket withne@ntional concept. PWHT with

normalization (105€C) is necessary to eliminate coarse carbides in-BBEM steels.
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However, if the HIP is carried out with a fast daglrate such as 86/min in the present
study to induce full martensite for ODS-RAFM steadsly PWHT with tempering is
enough for recovery of microstructure and mechamicaperties of the blanket with
ODS-RAFM steels.

After HIP, the capsule can be not removed to aatmtosphere contamination during
the following PWHT. The PWHT after HIP can be ocadriout by seeking the
collaboration with large corporations, such as ocapons for steel production. Bogie
Hearth Furnace can be used for the PWHT which ean & load of up to 40 tons. In this
case, if one blanket module weighs 2 tons, twetdpket modules can be heat treated at
a time. For example, the Japanese DEMO reactoreppn&lim CS, will require about
3500 tons[121] of RAFM steel such as F82H. Aboutl@@ches PWHT for HIP are
necessary for the blanket fabrication. The tempegatf Bogie Hearth Furnace can be up
to 1300°C, and can fulfill the PWHT requirement tire present study (10%D for
normalization, 780 for tempering). The large components are loadetside the
furnace. Afterwards, the hearth moves into the doenhousing. As soon as the furnace
door is closed, the bottom side of the bogie hesetlls itself automatically against the
bottom side of the furnace. After the heat treatimére bogie hearth is moved through
the open furnace door and out of the furnace tortb@aded.

After the fusion welding between blanket (RAFM) andt-vessel components
(stainless steel) for coolant tubes connectioralloccumferential PWHT can be used for
the joints to eliminate hardening in the weld metatl heat affected zones. Low/high
voltage electric resistance heaters (contact padwdation elements supported on a
structure), high velocity gas combustion burneighlvelocity gas, luminescent flame,
and infrared burners), induction coils, and quéataps can be used to perform the local
PWHT. Local heating is also useful during on-sabrication and repair of components

for the fusion blanket.
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(a)For Conventional design blanket

@& HIP + PWHT [——>| Bending

First wall plates Fusion welding

N

Rectangular tubeg @ + PWHT
: With Stainless

RAFM stesl % Bending [ C—)| HIP + PWHT sedd
(b)For advanced design blanket
Rectangular tubi | ODS steel +

RAFM stedl
Fusion
welding
\ .
@ @E HIP + PWHT y Bending -
ODS First wall plates Fusion welding
Rectangular tubes @ + PWHT
- & With Stainless
Bending HIP + PWHT steel

Figure 3-36 Scenarios for the blanket construdticathe present study.

However, the breeding blanket systems containimiurty breeder and neutron
multiplier have more complicated structure wittoadf joints than the present condition
depicted in Figure 1-8. HIP is a matured technola@mnd can be utilized to fabricate full
scale blanket systems with cooling channels. Fusigiding can be utilized for butt joint
and corner joint in the blanket systems. For RARMels such as F82H, there is no big
technical issue for fusion welding. Very low hoacking sensitivity was found and the
mechanical properties were not far different frdrattof BM after PWHT at 72C for
1h[121]. H. Tanigawa et al.[122] have demonstratesl fabrication technologies for
ITER WCSB TBM (water-cooled solid breeding testridat module) by using F82H.
Total net weight of the blanket module is aboub@st A variety of plates, pipes, and
round and rectangular tubes are required for lsidation. TIGW is used for sealing of
headers of first wall, side wall, and back wallcéese it has the largest gap allowance
compared to other fusion welding methods. EBW canmgze the volume of weld bead
and is preferable for thick-plate welds. LW wasestdd for fabrication of membrane

panel which is required for the breeder and mudippartition. A. von der Weth et
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al.[123] have investigated the fabrication procetshe first wall made from Eurofer
steel with U-shape plate containing coolant chandianufacturing of it can start with
flat symmetric half plates with half of the coolatttannels milled in each plate. The
surfaces are cleaned and degreased by plasmagtwhary ice cleaning. These plates
are connected by diffusion bonding and are beht-tthape. Diffusion bonding is carried
out by an industrial scaled triple step processe Titst step is homogenization of the
plastic creep behavior of the structural matertall@50C. The second step applies
pressure of 30 MPa and lower temperature of % X¥6r plastic deformation of the two
half pieces to produce intimate contact. The tisiep (15 MPa and 1080D) forces the
diffusion bonding and improvement of the seam dqualPWHT is necessary for
martensite transformation (98D, 30min) and then tempering (P60 90min) for
ductility recovery. The FW panel has to be bentcénior U-shape. A second PWHT
should be conducted to remove the residual stressmepossible deterioration caused by
the bending and to restore ductility. The blankeicture is very complicated. Therefore,
in the future for the blanket construction of fusieactors, the experiences from other
scientists should be referred.

3.7 Corrosion problem for the dissimilar-metal joirts

The dissimilar-metal joints developed in the présgark would undergo corrosion
attack in coolants such as water, Li, LiPb, Hef-biBe, under non-isothermal conditions.
Dissolution of material in one region would leadtass transfer and deposition of solute
in another part of the coolant system. Proper ngatan be used to resist corrosion, such
as coatings of ¥0Os3;, ErOs, or multi-layer coating alternated with vanadiundaoxide.
Nagasaka et al.[124] suggested combination of VP&¥#ing for simple and large area
coating and chromizing for limited but complicathpe section. The coatings indicated
suppression of fluoridation in corrosion tests camegd to JLF-1 steel without coating.

For the HIPed joints used near the first wall stefand in the breeding blanket
(plates with coolant channels) if the joints arbérieated according to the scenario as
depicted in Figure 3-36, there is no corrosion f@wbfor the joints because the interface

would not contact the coolant. Only corrosion onHRAstructural materials themself
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such as 9Cr-ODS and JLF-1 should be considereé.tiwever, as suggested by A.
von der Weth et al.[123], if the HIP process wasduwted on flat symmetric half plates
with half of the coolant channels milled in eachtp] corrosion problem should also be
considered because the interface would contactdbkant.

For the joints made by fusion welding (pipes cotioeg, elements C and N in
coolant would transfer into the joints. This mayka&oarsening of the carbides in HAZs,
and make embrittlement there. Element O in jointsileé transfer to the coolant. If the
WM has more oxygen content in the WM during weldinduced by contamination (by
TIGW), there may be more severe corrosion in the Wih in the BMs. This would
induce softening there. Corrosion resistance of dlesimilar-metal joints should be
verified in the future work.

Up to now, few corrosion experiments on dissimjtants for fusion blanket were
conducted, especially for the joints between OD3VR#teel and conventional RAFM
steel. However, corrosion problem for material litgg similar-metal joints has been
widely investigated by scientists. J. Konys etl&q] have performed corrosion tests for
RAFM steels of Eurofer and CLAM in flowing Pb-15i7&at a flow velocity of about
0.10m/s in the PICOLO loop at Karlsruhe InstituteTechnology (KIT). The corrosion
attack rate is 220um/yr. The dissolved amount aferie (2 kg/niyr) is significant and
precipitates formed at cooler loop sections areress risk for plugging. A combination
of corrosion barriers, which also act as tritiunnrpeation barriers, would be necessary to
control circulating precipitates. Y.F. Li et al.@]2zhave investigated 9Cr-ODS in static Li
at 600C for 250h. 9Cr-ODS showed slight weight loss aedrease in hardness near
surface. The corrosion attack also induced lostuofility and decrease of creep lifetime.
Microstructural analysis demonstrated a non-unif@mrosion behavior by preferential
grain boundary attack and pronounced nodule-likepmmiogy. Slight depletion of Cr
was detected to about 15um in depth. The nano-sgale particles of Ti@in 9Cr-ODS
are thermodynamically less stable, and can be degsed to form LIO in Li
environment. ¥Os in 9Cr-ODS may be reacted with Li to form YLiOr'he mechanism
of corrosion was proposed as the dissolution ofa@d Fe in matrix into liquid Li,
chemical interaction of nano-scale oxide particleth Li, preferential grain boundary

attack and penetration of Li, and finally developnef extreme nodule-like structure.
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Austenitic stainless steels are easy to producsftvemation to ferrite in surface layer
when exposed to Li due to preferential dissolutbaustenite stabilizing elements of Mn
and Ni[127]. In Q. Xu et al.’s results[128], RAFMesl JLF-1 also showed phase
transformation from tempered martensite to feiritthe near surface at 600-700in Li
because of decarburization. Selective depletio@mand W was also detected on the
surface. The decarburization and element deplatidaced softening on the surface.
Their results also revealed corrosion rate in arntaé convection Li loop was
significantly larger than that in the static Li. &flowing Li enhanced the weight loss,
phase transformation, and hardness reduction doe$s transfer. T. Muroga et al.[129]
reported that corrosion rate of JLF-1 steel wasarold with the increase of the N
content in Li. When exposed in liquid FLiBe, botludridation and oxidation were
observed. In addition, the weight loss was muchediaim a Ni crucible than in a RAFM
crucible may be induced by electrochemical ciraffect. It was suggested that the
corrosion rate of RAFM can be reduced by limitihg N impurity in Li and avoiding the
use of dissimilar materials in FLiBe coolant system

X. Chen et al.[130] have studied an as-welded jmiithout PWHT) for RAFM steel
CLAM made by TIGW in flowing liquid Pb-17Li at 48CQ. There is no penetration of
LiPb for long exposure time. The main corrosioraeittis caused by the dissolution of
the passivated layer. However, the joint showetkeift behavior from the BM due to
effect of welding thermal cycle. The weight lossttehowed that corrosion resistance of
CLAM steel joint is poor when exposed in up to 1@@Yynamic conditions. The thicker
martensitic lath in the WM led to higher corrosemmount. With the increasing exposure
time, the corrosion rate decreased. The area eh@t in the thick martensitic lath in the
WM is easily corroded. Large residual stress ditsion welding would also lead to more
severe corrosion attack in the WM. Thus PWHT aitelding is necessary for stress
relief to reduce corrosion in liquid coolant.

The corrosion behavior for a dissimilar-metal joretween SUS410 ferrite steel and
SUS316 austenitic stainless steel made by TIGWiiankvironment at 60 for 250h
was investigated by V. Tsisar et al.[131]. Markegbldtion of Cr in ferritic structure and
depletion of Ni in austenitic structure was foundniear-surface layers. And low-angle

sub boundaries transformed into large-angle dgeam boundary corrosion attack.
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The WM in the dissimilar-metal joints developedhe present work are supposed to
have better corrosion resistance than the BMsgedime microstructure in the WM of the
EBW joint between 9Cr-ODS and JLF-1 has smallemgs&e and lath width than the
JLF-1 BM. The WM in the joint between F82H and 31i&ks austenitic structure with
smaller grain size, different from the F82H BM. i#t also believed to have better
corrosion resistance than the F82H BM. Howeverrasion reaction of these joints is
complicated due to different materials and chentcoahpositions at different positions of
WM, HAZs, and HAZs under different corrosion envingent of liquid coolant with
various temperatures, exposure time, flow speed Fetr instance, the corrosion behavior
of steels in LiPb and pure Li are different. Th#8uance of impurities such as O, N, and
C on the compatibility in LiPb is limited contrast significant effects in Li. A layer of
protective corrosion products can form on the s@faf RAFM because of lower Li
reactivity. The corrosion resistance of the joidéseloped in the present work should be
evaluated in detail by various experiments in teire. More mechanical property tests
should be conducted to evaluate degradation ofdihés under corrosion environments

of coolants such as FLiBe molten salt proposedIFSN
3.8 Summary

For the dissimilar-metal joints made by HIP, beeaat the slow cooling rate after
HIP, the microstructure of 9Cr-ODS BM is ferritetvicoarse carbides in the 1608
HIP condition, while quenched martensite with serattoarse carbides in the 1660
and 1100C-HIP conditions. However, the microstructure ofFdL BM is always
quenched martensite in all the HIP conditions. BseHIPed dissimilar-metal joints,
fractured at 9Cr-ODS near the interface duringitenssts because of the local softening
induced by less carbides decomposition and therl@caation layer at the interface
there. Low temperature HIP at 10@0also induced un-bonded areas at the interface
which made crack initiation during tensile test$PHt higher temperatures of 1660
and 1100C is effective to heal the un-bonded areas. Thenoph HIP temperature is
1050C, at this condition, the joint showed the bestdiog strength. After PWHT with
normalization and tempering (10&x1h + 786Cx1h) with a fast cooling rate, the
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bonding property was improved further, since thetffractured at JLF-1 BM not at the
interface anymore. At the same time the microstmecof both the 9Cr-ODS and JLF-1
BMs was recovered to that before HIP with tempenedtensite.

Dissimilar-metal joints between 9Cr-ODS and JLRafd between F82H and 316L
were fabricated by EBW. Bonding mechanism was zedli by microstructural
characterization. PWHT was carried out for recovafrynicrostructure and mechanical
properties. Proper PWHT parameter was obtained th@ joints. PWHT with
normalization and tempering (10%x1h + 7806Cx1h) for the dissimilar-metal joint
between 9Cr-ODS and JLF-1 is good for avoiding esoftg of the BMs, relieving
hardening in HAZs and WM, and eliminating the feeristructure in the WM. For the
dissimilar-metal joint between F82H and 316L, complrelief of hardening in the HAZ
of F82H needs PWHT at 7%D. However, for avoiding softening of F82H BM, PWIT
lower temperature 68Q is necessary.

Significant irradiation hardeningeccurred in the fine-grain HAZ of the joint between
F82H and 316L due to irradiation induced precipta. The joint has good neutron
irradiation resistance despite the significant bamdg. PWHT at higher temperature at
750°C is supposed to avoid the significant irradiati@ndening.

The dissimilar-metal joints developed in the présendy should be evaluated for

corrosion compatibility in coolant systems in théufe work.
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4. Finite element method (FEM)
simulation for deformation behavior
of the EBW joint 9Cr-OD S—JLF-1

Up to now, bend tests including three-point andrfmnint bend tests used to
determine bonding strength of dissimilar-metal j®iwere not found in the field of fusion
blanket structures. As summarized in Table 4-1dbests were carried out for pure
materials (not joints) in the field of biological aterials[132], ceramics[133][134],
fiberglass[135], wood[136], viscoelastic materia&[], and so on. In their experiments
the bending strength was expressed mostly with Ib&dnot given in the unit of “MPa”.
O.UNAL et al.[138] have applied asymmetric fourqmobend tests to evaluate shear
strength of the solder joints of Sn-Ag alloys. Heee in the plastic phase, the shear
strength was incorrectly estimated according tstelaheory. C.A Lewinsohn et al.[139]
has applied both symmetric and asymmetric four{pbend experiments to evaluate
bonding strength of the joints of SiC/SiC compasifier fusion application. Because the
deformation is still in elastic phase, of course tionding strength can be calculated
according to elastic theory. H. Serizawa et al.Ji4l] have investigated the joints of
SIiC/SiC composites by the simulation of asymmetdar-point bending with finite
element method (FEM). The shear stress distribuaibrthe interface of the joint
calculated by FEM was almost agreed with elastayaical theory. However, because of
limited plasticity of SiC/SIC composites, their FENMbrk was mainly focused on small
deformation behavior of the joints. K. Ueda etl1a] and J. Henry et al.[143] have
applied bend tests with FEM simulation to evaluagetron irradiation and He induced
embrittlement of Mo, W, and T91 steel up to plasteformation. As concluded in the
table, bend experiments with FEM simulation is gepbal technique to evaluate bonding
strength of joints especially for dissimilar-mejaihts with large deformation. This kind
of work has not been found yet in the field of Grsiblanket structure and needs to be
developed. Thus the objective of the present weitk ievaluate bonding strength for the

EBW dissimilar-metal joint between 9Cr-ODS and JLBy combination of symmetric
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four-point bend experiments and FEM simulation.sTiwork is also necessary for other

fusion related dissimilar-metal joints in the fugur

Table 4-1 Current status using bend tests to etamkieength of materials or joints.

Materials/joint Status
Other nol-fusion field: Ceramic, wood Bending with elastic theory or FEanalysis
glass, epoxy, etc. to evaluate strength (small elastic
deformation)
Solder joint: Bending with elastic theo analysi
Fusion fielc SiC/SiC joint: Bending with elastic theory or FEM
evaluate bonding strength (small elastic
deformation)
Mo, W, T91 alloy: Bending with FEM (large plast
deformation)
Comment Bend tess combined with FENsimulationare a potential tecnique

to evaluate bonding strength of joints especialtydissimilar-metal

joints with large plastic deformation for fusionpdipation.

4.1 Simulation model

In Section 3.2, the bonding strength of the EBWtdietween 9Cr-ODS and JLF-1
cannot be gained by uniaxial tensile tests becthesspecimens always fractured at the
JLF-1 BM, not at the WM. The bonding strength i¢yaoughly estimated larger than the
ultimate strength of JLF-1 BM. In this chapter, syatric four-point bend tests were
carried out to concentrate the stress inside theriapan including the WM, thus bonding
strength of the joint can be obtained.

Figure 4-1 depicts the illustration of symmetriaufgoint bend test. During the
bending process, there is no shear stress, ontpalatress inside the inner span of the
specimen. According to elastic theory, the maxirmormal stress occurs at the top and
bottom center of the bending specimen, and caraleellated according to the formula as
follows[144],

., 3P(SL)
Omax—t — o7 (4-1)
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Where, H and B are the thickness and width of #raing specimen, P is the applied
load on the upper jig which is contacting the speei, and S and L are outer span and

inner span during bend experiment.

P/2 P/2
B
® ® _
I L [ \. | Specimer
P/2 4 s T p/2 of the joint

—|P/2
Shear force
-P/2 L____J

Pa/2

Moment

Figure 4-1 lllustration of shear force and bend rantiin symmetric four-point bend test.

However, the formula from the elastic theory caty @movide the stress condition of
the present specimens up to about 0.25% in streongh the experiments showed larger
deformation with more than 10% in strain due tospta deformation. Therefore,
computer simulation with FEM was used to extend ahalysis to larger deformation
condition in the bend experiments.

The geometric modeling of the bending system inolyidspecimen and jigs was
constructed in the unit of mm; accordingly, densityl Young’s modulus of the materials
of jig and specimens, which will be mentioned tlafter, should be in the unit of
ton/mnt and MPa, respectively. And the applied load onupger jig is expressed in N
with time (s).

The procedure for FEM simulation is depicted in ufey 4-2. The pre-process
procedure includes modeling, properties setting, meshing. After that, load with time
was applied on the upper jig. Solution was carpad by adjusting options of solution
control. The output results would be compared wviltk experiment results. If not
consistent, modeling, meshing, and solution metétud should be adjusted until the

simulation results are satisfied.
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Figure 4-2 Procedure of the FEM simulation.

a Element type

There are two concepts of element property for FEkchanical simulation, i.e.,
plane stress and plane strain. Plane stress[14Hfised to be a state of stress in which
the normal stresss,, and the shear stresseg, andcy, directed perpendicular to the x-y
plane are assumed to be zero.

Plane strain[145] is define to be a state of stimiwhich the strain normal to the x-y
plane, &;, and the shear straip, and yy,, are assumed to be zero. There is no
displacement along the Z direction, and the medahnesponse is the same in the planes
which are normal to the Z direction (no change i 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 mechanicalusation of symmetric four-point
bending behavior of the dissimilar-metal joint hetpresent study is chosen to be “plane
strain” to simplify the model to 2D. And the eleméype is “Solid/Quad 4 node 182".
Software ANSYS APDL 14.5 was utilized for the FENhalation.

100



b Density of the materials
The density of a material can be calculated acngrdb the contents of the
elements[146],

P pPL P2 P3P
Where,p is the density of the materia, is density of the pure alloying elements, W

1 wi% w,y% ws% w;%
—= + + +. .

is the corresponding weight percentage.

By calculation, the density of BMs of 9Cr-ODS and-l at RT is estimated, as
shown in Table 4-2. The density of the jig (Mo)RiT is from literature. While, the
density of all the materials at 5%Dis estimated according to the ratio of F82H &°65
and RT.

Table 4-Density (10 ton. mn?) of the materials in the FEM simulation.

Materials RT 55C°C
Jig (Mo) 10. 28[147] 10.05
9Cr-ODS 7.82% 7.64¢
JLF-1 7.85:2 7.67
F82H49,148 7.871 7.69¢

c Material properties

In the present work the steels 9Cr-ODS and JLF€ @msidered as isotropic
materials which have the same mechanical propertiedl directions of X, Y, and Z.
Because the bending specimens experienced pernalastic deformation in this study,
thus non-linear plastic material model is necesgsathe FEM simulation. There are 3
kinds of methods for modeling non-linear plastictenial behavior, i.e. bilinear model,
multi-linear model, and power law model.

In this work, multi-linear material model was wti#d to keep accuracy of the
simulation, as shown in Figure 4-3. The strainsstreurve is divided into a number of
straight lines and true strain-stress from, ©1) to (i, o) was inputted for plastic

properties during FEM simulation.
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Figure 4-3Multi-linear model of materials[149].

Elastic properties of Young’'s modulus and Poisaat® of the materials are shown
in Table 4-3. The elastic properties of Mo and JLBre from literatures. And those of
9Cr-ODS is from the measurement by company witheggnic method[150]. In the
multi-linear model, the yield strength of the méaitksr according to experiment data is

shown later in Section 4.2.

Table 4-3 Elastic properties of the materials.

Materials Temperatur Young’'s modulus (I°MPa Poison’s rati
Jig(Mo)[151] RT 3.29¢ 0.29¢

55C°C 3.12¢ 0.2
9Cr-ODS RT 2.2¢ 0.2¢

55C°C 1.82 0.2
JLF-1[101][152] RT 2.171 0.2¢

55C°C 1.871 0.2

d Element size
Element size is 0.1 mm of the bending specimen thedcontact areas between

specimen (BMs part) and jig. The element of otmeas is 0.2 mm and 0.5 mm in size.
e Friction coefficient

Friction is the force resisting the relative motiof solid surfaces of materials

contacted. In the FEM simulation in this studytheg initial stage, the contact surfaces are
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static friction, because of no motion between jaggl joints. Friction coefficient is
defined as[153]:
HAR (4-2)
Where, F=friction force along the surface;
N= Normal reaction perpendicular to the stefa

However, after a while, there may be slipping haygge In this case dynamic friction
should be considered. The dynamic friction coedfitishould be a little smaller than the
static friction coefficient.

The friction coefficient between BMs and jig is wmakvn. Thus, during the FEM
simulation, the first step is for the fitting ofidtion coefficient between BMs and jig

according to the bend experiments of BM-single-malttepecimens.

f About solution

Because the dissimilar-metal joint exceed more @& plastic deformation during
the bend experiments, analysis option of “larg@ldisement” was selected for the FEM
simulation.

A load step[145] is simply a configuration of loads which a solution is obtained.
Solving an analysis with nonlinearities requireswargence of an iterative solution
procedure. Convergence of this solution procedequires the load to be applied
gradually with solutions carried out at intermedidbad values. These intermediate
solution points within a step are referred to as-stieps, as illustrated in Figure 4-4.
Essentially a sub-step is an increment of loadiwighstep at which a solution is carried
out. The iterations carried out at each sub-steprtive at a converged solution are
referred to as equilibrium iterations. Equilibriuiterations are additional solutions
calculated at a given sub-step for convergencegsag They are iterative corrections

used only in nonlinear analyses, where convergplags an important role.
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Figure 4-4 lllustration of sub-steps in the FEM slation.

g Contact Algorithm

Four different contact algorithms can be impleméritethe element: pure penalty
method, augmented Lagrange method, pure Lagrandggpiren method, and Lagrange
multiplier on contact normal and penalty on frictb direction.

Pure Penalty Method: This method requires both aminhormal and tangential
stiffness. The main drawback is that the amoungfration between the two surfaces
depends on this stiffness. Higher stiffness vallssease the amount of penetration but
can lead to ill-conditioning of the global stiffreematrix and to convergence difficulties.
Ideally, a high enough stiffness is necessary tdkemthat contact penetration is
acceptably small, but a low enough stiffness that groblem will be well-behaved in
terms of convergence or matrix ill-conditioning.

Augmented Lagrangian MethodThe augmented Lagrangian method is an iterative
series of penalty updates to find the Lagrange iplidis (i.e., contact tractions).
Compared to the penalty method, the augmented hggna method usually leads to
better conditioning and is less sensitive to thegmitade of the contact stiffness
coefficient. However, in some analyses, the augetehagrangian method may require
additional iterations, especially if the deformedsin becomes excessively distorted.

Pure Lagrange Multiplier Method: The pure Lagramgeltiplier method does not
require contact stiffness. Instead it requires tehiatg control parameters. Theoretically,
the pure Lagrange multiplier method enforces ze¥pefration when contact is closed
and "zero slip" when sticking contact occurs. Hogrethe pure Lagrange multiplier
method adds additional degrees of freedom to theefreind requires additional iterations

to stabilize contact conditions. This will increabe computational cost. This algorithm
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has chattering problems due to contact status esabhgtween open and closed or
between sliding and sticking. The other main draskbaf the Lagrange multiplier
method is over-constraint in the model. The modebver-constrained when a contact
constraint condition at a node conflicts with agerébed boundary condition on that
degree of freedom at the same node. Over-condreamt lead to convergence difficulties
and/or inaccurate results. The Lagrange multiphiethod also introduces zero diagonal
terms in the stiffness matrix, so that iterativevers cannot be used.

Lagrange Multiplier on Contact Normal and PenaltyFictional Direction: in this
method only the contact normal pressure is treaeda Lagrange multiplier. The
tangential contact stresses are calculated basetheopenalty method. This method
allows only a very small amount of slip for a stiak contact condition. It overcomes
chattering problems due to contact status changeebe sliding and sticking which
often occurs in the pure Lagrange Multiplier methdtherefore this algorithm treats
frictional sliding contact problems much betterrtliae pure Lagrange method.

The contact stiffness factor, FKN, is used to aantontact penetration once contact
is initiated. A smaller value provides for easiengergence, but with more penetration.
For bending behavior simulation in this study, themal penalty stiffness (FKN) is

chosen to be 1.0, and the penetration toleranc®I(NJ is 0.1.

4.2 Experiments for determination of input material

parameters for simulation

PWHT was carried out at 780D for 1h for tempering for the tensile and bending
specimens of the EBW joint and the BM-single-matespecimens of 9Cr-ODS and
JLF-1.

a Tensile tests

Tensile tests were carried out to get the yieldmgjth and plastic data of the BMs.
The tensile tests were conducted at RT andG5@th an initial strain rate of 6.7x1G™.

The yield strength of 9Cr-ODS and JLF-1 BMs arevai@n Table 4-4. While that of
the HAZs and WM is estimated according to the hesdn The yield strength was

inputted into the multi-linear model as depictedrigure 4-3.
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Table 4-4 Yield strengthsg) of each part in the EBW joint at RT and 860

9C-ODSBM  9Cr-ODEHAZ WM JLF-1 HAZ JLF-1 BM

Hardness (HV 327 34¢€ 21C 17¢ 18t
RT oo(MP&] 98z 103¢ 47¢ 39¢ 421
55C°C 6p(MPa) 63€ 673 35¢ 29¢ 31€

The engineering strain-stress of 9Cr-ODS and JI#-RT and 55%C is shown in
Figure 4-5. From the engineering total strain-stregrves, plastic data was obtained.
True plastic strain and stress can be calculatéollagis[144],

ep= N (1+eep) (4-3)
or=(1+eep)0e (4-4)

Where, gy, is true plastic straing; is true stresssep is engineering plastic straige is
engineering stress.

The true plastic strain-stress can be fitted asepdaw relationship, i.e., Hollomon
equation[144],

o=Kep' (4-5)

Where, n is hardening coefficient, K is strengttéer. n and K can be calculated from
the slope and intercept of theedninct linear fit, as shown in Figure 4-6. The linear fi
and the corresponding Hollomon equation for BM®6f-ODS and JLF-1 is shown in
Table 4-5. As shown in Figure 4-7, the true plastrain stress data of the BMs, WM,

and HAZs was inputted in the multi-linear modelidgrFEM simulation.

1,20( : : 1,20( : :
(a) 9Cr-ODS (b) JLF-1
1,000} ] 1,000}
§ 800} —RT & 800/ —RT
= —550°C | = — 550°C
%) 600 r 3 1 % 600 r m . 1
o : o
& 400+ & 4001%
200 1 200
0 : : : : . 0 ‘ ‘ ‘ ‘
0 005 01 015 02 0z 0 005 01 015 02 0.25
Strain Strain

Figure 4-5 Engineering strain-stress of (a) 9Cr-GiD8 (b) JLF-1 BMs at RT and 5%0
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Figure 4-6 Fitting of hardening coefficient n aniceagth index K in the Hollomon equation
for 9Cr-ODS and JLF-1 BMs at RT and 560

Table 4-5 Fitting of Hollomon equation for 9Cr-O@8d JLF-1 BMs.

RT
Linear fit

Hollomon

equation

Linear fit

55(°C
Hollomon
equation

9Cr-OD<
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Figure 4-7 True plastic strain-stress of each gftie EBW joint at (a) RT and (b) 5%D.

b Bend tests

The width of the WM and HAZs in the dissimilar-migi@nt between 9Cr-ODS and
JLF-1is 0.8 mm and 0.3 mm, respectively. The théds and length of the joint are 1.5
mm and 20 mm. During bend experiments, the out@n §12.5 mm, and the inner span
is 5mm, as shown iRigure 4-8.

The time and displacement data during bend expetsneas recorded to be inputted
on the upper jig for the FEM simulation. The diggment and load data of the upper jig

which was contacting to the specimens during bempeérments was used for comparison
to verify the simulation reliability.

108



Load P

Upper jig

Smm

»
ey '

Joint
WM
J v L

— | 9Cr-ODS || || JLF-1 Lh——

HAZs
12.5mm

Lower jig

Figure 4-8 lllustration of symmetric four-pointrmbtest.

4.3 Evaluation on bonding strength of the EBW jointof 9Cr-
ODS steel—JLF-1 steel

a. Fitting of friction coefficient between the BMsand jig
The displacement and load of the upper jig was lsitad at different friction
coefficient between BMs and jig, as shown in Figdt®. The standard deviation of the

results between simulation and experiment can peesged as[154],

S= /% UARZ  (4-6)

For the bending of 9Cr-ODS BM-single-material spesm at RT, when the friction
coefficient is 0.3, the displacement and load ef tipper jig is the most coincident with
the experiment, the deviation is about 9 N. Siryilathe friction coefficient is 0.5 at RT
and 0.55 at 551C between JLF-1 BM and jig. The deviation is abd8tN and 11 N
respectively. According the ratio of friction caefént between JLF-1 BM and jig at RT
and 550C, the friction coefficient between 9Cr-ODS BM ajiglis estimated as 0.33 at
550°C. The friction coefficient fitted by using thefsware of ANSYS APDL in the
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present study is only suitable in the case of “toiisplacement load on the upper jig”, not
applicable in “time-pressure load on the upper.jlg’other cases, such as by using other
FEM software, the friction coefficient between Blsd jigs should be fitted again for
the right simulation results.

Usually, the friction coefficient between two cocttaurfaces will be decreased as the
temperature increases due to the tribologicallyegeied oxide films. However, in the
present work the friction coefficient between BMglgig at 550C is larger than that at
RT. The possible reasons are, (1) RT tests wereluobed in the air, while high
temperature tests were in vacuum. The contact@idanditions for both the specimen
and the jigs would be changed if the contact sedaif them were oxidized in the air[155]
when the bend tests were carried out at RT. Theeofim can make the friction
coefficient at RT smaller than that at 860n this work. (2) When tests were carried out
high temperature of 558G, decomposition and evaporation of the oxide filam happen
in vacuum, and lead to appearance of fresh metécas[155]. In this condition, the
fresh surfaces contacted and adhered directly glubend tests. Thus the friction
coefficient increased. The fresh surfaces aracdiffto be oxidized again in vacuum.
The better the vacuum degree is, the higher tletidn coefficient is. (3) On the other
hand, the materials of BMs would be softened al bégnperature. And because there is
no thermal convection in the vacuum environmenrg, fiiction heat cannot be emitted.
This can make higher temperature at the local consarfaces. The contact areas
between BMs and jig were plastic deformed and athat high temperature[153] tests at
550°C compared to RT. Thus the friction coefficientvibeen BMs and jig at 55Q is
higher than that at RT.
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Figure 4-9 Fitting of friction coefficient betwe@&Cr-ODS and JLF-1 BMs and jig.

By inputting the friction coefficient fitted abovementioned, the simulated
displacement and load of the upper jig during teeding of the EBW joint at RT and
55°C was shown in Figure 4-10. The standard deviathetween simulation and

experiment is 15 N at RT and 10 N at 850respectively.
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Figure 4-10 Displacement and load of the uppediigng the bending simulation for the
EBW joint at (a) RT and (b) 550.
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b. Bonding properties of the EBW joint

Figure 4-11 shows the relationship between the latigment in Y direction
(perpendicular, absolute value) and normal streg&direction (horizontal) at the bottom
center of the joint. At the elastic phase, yieleesgth in X direction (horizontal) at the
bottom center joint can be calculated as 535 MARTaand 413 MPa at 580, as shown

in Table 4-6, according tce|astic:igg%. The simulation results almost meet the

calculation ones. To some extent, it verifies tbeusacy of the simulation in this study.
The maximum normal stress in X direction at thedratcenter of the joint is 854 MPa at
RT and 505 MPa at 580. Figure 4-11 also shows the distribution of ndrateess in X
direction at the last time during bend tests. Toge df the joint undergoes compression,
the bottom of the joint withstands tension, and tleeitral surface has the minimum
normal stress during bending. In addition, the @IXS 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 steesse, and the distribution of X-normal
stress at the last time during the bending proaeie bottom center of the joint at (a) RT and (b)
550°C.

Table 4-6 Comparison of the yield strength at tlhétdm center of the EBW joint by FEM
simulation and by elastic formula.

Yield strength by FEM Yield strengtl by elastii formule
RT 538 MP: 535 MP«
55(°C 41C MPg 413 MP:

The normal stress in Y direction (across the thedenof the joint) is tiny as less than
10 MPa, and is ignorable in the present study. Hewethe normal stress in the Z
direction (across the width of the joint) cannotigm@ored. Figure 4-12 shows the normal
stress in Z direction at the bottom center of thetj It can be drawn that, the bottom
center of the joint reaches the yield point at #eclion later than the X direction. The
maximum Z-component stress is 422 MPa at RT and\v@#2 at 556C. In this work, the
simulation was carried out in the condition of 2@ strain model. It was supposed that

the normal stress distribution in the X-Y planeghe same in the Z direction (across
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width of the joint), and the displacement of thjon Z direction is zero in the present
2D model simulation. However, the homogeneity @& $itress distribution in Z direction
should be verified in future by 3D simulation.

Figure 4-12 also shows the von Mises stress abtittam center of the joint. The
maximum von Mises stress is 747 MPa at RT and 484 st 558C. von Mises stress is
defined as follows[144],

1
e ((m.m)z+(02.03)z+(o3.m)z>5 4-7)

2

In the bending behavior of the present studygy, 62=6y, 63=0.

As mentioned above, the normal stress at Y diracfmerpendicular)gy, is very
small as less than 10 MPa at the bottom centehefdint during the four-point bend
tests, and can be regarded as zero.

Sinceo; < oy,
07,—0x< 0

o7 (6;,—0x)< 0

1
1

B 2 2 2 E =
v <(cx 02) +(02)*+ox ) :(0X2+022-0x0z)2<0x (4-8)

2

Therefore, the maximum von Mises stress 747 MPRATaand 444 MPa at 550,
must be smaller than the normal stress in X dioecti.e. 854 MPa at RT and 505 MPa at
55(°C. von Mises stress is also important for the desifjfusion blanket structure. It
should be noted that, the von Mises stress shoalthtyger than the yield strength to

ensure safety operation of the joints.
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Figure 4-12 Evolution of X-component stress, Z-poment stress, and von Mises stress at
the bottom center of the joint at (a) RT and (k)65

The bending specimens of the joint after unloading shown in Figure 4-13. The
final shape of the specimens after simulation imsask coincident with the experiment,
especially at the center area of the specimenstla@®Cr-ODS side. However, the
deformation of the joint during bend experimentsnisre complicated than in the FEM
simulation. It is impossible make the simulationmpbetely coincident with the
experiment. During bend tests the deformation efhole dissimilar-metal joint was
asymmetric. The JLF-1 part had more plastic deftionan the experiment. However,
for better convergence during FEM simulation, e ¢enter of the joint was constrained
as the displacement in horizontal (X) direction waso. This leads to the error of the
simulation to some extent. By microstructural oleagon with OM for the joint after
bend experiments, deformation traces were fourtdeatenter of the joint. It can be seen
that, the HAZ of JLF-1 has the most severe locdbrdeation there, because of the
softening induced by over-tempering as depictdéignre 3-20 and Figure 3-21.

The displacement in Y direction (deflection, towsarttie lower jig side) after bend
experiments can be measured from the photos takedMy as shown in Figure 4-14.
After bending, the final bottom center of the joiatnot the original one anymore. The
original bottom center (point a) is moved towarlds 8Cr-ODS side (to point &’). The
final bottom center (point b) is still in the WMupbis about 0.2 mm from the original
center of the joint. Figure 4-15 (a) depicts thewdated displacement of the bottom
center of the joint in X direction (towards the 90DS side). It is 0.23 mm at RT and
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0.25 mm at 55{C, almost agreed with the experiment. The absaligelacement in Y
direction (deflection) of the final bottom centsrdetermined as the blue lines “a-b” in
Figure 4-14, i.e. 1.69 mm at RT and 2.25 mm at’650he absolute displacement in Y
direction (deflection) of the bottom center of jbat in the FEM simulation, 1.68 mm at
RT and 2.21 mm at 558G, as depicted in Figure 4-15 (b), is almost calant with the
experiment.

The other simulated properties at RT and °65@t the bottom center joint are
summarized in Table 4-7. The EBW joint showed lapastic deformation. The
equivalent plastic strain is 0.2316 at RT and GR350C. The bonding strength at the
bottom center is estimated larger than the maximarmal stress in X direction, i.e. 854
MPa at RT and 505 MPa at 58] since the specimens did not fracture after #nadb

experiments.
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Figure 4-13 Shapes of the EBW dissimilar-metal tjdietween 9Cr-ODS and JLF-1 after
unloading in the simulation and experiment at R@ 260°C.

117



9Cr-ODS JLF-1

Before bending

(a) RT

After bending

10mm

(b)  550°C 9Cr-ODS | JLF-1

WM

Figure 4-14 Determination of Y-displacement of baétom center of the EBW joint between
9Cr-ODS and JLF-1 after the bend experiments & Taand (b) 55TC.
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Figure 4-15 Simulated displacement of the bottontargoint in (a) X direction (towards the
9Cr-ODS side) and (b) Y direction (towards the loyig).

Table 4-7 The simulated bonding properties at thigon center of the EBW joint at RT and
550°C.

RT 55C°C
omax(X-component of stress), M 854 50&
omax(von Mises stres), MPe 747 444
omax(Z-component of stress), M 422 242
X-component oelasticstrair 0.003¢ 0.002:
X-component oplasticstrair 0.2C 0.23¢
Y-component oelasticstrair -0.001" -0.001:
Y -component oplasticstrair -0.2C -0.233¢
X-component of displacement, r -0.2¢ -0.2¢
Y-component of disacement, mi -1.6¢ -2.21
Equivalent elastic stra 0.0034 0.0023¢
Equivalent plastic stra 0.231¢ 0.27

In L. Commin et al.’s work[90] on the EBW dissimimetal joint between ODS-
RAFM steel and conventional RAFM steel, there is result on the evaluation of
bonding strength. The present work has successtuiyuated the bonding strength of

the dissimilar-metal joint between 9Cr-ODS and JLFFhe technology of four-point
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bend tests combined with FEM simulation can beiaddbr the fusion blanket joints in

the future.
4.4 Summary

To get the bonding properties, symmetric four-pbiend experiments combined with
FEM simulation were carried out for the EBW disdanimetal joint between 9Cr-ODS
and JLF-1 at RT and 580. The accuracy of the FEM simulation is reflectedhe
following points:
(1) The displacement-load relationship of the uppewdjiging bending is coincident
between simulation and experiment. The deviatiawéen each other is 15 N at
RT and 10 N at 55C.

(2) At the bottom center of the joint, the yield stresslastic phase in simulation is
538 MPa at RT and 410 MPa at 8601t almost has no difference with the 535
MPa at RT and 413 MPa at 5&Dcalculated by formula with elastic theory.

(3) The Y displacement of the bottom center joint bydation is -1.68 mm at RT
and -2.21 mm at 55C. This is nearly agreed with the experiment o89Imm at
RT and -2.25 mm at 55C.

Therefore, the FEM simulation results in the présstudy are believable. The
maximum normal stress in X direction applied to k! of the joint is estimated as 854
MPa at RT and 505 MPa at 58D Since the bending specimens were not fractuhed,
bonding strength is estimated to be larger tharsethealues. The present study
successfully utilized bend experiments and FEM atian to make better estimation for
the bonding strength than the tensile tests anddheentional analysis on the bend tests
with elastic theory. The other bonding properties @so obtained in the present work.
The stress in Z direction cannot be ignored. Thadgeneity of the stress distribution in

Z direction should be investigated by 3D modehia tuture work.
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5. Conclusions

Dissimilar-metal joints for fusion blanket structuwere developed in the present
work. HIP can be used for large area bonding fertkiermal-protection plate bonding to
the first wall. EBW can be utilized for the roblsinding for connection of coolant tubes.
The mechanical properties of the joints were cdletridby carbon behavior. As depicted
in Figure 5-1, HIP always induced quenched marter(sarbon dissolution, hardening)
for JLF-1 BM. While HIP at low temperature of 16a0 the incomplete decomposition
of carbides in ferritic structure induced softenof®@Cr-ODS BM. Decarburization also
induced softening at the interface after the P@eEIP. However, HIP at higher
temperatures of 1080 and 1108C induced more decomposition of carbides and carbon
dissolution for 9Cr-ODS (quenched martensite, hardg. For the EBW joints between
9Cr-ODS and JLF-1 and between F82H and 316L, canbesolution (quenched
martensite) made hardening of WM and HAZs. Prop&/HF can recover the
mechanical properties of the joints from the hamtgrand softening. In addition, the
significant neutron hardening in the fine-grain HAZF82H is due to irradiation-induced
precipitations from the carbon generated by theaddigion of prior carbides during the
welding. The incomplete hardness recovery duringHfWat 680C cannot make the
dissolved carbides to be precipitated out and cd@dhe source for the irradiation-

induced precipitates.
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Figure 5-1 Carbon behavior in the dissimilar-mébaits at different conditions, reproduced
from Figure 3-35

The other main results in the present study ararsanmaed as follows,

1. The dissimilar—metal joints between 9Cr-ODS and JLFL fabricated by HIP

The cooling rate after HIP in the present studgriy 5°C/min. 1006C-HIP induced
ferrite, while 1056C- and 1108C-HIP induced quenched martensite for 9Cr-ODS BM.
However, during the slow cooling process, coargeidas with irregular shape always
precipitated out. These coarse carbides influetiteanechanical properties of the joints.
In the future work, HIP with fast cooling rate isaessary to form quenched martensite
for 9Cr-ODS and avoid the formation of coarse aebi

The above mentioned coarse carbides in 9Cr-ODS &Mbe eliminated with PWHT
of normalization at 105C with a fast cooling rate of 36/min. The elements in the
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coarse carbides were dissolved into matrix to fayuenched martensite. After the
following tempering, new carbides precipitated dute microstructure of 9Cr-ODS BM
was recovered to that before HIP with temperedenaitic structure.

For the BM of JLF-1, the cooling rate after HIP esough to form quenched
martensite. PWHT with normalization and temperisguseful for the microstructure
recovery to tempered martensite.

The interface is soft for all the joints after H#P 1000 to 110TC. For the 100%C-
HIP joint, the softening at the interface may bee do carbides coarsening (less
decomposition of carbides), and decarburized festigba layer. For the joints HIPed at
higher temperatures of 10%D and 1108C, the softening is mainly due to carbides
coarsening.

The coarse carbides at 9Cr-ODS near the interfatarger and denser than those in
the BM of 9Cr-ODS. The less decomposition of cagbicht the interface induced
softening of 9Cr-ODS near the interface. This im@n reason why all the as-HIPed
dissimilar-metal joints fractured at the interface.

1000°C is too low to bond well the dissimilar-metal jpbiBy the low temperature HIP,
there may be un-bonded areas at the interface whah caused by the incomplete
contact of the rough surfaces of the BM blocks.rEafter PWHT, these un-bonded areas
cannot be elapsed. In addition, there is a laydewfparticle grains existed on the JLF-1
side at the interface. The formation of few-paeticlayer may be caused by
decarburization during HIP. Thus the joint fractlieg the interface during tensile tests.

The optimum HIP temperature is 1060in the present study. The joint showed the
best bonding strength and ductility. The 1ADMIP joint showed a little loss of strength
probably due to grain structure coarsening. Aft&HT with N&T, the bonding property
was improved further, because the joints fractumedLF-1 BM, not at the interface
anymore.

In conclusion, PWHT with N&T is effective to recavemicrostructure and
mechanical properties of BMs. But to keep good ngjtie, HIP at the optimum
temperature of 108Q is necessary.

2. The dissimilar-metal joint between 9Cr-ODS and JLF1 made by EBW
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For the EBW dissimilar-metal joint between 9Cr-OD#d JLF-1, bonding
mechanism was analyzed by microstructural chaiaeteon. The hardness of WM and
HAZs in both 9Cr-ODS and JLF-1 was much higher tthenBMs. The WM is quenched
martensitic phase with occasionally some ferrithage (iron metal phase with thermal
equilibrium carbon in solid solution). The HAZsalso quenched martensitic phase with
carbides decomposition. Two conditions of PWHT weaeried out for the joints to
recover the hardening and the microstructures of sl HAZs to the levels close to the
BMs.

One is only tempering at 720-78)for 1h. The tempering removed a part of carbon
in solid-solution and hardening by it, and chantfexlquenched martensite into tempered
martensite. As tempering temperature increasedhaneéening of WM and HAZs was
relieved. The PWHT necessary for the complete reigouf the hardening is obtained as
780°C for 1h. However, the ferritic phase remainechim WM and softening was induced
by over-tempering for BMs after the PWHT. Therefdhee other condition based on the
780°C PWHT was examined.

The other condition of PWHT is a combination ofmatization at 105% for 1h and
then tempering at 78C for 1h. Because of the normalization, residuaitiedisappeared.
The whole microstructures including WM, HAZs and B\ quenched martensite just
after the normalization. After the following tempey, the whole microstructure is
tempered martensite. No residual ferrite existeghame. The strength of the BMs was
kept in the similar level as that before EBW. TH&HPT is the optimum to relief the
hardening of WM and HAZs, eliminate the residuatife, and avoid softening of BMs
in the same time.

All the specimens fractured at the BM of JLF-1 ktrdhe tensile tests, because the
interface is stronger than it. In this situatidme bonding strength cannot be determined
in the same way with the HIP joints, and estimatadply as the one larger than the
ultimate tensile strength of JLF-1 steel.

In order to make better estimation of the bonditrgrgth of the joint, symmetric
four-point bend tests, which can concentrate tresstinside the inner span including the
WM, was executed for the joint. Generally, bend tesults are analyzed with elastic

deformation theory. However, a bending formula frdra theory can provide the stress
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condition of the present specimens up to only 0.26%train, though it shows larger
deformation with more than 10% in strain due tosptadeformation. Thus, computer
simulation with FEM was used to extend the anal{sikrger deformation condition in
the bend tests.

The large deformation induces sliding at the candaeas between the specimen and
jig (specimen holder made of molybdenum). The sidmust be also simulated for
accurate analysis, which requires an input paranoétiiction coefficient at the contact.
The friction coefficient was measured with a comaltion of bend tests on BM-single-
material specimens and the simulations for thentoAding to the coincidence of the
displacement-load curve of the upper jig in bengegxnents and the simulation, the
friction coefficient was determined as 0.3 for ttumtact between 9Cr-ODS and jig at RT,
0.5 and 0.55 between JLF-1 and jig at RT andG5@espectively.

In the simulation for the dissimilar-metal joinhet maximum displacement of the
bottom center of the specimen is -1.68 mm at RT @21 mm at 551, which are
almost coincident with, -1.69 mm at RT and -2.25 ain®50C, the deformation of the
specimens measured after the experiment. The dioulauccessfully calculated the
stress distribution in the specimens up to 20.0%R@tand 23.4% at 55Q. The
maximum stress applied to the bonding interfacthefoint with the PWHT is estimated
as 854 MPa at RT and 505 MPa at ®&0The bonding strength is estimated to be larger
than these stresses. The present study successfatlg better estimation for bonding
strength than the tensile tests and the converntaraysis on the bend tests with elastic

deformation theory.

3. The dissimilar-metal joint between F82H and 316L mde by EBW

The dissimilar-metal joint between non-ODS conwvamdi steel and stainless steel
will be used for only the cooling channel conneetibehind the blanket near the vacuum
vessel. Therefore, only EBW process was investibist¢he present study.

For the dissimilar-metal bonding between F82H ah@L3in this work, the electron
beam position was 0.2 mm shifted from the buttingifpon toward 316L side according
to previous studies. PWHT condition was also deitgethby the previous study as 680
for 1h.
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Neutron irradiation was carried out for the joint300FC with a neutron flux of
5.6+0.1x16% n m?, which is equivalent to a dose of 0.1 dpa (dispiaent per atom). The
joint will be located near the vacuum vessel angdestonducting magnet in fusion
reactors. The maximum dose for the vacuum vesd@BER (International thermonuclear
experimental reactor) has been estimated as 0j027Tthe neutron flux at the magnets in
commercial-grade reactor design is about T*hQm?. Since the present irradiation dose
was more than these conditions, the present stadyewaluate the resistance of the
dissimilar-metal joint to neutron irradiation undasion reactor condition.

Neutron irradiation induced hardening for the whoéet of joint, such as BMs, WM,
and HAZ. Hardness of the joint before irradiatianged from 180 HV to 250 HV, while
the one after the irradiation ranged from 230 H\B8@® HV. Significant hardening area
with 450 HV in hardness and with a size of 50 pns @iscovered at the fine-grain HAZ
of F82H. One of possible mechanisms for the sigaift hardening is irradiation-induced
precipitations produced by the carbides decompaseithg the welding. As mentioned
above, the PWHT condition with 68D was determined mainly from the viewpoint to
avoid softening of F82H steel by over-tempering.wdwer, it was not enough to
complete the recovery of the hardness change bwéhding. The incomplete hardness
recovery during the PWHT at 68D indicates that the dissolved carbides still carso
precipitated out and can be the source for thdiaten-induced precipitates. The present
study found a better PWHT condition as %G@or 1h from the viewpoint of precipitation
control. This PWHT will suppress the significantadgliation hardening and should be
examined under neutron irradiation in future.

Impact tests, high-speed bend tests with V-shapéchrat different positions of HAZ,
BMs, and WM of the joint, were performed on thadiated specimens. Fortunately, the
significant irradiation hardening observed in thdZHof F82H did not degrade the
impact properties of the joint. This is probablyckese the hardening area was very
limited as 50 um in size. In addition, 316L steaktpof the joint maintained much
ductility and assisted the deformation of the jadoring the impact tests. The present
study successfully demonstrated the resistandeegbint to neutron irradiation under the

commercial reactor condition.
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Other topics not for the present study but for thefuture

research on dissimilar-metal joints:

(1) More mechanical properties evaluation for t¢h&similar-metal joints, such as
Charpy impact tests, fatigue tests.

(2) The first wall blanket will undergo 30 to 80alfdisplacement per atom) or even
100 to 150 dpa for the Demonstration (DEMO) or prghe commercial reactors[1].
Evaluation of neutron irradiation resistance athhipse is very important for the
dissimilar-metal joints between ODS-RAFM steel andventional RAFM steel.

(3) Thermal aging evaluation at the operation tenamjpee of the dissimilar-metal
joints.

(4) Corrosion resistance evaluation of the dissirmhetal joints in flowing coolant of
Li or FLiBe.
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