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ABSTRACT

Fusion is an option for safe and sustainable energy supply which is placed to

meet the energy requirements for the growing population. The effect of He on the

microstructural evolution and mechanical properties degradation of materials used in

the first wall of blanket and diverter is a major issue of fusion materials research and

development. The body centred cubic (b.c.c.; ferritic/martensitic) reduced activation

steels, and variants on these with a high number density of nano-scale precipitates

are suggested as the very promising candidate structural materials.

This dissertation contains work attempting to solve the problems on helium irra-

diation hardening (RH) and irradiation anneal hardening (RAH) in BCC iron and

ferritic/martensitic steels. Materials were irradiated by helium ions at room tem-

perature (RT) and nano-hardness was measured by a berkovich nano-indenter based

on the Nix-Gao model. Nano-hardening as a function of helium concentration was

obtained. Post-annealing was employed to investigate change of microstructure and

nano-hardness as a function of temperature. To evaluate the helium effect on disloca-

tion motion, pop-in phenomenon was analyzed and activation volume was extracted

from experiment.

In Chapter 2, the range of irradiation hardening for pure iron is 3 - 4 GPa with

the helium concentration from 500 to 2000 appm at RT. The irradiation hardening

increased as a function of helium concentration. Helium induced hardening is satu-

rated by a helium concentration at about 1000 appm. The saturation of irradiation

hardening suggests that the number of excess defects falls to zero. In the post- an-

nealing at 200 - 600 ◦C, pure Fe including helium of 500 and 1000 appm shows a
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recovery of hardening. The large stage of recovery was observed above 500 ◦C. For

pure Fe with 2000 appm helium, additional hardening (1GPa) was observed at 300

◦C, which is a first finding of the additional hardening in ion irradiation. The reason

of the additional hardening is that the mobile helium clusters diffuse to dislocations

and helium induced defects to pin the slip dislocation. The recovery behavior appears

when the temperature is higher than 300 ◦C.

In Chapter 3, the range of irradiation hardening for F82H-IEA is 1 - 3 GPa with

the helium concentration from 500 to 2000 appm at RT. The irradiation hardening

increased with increasing in helium concentration without saturation. In the post-

annealing process, specimens with/without helium were annealed at 200 - 600 ◦C.

Irradiation anneal hardening is independent with temperature. No large stage of

recovery of hardening was observed. The stability of the hardening is attributed

to the large mount dislocations providing trapping sites for induced defects. The

substantial recovery of hardening is expected to be observed over 600 ◦C.

In Chapter 4, the range of irradiation hardening for F82H-ODS is 0.5 - 2 GPa with

the helium concentration from 500 to 2000 appm at RT. The irradiation hardening

increased with increasing in helium concentration without saturation. In the post-

annealing process at 200 - 600 ◦C, there is no obvious dependence of irradiation

hardening with temperature. The reason for the stability of the hardening is that

F82H-ODS steel possesses a medium level number density of dislocations and a high

number density (1023m−3) of nano-sized oxide particles (4 nm), which act as trapping

sites of induced defects. The large recovery of hardening would be observed over 600

◦C.

To understand the interaction of slip dislocations with helium irradiation induced-

defects, pop-in behavior during nanoindentation was investigated and activation vol-

ume of Fe, F82H and F82H-ODS with/without helium was extracted from experiment

by a statistical thermal activation model in Chapter 5. Two mechanisms of the pop-in
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behavior of materials with few and a large mount of pre-existing defects were created.

The decrease of the activation volume indicates the stronger interaction of slip dis-

locations with obstacles, that is the helium induced defects acting as barriers of slip

dislocation motion. The change value of activation volume depends on the nature of

materials.

Chapter 6 is the conclusions of the whole work. Further discussion has been given.
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CHAPTER I

Introduction

1.1 Motivation

1.1.1 The origin of the research

Fusion is an option for safe and sustainable energy supply which is placed to meet

the energy requirements for the growing population. The cost of fusion-generated elec-

tricity is predicted to be broadly comparable to that obtained from fission, renewables

and fossil fuels. In 2006, the government representatives of China, the European U-

nion, India, Japan, Korea, Russia and the United States firmly committed to build

the International Thermonuclear Experimental Reactor (ITER) to demonstrate that

it is possible to produce commercial energy from fusion. Figure 1.1 is an artists view

of ITER, an example of a Tokamak[1]. The tokamak is the most developed magnetic

confinement system and is the basis for the design of future fusion reactors.

In the center of Tokamak, a mixture of deuterium and tritium (D-T) is heated

to temperatures in excess of 150 million ◦C to form a hot plasma. The plasma is

contained by the toroidal and poloidal magnetic fields in the form of a ring in a

doughnut-shaped vacuum vessel. The heat from the fusion in the plasma is extracted

by an appropriate coolant. The fusion between deuterium and tritium will produce

1



Figure 1.1: An artist‘s view of ITER[1].

one helium nucleus, one neutron, and energy:

2
1D +3

1 T →4
2 He(3.5MeV ) +1

0 n(14.1MeV ) (1.1)

Neutron with high energy 14.1MeV is generated to react with the structure ma-

terial to cause two basic types of damage. One is atomic displacements, resulting in

vacancies and self interstitials, which subsequently cluster into loops and voids, leav-

ing a residual population of defects. Another kind of damage is the creation of foreign

elements by transmutation reactions with the composites of the structure material,

especially helium atoms, which precipitate into bubble and grow by accumulation of

vacancies. The formation and growth of cavities is known to deteriorate the mechan-

ical property of the structural material by swelling, hardening and embrittlement,

causing the material failure. Fig. 1.2 shows the schematic of transmuted helium de-

creasing the mechanical property of structural material in the fusion reactor. Table

1.1 lists the comparison of fission and fusion structural materials requirements. Fu-
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Figure 1.2: A schematic of transmuted helium decreasing the mechanical property of
structural material in the fusion reactor.

Table 1.1: Comparison of fission and fusion structural materials requirements [15].

Fission Fission Fusion JIMO
(Gen. I) (Gen. IV) (Demo) space react.

Structural alloy <300 ◦C 500-1000 ◦C 550-1000 ◦C ∼1000 ◦C
maximum temperature

Max dose for core ∼1 dpa ∼30-100 dpa ∼150 dpa ∼10 dpa
internal structures
Max transmutation ∼0.1 appm ∼3-10 appm ∼1500 appm ∼1 appm

helium concentration (∼10000 appm for SiC)
Coolants H2O He, H2O, He, Pb-Li, Li Li, Na, or

Pb-Bi, Na He-Xe

Structural Materials Zircaloy Ferritic steel, Ferritic/martensitic Nb-1Zr,
stainless SS, superalloys, steel, V alloy, Ta alloy,

steel C-composite SiC composite Mo alloy
Common theme for fusion, Gen IV fission and space reactors is the need to develop

higher temperature materials with adequate radiation resistance.
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sion neutron spectra produce approximately 1500 appm of He at an end-of-life dose

of 150 dpa. The production of helium in fusion reactor is worthy to be paid atten-

tion. The most serious effect of transmuted helium is that the formed cavities will

cause He embrittlement which will cause the shift of ductile-brittle transition tem-

perature (DBTT). However, embrittlement is a complicate issue includes the increase

of strength and the segregation of impurity elements at the grain boundary. To un-

derstand the embrittlement, i will start from a simple item, that is the irradiation

hardening. Irradiation hardening will cause the increase of strength and the loss of

elongation, associated with embrittlement. However, the mechanism of the helium

induced hardening is not sufficiently understood, and research on this field is ongoing.

This dissertation will focus on the helium induced hardening.

The production of helium cannot be prevented. The method to suppress the He

effect is to prevent He diffusion in a long range. Nano-structured materials are possible

strategies to suppress helium effect. Oxide dispersion strengthened (ODS) alloys are

designed to improve the high temperature strength[17–20]. It is also suggested that

high density of nano-sized oxide particles are effective trapping sites for helium atoms,

as well as vacancies, to resultantly suppress helium effect[21–26]. In many cases, a key

strategy for designing high-performance radiation resistant materials is based on the

introduction of a high, uniform density of nano-scale particles that simultaneously

provide good high temperature strength and neutron radiation damage resistance

[27]. Fig. 1.3 shows the schematic of the interface between oxide particle and matrix

trapping He atoms, interstitials and vacancies. Researchers pay attention to whether

interface in ODS alloy can prevent the He diffusion in a long range. However, the

mechanism of the effect of the interface trapping point defects and helium atoms is not

clear. Results of impact tests on F82H, 9Cr-ODS and 14Cr-ODS steels is shown in Fig.

1.4 [2]. 50 MeV He+ ions were injected into samples up to the nominal concentration

of 1000 appm at 550± 10 ◦C. The irradiation range is 380 µm. The DBTT is -120,
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Figure 1.3: A schematic of the interface between oxide particle and matrix trapping
He atoms, interstitials and vacancies.

Figure 1.4: Summary of Charpy impact energy vs. temperature curves[2].

5



Figure 1.5: The structure of the research.

-100 and -50 ◦C for as-received F82H, 14Cr-ODS and 9Cr-ODS, respectively. With

implanted He, the DBTT of F82H is converted to -40 ◦C, while the value of the ODS

alloys has no change. The results suggest the resistance of helium effect on DBTT of

ODS alloys.

1.1.2 Research structure and objective

To investigate helium effect on mechanical property degradation and microstruc-

ture evolution, experiment of hardness measurement and microstructure observation

is employed in this dissertation. Fig. 1.5 shows the structure of the research. Point

defects, He atoms, He-vacancy clusters, He-interstitial clusters are introduced into

the specimen by He irradiation. As the increase of dose and temperature, those

defects evolute to dislocation loops and cavities by diffusion, clustering, trapping

and de-trapping, resulting in the degradation of mechanical properties including em-

brittlement and hardening. According to the expected phenomena, experiments are

designed to be He irradiation, post-annealing, measurement of hardness and observa-

tion of microstructure. In the light of the important role of dislocations on irradiation

hardening, the effect of helium on slip dislocation motion is considered to assist the

understanding of helium effect. As a concept associated with dislocation motion,

activation volume of materials with/without helium is extracted by the analysis of
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Figure 1.6: A schematic of the arrangement of materials in a Tokamak[1].

pop-in behavior during nanoindentation.

Based on those contents, this dissertation is going to obtain the answers: What

is the response of irradiation hardening with high He concentration? What is the

interaction of dislocation with He induced defects?

1.2 Material requirements in fusion reactor

The controlled release of fusion energy has been demonstrated in JETs tritium

experiments in the 1990s. The remaining issues are mostly of a technological nature,

for example developing advanced materials for the blanket whose properties can affect

the safe operation of a reactor. Fig. 1.6 presents the arrangement of materials in a

Tokamak[1], including both of structural and functional materials. The first wall and

breeding-blanket components will be exposed to plasma particles and electromagnetic

radiation and will suffer from irradiation by 14 MeV neutrons.

Three material problems are critical for the future success of proposed fusion ener-

gy reactors: 1) fast neutron damage, 2) the tritium breeding blanket, and 3) plasma-

materials interactions[28]. The structure is subjected to serious fluxes of high-energy
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neutrons along with intense thermo-mechanical stresses. The optimized materials

needed are for structural, high-heat-flux and a variety of ancillary purposes[29].

The main materials of interest are special steels, tungsten-based materials and

lithium containing ceramics. The body centred cubic (b.c.c.; ferritic-martensitic)

reduced activation steels, and variants on these with a high number density of nano-

scale precipitates are suggested as the very promising prime-candidate structural

materials[15, 30]. Such steels are known to have superior resistance to neutron bom-

bardment, and their expected performance is adequate for economic purposes[31–

33]. The development of advanced metallics, such as vanadium and titanium alloys,

is nowadays not widely considered advantageous. Non-metallics, especially silicon

carbide composites, in structurally undemanding roles such as the provision of ther-

mal and electrical insulation, would bring further economic advantages, but are not

necessary[31–33].

High performance structural materials can enable improved reactor performance

via increased safety margins and design flexibility, in particular by providing increased

strength, thermal creep resistance and superior corrosion and neutron radiation dam-

age resistance. A design window for a tokamak type fusion reactor with water-cooling

system using reduced-activation ferritic/martensitic steels is drawn roughly as shown

in Fig.1.7[3]. The lower temperature may be limited by irradiation-induced embrit-

tlement, and the upper temperature may be limited by softening or loss of creep

strength during irradiation. In the intermediate temperature region between 373 and

723 K, irradiation hardening occurs, and the window may be open to higher fluence

with some limitation due to a helium effect on the DBTT shift. Fig. 1.8 shows

multiscale experiment and theoretical calculation used in the materials research of

radiation damage ranging from ps to decades and nm to m.

A major focus of fusion materials research and development must be the effect of

He on the microstructural stability and properties of materials used in the first wall
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Figure 1.7: Schematic design window for a tokamak type fusion reactor with water-
cooling system using reduced-activation ferritic/martensitic steels[3].

Figure 1.8: Radiation damage is inherently multiscale with interacting phenomena
ranging from ps to decades and nm to m[4].
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blanket and diverter regions[34].

1.3 Helium accumulation in metal

The solubility of helium in metal is extremely low[35]. Helium atoms cluster to for-

m helium-vacancy complex and precipitate into bubble, dislocation, grain boundary

and precipitate. The reaction of an interstitial helium atom(He) and an vacancy(V)

is expressed as following:

He + V ! HeV (1.2)

Interstitial helium is locally mobile at room temperature and below. The migration

energy of interstitial helium atoms is predicted to 0.06 eV, they can easily migrate

in the metal, until they are trapped or escape outside. Interstitial helium atoms

are predicted to have attractive interactions, suggesting that He bubbles can form

at low temperatures in initially vacancy-free lattices [36–39]. Cluster with 6 helium

atoms has the barriers of about 0.3 eV [38–40]. When an interstitial He cluster reaches

sufficient size, it punches out an Fe interstitial, creating an immobile heliumCvacancy

cluster , as known ‘self-trapping‘, which becomes a nascent bubble [41]. With the

existing of the vacancy, helium prefers to combine with vacancy. The binding energy

of helium with vacancy is 2.3 eV [42]. The migration of substitutional helium by

the vacancy mechanism is governed by the migration of the HeV2 complex, with an

energy barrier of 1.1 eV [41] . Helium is the most important inert gas and is primarily

active as a cavity nucleant. It also enhances formation of dislocation structure[43].

Even at low temperatures, interstitial He atoms in the vicinity of the dislocation easily

migrate to the dislocation core, where they form crowdion interstitials oriented along

the close-packed slip direction, with binding energies in excess of 2 eV. Crowdion

interstitial He atoms diffuse along the dislocation core, transverse to the crowdion

direction, with a migration energy of 0.4 - 0.5 eV [44].
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Figure 1.9: Schematic illustration of defect configurations and jump processes rele-
vant to helium diffusion without and with irradiation[5].

The preferential position and the dominant migration mode depend on tempera-

ture as well as on the presence of other intrinsic or irradiation induced defects acting as

traps for He atoms, particularly in the presence of vacancies and HeCvacancy clusters.

In He diffusion, He interstitial migration, vacancy migration and the removal of a He

atom from a vacancy or a HeCvacancy cluster by thermal activation or some athermal

mechanism are the most important basic processes. Fig. 1.9 show the illustration

of defect configurations and jump processes relevant to helium diffusion without and

with irradiation[5]. From left to right: migrating He interstitial, migrating vacancy,

transformation of a substitutional to an interstitial He atom by thermally activated

dissociation from its vacancy, jump of a He atom from one to another vacancy as

a basic step in the vacancy mechanism, transformation of a substitutional to an in-

terstitial He atom due to its replacement by a SIA, collisional displacement of a He

atom. Table 1.2 shows the temperature dependence of helium diffusion mechanisms

at negligible radiation damage and during irradiation[5]. In addition, the diffusion

of He atoms along dislocation core, as known ‘pipe diffusion‘, is a fast route for He

atoms diffusion.

Helium bubbles grow by migration and coalescence:
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Table 1.2: Characterisation of helium diffusion mechanisms[5].

Irradiation He diffusion
Without With

T/Tm <0.5 >0.5 >0.5 <0.2 >0.2, <0.5 >0.5
Mechanism Interstitial Vacancy Dissociation Displacement Replacement Vacancy
Diffusivity Dm

HeI DV cth
V Dmix DV DV cV

Act. energy EHeI Esd Ediss
He,V − Ef

V 0 Em
V Em

V /2

Symbols: Dm
HeI , DV and Dmix are the diffusion coefficients of He intersti-

tial atoms, of vacancies and for cascade mixing, respectively, EHeI , Em
V ,

Ef
V , Esd and DV cV are the activation energies for He interstitial diffusion,

vacancy migration, vacancy formation, self - diffusion, He - vacancy dis-
sociation, respectively (ordered according to their estimated magnitude),
and c(th)

V is the (thermal) vacancy concentration.

1. Accept newly injected (or migrated ) He atoms and vacancies,

2. Bubble migration and coalescence (MC) [45], and

3. Ostwald ripening (OR) [46, 47].

The first mechanism can only operate while the supply of He atoms is maintained,

for instance, implantation. The second mechanism usually occur when T < 0.5Tm,

due to random rearrangements of the bubble surface by diffusion of matrix atoms,

most likely by surface diffusion. Ostwald ripening may occur when T > 0.5Tm, due

to thermally activated resolution from small and re-absorption of He atoms by large

bubbles.

The presence and further production of helium is known to decrease ductility,

induce swelling, hardening, as well as embrittlement. Fig. 1.10 shows the enhanced

yield strength and reduced ductility of ferritic/martensitic Manet steel which had

been homogeneously implanted with 0.55 at.% He ( = 0.55 dpa)[6]. Hasegawa and

coworkers investigated He effect on the fracture behavior of reduced-activation ferrit-

ic/martensitic steels, including oxide dispersion-strengthened (ODS) steels and F82H.

TEM micrograph of He-implanted 9Cr-ODS are shown in Fig. 1.11 [2]. He implan-
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Figure 1.10: Stress-strain curves of Manet steel at 25 and 300 C, respectively. The
dotted curves refer to the reference specimens, the solid lines give the
tensile behaviour of specimens implanted with 0.55 at.% He ( = 0.55
dpa, 2X 10m6 dpa/s)[6].

Figure 1.11: TEM micrograph of He-implanted 9Cr-ODS. Implanted He: 1000 appm,
implanted temperature: 550 ◦C[2].
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tation induced the increase of DBTT (ductile-to-brittle transition temperature) by

70 ◦C of F82H, while had nearly no effect on the DBTT of ODS steels. The arrow

in Fig. 1.11 indicates grain boundary. Fine bubbles were observed to be distributed

uniformly in the matrix, without segregation on the grain boundary, which was pre-

sumably due to fine precipitates in the matrix and to the ?ne grain structure of the

ODS steels.

1.4 Hardening mechanism and irradiation induced hardening

The ability of a metal to deform plastically depends on the ability of dislocations to

move. Hardness is related to how easily a metal plastically deforms. Any method able

to slow down the movement of dislocation inside materials will harden it and increase

its yield stress. These methods include strain-hardening, solid-solution hardening,

dispersion of fine particles, and decreased grain size. Any distortion of the crystal

structure will slow down the motion of dislocations inside the material. Addition

of strange elements in the lattice disrupt the periodicity of the lattice to produce

high distortions, belonging to interstitials and substitutional atoms. These lattice

distortions reduce the mobility of dislocations. The dislocation itself distorts the

equilibrium positions of the atoms around them. Additionally, dislocations interact

with each other reducing their mobility. Dislocation with increased number density

produce its hardening. For a dislocation to cross a particle, it will have to break and

form new bonds. Therefore, hard particles will anchor dislocations and additional

work will be needed to cross the particles. A dislocation slips on a particular slip

plane. If two contiguous grains show different crystallographic orientations, it will

be very difficult for a dislocation to move from one grain to the other due to the

change in orientation as well as for the atomic distortion at the grain boundary.

With finer grain sizes there are more grain boundaries to impede dislocation motion.

The dislocations, impurities, particles and grain boundaries represent obstacles for
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the motion of dislocations.

Irradiation hardening is due to the interaction of the irradiation-produced defects

with dislocations. The hardening caused by irradiation includes source hardening

and friction hardening[48]: Source hardening is the increase in stress required to

start a dislocation moving on its glide plane; Friction hardening is the resistance to

dislocation motion caused by obstacles close to or in the slip plane. The induced

defects by irradiation cause the source hardening and friction hardening; however,

the true distinction between source and friction hardening is unclear.

One model for the radiation hardening has been considered in terms of formation

of ’defect clouds’ along the length of the grown-in dislocations[49]. The original dis-

location structure present in the crystal will be pinned down by the defects produced

during irradiation such that these dislocations cannot act as dislocation sources. The

dislocation pinning will give rise to a source hardening[50]: the dislocations have

initially to free themselves from the clusters to be able to glide in their slip plane.

In other words, plastic deformation cannot be initiated until these dislocations are

pulled away from the clouds of defects[51]. The stress necessary to unlock these dis-

locations so that they can act as dislocation sources again is then likely to determine

the yield strength of the irradiated crystals. This mechanism of radiation harden-

ing is commonly known as the ’source’ hardening. A model for stress needed in the

unpinning process has been formulated[50, 52]. They model a straight row of sessile

loops of diameter d and Burgers vector b, spaced at a distance l along the dislocation

line at a stand-off? distance y. The dislocation itself has a Burger vector b and is

contained in an isotropic media of shear modulus µ and Poisson ratio ν. The applied

shear stress τUY needed to unlock the dislocation from the loop atmosphere, which

will correspond to the upper yield point is given by

τUY = 0.1µ(
b
l
)(

d
y

)2 (1.3)
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Another contribution to the irradiation hardening comes from the unlocked source

dislocation that will then multiply and interact with the distribution of defect clus-

ters present in the matrix of the crystal, a factor of about one hundred times larger

than the value for dislocation locking[53], the ’Zone Theory of Radiation Hardening’

proposed by Seeger. The hardening by this defect structure is well represented by

a dispersed barrier hardening[54]. The ’Zone’ refers to the ’vacancy-rich zone’ in

the center of a displacement spike [55]. These zones are expected to collapse into

vacancy loops or stacking fault tetrahedra (SFT) during the cooling down phase of

the cascades. In Seeger’s hardening model, the vacancy clusters/loops produced in

the cascades are assumed to act as barriers to gliding dislocations in the slip plane

and therefore are taken to be the main source of radiation hardening. It should be

noted here that the hardening mechanism considered in Seeger’s model is essentially

the mechanisms proposed by Orowan [56–58] for hardening due to precipitates and

dispersed particles. The motion of dislocations under an applied shear stress is im-

peded by obstacles randomly distributed in the glide plane. The dislocations can

overcome these obstacles either by the Orowan mechanism[57], in which the dislo-

cations bow out between the obstacles and then surround them, or by passing over

them or cutting through them. From simple geometric considerations of a dislocation

traversing a slip plane which intersects randomly distributed obstacles of diameter

d and atomic density N , and using the approximation for dislocation line tension

T 0.5b2, the increase in the critical resolved shear stress (τ) in a pure metal is given

by the equation[54, 59, 60]

∆τ = αb(Nd)1/2 (1.4)

where is the shear modulus, b is the magnitude of the Burgers vector of the glide

dislocation (
√

3a0/2 for BCC, where a0 is the lattice parameter), and a is average

barrier strength of the radiation induced defect clusters. The appropriate dislocation

barrier superposition rules need to be considered when analyzing radiation hardening
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in alloys. Depending on the relative barrier strength of the hardening agents in the

alloy (solid solution hardening, precipitation hardening, etc.), the radiation hardening

component may be given by a square root summation of the squares of the pre-

irradiation and irradiation hardening components (or more complex superposition

equations), rather than a simple linear superposition[61, 62]. For polycrystalline

specimens, the uniaxial tensile stress is related to the critical resolved shear stress by

the Taylor factor (M):

σ = Mτ (1.5)

where M equals 3.06 for equiaxed FCC and BCC metals[63].

Fig. 1.12 described irradiation hardening and the recovery behavior of irradiation

hardening by helium irradiation and neutron irradiation[7]. The neutron irradiated

specimen showed complete recovery of hardening by the annealing above 673 K, while

helium implantation-induced hardening still almost remained following the annealing

to 673 K.

1.5 Evaluation of nano-hardness by nanoindentation

The measurement of mechanical property of ion irradiated specimen is restrict-

ed by the implanted region, which is limited to a few micrometers from the in-

cident surface. Nano-indentation techniques have been developed to measure the

hardness of ion-irradiated specimens using load and displacement sensing indenta-

tion experiments[10, 64, 65].The theory for indentation size effect (ISE) has been

created[66, 67] and the usefulness of nanoindentation technique for evaluation of ir-

radiation hardening of ion irradiated materials has been proved[68, 69].

The decrease of hardness with the increase of the indentation depth has been

noticed as indentation size effect (ISE), which is explained as a geometrically necessary

dislocations model by assuming that indentation is accommodated by circular loops
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Figure 1.12: The recovery behavior of irradiation hardening, ∆HV , of helium-
implanted JLM-1 by CYRIC and neutron irradiated Mod.JLF-1 in
JMTR during isochronal (1 h) annealing from 423 to 873 K ( ∆ T =50
K)[7].
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Figure 1.13: Plots of H2 versus 1/h for Fe-1.4Mn before and after 6.4 MeV Fe3+ ion
irradiation at 290 C[8].

of geometrically necessary dislocation with Burgers vectors normal to the plane of

the surface [66, 70, 71]. The depth-dependent hardness can be described as

H = H0
√

1 + h∗/h (1.6)

where H is hardness for a given depth of indentation, h is indentation depth, H0 is

hardness in the limit of infinite depth and h∗ is a characteristic length that depends

on the shape of the indenter, the shear modulus and H0. Squaring both sides of the

equation, Nix-Gao model transforms to a linear relation of H2 and 1/h.

CSM (continuous stiffness measurement) method[72, 73] in nano-indentation is

used to obtain the depth-profile of hardness continuously by one indent, which simplify

the measurement of nano-hardness. Fig. 1.13 shows the depth dependence of hardness

by CSM method. For unirradiated specimen, the relation between H2 and 1/h follows

Nix-Gao model, a linear relation. However, for irradiated specimen, a film/substrate

system model [8] which has been proposed by Kasada et al has to be considered.
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Figure 1.14: A schematic of indentation depth, deformation zone and irradiated layer.

They obtained the critical indentation depth (CID) of ion irradiated samples by CSM

based on the film/substrate system hardness model. Fig. 1.14 shows the schematic of

indentation depth, deformation zone and irradiated layer. To evaluate the irradiation

hardening, the measurement of nano-hardness at an appropriate penetration depth is

required to be selected. The deformation zone is usually several times of indentation

depth. To evaluate the hardness of irradiated layer, deformation zone is required to

keep in the region of the irradiation layer. As shown in Fig. 1.12, as the increase of

indentation depth, H2 and 1/h follows linear relation, and then the hardness drops

suddenly, corresponding to a slope change. That is because the deformation zone

induced by indenter reaches to the softer substrate. The depth at the transition

point is called the critical indentation depth (CID), at which the deformation zone

reaches to the boundary of the irradiated layer and the substrate. The hardness at

the CID is a critical parameter to figure out irradiation hardening. Another choice is

the bulk hardness H0, which is concluded by the intercept value of the fitting line in

the irradiation region with y axis.

The advantage of CSM is that the hardness can be measured continuously as a

function of depth in a single experiment; however, it has been suggested that this tech-
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Figure 1.15: An entire cross-section of the indentation-induced plastic deformation
zone (a) and higher magnification images of irradiated (b) and then
indented (c) microstructures in FeC8CrC2W steel (IEA-heat F82H). The
specimen was irradiated with 6.4 MeV Fe ions to 5 dpa at 623 K[9].

nique can be subject to large errors when applied at small depths in many materials,

including most soft metals [74, 75].

In this thesis, a quasi-static loading measurement using separate indents was used

to obtain the depth dependence of the hardness. To exclude the reverse indentation

size effect [76] and surface effect[77, 78], nano-hardness is usually measured at the

depth larger than 100nm.

XTEM of indented specimen of the standard IEA-heat F82H steel irradiated with

iron ions (single beam) at 623 K for 5 dpa is shown in Fig. 1.15 [9]. The entire

cross-section of the indentation-induced plastic deformation zone is presented in Fig.

1.15(a). The deformation zone is roughly semispherical. The number density of

dislocation loops is substantially reduced within the plastic deformation volume, by

comparing the microstructures of unindented Fig. 1.15(b) and indented (c).
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1.6 Definition

Before we move to the next chapter, it is worth to give some definitions of radiation

hardening (RH) and radiation anneal hardening (RAH).

RH is defined as the difference of the bulk hardness after and before irradiation,

which is expressed as:

∆H = H0,irr − H0,un−irr (1.7)

where H0,irr is the bulk hardness of irradiated sample, and H0,un−irr is the bulk

hardness of as-received sample.

Irradiation-anneal hardening is defined as the difference of the bulk hardness of

the two samples after annealing, which is written as:

∆HT = H0,irr,T − H0,un−irr,T (1.8)

where H0,irr,T is the bulk hardness of irradiated sample followed by annealing, H0,un−irr,T

is the bulk hardness of as-received sample after annealing.

With the limitation of the irradiated area of each sample, RAH is characterized

by using the hardening at critical indentation depth in this thesis.
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CHAPTER II

Helium effect on irradiation hardening and anneal

hardening in Fe

2.1 Introduction

This chapter discusses the helium irradiation hardening and irradiation anneal

hardening of pure Fe based on Nix-Gao model. Irradiation hardening as a function of

helium concentration and irradiation anneal hardening as a function of temperature

was described. Irradiation hardening was characterized using the difference of bulk

hardness. Irradiation annealing hardening was characterized using the hardness dif-

ference at critical indentation depth because of the limitation of the size of the sample.

Cross-sectional transmission electron microscope (XTEM) samples were prepared by

using a focused ion-beam (FIB) micro-processing device and the microstructure was

observed by using a 200 kV transmission electron microscope (TEM).

The transfer of energy from an incident particle to the target material gives birth

to a primary knock-on atom (PKA). The displaced PKA creates additional knock-on

atoms until it rests in the lattice as an interstitial. Irradiation creates a collection of

point defects (vacancies and interstitials) and clusters of these defects in the target

material. Those actions consume only 10−11 s. On a longer timescale the defects (and

gases) diffuse and interact (the defects may annihilate each other) and may differ-
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entially migrate to pre-existent structures such as dislocations and grain boundaries.

On longer timescales still, the migration of the point defects and clusters causes single

interstitial atoms (SIA) and vacancy recombination, creation of additional clusters,

dissolution of the clusters, defect emission and trapping, to cluster loops, disloca-

tion lines and cavities.Various types of defects are created by irradiation, including

vacancies, interstitials, dislocation lines, dislocation loops, voids and bubbles.

Helium management is of prime concern for materials in future fusion and fast

fission reactors[79, 80]. Several decades of research have led to a remarkably complex

picture of He behavior in metals, as well as leaving many open questions[35]. The

objective of this chapter is to investigate the cumulation of helium induced defects,

the stability of the induced defects in the post annealing and correlated mechanical

property change.

2.2 Experimental procedure

Pure iron (purity better than 99.95%, produced by Johnson Matthey Chem. Ltd.)

was punched into 3 mm diameter disks. The punched out specimens were placed in

a vacuum in a quartz tube (1 × 10−4 Pa) and then annealed at 873 K for 1 h.

Then the specimens were removed from the tube, and electrochemically polished with

Acetic acid: Perchloric acid = 19:1 to reduce stress concentrations on the surface

and obtain a smooth surface for helium implantation. The final thickness of the

specimens is around 0.15 mm. 70 - 250 kV He ion implantation was performed

at room temperature. The photo of the accelerator (Hokkaido University, Japan)

is outlined in Fig. 2.1. The fluence of the helium ions is 5.25 × 1014ions/cm2 -

3.62 × 1015ions/cm2, with a flux of 6.25 × 1012ions/cm2 · s · µA. The average helium

concentration was 500 - 2000 appm. Fig. 2.1 shows Stopping and Range of Ions

in Matter (SRIM) calculations of helium implants at an approximately constant 0.2

at.% and the displacement damage 0.1 dpa. The displacement energy we used in the
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Figure 2.1: The facility of 300kV accelerator (Hokkaido University, Japan), (a) Ac-
celerating tube and (b) Controller.

SRIM calculation is 25 eV. The implanted region reaches to 800 nm from the surface

with a relatively homogeneous distribution of helium in the range of 200 - 650 nm.

Nano-hardness test was applied using an Elionix ENT-1100a (Elionix Inc. Japan)

nano-indenter with a Berkovich-type tip. Fig.2.2 shows the hardness testing facility

and computer system of the nanoindentation. Loads to penetrate by the range of

120 - 500 nm were employed to plot hardness as a function of indentation depth.

Typically, 56 array indents with 30 m interval were conducted to calculate hardness

by using Oliver and Pharr method[10]:

H =
Pmax

A
(2.1)

A = 3
√

3 tan2 65.03h2
c , forBerkovich − type (2.2)

Here, Pmax is the peak indentation load, A is the projected area of the hardness

impression, and hc is the vertical distance along which contact is made. Fig. 2. 4
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Figure 2.2: SRIM calculations of He implants, where concentration is 0.2 at.% and
displacement damage is 0.1 dpa.

Figure 2.3: Elionix ENT-1100a (Elionix Inc. Japan) nano-indenter.
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Figure 2.4: A schematic representation of load versus indenter displacement data for
an indentation experiment. The quantities shown arePmax : the peak
indentation load; hmax : the indenter displacement at peak load;hf : the
Þnal depth of the contact impression after unloading; andS: the initial
unloading sti!ness[10].

- 2. 5 show the schematics of load-displacement curve and the section through an

indentation.

Post-annealing was carried out at temperature of 200 - 600! C with/without he-

lium. Fig. 2.6 shows the annealing process. In each process, the specimen was

heated up to the certain temperature and kept for 15 minutes and then cooled down

to the room temperature in the vacuum. Then the nano-hardness was measured by

the nano-indenter at the temperature of 28! C. And repeat the circle to obtain the

hardness

A JEOL JIB-4601F focused ion-beam (FIB) micro-processing device (Fig. 2.7),

operated at 30 keV, was used to prepare XTEM foils. Then the foils were polished

using a precision ion polishing system (PIPS) at 1 keV with the milling angle of 6!

to remove the damage layer induced by FIB. The milling process was maintained at

a constant temperature of 110 K in single model. The microstructure was observed

by using a 200 kV transmission electron microscope (TEM).
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Figure 2.5: A schematic representation of a section through an indentation showing
various quantities used in the analysis[10].

Figure 2.6: Post-annealing process
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Figure 2.7: JEOL JIB-4601F focused ion-beam (FIB) micro-processing device.

To easily understand, the illustrative diagram of experiment procedures is given

in Fig. 2.8.

2.3 Results

2.3.1 Helium induced hardening in Fe

Fig. 2.9 shows the linear relation between the square of the hardness and the

reverse of the indentation depth. The solid lines are the best Þt of the data. As shown

in the Þgure, as-received sample provided a liner relation in the range of 120 - 500

nm. However, the implanted samples with helium concentration of 500 - 2000appm

showed a slope change as the increase of indentation depth. That is the inßuence of the

Þlm/substrate system. As the increase of the penetration depth, the deformation zone

reaches to the softer substrate. The nano-hardness decreases drastically, resulting in

the deviation of the data from the linear relation. To evaluate the nano-hardness of

irradiated Þlm, the inßuence from substrate should be excluded, and only the data
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Figure 2.8: The illustrative diagram of experiment procedures.

before the slope change was used. On the other hand, to remove the surface e!ect

and indentation size e!ect, the indentation depth is deeper than 120 nm , and the

bulk hardness of irradiated layer is selected from the Þtting line from 120 nm to the

CID. The intercept of the line with y axis is the square of the bulk hardness (H 2
0).

The Þtting formulas are written in the Þgure. The bulk hardness is the root square

of the intercept. The di!erence of the bulk hardness between irradiated sample and

as-received sample is the irradiation hardening, which can be Þgured out from the

Þtting formula.

Fig. 2.10 shows helium concentration dependence of irradiation hardness and ir-

radiation hardening. The irradiation hardness increased with increasing in helium

concentration, saturated at the helium concentration of 1000 appm. The saturation

indicates a rapid accumulation of irradiation induced defects. The similar trend is

also found in the helium concentration dependence of irradiation hardening. The ir-

radiation hardening increases as a function of helium concentration. Helium induced

hardening is saturated by a helium concentration at about 1000 appm. The satura-

tion of irradiation hardening suggests that the formation of the irradiation damage

structures which cause the irradiation hardening are balanced by the ßow of the point
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Figure 2.9: Linear relation between the square of hardness and the reverse of inden-
tation depth for Fe

defects in and out of the structures. The irradiation hardening is in the range of 3 -

4 GPa.

2.3.2 Post-annealing hardening in Fe

Specimens with/without helium were annealed at temperature 200 - 600! C. Fig.

2.11 shows the temperature dependence of the irradiation hardness. Data marked by

circle and square indicates hardness of as-received Fe, of which the hardness decreased

when the annealing temperature is higher than 400! C due to the recovery of dislo-

cation. A large increase of hardness was caused by He irradiation. Fig. 2.12 shows

the temperature dependence of the irradiation hardening (!H ). Pure Fe with helium

concentration of 500 and 1000 appm shows a recovery behavior at temperature of

200 - 600! C. The great recovery appears above 500! C. For pure Fe with 2000 appm

helium concentration, additional hardening (1GPa) was observed at the temperature

of 300! C. The recovery behavior appears above 300! C.
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Figure 2.10: Helium concentration dependence of nano-hardness and nano-hardening.

Figure 2.11: Nano-hardness as a function of post-annealing temperature.
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Figure 2.12: Nano-hardening as a function of post-annealing temperature.

2.3.3 Microstructure at typical post-annealing temperature

The microstructure of defects by irradiation was investigated by cross-sectional

foils using conventional TEM imaging techniques. Fig. 2.13 - 2.17 show the mi-

crostructure evolution after helium implantation and followed by post-annealing. The

micrographs were took under focus (!f = -500 nm). Microstructure of as-irradiated

Fe with He concentration of 1000 and 2000 appm was presented in Fig. 2.13 and 2.15.

Cavities are formed homogeneously in the matrix, appearing as white dots surround-

ed by black fresnel fringe. As the increase of temperature, the cavities grow, which

are shown in Fig. 2.14 and 2.16. After annealing at 650! C, cavities in Fe with 2000

appm He were grown drastically in Fig. 2.17.

These cavities were interpreted to be the origin of the large hardening.
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Figure 2.13: Cavities appearing in as-irradiated Fe with He concentration 1000 appm.

Figure 2.14: Cavities appearing in Fe with He concentration 1000 appm after anneal-
ing at 600 ! C.
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Figure 2.15: Cavities appearing in as-irradiated Fe with He concentration 2000 appm.

Figure 2.16: Cavities appearing in Fe with He concentration 2000 appm after anneal-
ing at 600 ! C.
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Figure 2.17: Cavities appearing in Fe with He concentration 2000 appm after anneal-
ing at 650 ! C.

2.4 Discussion

2.4.1 Helium induced hardening

By the transfer of energy of helium ions into the atomic system, Frenkel defects

(interstitial-vacancy pairs) are produced. The migration of interstitials is faster than

that of vacancies. The intersitials form dislocation loops by clustering[81]. The

remaining vacancies form clusters of vacancy type dislocation loops and void[82, 83].

The concentration of introduced point defects is much higher than that in thermal

equilibrium concentration. The lattice can recover its initial degree of perfection in

two ways. On the one hand, the excess point defects di!use to sink sites such as free

surfaces, grain boundaries and other interfaces in metals [84, 85]. In this process the

rate of recovery should be proportional to the numbers of defects remaining. On the

other hand they may annihilate through natural recombination, the interstitials falling

back into the vacancies. In this process the numbers of vacancies and interstitials must

remain equal. The rate of recovery is proportional to the product of the number of

36



each present[86].

Helium atoms as a gaseous element combine with vacancies and interstitials to

decrease the rate of recombination of interstitials and vacancies, enhancing the nucle-

ation and growth of cavities in irradiated materials leading to volumetric swelling[43].

Introduced helium atoms can reside in an interstitial position, in a substitutional po-

sition, or in clusters of helium and vacancies, which are nucleus of cavities. During

irradiation, helium reactions include[87]: (1) trapping and thermal detrapping of he-

lium in single vacancies, di-vacancies and higher order clusters; (2) helium trapping

at dislocations and grain boundaries; (3) replacement of helium bound to single va-

cancies by self-interstitials; (4) helium clustering into vacancy-helium complexes; (5)

displacement of trapped helium atoms by irradiation; and (6) migration of helium as

an interstitial atom or in a divancancy. Work of Lee et al. [88] using high resolution

electron microscopy has revealed very small cavities at low doses on the precipitate-

matrix interfaces in ion irradiation experiments. Such cavities were not seen in the

absence of injected helium. Helium lowers the critical cavity radius.

Irradiation induced defects are considered to be barriers to dislocation motion and

thereby change the mechanical properties. The concentration of induced defects is

proportional to helium concentration. Most of the F-R sources are ÕlockedÕ during

irradiation by the decoration of irradiation induced defects[49]. An upper stress is

needed to unlock the pre-existing dislocations. On the other hand, The residues

of irradiation damage structures of point defects, helium clusters, helium-vacancy

complex, loops and cavities act as barriers for dislocation motion, resulting in an

increase of the strength of pure Fe.

2.4.2 Hardening saturation

Irradiation hardening of pure Fe is saturated when the helium concentration is

higher than 1000 appm. The microstructural evolution under irradiation is controlled
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Figure 2.18: Micrograph of as-received Fe showing few pre-existing defects.

by the damage rate and rate of recovery processes associated with point defect migra-

tion. Under any given set of irradiation conditions, a steady-state defect concentration

is expected. Steady state implies that the number of excess defects at any point in

time equals the number of those created by irradiation minus those that annihilate

through natural recombination and those incorporated in sinks (loops and network

dislocations) [89]. The saturation of hardening suggests that the free defect points

fall to zero. Pre-existing defects act as sinks for vacancies and interstitials, as well as

enhancing the recombination of interstitials and vacancies. Fe with few pre-existing

defects (shown in Fig. 2.18) has few sites for defects storage, resulting in a low con-

centration of equilibrium vacancies. The barriers to the recombination of vacancy and

interstitial are high. The accumulation of vacancy and interstitial in pure iron impede

the formation of Frankel defect. Size and density of defects reaches to a steady-state

value by the geometrical overlap of damage zones[90], suggesting the saturation of

helium induced hardening.
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2.4.3 Additional hardening

Additional hardening was observed at 300! C of Fe with 2000 appm He. For

neutron irradiation in BCC steels, additional hardening appears at 200! C, due to

C and N migrating to dislocations during annealing of irradiated steels. In the post

helium irradiation annealing, additional hardening is attributed to the migration of

the de-trapped helium move to dislocations and irradiation induced defects, causing

the pinning of slip dislocations and impeding the dislocation motion by the forma-

tion of impurity-defect complex and the strengthen of existing defect clusters. The

defect-impurity complexes agglomerate and increase the density of defect clusters

accountable for hardening; interstitial impurity clusters formed at dissolving defect

clusters[91].

2.4.4 Hardening recovery

Post helium implantation annealing caused the gradual recovery of the hardening.

The large recovery stage appeared at 500! C. During recovery, some of the stored

internal strain energy is relieved through dislocation motion due to enhanced atomic

di!usion at the elevated temperatures. post-annealing leads to the reduction in the

number of dislocations. In addition, post annealing decrease the hardening by en-

hancing the defect migration and recombination, the defects clustering, the defects

annihilation at sinks and the decomposition of defects. It is suggested that helium

atoms make the induced defects stable by the comparison with the recovery behavior

of hardening in neutron irradiated specimen[7]. He has an extremely low solubility

in the Fe lattice and thus initially precipitates as bubbles, often in association with

other microstructural features, including dislocations, grain boundaries, and precipi-

tate interfaces. Without stabilization by He pressure, small vacancy clusters rapidly

dissolve owing to the Gibbs-Thompson e!ect.
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2.5 Conclusions

The range of irradiation hardening for pure iron is 3 - 4 GPa with the helium

concentration from 500 to 2000 appm at RT. The hardness increased by the helium

irradiation and the irradiation hardening increased as a function of helium concen-

tration. Helium induced hardening is saturated when the helium concentration is

higher than 1000 appm, suggesting the number of produced point defects equals to

number of annihilated point defects by recombination and trapping at pre-existing

defects. In the post-annealing at 200 - 600! C, Fe with helium concentration of 500

and 1000 appm shows recovery. The large recovery stage was above 500! C. For

Fe with 2000 appm helium , additional hardening (1GPa) was observed at 300! C,

which is attributed to the migration of helium atoms and helium atom clusters to

dislocation and irradiation induced defects. It is the Þrst Þnding tant the additional

hardening was observed in ion irradiation experiment. The recovery appears when

the temperature is higher than 300! C. Helium atoms de-trap from dislocations and

helium induced defects, with decomposing of small clusters.
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CHAPTER III

Helium e!ect on irradiation hardening and anneal

hardening in F82H-IEA

3.1 Introduction

This chapter investigated the resistance of F82H-IEA to damage accumulation by

helium implantation. Irradiation hardening as a function of helium concentration and

irradiation anneal hardening as a function of temperature was discussed. Irradiation

hardening was characterized using the di!erence of bulk hardness. Irradiation anneal-

ing hardening was obtained using the hardness di!erence at critical indentation depth

because of the limitation of the size of the sample. XTEM samples were prepared by

using a focused ion-beam (FIB) micro-processing device and the microstructure was

observed by using a 200 kV transmission electron microscope (TEM).

A reduced activation martensitic steel F82H-IEA was investigated in this chapter,

which is a candidate for structure materials in fusion reactor due to its high radia-

tion resistance. Besides, there is no essential engineering issue in constructing and

fabricating large scale components[92Ð94].

F82H-IEA is composed of mainly Fe, Cr and W, with the structure of prior austen-

ite grains, packets and lath boundaries. Plenty of precipitates are identiÞed asCr23C6

with maximum length along boundary of 1µm and TaC with the diameter 27 nm[95].
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Figure 3.1: Impact properties and hardness as a function of aging time[11].

Fig. 3.1 shows the impact properties and hardness as a function of aging time.

Although the upper shelf energy decreases and DBTT increases after aging, the val-

ues still stay at acceptable levels. Vickers hardness is stable after aging at 600! C;

however, the decrease in Vickers hardness at 650! C is larger than that at 600! C as

shown in the top of Fig. 3.1. Degradation in DBTT is caused by massive precipita-

tion of Laves phase, mainly on prior austenite grain boundaries. However, the DBTT

approaches a limiting value when the precipitation approaches the equilibrium state.

The YoungÔs modulus and poison ratio of F82H is 216 GPa and 0.29[11].

3.2 Experimental procedure

F82H-IEA (produced by JAEA) was punched into 3 mm diameter disks. The

punched out specimens were mechanical polished followed by electrochemically pol-

ished with Acetic acid: Perchloric acid = 19:1 to reduce stress concentrations on the

surface and obtain a smooth surface for helium implantation. The Þnal thickness of

the specimens is around 0.15 mm. 70 - 250 kV He ion implantation was performed

at room temperature. The average helium concentration was 500 - 2000 appm. S-
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RIM calculations of the proÞle of helium distribution and displacement damage were

showed in section 2.2.

Nano-hardness test was applied using an Elionix ENT-1100a (Elionix Inc. Japan)

nano-indenter with a Berkovich-type tip. Loads to penetrate by the range of 120 -

500 nm were employed to plot hardness as a function of indentation depth. Typically,

56 array indents with 30 m interval were conducted to calculate hardness by using

Oliver and Pharr method[10]. The details were presented in section 2.2

Post-annealing was carried out at temperature of 200 - 600! C with/without he-

lium. The post-annealing process was showed in section 2.2. Specimen were kept for

15 min at each temperature and cooled down to the room temperature in the vacuum.

Then the nano-hardness was measured by the nano-indenter at the temperature of

28 ! C.

A JEOL JIB-4601F focused ion-beam (FIB) micro-processing device, operated

at 30 keV, was used to prepare XTEM foils. Then the foils were polished using a

precision ion polishing system (PIPS) at 1 keV with the milling angle of 6! to remove

the damage layer induced by FIB. The milling process was maintained at a constant

temperature of 110 K in single model. The microstructure was observed by using a

200 kV transmission electron microscope (TEM).

3.3 Results

3.3.1 Helium induced hardening in F82H-IEA

Fig. 3.2 shows the linear relation between the square of the hardness and the

reverse of the indentation depth for F82H-IEA. The solid lines are the best Þts of the

data. It can been seen that as-received sample presents a liner relation in the range of

120 - 500 nm. However, it suggests a slope change as the increase of indentation depth

for the implanted samples with helium concentration of 500 - 2000 appm. As we have
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Figure 3.2: Linear relation between the square of hardness and the reverse of inden-
tation depth for F82H-IEA.

known in section 2.3, the slope change is a result of the inßuence of a softer substrate.

Data in the region of irradiated layer was used to evaluate the irradiation hardening.

The Þtting formulas are written in the Þgure. The bulk hardness of irradiated layer

is extracted from the formula to calculate the irradiation hardening. It is noted that

the coe!cient of the Þtting lines with helium concentration 0 - 2000 appm is close.

The extracted irradiation hardness from Fig. 3.2 is presented in Fig. 3.3, describ-

ing helium concentration dependence of irradiation hardness and irradiation hard-

ening for F82H-IEA. The irradiation hardness increased with increasing in helium

concentration, without a saturation tendency. The irradiation hardening provides

the same tendency that it increased with the increase of helium concentration. The

irradiation hardening by helium implantation is in the range of 1 - 3 GPa.

3.3.2 Post-annealing hardening in F82H-IEA

Specimens with/without helium were annealed at temperature 200 - 600! C. The

temperature dependence of the irradiation anneal hardness is shown in Fig. 3.4.

Data marked by square indicates hardness of as-received F82H-IEA. No deceasing of
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Figure 3.3: Helium concentration dependence of nano-hardness and nano-hardening.

hardness was observed during annealing. Hardness increased by He irradiation. The

temperature dependence of the irradiation anneal hardening is shown in Fig. 3.5.

The values of irradiation hardening almost have no change at temperature of 200 -

600 ! C, indicating a stability of induced defects. The apparent recovery behavior is

expected to appear above 600! C.

3.3.3 Microstructure at typical post-annealing temperature

The microstructure of defects by irradiation was investigated by cross-sectional

foils using conventional TEM imaging techniques. Fig. 3.6 - 3.8 show the microstruc-

ture evolution after helium implantation followed by annealing. The micrographs

were took under focus (!f = -500 nm). Cavities in as-irradiated sample with 1000

appm He were not observed, which were observed after annealing at 600! C, as shown

in Fig. 3.6. Microstructure of as-irradiated F82H-IEA with He concentration of 2000

appm was presented in Fig. 3.7. Cavities are formed homogeneously in the matrix,

appearing as white dots surrounded by black fresnel fringe. Fig. 3.8 shows cavities

in F82H-IEA with 2000 appm He grew slightly after annealing at 650! C.
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Figure 3.4: Nano-hardness as a function of post-annealing temperature.

Figure 3.5: Nano-hardening as a function of post-annealing temperature.
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Figure 3.6: Cavities appearing in F82H-IEA with He concentration 1000 appm after
annealing at 600C.

Figure 3.7: Cavities appearing in as-irradiated F82H-IEA with He concentration 2000
appm.
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Figure 3.8: Cavities appearing in F82H-IEA with He concentration 2000 appm after
annealing at 650C.

3.4 Discussion

3.4.1 Microstructure of as-received F82H-IEA

Martensitic steel F82H-IEA has prior austenite grain boundaries and martensite

packets composed of laths. Fig. 3.9 shows the typical martensite laths with the width

200 - 300 nm in F82H-IEA. Carbides precipitate along the lath boundaries. Fig. 3.10

shows the high number density of dislocations, (5± 1) ! 1014m! 2 by calculation.

3.4.2 Pre-existing defects & helium induced defects

F82H-IEA as a martensite steel contains precipitate of carbides, lath boundaries

and dislocations. Maziasz [96] and Ayrault [97] suggest that the Þne scale subgrain

structure retards swelling. A high density of point defect sinks would increase incuba-

tion exposures and decrease void swelling rates. This supported by observations of re-

tarded void formation in small subgrains and near subgrain boundaries [96]. Further,

subgrain sinks would also trap helium, increasing incubation exposures. Dislocations

48



Figure 3.9: Typical martensite lath of as-received F82H-IEA.

Figure 3.10: Typical dislocations in as-received F82H-IEA.
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as the biased sinks exhibit a stronger preference for interstitials than for vacancies.

Then the dislocations could emit the interstitials to recombine with vacancies in the

vicinity of dislocations. And dislocation is an unsaturable sink, since absorbed inter-

stitials enhance the dislocation climb. Swelling decreases with decreasing dislocation

bias. Ferritic and tempered martensitic bcc (body-centered-cubic) steels have lower

dislocation bias compared with fcc austenitic stainless steels owing to both di!erences

in the defect relaxation volumes [98] and the dominance of screw dislocations in bcc

alloys. Precipitates and other features that impede dislocation climb may also reduce

dislocation bias. Alloys contained high stable dislocation densities provide irradiation

damage resistance. Helium implantation at RT caused a homogeneous distribution of

helium induced defects. The defects in the vicinity of dislocations could be trapped

by the dislocations. However, when helium atom is absorbed at dislocations it may

detrap thermally or by irradiation re-solution, or with higher probability ultimately

end up in small gas-vacancy clusters formed at the dislocations. The instantaneous

fraction of absorbed gas into each cavity size class was partitioned according to the

sink strength of cavities in that size class relative to the total sink strength [99].

Odette and co-workers [100] in their calculations of cavity growth in the presence

of helium pointed out that some cavities would not grow above a critical cavity

size if they contained less than a certain number of gas atoms. Hayns et al. [101]

demonstrated through numerical solutions of the governing di!erential equations that

the critical radius had an exponential temperature dependence. When not enough gas

was present initially and simultaneous helium generation was suppressed, no cavities

grew and the swelling was absent, as also observed in the experiments [99]. Large

numbers of nanometer-scale bubbles contained less than a certain number of gas

atoms can reduce or prevent void swelling [102].

Microstructures that divide He into more numerous bubbles result in smaller ra-

dius of stable bubble and containing helium atoms less than the critical number.
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However, higher temperatures increase the He di!usion coef?cient and reduce

the number of matrix bubbles. Without e!ective matrix trapping sites for forming

?ne bubbles, a much larger fraction of He reaches, and is deeply trapped at, grain

boundaries, where He forms bubbles that act as creep cavity formation sites. Thus,

it is very important to protect grain boundaries from He accumulation.

3.5 Conclusions

The range of irradiation hardening for F82H-IEA is 1 - 3 GPa with the helium

concentration from 500 to 2000 appm at RT. The irradiation hardening increased

with increasing in helium concentration, without a saturation tendency. In the post-

annealing process, specimens with/without helium were annealed at temperature 200

- 600 ! C. Irradiation anneal hardening is independent with temperature. No large

stage of recovery of hardening was observed. The stability of the defects is attributed

to the large mount dislocations providing trapping sites for the induced defects. The

large recovery behavior is expected to appear above 600! C.

51



CHAPTER IV

Helium e!ect on irradiation hardening and anneal

hardening in F82H-ODS

4.1 Introduction

This chapter discussed the reduction of helium irradiation hardening in F82H-ODS

and the response of the induced hardeing in following annealing. Irradiation hardening

as a function of helium concentration and irradiation anneal hardening as a function

of temperature was described. Irradiation hardening was characterized using the

di!erence of bulk hardness. Irradiation annealing hardening was characterized using

the hardness di!erence at critical indentation depth because of the limitation of the

size of the sample. Cross-sectional transmission electron microscope (XTEM) samples

were prepared by using a focused ion-beam (FIB) micro-processing device and the

microstructure was observed by using a 200 kV transmission electron microscope

(TEM).

F82H-ODS consisting nano-sized oxide particles is developed based on F82H steel.

The oxide dispersion strengthened ferritic/martensitic steel is expected to have an

improved strength at high temperature and a suppression e!ect on helium induced

defect by trapping vacancies, interstitials, as well as helium atoms at the interface

between Þne oxide particles and matrix.
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Figure 4.1: XRD patterns of extracted residues of F82H-ODS: (a) as-received, (b)
further tempering at 1023 K (750! C) for 1000 h, and (c)renormalized at
1523 K (1250! C) for 1 h followed by tempering at 1023 K (750! C) for 2
h.

The XRD pattern of the as-received F82H-ODS is shown in the bottom of Figure

4.1 [103]. Precipitation of Cr23C6, Y2Ti 2O7, and TiO2 (anatase) was conÞrmed, and

a very weak di!raction peak near 29 deg of Y2O3 was also observed. However, TiO2

was not found for the as-received F82H-ODS in some cases.

Table 4.1 shows coherency with M23C6 or Fe matrix of typical Y-, Ti-oxides indi-

cated in the XRD pattern [103]. Coherency was deÞned as a ratio of a lattice constant

of a compound to the lattice constant of M23C6 or iron. The averaged values shown

using an asterisk were calculated for Y2O3 and Y2Ti 2O7 against bcc iron based on

the Baker-Nutting relation [104], Ôthe cube on cube relationÔ. When the crystal sys-

tem is not cubic, the most coherent value was listed and so only partial coherency is

expected for these oxides.
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Table 4.1: Coherency with M23C6 and Fe of Typical Oxides Possibly Formed in F82H-
ODS; When a Compound is not Cubic, the Most Coherent Value is Calcu-
lated and, Therefore, Only Partial Coherency is Expected for these Com-
pounds.

Lattice Constant (A) Coherency
Substance Crystal System a b c M23C6 Bcc Fe Fcc Fe Remarks

Y2O3 cubic 10.60 - - 0.99 1.02! 0.98 -
Y2Ti 2O7 cubic 10.09 - - 0.95 0.97! 0.93 Y2O3-2TiO2

TiO 2 (anatase) tetragonal 3.79 - 9.51 0.89 0.83 - -
Cr23C6 cubic 10.66 - - 1.00 0.93 0.99 -
Bcc Fe cubic 2.86 - - 1.07 1.00 - -
Fcc Fe cubic 3.60 - - - - 1.00 -

Asterisked values denote the average of coherency based on the BakerCNutting
relation.

4.2 Experimental procedure

F82H-ODS (produced by JAEA) was punched into 3 mm diameter disks. The

punched out specimens were mechanical polished followed by electrochemically pol-

ished with Acetic acid: Perchloric acid = 19:1 to reduce stress concentrations on the

surface and obtain a smooth surface for helium implantation. The Þnal thickness of

the specimens is around 0.15 mm. 70 - 250 kV He ion implantation was performed

at room temperature. The average helium concentration was 500 - 2000 appm. S-

RIM calculations of the proÞle of helium distribution and displacement damage were

showed in section 2.2.

Nano-hardness test was applied using an Elionix ENT-1100a (Elionix Inc. Japan)

nano-indenter with a Berkovich-type tip. Loads to penetrate by the range of 120 -

500 nm were employed to plot hardness as a function of indentation depth. Typically,

56 array indents with 30 m interval were conducted to calculate hardness by using

Oliver and Pharr method[10].

Post-annealing was carried out at temperature of 200 - 600" C with/without he-

lium. The post-annealing process was showed in section 2.2. Specimen were kept for
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15 min at each temperature and cooled down to the room temperature in the vacuum.

Then the nano-hardness was measured by the nano-indenter at the temperature of

28 ! C.

A JEOL JIB-4601F focused ion-beam (FIB) micro-processing device, operated

at 30 keV, was used to prepare XTEM foils. Then the foils were polished using a

precision ion polishing system (PIPS) at 1 keV with the milling angle of 6! to remove

the damage layer induced by FIB. The milling process was maintained at a constant

temperature of 110 K in single model. The microstructure was observed by using a

200 kV transmission electron microscope (TEM).

4.3 Results

4.3.1 Helium induced hardening in F82H-ODS

Fig. 4.2 shows the linear relation between the square of the hardness and the

reverse of the indentation depth for F82H-ODS. The solid lines are the best Þts of

the data. It suggests that sample without helium shows a liner relation in the range

of 120 - 500 nm. However, for the implanted samples with helium concentration

500 - 2000 appm, as the increase of indentation depth,H 2 decreased drastically at

the critical indentation depth. The drastic decrease is known as the inßuence of the

softer substrate, when the deformation zone underneath the indenter reaches to the

boundary of the irradiation layer. Data in the region of irradiated layer was used to

evaluate the irradiation hardening. The Þtting formulas are expressed in the Þgure.

The bulk hardness of irradiated layer is extracted from the formula to calculate the

irradiation hardening.

Helium concentration dependence of irradiation hardness and irradiation harden-

ing for F82H-ODS is presented in Fig. 4.3. The irradiation hardness increased with

increasing in helium concentration, without a saturation tendency. The irradiation
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Figure 4.2: Linear relation between the square of hardness and the reverse of inden-
tation depth for F82H-ODS.

hardening provides the same tendency that it increased with the increase of helium

concentration. The irradiation hardening by helium implantation is in the range of

0.5 - 1 GPa.

4.3.2 Post-annealing hardening in F82H-ODS

Specimens with/without helium were annealed at temperature 200 - 600! C. The

temperature dependence of the irradiation anneal hardness is shown in Fig. 4.4.

Data marked by square indicates hardness of as-received F82H-ODS. No deceasing of

hardness was observed during annealing. A small increase of hardness was caused by

He irradiation. The temperature dependence of the irradiation anneal hardening is

shown in Fig. 4.5. Samples with helium concentration 500 and 1000 appm provides

additional hardening at 300! C. However, sample with helium concentration 2000

appm shows no temperature dependence of irradiation hardening and no additional

hardening was observed. Besides, the error bar of the material is rather large due to

the complicated structure. There is no obvious additional hardening in F82H-ODS
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Figure 4.3: Helium concentration dependence of nano-hardness and nano-hardening.

and the induced defects are stable at temperature 200 - 600! C. The apparent recovery

behavior is expected to appear above 600! C.

4.3.3 Microstructure at typical post-annealing temperature

The microstructure of defects by irradiation was investigated by cross-sectional

foils using conventional TEM imaging techniques. Fig. 4.6 and 4.7 show the mi-

crostructure evolution after helium implantation followed by annealing. The mi-

crographs were took under focus (!f = -500 nm). Microstructure of as-irradiated

F82H-ODS with He concentration of 2000 appm was presented in Fig. 4.5. Cavities

were formed homogeneously in the matrix, appearing as white dots surrounded by

black fresnel fringe. Fig. 4.6 shows cavities in F82H-ODS with 2000 appm He grew

after annealing at 650! C.
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Figure 4.4: Nano-hardness as a function of post-annealing temperature.

Figure 4.5: Nano-hardening as a function of post-annealing temperature.
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Figure 4.6: Cavities appearing in as-irradiated F82H-ODS with He concentration
2000 appm.

Figure 4.7: Cavities appearing in F82H-ODS with He concentration 2000 appm after
annealing at 650! C.
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4.4 Discussion

4.4.1 Microstructure of as-received F82H-ODS

Fig. 4.7 shows distribution of dislocations and Þne oxide particles in F82H-ODS.

The dislocation number density of F82H-ODS is (1.10.8) ! 1014m! 2, which is lower

than that in F82H-IEA. Fig.4.8 shows a weak-beam dark Þeld TEM micrograph of

F82H-ODS. Nano-sized oxide particles were observed over a wide range of size. Fig.

4.9 presents the size distribution of oxide particles, mostly with a diameter of 3 - 5 nm.

The mean size of the oxide particles is 3.8 nm, and the number density is 1.11023m! 3.

By assuming that the shape of oxide particles is spherical, the volume of oxide particles

can be Þgured out asVoxide ! particle = 4r3/ 3, wherer is radius of oxide particle. The

volume fraction of oxide particles is calculated byf = Noxide ! particle Voxide ! particle ,

whereNoxide ! particle is the number density of the oxide particle. The volume fraction

of oxide particles is 0.32%.

4.4.2 Interface of ODS and matrix & helium induced defects

F82H-ODS contains ultrahigh density of Y-Ti-O-enriched dispersion-strengthened

oxide particles based on F82H-IEA. The interface between oxide particle and matrix

is supposed to trap He in Þne-scale bubbles. Helium trapping and accumulation at

the interface has been proposed and experimental proved [88]. In creating a cavity

at this interface, a region of the precipitate-matrix interface is destroyed, yielding

its energy to help in creating the cavity-precipitate and cavity-matrix interface. The

radiation performance of a variety of complex oxides has been predicted on the ba-

sis of a materialÕs propensity to accommodate lattice point defects[105]. Interfaces

with di!ering crystallographies or compositions may have vastly di!ering response

to helium behavior. MisÞt dislocations structure intersections in interface has been

considered as an critical factor on trapping helium.

60



Figure 4.8: Bright Þeld Micrograph of F82H-ODS showing dislocations and oxide
particles
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Figure 4.9: (g/3g)Weak-beam dark Þeld image of oxide particles of F82H-ODS.

Figure 4.10: Mean size distribution of oxide particles of F82H-ODS.
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Microstructures that divide He into more numerous bubbles result in smaller ra-

dius of stable bubble and containing helium atoms less than a critical number. Small

bubbles also store He at higher capillary pressures. He management requires a large

population of ?ne and stable good matrix precipitates. Note that for a 1% volume

fraction of 1 nm precipitates, which is much larger than the typical dislocation. Bub-

bles also nucleate on dislocations. Therefore, high dislocation densities also increase

the density of cavities. Dislocations also collect He that is transported to associated

bubbles, including those attached to precipitates.

As noted above, the high precipitate, dislocation, and bubble concentrations not

only decrease the number of helium atoms in cavities but also increase the critical

number of helium atoms for growth instibility. Unfortunately, large density of cavities

are dif?cult to sustain at high dpa and temperatures, owing to climb-annihilation

recovery processes. However, ?ne-scale precipitates retard dislocation recovery. Thus,

irradiation damage resistance is most e!ectively provided by high dislocation densities

and high concentrations of nanoscale precipitates that are kinetically constrained from

coarsening and transforming under irradiation. Nanoscale precipitates also provide

high creep strength.

4.5 Conclusions

The range of irradiation hardening for F82H-ODS is 0.5 - 2 GPa with the helium

concentration from 500 to 2000 appm at RT. The irradiation hardening increased

with increasing in helium concentration without saturation. In the post-annealing

process, 200 - 600! C, no obvious additional hardening was observed in F82H-ODS

and the induced defects are stable. The reason is that F82H-ODS steel possesses a

medium level number density of dislocations and a high number density (1023m" 3) of

nano-sized oxide particles (4 nm), which act as trapping sites for the induced defects.

The large recovery behavior is expected to appear above 600! C.
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CHAPTER V

Helium e!ect on dislocation motion during

nanoindentation

5.1 Introduction

Helium induced hardening is closely related with the interaction of dislocation with

helium induced defects. To assist understanding helium e!ect in materials, helium

e!ect on dislocation motion was investigated. An important concept associated with

dislocation motion is activation volume. To obtain the activation volume, pop-in be-

havior during nanoindentation was analyzed by using a statistical thermal activation

model [13, 106].

5.1.1 Activation volume

The activation volume is a measure of the volume of interaction of the dislocation

with the obstacle, indicating an average response to dislocation motion caused by pop-

in behavior during nanoindentation. It corresponds to the total volume of coherently

activated atoms, multiplied by their transformation strain[107]. As shown in Fig.

5.1, glide dislocations pass through obstacles with the spacing of l. The dislocation

is activated from one equilibrium position (x1) to another (x2). The swept area by

the activated dislocation is "A. "A multiplied by the magnitude of burgers vector
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Figure 5.1: Physical description of activation volume[12].

of the glide dislocation is activation volume. Activation volume reßects the strength

of obstacles against dislocation motion. A decreased activation volume suggests an

improved strength of obstacles.

5.1.2 Pop-in phenomena

Nanoindentation is usually used to measure the nano-hardness of ion irradiat-

ed Þlm by a load-penetration depth curve[6, 8, 10, 65, 68, 108, 109]. Loads with

nanonewton-level and displacements with angstrom-level can be accurately measured[13,

73]. During the Þst tens of nm in the load-penetration depth curve, a sensitive phe-

nomenon, onset of plasticity, we also call it Ôpop-inÕ, has been observed, which has

been studied to understand the mechanisms governing defect nucleation. The pop-in

behavior is usually indicated by a Þrst burst of displacement, as the indenter tip ÔpopsÕ

into the specimen [110Ð116] . The indication of pop-in phenomenon by nanoinden-

tation is shown in Fig. 5.2. The elastic deformation obeys the Hertz model. Pop-in
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Figure 5.2: Indication of pop-in, critical stress, and penetration distance[13].

point is the signal of the starting of the plastic deformation. The critical load (Pc) at

which pop-in occurs and the corresponding penetration distance(!h) is indicated in

the Þgure.

The typical indentation depth of onset of plasticity is below tens of nm. The sim-

ulations of the initial defect nucleation event in single!111" Cu have shown that the

nucleation site of defect is at a depth 60% of the contact radius[14], far below the sur-

face. Fig. 5.3 shows the atomic-level details of dislocation nucleation and subsequent

onset of plasticity by molecular dynamics (MD) and Finite Element Method(FEM)

simulations. The nucleation site is o" the centre axis by 20% at a depth 60% of the

contact radius.

Pop-in phenomenon is dependent on the nucleation, multiplication and slip of

dislocations. The pop-in phenomenon has been observed in many bulk and thin Þlm

materials[110, 111, 117]. The pre-existing defects in the materials are supposed to

provide dislocation sources for loop nucleation, resulting in the decrease of the critical
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Figure 5.3: Correspondence of MD and FEM simulations in!111" cylindrical inden-
tation of Cu[14].

load and penetration depth for pop-in behavior[118, 119]. It is worth noting that we

will only discuss the Þrst pop-in behavior.

The method of extracting activation volume by a statistical thermal activation

model will be introduced in the next section.

5.1.3 Statistical thermal activation model

The statistical thermal activation model of pop-in is provided by Mason et al

[13, 106], which is based on a rate-controlling mechanism:

ún = ! exp(#
" # #V

kT
) (5.1)

where ún is the probability of the event of the Ôpop-inÕ;! is a pre-exponential frequency

factor; kT is the average available thermal energy; -V is the activation energy for the
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reaction, which is separated into the activation enthalpy , and the biasing stress over

the activation volume V. The global rate of the event of pop-in occurs (úN ) would be

given by integrating over the volume of the indented material near the contact region.

úN = ! exp(!
"

kT
)
! ! !

!

exp(
#V
kT

)d! (5.2)

The cumulative fraction function, F(t), for the statistics of the pop-in event is intro-

duced. úN is the possibility of the event of pop-on occurs by one impression. F(t) is

the sum fraction of the event occurs by all the impressions. The rate of change of

F(t) is proportional to the number of unyielded samples remaining , and to the rate

at which one of those remaining samples displays pop-in:

úF (t) = [1 ! F (t)] úN (t) (5.3)

Integrating this equation,

F (t) = 1 ! exp(!

t!

0

úN (tÔ)dtÔ) (5.4)

The stress bias is approximated as the maximum shear stress beneath the indenter,

given as the Hertzian contact framework[120]:

# " $max =
0.47

%
á(

4ER

3&
)2/ 3P1/ 3 (5.5)

The volume ! is assumed with the scale of the cube of the contact radius a, which is

expressed as:

! # Ka 3 = K (
3P&
4ER

) (5.6)
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whereK is a proportionality constant which we take to be of order! . If we apply a

constant loading rate úP,

P = úP át (5.7)

Combining Eqs. (1.3) and (1.5) - (1.8) , the cumulative fraction function can be

written as a function of applied load P. The ultimate function between the load (P)

and cumulative fraction function (F) for the statistics of the pop-in is expressed as

the following function:

ln[ln(
1

1 ! F (P)
)] = "P 1/ 3 + # (5.8)

Here the parameter and are constants from experimental data. The activation

volume is extracted from the measured slope of curves , and is given by

V =
!

0.47
(

3$
4ER

)2/ 3KT " (5.9)

where is the radius of the indenter tip andER is the reduced modulus of the tip-

sample combination, calculated as

1
ER

= (
1 ! %2

E
)tip + (

1 ! %2

E
)sample (5.10)

where%is PoissonÔs ratio,E is YoungÔs modulus.

and the extracted activation volume is apparent activation volume including the

information of intrinsic stress.

However, the concepts of pop-in and activation volume have not been applied to

understand the property of irradiation induced defects. In this chapter, nanoinden-

tation was performed on helium implanted samples to study the onset of plasticity

of Fe, F82H-IEA and F82H-ODS steels with and without He. The activation volume

was extracted from the experiment data. And the roles of nano-sized oxide particles

and implanted helium in the onset of plasticity were studied to understand helium
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Table 5.1: Chemical compositions and heat treatment conditions of Fe, F82H-IEA
and F82H-ODS steels (mass%).

C and N Si Cr W V Ta Ti Y 2O3 Ex. O Fe
Fe 0.04 - - - - - - - - bal.

F82H-IEA 0.0 0.11 7.71 1.95 0.16 0.02 - - - bal.
F82H-ODS 0.17 0.013 7.85 1.9 0.18 0.10 0.19 0.368 0.092 bal.

Fe: tempered at 500! C for 1h
F82H-IEA: normalized at 1040C for 38min and tempered at 750! C for 1h
F82H-ODS: normalized at 1050C for 1h and tempered at 750! C for 1h

e!ect on mobile dislocations.

5.2 Experimental procedure

Fe, F82H-IEA and F82H-ODS (the later two provided by the Japan Atom Energy

Agency), were fabricated into 3 mm diameter disks with a thickness of 0.15 mm. The

chemical compositions and heat treatment conditions of the specimens are shown in

Table 5.1 [121][122]. All the samples were electro-polished to remove the deformation

zone and obtain a smooth surface. Helium ions at 70 - 250 keV were implanted into

the samples at room temperature. The Stopping and Range of Ions in Matter (SRIM)

calculations of the proÞle of the implanted helium and the displacement damage was

shown in section 2.2.

Nano-indentation was performed using an Elionix ENT-1100a (Elionix Inc. Japan)

nano-indenter with Berkovich-type tip. Indentations were placed 5 um apart from

one another and the typical indentation depth was below 30 nm with a maximum

load of 40-120µ N. Between indentations, the tip was maintained in contact with the

specimen surface at a very low set-point load of 2µ N, which prevents issues of jump

to contact prior to indentation, as well as artifacts related to indenter momentum

during approach[13, 123]. The temperature of the system during nanoindentation
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was 28! C, and the loading rate is 6µNs" 1.

P =
4
3

ER1/ 2
i h3/ 2 (5.11)

250 P-h curves were obtained from indentations for each sample.

5.3 Results

The typical load-displacement curves are presented in Fig. 5.4. Several hundreds

of Pc are obtained from P-h curves. The cumulative fraction (sum distribution) of

Pc is plotted in Fig. 5.5. For as-recieved samples of Fe, F82H-IEA and F82H-ODS,

Fe shows a distribution of critical stress at the highest load, and F82H-IEA shows

a distribution of critical stress at the lowest load. In the 250 indentations of F82H-

IEA, 60% of the loads at pop-in point are below 20 N. In the meantime, the load

for F82H-ODS at the same cumulative fraction is 60 N. The results suggest that

the critical stress for pop-in of F82H-ODS is higher than that of F82H-IEA. After

helium implantation, the F-Pc curve of Fe shifted to the direction with decreasing

load greatly, and the curve of F82H-IEA shifted to the direction with increasing load,

while the curve of F82H-ODS shifted to the direction with decreasing load.

Fig. 5.6 shows the linear form transformed from the cumulative distribution func-

tion to extract the activation volume. The slope of the line for F82H-IEA is appar-

ently changed after He implantation, whereas there is no change of the linear slope for

F82H-ODS. Further, the slope of the line which presents helium implanted F82H-IEA

is almost the same as the slope of the lines presenting F82H-ODS with and without

He. In the previous study, we have observed cavities in the matrix of F82H-IEA and

F82H-ODS, formed by He implantation. The similar slope reveals that cavities and

oxide particles have a similar response to activation volume. Table 5.2 presents acti-

vation volumes extracted from Fig. 5.6 [11]. The activation volume is deÞned as the
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Figure 5.4: Typical load-displacement curves for Fe, F82H-IEA and F82H-ODS
with/whithout He.
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Figure 5.5: The plot of the cumulative fraction(F) and applied loads(P) at the burst
point.
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Figure 5.6: Linear relation used to extract the activation volume. The solid lines are
the best Þt of the data.

total volume of coherently activated atoms, multiplied by their transformation strain

[107]. The activation volume of He implanted F82H-IEA is rather smaller than that

of F82H-IEA, indicating an increasing density of e!ective obstacles to dislocation mo-

tion. The activation volume of He implanted F82H-ODS is the same with F82H-ODS,

revealing that the density of e!ective obstacles have no signiÞcant change.

5.4 Discussion

5.4.1 Activation volume, Pc and " h

Martensitic steel F82H-IEA has prior austenite grain boundaries and martensite

packets composed of laths. The F82H-ODS was developed based on F82H-IEA and
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Table 5.2: List of activation volume.

V(ûA3) b(ûA3)
Fe 2106 58

Fe with He 3076 85
F82H-IEA 5214 144

F82H-IEA with He 3874 107
F82H-ODS 3800 105

F82H-ODS with He 3687 101

contains Þne oxide particles (3.8 nm diameter and 1.1! 1023 m! 3). Fe has the uniform

structure with dislocation density less than 1012m! 2. The dislocation density of F82H-

IEA is (5± 1)! 1014m! 2, which is higher than that of F82H-ODS (1.1± 0.8)! 1014m! 2.

The black dots and cavities were formed homogeneously in the matrix of Fe, F82H-

IEA and F82H-ODS by helium implantation.

Activation volume is an average response of the material to the pop-in behavior by

nanoindentation, which corresponds to the total volume of coherently activated atoms,

multiplied by their transformation strain [107]. We obtained the activation volume

of Fe, F82H-IEA and F82H-ODS. The activation volume of F82H-IEA decreased by

26% by helium implantation, while that of F82H-ODS has no change. Fe showed

an opposite trend, an increase of activation volume by 47%, which is conßict with

the result of increased hardness in chapter 2. To Þgure out the di!erent change of

activation volume, two parameters ofPc and " h were investigated as following.

The average critical load of pop-in behavior for as received Fe, F82H-IEA, and

F82H-ODS is 97.8, 18.8, and 52.72µN respectively, which changes to 29.6, 33.7,

and 46.0µN after helium implantation. The critical load for Fe decreased by He

implantation. The critical load for F82H-IEA increased by He implantation. No

change of the critical load for F82H-ODS was detected by He implantation.

The excursion depth at pop-in is expressed as excursion depth "h. The relation

betweenPc and " h is plotted in Fig. 5.7 - 5.9 by picking up 20 indents of each sample

randomly. The average penetrate depth of as received Fe, F82H-IEA and F82H-ODS
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Figure 5.7: The relationship between pop-in loadPc and excursion depth !h for Fe

is 17.5, 1.3, 1.2 nm, respectively, which changes to 2.9, 1.4, 1.0 nm after helium

implantation. Fig. 5.7 shows the relationship betweenPc and ! h for Fe. Both of Pc

and ! h decreased drastically by helium implantation. Fig. 5.8 shows the relationship

betweenPc and ! h for F82H-IEA. The critical stress shows an increasing trend. Fig.

5.9 shows the relationship betweenPc and ! h for F82H-ODS. No detectable di"erence

is found with/without helium.

5.4.2 Helium e!ect on Fe

Fe showed the increase of activation volume, decrease of critical load and excursion

depth. The unexpected result is considered to due to the change of structure of Fe

from micro-scale to nano-scale. Fe has the uniform structure with dislocation density

less than 1012m! 2. The typical pop-in behavior occurs at the depth around 10 nm for

Fe. The elastic deformation zone under the critical load is within a sphere with the

diameter of 100 nm, which is possible to be defect-free area, quite di"erent with the
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Figure 5.8: The relationship between pop-in loadPc and excursion depth !h for
F82H-IEA

Figure 5.9: The relationship between pop-in loadPc and excursion depth !h for
F82H-ODS
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Figure 5.10: Elastic deformation zone of Fe under critical load

deformation zone containing dislocations for hardness measurement. For the other

samples, the elastic deformation zone contains defects. The model [? ] of stress and

distribution of dislocation source under nano-indentor was used to explain Ôpop-inÕ

event for Fe. Fig. 5.10 shows the elastic deformation zone of Fe under the critical load.

Circled ÔSÕ represents the dislocation source existing in the sample to be activated.

Dislocation sources in Fe are dislocations. The deformation zone is rare to overlap

with dislocation sources due to the large spacing of dislocations. A high applied

load is required to activate dislocations. The activated glide dislocations are impeded

by the dislocations existing in Fe, which act as barriers for dislocation motion. A

high applied load results in a high velocity of activated dislocations. The activated

dislocation is slowed down by the barrier of dislocations. The activated distance is

rather long due to the high velocity and the large spacing of dislocations (barriers).

Helium implantation introduces defects including black dots and cavities with a

homogeneous distribution in the matrix of Fe. Fig. 5.11 shows the elastic deforma-

tion zone of Fe with He under the critical load. Defects exist in the sample with a

much shorter spacing. Dislocation sources in Fe after helium implantation are heli-
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Figure 5.11: Elastic deformation zone of Fe with He under critical load

um induced defects. The elastic deformation zone under the critical load is smaller

than that in Fig. 5.10. Dislocations are activated at a lower critical load. The ve-

locity of activated dislocations is much lower than that in as-received Fe. Helium

induced defects with a high number density reduced the spacing of barriers. The

glide dislocations are slowed down and pined by the barriers in a shorter activated

distance. However, the activation volume increased after helium implantation. The

reason might be the increased number density of activated dislocations. Excursion

depth as a measure of displacement in one dimension showed inconsistency with the

measure of activation volume. The structure under critical load of as-received Fe and

irradiated Fe is quite di!erent, from defect free to containing defects. To compare the

activation volume of the two specimens, the modiÞcation of the statistical thermal

activation model might be required.

To improve the change of mechanisms in pop-in behavior of Fe with/without He,

cold rolling was performed to introduce dislocations into the pure Fe. Table 5.3 list

the critical load and excursion depth in Fe, Fe with nominal strain rate of 10% and

20%, Fe with He. By the introduced dislocations by cold rolling, the pop-in behavior

has the same tendency with Fe after He implantation. The same tendency suggests
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Table 5.3: List of critical load (Pc) and excursion depth (! h) in pop-in phenomena
for Fe, cold rolled-Fe and He implanted-Fe.

Ave. Pc (µ N) Ave. ! h
Fe 98 17.5

Fe+10% c.l. 22 3.1
Fe+20% c.l. 25 3.6
Fe with He 30 2.9

Table 5.4: List of mechanism of pop-in phenomena for Fe, F82H-IEA and F82H-ODS
with/without He.

Govened mecchanism Pre-existing Contribute to
glide dislocation dislocation source

Fe Homogeneous N N
dislocation nucleation

Fe with He N, but black dots Black dots, Cavity
F82H-IEA Dislocation Y Forest dislocations

F82H-IEA with He source Y Cavity
F82H-ODS activation Y Oxide particle

F82H-ODS with He Y Oxide particle

the change of mechanism of pop-in behavior from homogeneous dislocation nucleation

to dislocation source activation.

Considering the results above, expected mechanism of pop-in event is summarized

in Table 5.4.

5.4.3 Helium e!ect on F82H-IEA and F82H-ODS

For F82H-IEA and F82H-ODS containing a large number of pre-existing defects,

the change of activation volume is coherent with the result of hardness measurement.

Activation volume decreased after helium implantation due to the helium induced

defects acting as barriers to dislocation motion. Fig. 5.12 shows the schematic of

the interaction of dislocations with helium induced defects for F82H-IEA. From the

previous chapters, we know black dots and cavities are induced in the specimens.

Induced defects are decorated along dislocations to increase the stress to unpinning
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Figure 5.12: Schematic of the interaction of dislocations with helium induced defects
for F82H-IEA

from the defects. Defects dispersed in the matrix impede the glide dislocation, result-

ing in a decreased activation volume. The excursion depth has no detectable change.

Fig. 5.13 shows the schematic of the interaction of dislocations with helium induced

defects for F82H-ODS.

F82H-ODS contains high number density of nano-sized oxide particles and a lower

number density of dislocations than that of F82H-IEA. Helium induced defects are

formed at the interface, dislocation, as well as in the matrix. The number of induced

defects decorated along glide dislocation is much lower than that in F82H-IEA. A

part of defects are trapped at the interface between oxide particle and matrix. Oxide

particles with a larger size and a harder stress than helium induced defects are consid-

ered as much stronger obstacles to pin dislocations, and act as barriers to dislocation

motion. Oxide particles predominant the dislocation motion. The induced defects

do not a!ect the dislocation motion much. There is almost no change of activation

volume, critical load and excursion depth by helium implantation.

It is worth noting that we only talked about the Þrst pop-in in this thesis. The

extracted activation volume is apparent activation volume without excluding the in-
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Figure 5.13: Schematic of the interaction of dislocations with helium induced defects
for F82H-ODS

formation of intrinsic stress. It seems theres no method to obtain e!ective activation

volume by nanoindentation as so far. Activation energy can be calculated using

the similar statistical thermal analysis with a function of temperature. However, it

is critical to control the temperature and prevent the oxidation of the material in

nanoindentation system.

5.5 Conclusions

Helium e!ect on slip dislocation motion was investigated in Fe and ferritic/martensitic

steels. Pop-in behavior and activation volume of Fe, F82H-IEA and F82H-ODS

with/without He was analyzed and extracted from experiment data. Helium induced

defects enhance the barriers to glide dislocation motion, resulting in the decrease of

the activation volume in general. Activation volume between Fe with few defects

and commercial steels is not comparable directly.Pc was reduced by pre-existing

defects (helium induced defects in Fe), which act as preferentially activated disloca-

tion sources. The incipient plasticity during nanoindentation is an essential factor

to investigate the irradiation damage of structural materials in Þssion and fusion
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reactors.
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CHAPTER VI

General discussion and Conclusions

6.1 Conclusions

This is a fundamental study of He irradiation induced hardening and irradiation

anneal hardening. The dependence of He irradiation induced hardening with He

concentration and post-annealing temperature was created. Additional hardening

was observed which is the Þrst Þnding in ion-irradiation experiment. And this is the

Þrst try and succeed to obtain activation volume to explain He irradiation induced

hardening with the analysis of pop-in behavior during nanoindentation.

Fusion neutron spectra produce approximately 1500 appm of He at an end-of-life

dose of 150 dpa [124]. The solubility of helium in metal is extremely low. Helium

migrates in the metal until trapped by other defects or escape outside. Helium prefer

to combine with vacancy as a cavity nucleant. The recombination of vacancy and

self-interstitial is reduced by helium. The existing of helium leads to more residual

defects. WhatÔs more, clusters of helium atoms will punch out a self-interstitial,

creating He-vacancy complex. Helium precipitates as matrix gas bubbles and on

dislocations, precipitate interfaces, and grain boundaries, causing the degradation of

structural materials. Microstructures that protect grain boundaries from He will be

required for fusion applications.

Helium e!ect on mechanical property degradation and microstructure evolution
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in Fe, F82H and its ODS steel has been examined by nano-indentation and TEM

observation. Irradiation hardening was produced by helium implantation with high

concentration. Dislocations could be pinned by helium induced defects, and slowed

down by the distribution of the defects near or in their slip plane, causing source

hardening and friction hardening. Oxide particles in F82H-ODS showed a resistance

to the helium induced hardening, indicating a more complex superposition equation

on the hardening by the interaction of dislocation with helium induced defect. Pre-

existing defects of dislocation, interface, grain boundary could suppress the helium

e!ect.

The property and helium irradiation response of the Fe, F82H and its ODS steel

is summarized in Table 6.1. The average grain size of iron after heat treatment was

measured to be 74µm with dislocation dispersed in the spacing of severalµm. With

few trapping sites for helium atoms and point defects, they cluster into loops and

cavities in the matrix, resulting in a quick increase of hardening and reaching to sat-

uration. In the following post-annealing, loops and cavities grow with a rather rapid

rate. Hardening is recovered by the decrease of number density of defects. The excess

mobile He clusters di!use to glide dislocations and He irradiation induced defects to

cause additional hardening during annealing. F82H-IEA and its ODS steel contains

a a large number of pre-existing defects which act as trapping sites of He atoms and

point defects. The trapping sites enhance the annihilation of point defects and sup-

press the growth of defects, resulting in a reduced hardening without saturation. The

binding energy of induced-defects and trapping sites makes the defects relatively sta-

ble. No large stage of recovery of hardening was observed. With the existing od oxide

particles, very strong obstacles for dislocation motion, only a small level of hardening

was induced by He implantation. There is a tendency that a higher nano-hardness of

as-received sample results in a lower irradiation hardening.

Pop-in phenomenon during nanoindentation is an essential factor to investigate
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Table 6.1: Comparison of the property on the helium irradiated Fe, F82H-IEA and
F82H-ODS.

Fe F82H-IEA F82H-ODS
Dislocation Low ! dis. High ! dis. Mid ! dis. , High ! oxi.

Other microstructure - Precipitate High ! oxi. , Precipitate
Irrad. induced defects Black dots, cavities

RH (GPa) 3 - 4 1 - 3 0.5 - 2
Reason for RH Induced defects pin and impede the dislocation motion

RAH (GPa) Additional hardening - -
Stability of cavity Not stable stable mid stable
Reason for RAH Indeuced defects - -

are re-structured - -

Table 6.2: List of activation volume (! V), critical stress (Pc) and excursion depth
(! h) in pop-in phenomenon.

Fe F82H-IEA F82H-ODS
! V(b3) As-received 58 144 105

With helium 85 107 101
Pc(µN ) As-received 98 19 53

With helium 30 34 46
! h As-received 17.5 1.3 1.2

With helium 2.9 1.4 1.0

the helium e"ect on structural materials in fusion reactor. The values of !V , Pc,

and ! h before/after helium implantation are listed in Table 6.2. Helium irradiation

induced defects could enhance the barriers to glide dislocation motion, resulting in

the decrease of the activation volume. Activation volume of as-received Fe with few

defects and commercial steels can not be compared directly.Pc was reduced by

pre-existing defects (and helium induced defects in Fe), which act as preferentially

activated dislocation sources.

In the future work, i hope to combining the computational and experimental

methods to obtain an understanding of the mechanism of helium e"ect on iron and

its alloys. The activation volume obtained in this dissertation is apparent activation

volume. The method of extracting e"ective activation volume by nanoindentation will
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be a scientiÞc issue. High temperature nanoindentation testing and in-situ imaging of

the indente volume is developed to present opportunities for future scientiÞc inquiry.

6.2 Comparison of helium induced hardening by nanoinden-

tation and by calculation

In this section, helium induced hardening by the measurement of nanoindentation

(bulk hardness) and by the calculation of Orowan model will be compared using

samples with He concentration of 2000 appm.

To brießy compare the helium e!ect on hardening in the materials, we use the

ratio " H/H 0 (as-received) to indicate the helium induced hardening at helium con-

centration of 2000 appm. The value of "H/H 0 (as-received) is 270% for Fe, 86% for

F82H-IEA and 16% for F82H-ODS.

The mean size of the cavities is 1.3 nm with the number density 5.1 ! 1023m! 3

for Fe, 1.1 nm with the number density 4.9 ! 1023m! 3 for F82H-IEA and 1.3 nm

with the number density 7.4 ! 1023m! 3 for F82H-ODS. The volume fraction of cav-

ities is 0.059%, 0.034% and 0.085% for Fe, F82H-IEA and F82H-ODS, respectively.

Black dots were also observed; however, in this paper, we mainly focus on the hard-

ening e!ect from cavities which dominate the irradiation hardening at 0.2% helium

concentration.

Nano-indentation measurement shows F82H-ODS has a much lower irradiation

hardening than F82H-IEA; however, microstructure observation shows a relative larg-

er size of cavities with a higher number density in F82H-ODS than in F82H-IEA. This

phenomenon is irreconcilable with the common theory of precipitation hardening in

a pure metal or solid solution. Regarding the cavity as an anti morphological precipi-

tate, its e!ect upon the tensile yield stress may also be interpreted by Orowan model
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Table 6.3: List of mean diameter (d) and number density (N ) of cavity, nano-hardness
as-received (H0), hardening by nano-indentation (! HN ) and calculated
hardening from cavities (! HC) with 2000 appm helium concentration.

N (1023m! 3) d (nm) H0 (GPa) ! HN (GPa) ! HC (GPa)
Fe 5.1 1.3 1.70 4.60 2.37

F82H-IEA 4.7 1.1 3.18 2.73 2.00
F82H-ODS 7.4 1.3 5.68 0.90 2.68

[57]:

! ! y = M"µb
!

Nd (6.1)

Here,M , " , µ, b, N and d is Taylor factor, barrier strength of cavities, shear modulus

of matrix, magnitude of burgers vector of moving dislocation, number density of

cavities and mean diameter of cavities, respectively. Subsequently, the hardening

e"ect can be estimated byHN [GPa] = ! ! y[MPa] / 270 [68]. The cavity hardening in

Fe, F82H-IEA and F82H-ODS were evaluated tentatively by assumingM = 3.06, " =

0.3,µ = 82 GPa for Fe,µ = 77 GPa both for F82H-IEA and F82H-ODS, andb= 3.308

ûA. The values of mean diameter (d) and number density (N) of cavity, measured and

calculated hardening of are listed in Table 6.3. The calculation result well agrees with

the experimental result in F82H-IEA, whereas the calculated hardening of Fe 2.37 GPa

is much lower than the measured value 4.60 GPa, and that of F82H-ODS 2.68 GPa

is much higher than the measured value 0.90 GPa. For Fe, induced defects except

cavities could also be considerable. It is apparent that estimated cavity hardening by

the current Orowan model is available to uniform materials such as F82H-IEA, but

incapable of applying directly to composites like F82H-ODS, a metal matrix nano-

composite. The reason of cavities in F82H-ODS disable to show the hardening is that

oxide particles and cavities are both hard-sphere type of obstacles for dislocation

motion. Di"erent with the situation in F82H-IEA, nano-hardness of F82H-ODS after

helium implantation does not equal to simply adding of cavities induced hardening

and nano-hardness of the as-received material. Another possible reason is the pinning
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force between oxide particle and dislocation is stronger than that between cavity and

dislocation. Dislocations have already detached from cavity before they pass through

oxide particles. With the pre-existing stronger obstacles for dislocation motion, the

induced defects show a weaker pinning force to mobile dislocations. Thus, multi-

interaction between multiform defects has to be considered in the case of F82H-ODS,

in which cavities have little e!ect on increasing the hardness. Besides, the interaction

between dislocation and cavity is attractive[125Ð127], while the interaction between

dislocation and oxide particle is repulsive at room temperature. The interaction of

both dislocation - particle and dislocation - cavity is weaker because of the o!set of the

interactions, resulting in a weaker threshold stress for dislocation detachment from

the particle and cavity. When the local strains of cavity and oxide particle overlap, the

hardening e!ect of cavity could be weakened. Especially, when cavities locate at the

surface of oxide particles, the cavity-oxide particle complex is softer than individual

oxide particle. The cavity hardening e!ect might be shielded by pre-existing oxide

particle which holds the same level of number density as cavity.

From the microstructure, F82H-IEA shows a positive suppression of helium in-

duced defects. The suppression of helium e!ect is dependent on the pre-existing

defects in as-received materials. F82H-ODS contains a high number density of oxide

particles, which could provide trapping sites for helium and vacancy. But the dislo-

cation number density of F82H-ODS ((1.10.8) ! 1014m! 2) is lower than F82H-IEA

((51) ! 1014m! 2). Dislocations with high number density in F82H-IEA also could act

as trapping sites for helium and vacancy in the irradiation at RT.

SigniÞcant helium induced hardening and cavity formation was observed in this

study. It is noteworthy that helium induced hardening is dependent on irradiation

temperature, as well as the method of irradiation (dual-beam or single-beam). Pre-

vious studies [128, 129] reported that no detectable cavities were observed by mono-

energy helium implantation to 2000 appm at temperature of 200" C. Also, in the case
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of dual beam irradiation, it was suggested that the critical helium concentration of

inducing additional signiÞcant hardening is 1 at.%[5]. For helium single beam irradi-

ation at RT, even very low concentration (dpa) can cause detectable hardening and

cavity formation [6].

6.3 Issues about pop-in and activation volume

The activation volume obtained in this dissertation is the apparent activation

volume without excluding the inßuence of intrinsic stress. Theres no method to get

e!ective activation volume by nanoindentation as so far. The function of apparent

activation volume (V) and e!ective activation volume (Veff ) is expressed as:

V = Veff (!" ef f /!" ) (6.2)

wheresigmaeff is the true stress and" is the nominal stress.

Activation energy can be obtained by a similar analysis with operate temperature.

The facility of nanoindentation is required to modiÞed to expand temperature range

and prevent the oxidation of the test materials. The activation enthalpy can be

extracted from experimental data using a similar linearization approach:

P1/ 3 = #kT +
$

0.47
(

3%
4ER

)2/ 3kT á& (6.3)

Here,# is a complex function whose form is not of particular importance, but which

incorporates a dependence on bothP and úP. Then, with values for ' and V derived

from the above Þtting procedures, activation energy (' ! "V ) can be obtained by

assuming that" equals to average critical stress.

It is impossible to prevent the surface e!ect completely. However, some methods

are taken to reduce the e!ect: Smooth the surface of the sample to improve the
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contact of tip and sample; The tip was maintained in contact with the specimen

surface at a very low set-point load of 2 N from one indent to another indent.

6.4 Pre-existing defects suppressing helium induced defects

Helium is essentially insoluble in metals and tends to aggregate at internal defects

such as vacancy clusters, voids, dislocations, grain boundaries, lath boundaries and

particle-matrix interfaces. To suppress helium e!ect, two requirements are suggest-

ed: High, stable dislocation sink strengths and especially large numbers of stable,

nanometer-scale precipitates that trap He in Þne-scale bubbles to avoid swelling and,

protect grain boundaries and high creep strength, permitting operation at tempera-

tures above the displacement damage regime.

Fe shows a saturation of irradiation hardening at helium concentration of 1000

appm. However, F82H-IEA and F82H-ODS steels show the helium concentration

dependence of irradiation hardening. Those steels contain many pre-existing defects

which act as trapping sites for irradiation induced defects, indicating a high resistant

to the formation of the irradiation damage.

Steels contain pre-existing defects which act as sinks for vacancies and interstitials.

These sinks can be divided into three categories: neutral (unbiased) sinks, biased

sinks and variable bias sinks. Voids, incoherent precipitates and grain boundaries are

neutral (unbiased) sinks showing no preference capturing defects in di!erent types.

The absorption of the point defect in this type of sink is proportional to the di!usion

coe"cient of the point defect and the concentration di!erence of the point defect in

the matrix and the sink surface. Dislocations as the biased sinks exhibit a stronger

preference for interstitials than for vacancies. And dislocation is an unsaturable sink,

since absorbed interstitials enhance the dislocation climb. Coherent precipitates as

variable bias sinks capture a defect and preserve its identity until it is annihilated by

the opposite type defect. This kind of sinks have a limited capacity as recombination
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centers.

Simulations have shown that the disposition of He in crystalline materials is

strongly inßuenced by the availability of excess volume within and near lattice defects[16].

Table 6.4 displays the binding and migration energies for interstitial and substitution-

al He in the matrix and dislocations[16]. Table 6.5 shows the e!ect of GB structure

and excess volume on binding energies of interstitial and substitutional He in Fe[16].

We know that the atomic volume is deÞned as the locus of all points in space sur-

rounding an atom that are closer to that atom than to any other atom. Excess volume

at a location in an imperfect lattice can be deÞned in terms of the deviation of the

atomic volume at that location from the atomic volume at a similar location in a per-

fect lattice. Much larger excess volume available in the internal defects results in a

stronger binding energy with He atoms. Thus, edge dislocations are stronger He traps

than screw dislocations. In dislocation networks bubbles are formed preferentially at

the nodal points[130]. Besides, the binding energies are very position dependent. For

both dislocation types the binding energy drops o! sharply for He atoms at greater

than about 0.5 nm from the center of the dislocation core. Experimental evidence

have also shown that low-energy boundaries with less excess volume contained smaller

bubbles than high-energy boundaries and suggested an increased He di!usivity with

increasing GB energy[130]. Coherent, positive misÞt, nano-particles also e"ciently

trap He, but semi-coherent particles may be more e"cient traps because of the excess

volume associated with the array of misÞt dislocations needed to accommodate the

lattice parameter mismatch between the particle and matrix.

ODS steels contain a high concentration of nanoscale precipitates that impart

strength, recombine radiation-induced point defects, and nucleate He bubbles[21, 131,

132]. Interfaces with di!ering crystallographies or compositions may have vastly d-

i!ering response to helium behavior. MisÞt dislocations structure intersections in

interface has been considered as an critical factor on trapping helium. Lane and
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Table 6.4: E!ect of dislocation character on binding and migration energies for inter-
stitial and substitutional He in Fe[16].

Maximum binding energy (eV) Migration energy (eV)
Interstitial He in - 0.08

perfect Fe
Interstitial He in 2.29 0.4-0.5 Along core

edge dislocation core
Interstitial He in 1.05 0.4-0.5 Along core

screw dislocation core
Substitutional He in 0.50 -
edge dislocation core
Substitutional He in 0.25 -

screw dislocation core

Table 6.5: E!ect of GB structure and excess volume on binding energies of interstitial
and substitutional He in Fe[16].

Grain boundary GB energy Excess vol./ Maximum interstitial Maximum substitutional
(J/m2) GB area (ûA) binding energy (eV) binding energy (eV)

"3112 0.30 0.066 0.55 0.17
"11323 1.05 0.216 1.40 0.42
"9114 1.40 0.357 2.29 0.70
"3111 1.51 0.408 2.66 0.78
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Goodhew found that He bubble densities were greatest at GBs containing misÞt dis-

locations and that these dislocations were in fact preferred bubble nucleation sites

[133]. Singh and his co-workers conÞrmed the importance of misÞt dislocations, but

further elaborated that, in aluminum, the preferred bubble nucleation sites are dislo-

cation intersections, both within and outside of GBs[134]. Demkowicz et al discussed

several kinds of interface on trapping helium bubbles and proposed to manage He im-

planted into structural materials by controlling the distribution of misÞt dislocation

intersections in a semicoherent interface [135]. In both of these studies, bubble sizes

varied from boundary to boundary, but were always larger than in the crystal. Atom-

istic modeling of He trapping [136], migration [137], and clustering [138] point to the

importance of GB structure. Similar to nanoprecipitates in NFAs, some interfaces

may be excellent sites for trapping He in stable bubbles. Many interfaces also impart

mechanical strength and recombine radiation-induced point defects [139, 140]. Upon

irradiation, interstitials are loaded into the boundary, which then acts as a source,

emitting interstitials to annihilate vacancies in the bulk[141]. Unlike nanoprecipitates,

some interfaces are vulnerable to severe embrittlement once He bubbles transform in-

to voids [142]. It is clear that misÞt dislocation structure plays a governing role

in He interactions with both semicoherent heterophase interfaces and grain bound-

aries. Intersections between misÞt dislocations are the preferred trapping sites for He

and determine how much of it may be stored in such an interface before detectable

bubbles form. MisÞt dislocation networks inßuence the interactions of He with the

surrounding metal matrix, thereby modifying the equation of state of He stored in

a bubble. The partitioning of He between interfaces and perfect crystalline material

inßuences glide dislocation motion and therefore also the mechanisms of deformation

in He-implanted composites.
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6.5 Prospect

I focused on the increase of strength in this dissertation. In the future work, i will

focus on the segregation of impurity elements at grain boundary. And i hope to com-

bine the computational and experimental methods to obtain a basic understanding

of helium behavior in Fe and its alloys. For activation volume, it is better to obtain

the e!ective activation volume. The high temperature nanoindentation testing and

in-situ imaging of indented volume has been developed recently, that will present

opportunities for future scientiÞc research.
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