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Abstract

A theoretical model of helium migration in body centred cubic (BCC)structure
irons has been developed using the concept of the effective helium diffusion coeffi-
cient with the method of rate theory equations. Various helium migration mecha-
nisms have been identified under irradiation conditions. Comparison of the effects
of BCC structure and FCC structure on the effective diffusion coefficient was also
made to examine the possibility of the application of BCC irons in fusion reactors.
The effects of both external parameters such as temperature, helium production
rate, radiation damage rate and internal parameters such as cavities, grain sizes
and dislocations on the diffusion mechanisms have been investigated. It is hoped
the model can be validated with experimental data from fusion nuclear reactors
available in the future and be used to examine the consequences of the diffusion on

helium bubble growth and coalescence.
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Chapter 1

Introduction

1.1 Helium in fusion reaction

Fusion power offers the potential for almost limitless energy for future generations
but it also presents some formidable scientific and engineering challenges. The

energy is generated by a reaction:
D + 3T — jHe + jn(14 MeV) + Energy

where D and T are deuterium and tritium respectively. Helium produced in the
reaction is known to be practically insoluble in metals and alloys at thermal equi-
librium. [1]. However, the high-energy neutron will knock the atoms in the sur-

rounding materials and induce (n,«)-reactions [2, 3] such as
M+ in — 25M + jHe(several MeV)

Consequently, the first-wall materials in the fusion reactor are expected to contain
a high concentration of helium atoms during and after irradiation. These helium
atoms have a strong tendency to precipitate into helium-vacancy clusters and bub-
bles which are detrimental to the properties of metals and alloys. Studies [4, 5, 6]
have shown that helium atoms assist the nucleation and growth of cavities in irra-

diated materials leading to volumetric swelling. Helium migration and clustering
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at grain boundaries results in high temperature embrittlement [7, 8]. Tensile and
other mechanical properties are all shown to be influenced by the presence of he-
lium atoms [9, 10, 11]. Therefore, in designing materials for use in fusion reactors
such as ITER (International Thermonuclear Experimental Reactor), it is necessary
to investigate the property changes induced by the presence of helium atoms.
Amongst these problems, migration of helium atoms during irradiation is critical.
Without understanding the migration mechanisms and consequent diffusion rates,
it is not possible to account for the fate of helium atoms produced in the structural
alloys. However, the migration mechanisms of helium atoms in metals undergoing
radiation damage are rather complex. Some work [12, 13, 14, 15, 18, 21] has
been done on inferring mechanisms from computer modelling of minimum energy
lattice configurations and experiments with nickel, but a detailed study of helium
migration in complex alloys such as steels would be welcomed. It is the objective of
this study to establish a theoretical model which combines various mechanisms by
which helium atoms migrate to yield an effective diffusion coefficient. Of particular
interest is the diffusion of helium atoms in BCC (Body Centred Cubic)iron which is
currently the best contender for first wall materials. It is an observed phenomenon
that BCC metals show an overall slower swelling rate than FCC (Face Centred
Cubic) metals under irradiation [22]. It is hoped that this work will explain why
the swelling in BCC iron is delayed by investigating the the effective diffusion

coefficient of helium atoms.

1.2 Diffusion of Helium Atoms

The presence of excess helium atoms is a basic requirement for bubble nucleation
and growth. Their diffusion is the result of random jumps from one stable or meta-
stable lattice site to another. The most important positions for He atoms in a lattice
are interstitial sites and substitutional sites (He atoms in iron-vacancies). The
preferred positions and dominant migration modes depend on temperature as well

as on the presence of other intrinsic or irradiation induced defects acting as traps,



especially vacancies and He-vacancy clusters.The most important basic processes in
He diffusion are interstitial migration, substitutional migration (vacancy migration)
and the removal of a He atom from a vacancy or a He-vacancy cluster by thermal
activation or some athermal mechanisms such as radiation induced re-solution, i.e.
the helium atom is knocked out of the vacancy or the cluster during a neutron-
induced cascade. The migration of He atoms can be characterized by a diffusion

: M
coefficient Dy,

D¥. = D°exp{—EM /kT} (1.1)
where D is a temperature-independent constant and is always given by
o >\2
DO = VHT (1.2)

where v, is the vibrational frequency constant of helium atoms and A is the dis-
tance of each jump which is equal to interatomic distance.

In eqn. (1.1), EM is the activation energy of migration which can be determined by
the slope of the Arrhenius plot of diffusion coefficient [23]; k is Boltzmann constant
and T is temperature. In order to investigate different migration mechanisms, it
is therefore necessary to determine the activation energy of helium jumping from
one site to another. Based on experiments and computer simulations previous
researchers [2, 17, 18, 19] have suggested that under different conditions, various
mechanisms exist with a variety of migration energies £ . This section will review

the models of these migration mechanisms.

1.2.1 Interstitial diffusion mechanism

The simplest mechanism by which helium atoms transport is the interstitial
diffusion mechanism, in which the atoms occupy and move between the interstitial

sites, as shown in Fig. 1.1. The diffusion coefficient can be calculated using;:
D%e = DOeXp{—EII{e/k’T} (13)

where E%_ is the activation energy required for helium atoms to migrate intersti-

tially. Philipps et al. [12, 13] suggested that even at very low temperatures e.g.
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77K, interstitial helium is mobile in nickel, indicating £, as small as a few tenths

of an eV. Results from computer simulations [20] compare well with the model.

1.2.2 Substitutional diffusion mechanism

Substitutional helium atoms occupy iron vacancies. Reed [15] concluded from
simulations that helium atoms prefer to stay in the substitutional positions than in
the interstitial positions because the energy required to place a helium atom into an
interstitial position of the perfect BCC iron crystal 5.36 eV is considerably larger
than that required to place it into an iron vacancy 1.61 eV. The difference between
the two values 3.75 eV is defined as the binding energy of a helium atom with a
vacancy Eﬁe,v [2]. The detrapping energy E'Z is defined by the summation of Egey
and the activation energy of interstitial migration FZ,_ explained in section 1.2.1,
i.e.

BB, = Efy + B, (14)

which describes the energy required by a helium atoms to jump out of the vacancy
and then migrate interstitially.

As can be seen, substitutional helium atoms all stay in the iron vacancies. However,
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based on the different paths by which helium atoms transport, the substitutional

migration mechanism can be subdivided into two categories:

(a)

Vacancy mechanism

Migration of substitutional helium atoms by the vacancy mechanism is shown
in Fig 1.2. A transient helium-vacancy complex containing one helium atom
and two vacancies is formed in which He atom jumps from one vacancy to

the other. The migration energy is hence calculated as [2]:
EM =El + E) + E} (1.5)

where Ef; is the formation energy of a vacancy, EY is the activation energy
for a vacancy to migrate and EY is the activation energy required to trans-
fer a helium atom from a substitutional site into a neighbouring vacancy.
Compared with the former two, the latter has a negligible value [2]. Under
irradiation, this di-vacancy mechanism will be enhanced and the migration
energy of helium is close to that of vacancy, e.g. EM ~ EM. Foreman and
Singh [18] drew a similar conclusion in their work, finding that the diffu-
sion coefficient of helium atoms is proportional to the concentration and the

diffusion coefficient of vacancies:
DY = ZCy Dy (1.6)

where Z is a coordination factor which reflects, but is not equal to, the number
of sites from which the vacancy will spontaneously combine with the helium
atom in the substitutional site. The calculation showed that for temperatures
below half of the absolute melting temperature, helium diffusivity is enhanced

by irradiation-produced vacancies.

Dissociation mechanism
In this mechanism, a He atom in a metal-vacancy is dissociated from its posi-

tion and diffuses interstitially until re-trapped by another metal-vacancy. The
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Figure 1.2: Substitutional diffusion mechanism of helium atoms

dissociation process can be activated thermally, by recombination of vacan-
cies occupied by helium atoms with self-interstitial atoms or by irradiation-
induced displacement, as shown in Figs. 1.3(a)-1.3(c).

In the absence of irradiation or at very high temperatures where thermal
activation dominates, the measured activation energy for migration EM is
given by [2]:

EM — Bl + Bh, — Y (1.7

where Ef,  is the binding energy of a helium atom and a metal-vacancy.
This mechanism will be preferred when helium-vacancy binding is not too
strong and the vacancy formation energy is high, as is the case in nickel.

Trinkaus [17] suggested in a theoretical model that at high temperatures
where the thermal vacancies outnumber the irradiation induced vacancies
and the thermal dissociation process dominates, the diffusion coefficient of

helium atoms can be given by:
Dije = Diyeexp{ (G — Gv)/kT} (1.8)

where GZ_ |, and G are the free energies for He-vacancy binding and vacancy

formation respectively. D is the diffusion coefficient of helium migrating
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interstitial and is equivalent to DY in eqn. (1.3). Since the free energy G%,.
is included in DL, Eqn. (1.8) is essentially consistent with eqn. (1.7) *

At medium temperatures, where irradiation induced vacancies outnumber
thermal vacancies but the dissociated mechanism is still governed by thermal
activation (850 K < T < 1030 K), D} is given by

47T’I“FDV

Dy, ~ (W

)1/2D1I‘Ieexp{_GZe,V/kT} (19)

where rp is the recombination radius, €2 is the atomic volume, Gy, is the
helium production rate and Dy is the diffusion coefficient of vacancies.

At low temperatures, where irradiation induced vacancies are dominant and
He dissociation from vacancies is governed by recombination (500 K < T' <
850 K), D¥. is given by

DY ~ Dy (1.10)

It should be noted that eqn. 1.10 is valid based on experimental data from
stainless steels. Over the same temperature range in aluminum alloys, Fore-
man et al. [18, 21] found the enhanced substitutional diffusion model de-
scribed by eqn. (1.6) shows a better agreement with experiment observation.
Radiation induced re-solution (Fig. 1.3(c)) has frequently been neglected in
previous models. This is because under the irradiation conditions consid-
ered, the rate of release of trapped helium atoms via radiation-induced dis-
placement events would lead to a very slow rate of helium diffusion by this
mechanism. However, in fusion reactors, the high energy neutrons will in-
duce significantly more displacement events so their effect may no longer be
negligible. A re-solution parameter g was introduced to describe the disso-

ciation by displacement events in Ghoniem and Takata’s work [24]; it is the

By thermodynamic definition, free energy G is a function of both enthalpy (activation energy)
and entropy i.e. G = E —TS. Hence exp{—G/kT} can be derived as Aexp{—FE/kT} where A is
a time-independent constant and equal to exp{S/k}. So the energy term in eqn. (1.7) and (1.8)

is consistent.



probability per second that a trapped helium atom will be struck out by a
collision. The importance of the radiation mechanism is widely accepted for

the swelling of nuclear reactor materials [25].

A simplified theory used by Reed [15] assumes that most traps are single vacancies
and that helium atoms migrate interstitially between available traps. Therefore,
if the helium atom moves from vacancy to vacancy, its average jump distance is
best represented by the average distance between available vacancies i.e. AC‘;I/ 3
() is the distance between nearest atoms). The time spent by a helium atom in a
vacancy Véie_lexp{Ege /kT} is large compared with the time the atom spends in
an interstitial position before encountering a vacancy, v{! e_lC;leXp{Efge /kT} pro-
vided that Cy is sufficiently large. As explained previously, EZ. is the detrapping
energy and EY_ is the activation energy for helium atoms to migrate interstitially.

The helium diffusion constant can then be approximated by

Vé{e)\2
6

Dy, = Cy P exp{—ER,/KT} (1.11)

It should be appreciated that the various diffusion mechanisms outlined above
are mainly concerned with simple interactions between He atoms and vacancies
under different conditions. They do not take into account extended defects such as
dislocations, grain boundaries and precipitates, which exist in reality and make the
investigation more complicated. In materials with complex microstructures such
as steels, the effective diffusion coefficients may be either enhanced by particular
migration paths, along dislocations or grain boundaries for instance, or reduced by

trapping at impurity atoms, solid precipitates and voids or bubbles.

1.3 Summary

In this chapter, fusion reaction and material issues as well as the detrimental
effects of helium on structural materials have been briefly introduced. Particular

focus has been put on previous theories and models of mechanisms by which helium



atoms migrate. The migration mechanisms in complex alloys such as steels under-
going radiation damage are not well established, despite a strong technological need.
The problem lies in the complicated paths by which helium can be transported.
Suggested mechanisms include combinations of substitutional diffusion, interstitial
diffusion, mutual (substitutional + interstitial) diffusion, momentum transfer and

diffusion by vacancy-helium clusters. Additional possible reactions include:
1. Trapping/detrapping in single vacancies and higher-order vacancy complexes.
2. Trapping at dislocations and grain boundaries.
3. Replacement of substitutional helium with self-interstitials.
4. Clustering with other vacancies and helium.
5. Re-solution from traps by irradiation.

When dislocations, grain boundaries and cavities are taken into consideration, the
problem becomes even more complicated. The purpose of this work was to con-
tribute to a quantitative understanding of the helium migration mechanisms, espe-
cially in BCC iron which is known as the best contender for the first wall materials
in fusion reactors. Therefore, interest is focused on trends in variation of the he-
lium diffusion coefficient with crystal structures (BCC and FCC), temperatures,

irradiation conditions and microstructure.
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Chapter 2

Methodology

2.1 Effective Diffusion Model

Due to the various mechanisms by which helium atoms can transport inside
the lattice, it is necessary to define an effective diffusion coefficient D$L in the
model, which is equal to the weighted average of individual diffusion coefficients.

Mathematically, this can be expressed as [19]

M N
Dgizzcmn =

m=0 n=0 m=

N
> DyinCinn (2.1)
0 n=0

where C,,,, are the concentrations of mobile helium species with m and n repre-
senting the number of vacancies and the number of helium atoms respectively. For
example, Cy; is the concentration of helium transporting as interstitial atoms, C1;
is the concentration of helium transporting as substitutional atoms (i.e. helium
atoms trapped in a vacancy and migrating from one vacancy to another). D,,, are
the corresponding diffusion coefficients. When m,n > 1, the terminology refers to
vacancy-helium clusters.

The justification for eqn. (2.5) is as follows. If several mobile species migrate

simultaneously via different mechanisms (Fig. 2.1), the total flux J is equal to a
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Figure 2.1: The effective diffusion model

weighted average of each flux J;, i.e.

k
J=TJifi+ hfot .+ hfe=>_ Jifi (2.2)
i=1
where f; is the mole fraction of the ¢th mobile species. With Fick’s first law:
dC
J=—-D— 2.3
o (2.3)

where % is the concentration gradient, one can easily obtain

k
D= Z D;f; (2.4)
i—1

For the mn-th mobile helium species, its mole fraction is equal to Chp,n /(SN STN  Crn)-

Therefore, the effective helium diffusion coefficient in eqn. (2.1) can be obtained,

to represent the diffusion coefficient of helium atoms measured in experiments.
Throughout this work, interstitial and substitutional helium atoms are, for sim-

plicity, considered to be the only mobile helium species, so that

Deft _ Dy1Cor + D11 Cha
He Co1 + C1y

(2.5)
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where Dy, is the diffusion coefficient of helium atoms transporting interstitially and

can be given by:
o 2

A
Doj = ”Hg exp{—E%,_/kT} (2.6)

where ¢, is the temperature-independent jump frequency of helium atoms, A is
the interatomic distance and EZ;_ is the activation energy of interstitial migration.
Dy, is the diffusion coefficient of helium atoms transporting substitutionally. This
can be calculated using [15]:

o 2
Ve

Dy = CyPexp{—EL. /kT} (2.7)

where FL_ is the detrapping energy required when a helium atom in a metal-
vacancy jumps out and migrate interstitially until being trapped again. When a
helium atom migrates substitutionally with single vacancies as the abundant traps,
the time it spends in a vacancy v%, ‘exp{FEL./kT} is large compared with that
in an interstitial position before encountering a vacancy, v, *Cy'exp{ EL, /kT} .
The average jump distance can be therefore approximated as the average distance
between vacancies, )\C’;l/ ®. The model is illustrated schematically in Fig. 2.2.

With respect to rapidly-moving helium atoms, vacancies in this process act as

13



stationary traps which will decrease the helium diffusion coefficient. This should
be distinguished from the conventional vacancy diffusion mechanism occurring in
metals in which vacancies are mobile species and hence the diffusion coefficient of

metals usually increases as the density of vacancies increases.

2.2 Rate theory equations

To obtain a solution for eqn. (2.5), values for concentrations of interstitial and
substitutional helium atoms as well as that of vacancies need to be known. They
may vary with time under irradiation unless steady state exists. Besides, their val-
ues are strongly dependent on the reactions mentioned in the section 1.3. Chemical
reaction rate theory has been used widely to determine the time-dependent concen-
trations of randomly migrating species [19, 24, 26, 6]. This approach includes all
the possible reactions and involves the solutions of a set of differential equations.
The following set of equations describe the time-dependent concentrations of a va-
riety of helium-point defect clusters [19].

Unoccupied vacancies ':
dClo/dt = (1 — €)G + Z‘%Dvpd(c‘e/ — Clo) + gGGu + (RLQOCQ[) — RI,lOOm)CI +

M N
Z Z (Ez‘j/ — R10,ijC10)Cyj (2.8)

where dCyo/dt is the rate of change in concentration of unoccupied vacancies.
(1 — €)@ is the rate at which mono-vacancies are induced by irradiation, since
e is the rate at which di-vacancies are induced and G is the radiation damage
rate 7.e. the rate at which vacancy-interstitial pairs Frenkel pairs are induced.
Z& Dy pa(C% — C1p) is the rate at which excess vacancies (C% — Cy) sink at dislo-
cations. ¢gG(C'; is the rate at which helium atoms are knocked out of the substi-

tutional sites by the radiation displacement and become interstitials. Rj20Ca0CT

Tn this thesis, vacancies only mean mono-vacancies, not including di-vacancies unless specified

14



and Ry 10C10C7 are the rates at which SIAs react with di-vacancies and with mono-
vacancies respectively. The former will generate unoccupied vacancies and the latter
annihilate them.zi]\io Z;V:o EZ‘; C;j is the rate at which vacancies are thermally emit-
ted from 7j-th vacancy-helium clusters;zij\io Z;'V:o (R10,;;C10Ci;, on the contrary, is
the rate at which vacancies react with ¢j-th clusters and generate i+ 1, j-th clusters.
A detailed explanation of the meaning and the derivation of each symbol will be
given after eqn. (2.12).

STAs (Self-interstitial atoms):

M N
dC[/dt = G — Z Z RLZ-]-CMC] — Z;lpdC[ — QR]’[C? (29)
i=0 j=0
where G is the rate at which SIAs are induced by irradiation;Z?io z;.vzo R;:;Ci;Cr, Z8paCr, 2R 1CF
are the rates at which SIAs are annihilated respectively by reactions between SIAs
and ij-th clusters, by reactions between two SIAs, and by dislocations as sinks.

Interstitial heliums:

dCo /dt = Gue — Zfr.paDre(Cor — Cfre) — Ri0,01C10C01 + Rp11CrChy +
M N
Z Z (Ege + 739G — Ro1,ijCo1)Cij (2.10)
—0

=0 j

where all the terms are similar to those of vacancies except Gp. is the helium
production rate rather than the radiation damage rate G.

Di-vacancies:

M N
dCy/dt = 0.5(cG + Rig10C5) — > Y Rij20Ci;Con — Z5yDaopaCao —

i=0 7=0
RLQ()O[CQO — E%Cgo + E?%Cgo + R],ggcjog[) + Eﬁe@l (2.11)
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Clusters containing m-vacancies and n-helium atoms:

ACpn/dt = EN¢ . Covnir + (Eniy o + Rrans1nCr)Cmsin + Y RijCijC —

i+k=m
jHl=n

(ngDmnpd + ngG + RI,mnCI + Erly{z + E»,‘T/m)omn -
> ) RijonnCiiConn (2.12)

i=0 j=0

which gives all the reactions involving clusters in a general form. Eg‘; +1Cmmt1
is the rate at which m,n + 1-th clusters emit a helium atom and then become
mn-th clusters; (EXLHW + Rrm+12C1)Crt1n are the rates at which m + 1,n-th
clusters lose a vacancy by thermal emission and by replacement of a SIA respec-
tively and then become mn-th clusters; Zi%rk:m R;; 1C;;Chy is the rate at which
small clusters coalescence to form mn-th clquJtrg"g; (ngDmnpd +ngG + Ry ;mnCr +
Ele 4 BY VC,,, are the rates at which mn-th clusters disappear by different mech-
anisms including by dislocations, by radiation displacement, by reactions between
SIAs and mn-th clusters, and by thermal emission of a helium atom or a vacancy;
Yoo Z?:o Ri;mnCijCrmn is the rate at which mn-th clusters react with any other
clusters.

Further explanation of each parameters in eqn. (2.8-2.12)is given as follows. C, is
the concentration of defect v which can represent any of species in eqn. (2.8-2.12).
The superscript e denotes concentrations at thermal equilibrium. The thermal

equilibrium concentration e.g. C§, can be calculated using:
C¢ = Coexp{—EL /kT} (2.13)

where CY, is the formation pre-exponent factor and E{; is the formation energy.

In eqn. (2.8-2.12) D, is the diffusion coefficient of each species; G is the radiation
damage rate, i.e. the generation rate of Frenkel pairs; Gy, is the helium production
rate; € is the fraction of vacancies produced directly as di-vacancies by irradiation;

g is the re-solution parameter and is defined as the probability per second that a
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trapped helium atom will be struck out by a collision [24]. This parameter essen-
tially describes the possible effect of high-energy neutrons on the helium diffusion
directly or indirectly.

Z4 is the line dislocation bias factor for defect . This factor, when multiplied by
the concentration of densities pgy, can be used as an approximation of the strength
of line dislocations as sinks for each mobile species. In above equations, the line
dislocations are considered as the only sinks. However, sinks of other types such
as cavities, precipitates or grain boundaries can also be included. Investigation
of their effects on the effective diffusion coefficient of helium atoms D% will be
explained in section 3.4.

Rijmn are the reaction rate constant between ij-th clusters and mn-th clusters.
Likewise, Rp .y, is the reaction rate constant between SIAs and mn-th clusters. By
including these rate constants, reactions such as the recombination of vacancies
with self-interstitials (Ry10), the replacement of helium atoms trapped in vacancies
by self-interstitials (R;11), the clustering of helium atoms and vacancies or their
clusters (R;jmn) can be taken into consideration. The reaction rate constants can

be calculated using [27]:

R = K&, veexp{—EM /kT} (2.14)

mn- o

where 12 is the pre-exponent constant of jump frequency of defect a; EM is the
migration energy of defect «, which for interstitial helium atoms, for instance, is
equal to E_; K¢  is the combinatorial number which describes the number of sites
from where defect @ may jump into the mn-th clusters, leading to the reaction.
Some references [28, 29, 30] have given methods for determining K¢,. Among
them, Wiedersich [30] assumed K2, to be 12 when considering a model with a
FCC structure. Therefore, it is reasonable to approximate K, as the number of
nearest atoms.

EP s the emission rate of the point defect 3 from the mn-th clusters. In reality

only single vacancy or helium atom are be thermally emitted from clusters. EP  is
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given by [19]:
Epn = Knnvgexpl{—(Eg,,, + E5')/kT} (2.15)

where K2 can be assumed to be equal to K2, . EE,.. is the binding energy of the
last defect 3 in the mn. EE&V, for instance, is the binding energy of single helium

atom and vacancy.

2.3 Simplified helium diffusion model

In this work, eqns. (2.8-2.12) have been used, together with eqn. (2.5), to de-
termine the effective diffusion coefficient as a function of parameters such as tem-
peratures, radiation damage, etc.. However, modifications have been made so that
the model can be simplified without losing the essential physical meanings. These

modifications include:

e The system is considered to contain interstitial helium atoms, substitutional
helium atoms, vacancies, self-interstitials, dislocations and uniformly dis-
tributed cavities characterized by an average cavity radius and a number
density. Grain boundaries is taken into account by using an average grain

size.

e The model is designed for the steady state. Clustering, di-vacancy population
and nucleation of helium bubbles or cavities are assumed negligible. The
model should therefore be best used in the incubation period of cavities before
their growth. It should be also used as a ‘snapshot’ of how the void radius

might affect the diffusion of helium atoms.

Based on these assumptions, the modified steady-state rate equations are expressed
as:

Unoccupied vacancies:
G + EﬁEC’ll + gGC’ll — Rngcl()O] — R01,10001C’10 + I/va(c‘e/ — Cl()) =0 (216)
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SIAs:

G — R110C10Cr — R11C1iCr + v Pr(C; — Cr) =0 (2.17)

Interstitial helium atoms:

Gre + Eff*Ci1 + Ri 110101 — Ro110C01C10 + Ve P (Cr, — Co1) =0 (2.18)

Substitutional helium atoms:

Ro110C10C01 — Efi¢C1y — Rp11C1Cyy — 9GOy = 0 (2.19)

In eqns. (2.16)—(2.19), the left-hand sides are equal to zero, given the steady state.
Another factor that must be taken into account during the study of helium migra-
tion is the existence of extended defects in irradiated materials such as dislocations,
grain boundaries and voids which act as point defect sinks. This is incorporated
in the model by introducing the parameter P,, the probability that a point defect
a will be removed from the system at a sink. Each probability P* depends on the
type, geometry and density of sinks of type k, but not on the jump frequency of
the point defects or their concentrations. For the evaluation of the steady state

conditions in this model, the total probability P, is given by:
P,=> Pt (2.20)
k

where k represents dislocations, voids, or grain boundaries. In this way, the ef-
fect of these sinks on the effective helium diffusion coefficient can be investigated.

Wiedersich [30] gave mathematical expressions for the probability of each type sink:

Dislocations: \2
1.5 TTPd
Pt = A2 2.21
In(mp;0°A-1) — 1 AP (221)
Cavities or precipitates:
N2 N,
P’ = - 2.22
3R;1 —T7.27N, ( )
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Grain boundaries:

2502

PP = o (2.23)

In equs. (2.21-2.23), p, is the dislocation density; R, and N, are the average radius
and the number density of cavities or precipitates respectively; R, is the average
size of grains. Braisford [32] has developed comprehensive, but more complicated
theoretical models for sink strength, which show similar results. For simplicity,
Wiedersich’s model will therefore be used in this work.

All the parameters in eqns. (2.16)—(2.19) are known except the concentrations of
the four species. They must be obtained by simultaneous solution. Although this is
a relatively simple system, it is still not easily amenable to analytical solutions. A
FORTRAN subroutine [31] employing an implicit numerical integration algorithm
will be used to obtain numerical solutions. All the data required in the calculation

are compiled in table 2.1.

2.4 Review

In this chapter, the concept of an effective diffusion coefficient of helium atoms
was introduced. A theoretical method to obtain this value was developed using
the rate theory equations. Parameters involved in the rate equations were com-
prehensively explained. A new theoretical model was developed by modifying the
general time-dependent rate equations so that some necessary simplifications can
be achieved. FORTRAN subroutine DLSODE was used to solve equs. (2.16)—(2.19)

and numerical results are discussed in next chapter.
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Symbol | Definition Value Unit | Ref.
k Boltzmann’s constant 8.617 x 107° | eV/K

ag Lattice parameter 2.87 A

Ef Formation energy of vacancies 1.5 eV 2]
EL. Formation energy of helium interstitial atoms 5.36 eV [15]
Ef Formation energy of self-interstitial atoms 4.08 eV [33]
EY Migration energy of helium interstitial atoms 0.17 eV [15]
EY Migration energy of vacancies 0.55 eV 2]
EM Migration energy of self-interstitial atoms 1.09 eV [36]
Ef.y | Binding energy of helium and vacancy 3.75 eV 2]
ED. Detrapping energy of helium substitutional atoms 3.92 eV [15]
VY. Frequency pre-exponent of helium atoms 5x 101 (s7h) | [36]
v Frequency pre-exponent factor of vacancies 5x 10" (s71) | [30, 33]
VY Frequency pre-exponent of self-interstitials 5 x 10" (s71) | [34]
C% Formation pre-exponent of vacancies 4.48 at/at | [35]
Co, Formation pre-exponent of helium interstitial atoms | 5 at/at | [30]
9 Formation pre-exponent of self-interstitial atoms 5 at/at | [30]
K Combinatorial number 8

g Re-solution parameter 1 x 1076 [24]

Table 2.1: Data for BCC iron used to solve equs. (2.16)—-(2.19)
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Chapter 3

Results and Discussion

3.1 Steady state concentrations

The concentrations of species inside the irradiated materials such as the the con-
centration of vacancies (g, concentration of interstitial helium atoms Cy; etc. are
key in determining the effective helium diffusion coefficient of helium atoms. This
section will discuss these concentrations obtained using the rate theory eqns. (2.16)—
(2.19). This will provide a basis for further discussion of the different diffusion
mechanisms.

Fig 3.1 shows the steady state concentrations of the four species in eqns. (2.16)—

(2.19) varying with temperature at a constant radiation damage rate G = 107% dpa s~

and a constant helium production rate Gy, = 107¢ appm s

The terminology
is the same as in last chapter, i.e., Cio, Cr, Co1, C1q are the concentrations of un-
occupied vacancies, SIAs (self-interstitial atoms), interstitial helium atoms and
substitutional helium atoms respectively.

The vacancy concentration Cq slightly decreases in the lower temperature region
with increasing temperature, goes through a minimum and then becomes indistin-
guishable from the thermal equilibrium concentration Cf, in the high temperature
region as the tangent gradient in the high temperature region is equal to the for-

mation energy of vacancies B, i.e. 0.55eV in BCC iron. This is because in the
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Figure 3.1: Steady state concentrations of mobile species as a function of tem-
perature : C} the concentration of unoccupied vacancies, C; the concentration of
SIAs, Cy; the concentration of interstitial helium atoms, C; the concentration of

substitutional helium atoms
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lower temperature region most vacancies are generated by radiation damage while
in the high temperature region, thermal induced vacancies will outnumber vacan-
cies induced by the radiation damage.

The concentration of SIAs (self-interstitial atoms) C; has the similar general fea-
tures. It decreases with increasing temperature. A minimum is supposed to appear
at rather hight temperatures due to the relatively high formation energy, indicating
the starting point of the dominance of thermal induced SIAs. However, within the
temperature range investigated in this work (2000 K > 7" > 300 K), the minimum
is absent, which means the radiation damage dominates the generation of SIAs.
The reduced slope in the low temperature i.e. below 700 K are the consequence
of the fact that reactions between SIAs and other species such as vacancies and
substitutional helium atoms become significant. The general features of Cy and
C varying with temperature are consistent with Wiedersich’s work [30]. However,
in his work, data in the calculation were for a FCC structure material nickel and
the interactions of SIAs and vacancies with helium atoms were ignored, which may
explain the differences in detail between Fig. 3.1 and his work.

The features of the concentration of interstitial helium atoms Cpy; are similar to
those of (' since the mechanisms that interstitial helium atoms and vacancies are
produced and annihilated are more or less the same. The formation energy of inter-
stitial helium atoms at thermal equilibrium, 5.36 eV in BCC iron, is much higher
than that of vacancies are much higher so that Cy; < (¢ and the minimum
point for Cy; appears at a higher temperature. However, if dislocations and grain
boundaries are taken into consideration, the fates of the two species are treated
differently in this system. It is assumed that vacancies will be annihilated in these
sinks while helium atoms can diffuse rapidly inside them and be thermally emitted.
The effect of dislocations and grain boundaries on the effective diffusion coefficient
will be investigated in section 3.4.

The features of the concentration of substitutional helium atoms C7; is complex.
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By deriving eqn. 2.19, C'}; can be given as:
_ Ro1,10C10C01
Eﬁe + gG + RI,HCI

The numerator describes the production process of substitutional helium atoms

Cll

(3.1)

and the three terms in the denominator describe the three dissociation process
which are the thermal emission Efi¢, the replacement of SIAs R;1:1Cr and the di-
rect displacement from irradiation cascades gG as explained in section 1.2.2. EHe
outweighs the other two when temperatures are high, above 1000 K. In this high
temperature region, the production rate Ry 10C10Cop1 exceeds the dominant thermal
emission rates FH¢ at even high temperatures, i.e above 1350 K and becomes less
below that, which explains the minimum at the high temperature region. When
temperatures are relatively low, less than 1000 K, the term R ;Cr will dominate
the emission process, i.e, most helium atoms are emitted out of the substitutional
positions by the replacement of SIAs rather than by the thermal activation. Again,
the minimum point in the low temperature region arise from the competition be-
tween the production process and the annihilation process. The term describing
the emission by the radiation displacement gG becomes significant only at very

L and

low temperatures e.g. below 300 K or very high damage rates e.g. 1 dpa s~
therefore is negligible in this model.

The two concentrations concerning helium atoms Cy; and C4; in Fig. 3.1 show a
large difference of several orders of magnitude. At steady state, most helium atoms
stay in the substitutional positions which are energetically favorable [15]. As a con-
sequence, when calculating the effective diffusion coefficient DS using eqn. (2.5),
Co1 in the denominator can always be neglected. Besides, the dissociation energy
EL . 3.92 eV, is significantly higher than the migration energy of interstitial helium
atoms E} 0,17 eV, so the substitutional diffusion coefficient Dy; is smaller than
the interstitial diffusion coefficient Dy; by several orders of magnitude. C1Dq; is
at most one tenth of C9Dy; when T' is below 300 K and therefore can be neglected
from the numerator. Eqn. (2.5) can be simplified as:

DOlCOI
Deff —
He Cll

(3.2)
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That is, the effective diffusion coefficient of helium atoms D$¥ is mainly dependent

on the diffusion coefficient of interstitial helium atoms Dg; and the ratio of the
concentration of interstitial helium atoms Cy; to the concentration of substitutional
helium atoms C7;. In the following sections, discussion of effects of various factors

on D$! will be based on this conclusion.

3.2 Effect of different crystal lattices on D}

Austenitic stainless steels and Ni-based alloys have been successfully employed in
the fission nuclear reactors. They both possess a FCC crystal structure. However,
experiments [22] show that swelling in BCC structure materials is much delayed as
compared with FCC counterparts. Besides, previous work [37] have found that the
mechanical properties of FCC steels such as yield strength, UTS, and toughness
deteriorate dramatically with an increased helium production, as is expected to
occur in the fusion reactors. The application of BCC structure materials such as
ferritic steels were therefore suggested. In this section, comparison of DS between
BCC steels and FCC steels is made in order to help explain the different behaviours

of these structures.

3.2.1 FCC model

The model has been initially used to calculate the effective diffusion coefficient
of a FCC structure material e.g. nickel. It is hoped that in this way the validation
of the model can be achieved by comparing the results with those from previously
published work. Calculations based on BCC structure materials such as ferrite
steels have never been attempted and are presented after the validation of the
model. The main differences between BCC and FCC structures, for the purposes
of this model, are the values of different energies. The interstitial jump distance A
and the coordination numbers K also vary with the crystal structure. However,

their effect on the diffusion coefficient is not comparable with that of energies which
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may change the magnitude of the diffusion coefficient in orders. Table 3.1 lists the

different data used in two models:

Fig. 3.2 shows the effective coefficient of helium atoms in a FCC structure material

ap (A) | EY (eV) | BY (eV) | Eff. (eV) | Effoy(eV) | ER.(eV) | K3,
FCC | 352 | 1.8[38] | 1.4[38] | 0.20[2] | 2.96 [24] | 3.16 [24] | 12
BCC | 2.87 1.5 0.55 0.17 3.75 3.92 8

Table 3.1: Data used in the BCC model and the FCC model

varying with temperature under irradiation condition of constant radiation damage
rate G = 1079 dpa s™! and constant helium production rate Gy, = 1075 appm s~ 1.
Fig. 3.2(a) shows the result obtained from this work and Fig. 3.2(b) is the result
from other published work [19]. They show acceptable agreement in both the trend
and the magnitude, especially in the intermediate temperature region 1000 K >
T > 600 K. However, the detailed differences at high temperatures 1000 K < T’
and at low temperatures 400 K > T should be appreciated. It is because in the
published work, more species such as di-vacancies and complex vacancy-helium

clusters are included which gives extra accuracy that is not necessary in this work.

3.2.2 Comparison of BCC model and FCC model

Fig. 3.3 shows the effective diffusion coefficients of helium atoms varying with
temperature in both BCC and FCC structure materials. The effective diffusion
coefficient varies dramatically with different crystal structures. Especially in BCC
steels, at the temperature range of 600 K-1000 K, DS increases as the temperature
decreases, indicating a negative effective migration energy. When the temperature
is below 800 K, DS in BCC steels is higher than that in FCC counterpart by sev-
eral orders of magnitude. To explain the apparent abnormality, Fig. 3.4 is given,
which shows the concentration of interstitial helium atoms Cjy; and the concentra-

tion of substitutional helium atoms C}; varying with temperatures in both BCC
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Figure 3.2: Effective coefficients of helium atoms as a function of temperature in a
FCC structure material: (a) Results from this model. (b) Results from previously

published paper [19]
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Figure 3.3: Comparison between FCC and BCC structure materials in effective

diffusion coefficient of helium atoms as a function of temperature

and FCC structure materials.

As can be seen in the fig. 3.4, Cy; does not changes with different crystal structures.
The change in DS arises from the variation of Cy;. As discussed in section 3.1, the
production of substitutional helium atoms is determined by the reaction between
interstitial helium atoms and unoccupied vacancies, i.e. Ry01C10Co1 and the an-
nihilation of substitutional helium atoms (the emission of helium atoms from the
substitution position) is dominated by the thermal emission EH¢ at temperature
above 1200 K and by the replacement of SIAs R;11C; below that. According to
eqns. (2.14)—(2.15), these terms are closely related to the detrapping energy EX,
and the migration energy of vacancies E¥Y which are significantly different in BCC
and FCC structure materials as listed in table 3.1
In the high temperature region (7' > 1200 K), C1; in BCC is significantly higher
than that in FCC due to a relatively large E5_. As more helium atoms are trapped
in vacancies, DS in BCC is consequently lower than in FCC.

In the low temperature region (T < 600 K), a relatively smaller magnitude of E{/
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Figure 3.4: Concentration of interstitial helium atoms and the concentration of sub-
stitutional helium atoms as a function of temperature in BCC and FCC structure

materials

in BCC (0.55 ¢V as opposed to 1.2 eV in FCC) results in a lower concentration of
vacancies at steady state as vacancies are annihilated at sinks more rapidly. Corre-
spondingly C}; at steady state lowers in BCC, leading to a relatively higher DS,
In the intermediate temperature region (1200 K > T > 600 K), the apparent
negative effective diffusion coefficient results from the decreasing of C; with the
decreasing temperatures. The dependence of Cy; on both FL_and EY are compli-
cated. However, it is reasonable to conclude that the relatively large F5, and small
E} of BCC steels leads to the negative effective activation energy for diffusion in

this temperature region.

3.3 Effect of irradiation conditions on D!

Structural materials used in nuclear reactors will be subjected to severe irradia-

tion damage, especially in the fusion reactors. The parameters normally employed
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Figure 3.5: Effective diffusion coefficient of helium atoms as a function of temper-

ature

to characterize the irradiation conditions are temperature 7', radiation damage rate
G and helium production rate Gp.. In this section, the influence of these param-
eters on the effective diffusion coefficient DI are investigated, using the model of
BCC steels.

3.3.1 Effect of radiation damage rate

Fig. 3.5 shows the effective diffusion coefficient of helium atoms D varying

with temperature at different radiation damage rates G. It seems that the G has a
significant effect only at the temperature range 600 K-1200 K which is supposed to
be service temperatures in fusion reactors. This is verified by Fig. 3.6 which shows
the effective diffusion coefficient as a function of G at different temperatures.
Clearly, DS increases with an increasing G. Especially in the temperature range
800 K ~ 600 K, the effect of G is exponential in the order of unity (note that
y-axis in Fig. 3.6(c) and Fig. 3.6(d) is on a logarithmic scale, opposite to the rest).
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Figure 3.6: Effective coefficients of helium atoms as a function of radiation damage

rates at different temperatures
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Figure 3.8: Steady state concentrations of the unoccupied vacancies C1g and the

SIAs C7 as a function of temperature at different radiation damage rates
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The effect can be explained by Fig. 3.7 which shows the effect of different radiation
damage rates on the steady state concentrations of the interstitial helium atoms Cy;
and the substitutional helium atoms Cy;. Referring to eqn. (3.2), the enhancement
of DY is clearly due to the reduction of C1; as G increases. Fig. 3.8 shows the
effect of different radiation damage rates on the steady state concentrations of the
unoccupied vacancies Cg and the SIAs C}, which can justify the effect of G on C14

in mechanisms. As discussed in section 3.1, C; is determined by:

_ Ri001C10C01

Cyy = - (3.3)
Ef

where Efi¢ indicates the dissociation process is dominated by the thermal emission.
Since no terms on the left side of the above equation be affected by G at high tem-
peratures, above 1200 K, G has no effect on C};. When the temperature is below
1200 K, C'; is determined by:

O — R10,01C10C01
n=—— - —
Rr1Cy

where Efi¢ indicates the dissociation process is dominated by the replacement of
SIAs. when T < 600 K, the effect of G on both C; and (g are the same because

at this low temperatures, the vacancies and SIAs induced by radiation damage

(3.4)

outnumber those induced by thermal activation. They offset each other so that
G has no effect on C7;. Only when 1200 K > T' > 600 K, thermal vacancies are
comparable with radiation induced vacancies, does G have its effect on Cj; via
eqn. (3.4). In conclusion, the effect of the radiation damage rate G on the effective
diffusion coefficient of helium atoms DS arises from the combination of both the
dissociation mechanism dominated by the replacement of SIAs and the difference

in mechanisms by which vacancies and SIAs are produced.

3.3.2 Effect of helium production rate

The effect of helium production rates G g, on the effective diffusion coefficient

has also been studied. Fig. 3.9 has shown the effective diffusion coefficient of he-
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Figure 3.9: Effective diffusion coefficient of helium atoms as a function of temper-

ature

lium atoms DS varying with temperatures at different helium production rates.
It is found that D is independent on the magnitude of Gy.. This can be ex-
plained by Fig. 3.10 in which the concentrations that determine D$! were plotted
at different helium production rates. Not surprisingly, G'y. will significantly change

the concentrations of helium atoms Cy; and Ch; except at very high temperatures.

However, the ratios of the two concentrations fy; = are not

001+Cua Jii= 001+C 1
affected by Gg., as shown in Fig. 3.11. Therefore, helium production rates have no
effect on the effective diffusion coeflicient according to eqn. (2.5). The possibility
arises therefore that the helium diffusion data available for materials used in the
fission nuclear reactor can also be utilized for the design of materials in the fusion
nuclear reactor, since the major difference between those two scenarios is that the
latter is characterized by a much larger helium production rate in the surrounding

materials [6].
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3.4 Effect of microstructure on D!

Microstructure is thought to have an effect on the diffusion of helium atoms.
Cavities, dislocations and grain boundaries act as sinks and annihilate points defects
inside the lattice such as vacancies and self-interstitial atoms. Their effects are
investigated here by incorporating the parameter of the annihilation probability

P* in the model, as explained in section 2.3.

3.4.1 Effect of cavities

Fig. 3.12 shows the effective diffusion coefficient of helium atoms D varying
with temperatures at different configurations of cavities characterized by the radius
R, and the number density N,. According to eqn. (2.22), the larger N, and R,
are, the higher the magnitude of PV is, the more point defects will be annihilated
in cavities. Fig. 3.12 shows that the effect of different cavity configurations appears
to be really small. Fig. 3.13 shows D$! varying with R, at different temperatures.
Again, the scale of y-axis implies the small effect of cavities at the temperature
range 600 K ~ 1000 K. The reason that D% slightly decreases with an increasing
N, and R, may be explained by the weakening of the dissociation mechanism of
helium atoms induced by the replacement of STAs as more SIAs are annihilated by

the cavities.

3.4.2 Effect of dislocations and grain boundaries

Dislocations and grain boundaries are treated differently from cavities in this
model as it is believed that the helium atoms trapped in them will diffuse more
rapidly than in the perfect lattice. However, dislocation and boundaries still act
as sinks for vacancies and SIAs which will be annihilated if they jump into these
sinks. Their effects as sinks on the effective diffusion coefficient of helium atoms
DS are shown in the Fig. 3.14. It can be seen that as sinks, grain boundaries

and dislocations have the similar but more significant effect on D% compared with
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Figure 3.12: Effective diffusion coefficient of helium atoms as a function of temper-

ature

cavities.

On the other hand, the effect of dislocations and grain boundaries as the chan-
nel for the pipe diffusion of helium atoms are investigated by using the following
equation [23]:

)
=D + — D9

Dtot
He 2R

+ (1 — 24) DY, (3.5)

where D9 and D%, are the diffusion coefficients of helium atoms in grain boundaries
and dislocations respectively. They can be calculated using:

b(dl
D -

_ X 6Heex p{—EPD kT (3.6)

where Eﬁ,e the migration energy of helium atom in grain boundaries (disloca-
tions). It is assumed that helium atoms can diffuse interstitially in the grain bound-
aries (dislocations) so that Ei})e(dl) is equal to the interstitial migration energy, E
i.e. 0.17 eV.

0 is the average width of grain boundaries and normally equal to two or three

38



7.0E-10 1.160E-07

"""-—“i—i‘I—I—I—.—H_._'
MN“‘\N
6.0E-10 1.150E-07 - L
Ncn Nm .
e e
S 50E-10 S 1.140E07 |
532 52
) N =10 ) ey
40E-10 ﬂ _}815 gmg 1.130E-07 *N _%815 gmg
»=10% cm »=10" cm3
3.0E-10 1.120E-07
10E-07  40E:07  7.0E-07  1.0E-06 1.0E-07 4&5 07 70E 07 1.0E-06
viem
(a) T=400 K (b) T=600 K
2.05E-10 1.680E-13
e M
~ 200610 a— o L676E-13 L eonsonoae
o~ t“‘\. o~ M“‘u
S 1.95E-10 - e c e
L e O 1672E-13 | e
£ 21.90E-10 F ™ - o
+N _1014 Cm Q "‘N —10 Cm
1.85E-10 - -1015 cm?® 1668E-13 | .Ny=10°cm?
—]_0 Cm3 M =10"cm
1.80E-10 1.664E-13 ‘
10E-07 4. OEZW 7.0E-07  1.0E-06 10E-07 4. &E -07 7 0E-07 1.0E-06
(c) T=800 K (d) T=1000 K
1.0E-12 3.00E-10
= 9.0E-13 |- =, 250E-10 |
oN N
e e
S 80E-13 S 2.00E-10 -
52 52
&) - *N =104 cm?® a | =N,=10% cm?
7.0E-13 Ny o 150E-10 | N $2305 o
N ,=10" cm3 ~N,=10" cm
6.0E-13 1.00E-10 :
10E-07 40E-07 7.0E-07 10E-06 10E-07 40E-07 7.0E-07 1.0E-06
v flem v lem
(e) T=1200 K (f) T=1600 K
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atoms diameters [23]. x4 is the fractional concentration of atoms in dislocations

core region and can be estimated using:
Tq = panr? (3.7)

where pgy is the dislocation density and r, is the radius of metal atoms.
Based on eqn. (3.5-3.7), the analysis of the structure sensitive diffusion of helium

atoms can be achieved, as shown in Fig. 3.15.

The solid line in the figure represents DS i.e. without any dislocations and grain

boundaries. The dashed line shows D! when the diffusion of helium atoms in dis-
locations and grain boundaries are taken into account. Fig. 3.15(a) and Fig. 3.15(a)
include the dislocation density of 10!° cm~2and the average grain radius of 10~* cm
respectively. The results indicate both D% and D%  contribute significantly to
DS even at high temperatures. This is different from normal dislocation and grain

boundary diffusion mechanism whose contribution is negligible compared with the

diffusion in the bulk unless at very low temperatures. It is because DS in the bulk

is given by D"Cl—f(“ where Dy, is equal to D?}(egb) as the activation energy for helium

atoms migrating interstitially in the bulk EZ_ is assumed to be same as that in the
dislocations (grain boundaries) Eﬁégb), so that the contribution from the bulk g—(ﬁ

is comparable to that from the dislocations (1 — x4) or from the grain boundaries
5

R,

However, it should be pointed out the assumption that helium atoms migrate in-

terstitially in dislocations and grain boundaries without any trapping is simplistic.

(gb)

2 is required in order to use eqn. (3.5) to

. . dl
A more accurate migration energy L,

explain the effect of dislocation (grain boundaries) on the helium diffusion.
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42



Chapter 4
Summary and Conclusions

This chapter summarizes the outcomes of the project, based on which major
conclusions are drawn. Future work is suggested.

By calculating the effective diffusion coefficient of helium atoms with rate theory
equations, it has been possible to develop a theoretical model of mechanisms by
which helium atoms migrate in BCC irons under the irradiation conditions. The
model has also been applied to the FCC structure material nickel so that different
behaviours of helium diffusion in FCC and BCC can be identified. Particular
interests are in explaining the diffusion in BCC iron. It is hoped that the behaviour
of the helium diffusion can help to explain the delay of swelling in BCC iron under
irradiation. The effects of temperature, helium production rate, radiation damage
rate have been investigated. Point defects sinks were also included in the model

and their effects have been studied. Major conclusions are:

e Temperature is the predominant factor that determines the mechanism of he-
lium migration. Most of helium atoms stay in the substitutional positions at
the steady state and jump from one vacancy to another. At high temperature
T > 1200 K the detrapping process is dominated by the thermal emission.
When 600 K < T < 1200 K , the detrapping process is dominated by the

replacement of self-interstitial atoms.
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e The effective diffusion coefficient of helium atoms DS in BCC is significantly

different from that in FCC due to the difference in the detrapping energy E5.
and the migration energy of vacancies F{/. The large F%, and small EY in
BCC irons leads to a negative effective diffusion energy at around 600 K-
1000 K and relatively large D$ below 600 K. It may suggest that a larger
number density of vacancy-helium clusters and bubbles exists in BCC iron

under irradiation which may suppress the swelling.

e Helium production rates have no effect on the effective helium diffusion co-
efficient because they change the concentrations of helium interstitials atoms
and helium substitutional atoms, but not the ratio between them. Radiation
damage rates can affect the effective helium diffusion coefficient significantly
at medium temperatures between 600 K and 1200 K. It is due to the disso-
ciation mechanism dominated by the replacement of SIAs and the difference

in mechanisms by which vacancies and SIAs are produced.

e Point defect sinks such as cavities, grain boundaries and dislocations have
effects on DS, However, the latter two will affect DS significantly if the

pipe diffusion of helium atoms are taken into consideration.
Some future work is suggested:

e [t is necessary that the model should be validated by experiments in fusion
reactors which currently is not available. Hopefully, the validated model can
be used to examine the consequences of the helium diffusion on the coalescence

and growth of helium bubbles.

e More mobile helium-vacancy complexes Cj; should be included in the rate
theory equations. A study of the helium diffusion mechanisms at non-steady
state will complete the whole model and is helpful to understand the fate of

helium atoms in the irradiated materials.
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Appendix A

FORTRAN Program

HELIUM DIFFUSION

This appendix presents the model described in Chapter 2 and associated documen-
tation following the MAP format,

http://www.msm.cam.ac.uk/map/mapmain.html.

Provenance of Source Code

Yucheng Zhang

Phase Transformations and Complex Properties Group,
Department of Materials Science and Metallurgy,
University of Cambridge, CB2 3QZ,

United Kingdom.

This program uses DLSODE subroutine to solve ordinary differential equations.
The subroutine is presented by:

Lawrence Livermore National Laboratory

Livermore, CA 94551, U.S.A.

It is downloadable on http://www.lIlnl.gov/CASC/odepack.
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Purpose

A program to calculate the effective diffusion coefficient of helium atoms in ir-
radiated materials as a function of temperature, radiation damage rate, helium

production rate and microstucture.

Specification

Language: FORTRAN
Product Form: Source Code

Operating System: tested on Linux

Description

HELIUM _DIFFUSION contains the program which enables the user to calculate
the effective diffusion coefficient of helium atoms in irradiated materials as a func-
tion of temperature, radiation damage rate, helium production rate, microstucture

parameters including dislocation density, average grain size, average size and num-
ber density of cavities. Once uncompressed, HELIUM_DIFFUSION contains:

HELIUM_DIFFUSION_BCC.f

The source code to calculate the helium diffusion in BCC iron.

heliums_ DIFFUSION _FCC.f

The source code to calculate the helium diffusion in FCC nickel.

BCC
The executable file of heliums_ DIFFUSION_BCC.f
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FCC
The executable file of heliums DIFFUSION_FCC.f

input.txt
The input file

output_bcc.txt
The output file for BCC

output_fcc.txt
The output file for FCC

Readme.txt

A text file containing instructions for compiling and running the program.

Reference

1. Yucheng Zhang, Master of philosophy (M.Phil) thesis, Chapter 2, University
of Cambridge, 2003

2. [31]

Input Parameters

The user is required to provide:
the temperature 7' - the radiation damage rate G - the helium production rate
Gre - the dislocation density p; - the average radius of grains R, - the average

radius of cavities R, - the number density of cavities N,.

20



Output Parameters

The default outputs are:

The reciprocal of the temperature T - the concentration of vacancies Cig - the

concentration of SIAs C - the concentration of interstitial helium atoms Cpy; - the

concentration of substitutional helium atoms C}; - the diffusion coefficient of he-

lium atoms migrating interstitially Dy, - the diffusion coefficient of helium atoms

migrating substitutionally Dy, - the effective diffusion coefficient DS - the total

tot

diffusion coefficient Djg;.

Keywords

helium diffusion, effective diffusion coefficient, BCC iron, irradiation

Example

I. Program test

Complete program

II. Input

In the file input, an example is as follows:

300D0
350D0
400D0
450D0
500D0
600D0
650D0
700DO
750D0
800D0

N N S N T T e =

.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6

N e e e e T = T e T =

.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6

O O O O O O O O o o

ot
—_

.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9

O O O O O O O o o o

.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4

N e e e e T = e T =

.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6

e e e e e e i = = =

.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14



850D0

900DO0

950D0
1000D0
1050D0
1100D0
1150D0
1200D0
1250D0
1300D0
1350D0
1400D0
1450D0
1500D0
1550D0
1600D0
1650D0
1700D0
1750D0
1800D0
1850D0
1900D0
1950D0
2000D0

III. Output

.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6

I = =T = = e e S e S T = = T = e o o e S e S N

e = e = T T = T S S e e N e N T T e e e

.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6

O O O O O O O O O O O O O O O O O o o o o o o o

.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9
.00D+9

.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4
.00D-4

O O O O O O O O O O O O O O O O O o o o o o o o

In the file output we obtain the following results:

e = e T T T T = S S e e N e e e T

.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6
.00D-6

e e e = T = T T = e o e e e e e S e T T N e S S =

.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14
.00D14

3.3333 0.191853E-10 0.226423E+00 0.960081E-17 0.232420E-09

0.100157E-59 0.717231E-04 0.296274E-11

2.8571

0.186625E-10 0.111411E-01
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0.296274E-11

0.375241E-17 0.111245E-10



o O O o Ok Ok Ok OOk Ok Ok Ok O Fr O N O N O N o

.260995E-50 0.183509E-03 0.618993E-10 0.618993E-10
.5000 0.182796E-10 0.116394E-02 0.185486E-17 0.113838E-11
.301021E-43 0.371240E-03 0.604894E-09 0.604894E-09
.2222 0.179867E-10 0.200871E-03 0.107229E-17 0.193328E-12
.935933E-38 0.642176E-03 0.356181E-08 0.356181E-08
.0000 0.177553E-10 0.492512E-04 0.691694E-18 0.468148E-13
.231936E-33 0.9955627E-03 0.147088E-07 0.147088E-07
.8182 0.176005E-10 0.155550E-04 0.483207E-18 0.147334E-13
.912078E-30 0.142506E-02 0.467359E-07 0.467359E-07
.6667 0.179624E-10 0.578412E-05 0.358357E-18 0.594879E-14
.886293E-27 0.192155E-02 0.115748E-06 0.115748E-06
.5385 0.232646E-10 0.196594E-05 0.278272E-18 0.447862E-14
.254448E-24 0.247455E-02 0.153743E-06 0.153743E-06
.4286 0.749376E-10 0.303259E-06 0.224035E-18 0.232942E-13
.172979E-22 0.307362E-02 0.295608E-07 0.295608E-07
.3333 0.373457E-09 0.332016E-07 0.185659E-18 0.317897E-12
.451396E-21 0.370894E-02 0.216611E-08 0.216611E-08
.2500 0.158993E-08 0.458484E-08 0.157513E-18 0.341599E-11
.761243E-20 0.437169E-02 0.201582E-09 0.201582E-09
.1765 0.571757E-08 0.797574E-09 0.136244E-18 0.278631E-10
.919742E-19 0.505416E-02 0.247137E-10 0.247137E-10
.1111  0.178371E-07 0.168467E-09 0.119762E-18 0.180047E-09
.842453E-18 0.574975E-02 0.382457E-11 0.382457E-11
.0626 0.493658E-07 0.419093E-10 0.106712E-18 0.954026E-09
.611185E-17 0.645288E-02 0.721789E-12 0.721789E-12
.0000 0.123401E-06 0.119814E-10 0.961875E-19 0.411047E-08
.363695E-16 0.715893E-02 0.167560E-12 0.167560E-12
.9524 0.282694E-06 0.385911E-11 0.875627E-19 0.999189E-08
.182614E-15 0.786408E-02 0.690986E-13 0.690986E-13
.9091 0.600603E-06 0.137780E-11 0.803962E-19 0.651933E-08
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.791810E-15 0.856523E-02 0.106418E-12 0.106418E-12
.8696 0.119509E-05 0.537987E-12 0.743802E-19 0.239124E-08
.302210E-14 0.925986E-02 0.291052E-12 0.2910562E-12
.8333 0.224549E-05 0.227185E-12 0.693878E-19 0.876703E-09
.103163E-13 0.994598E-02 0.797504E-12 0.797504E-12
.8000 0.401153E-05 0.102785E-12 0.660509E-19 0.350161E-09
.319214E-13 0.106220E-01 0.203556E-11 0.203556E-11
.7692 0.68b369E-05 0.494266E-13 0.693036E-19 0.164627E-09
.905531E-13 0.112868E-01 0.484198E-11 0.484198E-11
.7407 0.112540E-04 0.250920E-13 0.106474E-18 0.120261E-09
.237784E-12 0.119393E-01 0.108084E-10 0.108084E-10
.7143 0.178364E-04 0.133699E-13 0.307714E-18 0.174276E-09
.582793E-12 0.125790E-01 0.227932E-10 0.227932E-10
.6897 0.273850E-04 0.743989E-14 0.122285E-17 0.364225E-09
.134275E-11 0.132054E-01 0.456786E-10 0.456786E-10
.6667 0.408606E-04 0.430493E-14 0.494160E-17 0.807971E-09
.292625E-11 0.138181E-01 0.874384E-10 0.874384E-10
.6452 0.594134E-04 0.258046E-14 0.186866E-16 0.174347E-08
.606456E-11 0.144169E-01 0.160586E-09 0.160586E-09
.6250 0.843924E-04 0.159716E-14 0.653680E-16 0.360459E-08
.120090E-10 0.150019E-01 0.284064E-09 0.284064E-09
.6061 0.117350E-03 0.101797E-14 0.212219E-15 0.714072E-08
.228157E-10 0.155731E-01 0.485640E-09 0.485640E-09
.5882 0.160045E-03 0.666734E-15 0.643073E-15 0.135933E-07
.417411E-10 0.161305E-01 0.804844E-09 0.804844E-09
.5714 0.214438E-03 0.448241E-15 0.182920E-14 0.249452E-07
.737740E-10 0.166743E-01 0.129648E-08 0.129648E-08
.5656 0.282683E-03 0.309521E-15 0.490969E-14 0.442619E-07
.126329E-09 0.172047E-01 0.203473E-08 0.203473E-08
.5405 0.367124E-03 0.220388E-15 0.124931E-13 0.761434E-07
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.210123E-09 0.177219E-01 0.311783E-08 0.311783E-08
.5263 0.470275E-03 0.163383E-15 0.302650E-13 0.127307E-06
.340264E-09 0.182263E-01 0.467326E-08 0.467326E-08
.5128 0.594806E-03 0.128429E-15 0.700657E-13 0.207319E-06
.537554E-09 0.187181E-01 0.686354E-08 0.686354E-08
.5000 0.743529E-03 0.109937E-15 0.155540E-12 0.329498E-06
.830038E-09 0.191976E-01 0.989229E-08 0.989229E-08
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