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In nuclear structural materials, the nuclear irradiations induce the precipitations of soluble elements or produce the
insoluble elements such as He atoms that may form clusters, heavily shortening the service life-times of the materials. In
the present work, a diffusion model is developed to predict where and how fast the solute atoms (either soluble or insoluble)
aggregate, and this model is applied to the study of the formation and growth of He bubbles in metal tritides (PdT0.6, ErT2,
NbT0.0225, VT0.5, TaT0.097, TiT1.5, ZrT1.6) within one thousand days. The results are in good agreement with the available
experimental observations and suggest that searching for metals with a barrier of more than 1.1 eV for a single He atom
diffusion and making more defects in metal tritides can significantly reduce the growth of He bubbles and extend the service
time of the metals.
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1. Introduction

Because of the global pressing demands for energy, nu-
clear power stations such as Generation IV fission and fusion
reactors are considered currently.[1] One of the most crucial
issues is safety of the plants, which are expected to work for
more than four decades.[2–5] This challenges researchers to de-
sign the structural materials that can withstand extreme stress,
high temperature, and high irradiation dose. Some experi-
mental studies on ferritic alloys have demonstrated that the
long-termed irradiation results in precipitation of soluble el-
ements such as Cu, Mn, Ni, Si, and P, dramatically leading
to embrittlement,[6] and some insoluble elements such as He,
generated from either (n, α) reaction or tritium (T) decay, can
form clusters that may grow without bound.[4] Clearly, ag-
gregation of solute atoms (either soluble or insoluble) will
seriously shorten the service life-time of nuclear structural
materials. Recently, some researchers reported that metal-
graphene nano-layered composites display enhanced radiation
resistance.[7,8] In order to develop novel materials of longer
lifetime, it is highly desired to establish a dynamic model to
predict where and how fast solute atoms aggregate in bulk ma-
terials to see what approaches are effective to reduce the ag-
gregating rate.

This is a challenging issue[9] and a great many of exper-
imental and theoretical efforts have been made to cope with

this problem.[1,10–17] Extensive observations showed that crys-
tal boundaries may lead to the solute atoms sinking in the
materials[1,12,18,19] and that the defects (vacancies or dislo-
cation) within the crystal grains also act as the aggregation
traps.[4,20–22] Under nuclear irradiation, much more such de-
fects can be produced and therefore, the solute atoms within
crystal grains are more likely to be aggregated. In addition,
when two solute atoms encounter within a crystal grain, they
might form a dimer and further grasp other solute atoms to
form interstitial clusters (self-trapping mechanism).[23] The
problem is what are the probabilities (or rates) for these three
kinds of nucleation mechanisms respectively. We cannot ex-
pect that atomic microscopy is a very effective approach to this
problem because the aggregation involves with the atomic dif-
fusion events only containing one or two solute atoms, which
could hardly be observed directly even using the most ad-
vanced atom probe instruments. What is even worse is that the
aggregation rates might be different during the service periods
of more than several decades, so the experimental measure-
ments would take too much time. Molecular dynamics simu-
lation on atomic diffusion events seems to be a direct approach
to the problem, but the efficiency is too low to simulate an ag-
ing process of bulk material in size larger than micrometers
and lasting more than one microsecond.[24,25] Kinetic Monte
Carlo (KMC) method proved to be very powerful for address-
ing this issue,[26,27] but when the hopping frequency of solute
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atom is larger than 106 Hz, corresponding to the diffusion bar-
rier smaller than about 0.45 eV, the method cannot describe
evolution on a macroscopic time scale.

In the present work, we establish a diffusion equation to
address the above problems. The diffusion coefficient was
determined by a so-called single-atom statistical model,[28]

which has been successfully used to predict atomic diffusion
rate,[29,30] the stability of nanomaterials,[31–33] molecular re-
action rates,[34,35] and other properties.[36] The diffusion equa-
tion was used to study the formation and growth of He cluster
in metal tritides aged with time t, on which extensive exper-
imental data have been accumulated[37–40] and a kinetic the-
oretical model has been developed.[40] Based on the mecha-
nism of self-trapping (interstitial clustering), the model sug-
gests that the density of He bubbles is mainly determined by
the diffusion coefficient of single He atom and can explain

some experimental observations. However, it is difficult to
answer why the same kind of metal tritide exhibits different
densities of He bubbles in different experiments.[41–43] (See
Table 1 for details) and why the bubble densities are the same
at both room temperature and low temperature (−196 ◦C).[44]

Our theoretical results show that nucleation of He atoms in
defects within crystal grains is the main mechanism for most
of metal tritides, and the diameter of the He cluster increases
linearly with t1/3 at room temperature and reaches up to about
1.5 nm in about one hundred days, which is in good agreement
with previous experimental observations.[9,37–39,41,42] Our cal-
culations suggest that searching for metals with a barrier of
more than 1.1 eV for single He atom diffusion in the metal or
reducing the ambient temperature down to 200 K are two effi-
cient ways to reduce the sizes of He bubbles for extending the
service life-time.

Table 1. Lattice constants of some metal tritides, the diffusion barriers of single He atom, and the densities of He bubbles measured
experimentally. For PdT0.6, the measured diffusion coefficient, 0.2× 10−16 cm2·s−1–2× 10−16 cm2·s−1, is listed instead of the
diffusion barrier.

Specimen Bubble density/m3 Diffusion barrier/eV Lattice Parameter/Å

PdT0.6
[41] 5×1023–10×1023 0.2×10−16 cm2·s−1–2×10−16 cm2·s−1 4.033

PdT0.6
[42] 3×1024–10×1024

TiT1.5
[38] 5×1023 1 4.424

ZrT1.6
[39] 5×1023 1 4

ErT2
[43] 0.97×1023 0.49 5.125

2.9×1023

3.2×1023

9.1×1023

NbT0.0225
[45] 5×1023 0.66 2.86

VT0.5
[44] 3.5×1022 0.08 3

TaT0.097
[45] 5×1022 0.09 2.87

2. Models and methods
Firstly, we consider the aggregation events caused by de-

fects within crystal grains in common bulk materials as shown
in Fig. 1(a). Usually, the grain size is about tens of microm-
eters and the defects distribute homogenously within a crys-
tal grain, i.e., any defect is surrounded by a volume in which
the solute atoms exist and diffuse as shown in Fig. 1(b). On
an average, a grain can be divided into many regions of the
same volume with one defect located in the center, and for
simplicity, each defect is considered to be a small ball of ra-
dius r0 located in the center of a large ball of radius R as
shown in Fig. 1(c). The density of solute atoms outside the
defect,ρ (r, t), obeys diffusion equation

∂ρ (r, t)
∂ t

− D
r2

∂

∂ r

(
r2 ∂ρ (r, t)

∂ r

)
= G(r, t) , (r0 < r < R) , (1)

where D is the diffusion coefficient of the solute atoms, and
G(r, t) the rate of solute atoms produced per unit volume. For
soluble elements such as Cu, Mn or Ni, which are the com-
ponents of structural materials, G(r, t) = 0, while for insol-

uble atoms such as He atoms, continuously produced by nu-
clear irradiation or decay, G(r, t) 6= 0. Assuming that a defect
can trap any solute atom once it enters into the defect, the in-
ner boundary condition for Eq. (1) is ρ (r0) = 0, and the total
number of solute atoms at aging time t trapped by the defect is
N (t) = 4πr2

0D
∫ t

0 ∇rρ (r,τ)|r=r0
dτ . The boundary condition

at r = R is taken as ∇ρ |r=R = 0 , reflecting the fact that the
spatial distribution of the solute atoms is homogeneous in the
area far from the defect.

Secondly, we consider the interstitial clustering of solute
atoms wondering in crystal lattices. Generally, a single solute
atom in a bulk material can migrate and may encounter with
another solute atom to form a dimer that stays at an interstitial
site within a perfect lattice and may further grasp other solute
atoms.[23] On an average, any single solute atom can be re-
garded as a spherical defect with a radius equal to the distance
between two solute atoms that form a dimer, so in the same
way as that for the defect, equation (1) is applicable to cal-
culating the number of solute atoms grasped by a given single
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solute atom as long as the radius r0 is considered to be increas-
ing with the number of solute atoms increasing in the clusters,
i.e., r0 =

[
3N (t)/4πρguest

]1/3 mathematically, where ρguest is
the density of the solute atoms in the cluster. Obviously, the
aggregation of solute atoms in grain boundary, S, can also be
described by Eq. (1) as long as the boundary condition is taken
as ρ (R) = 0.

 

 

He 

 

 

(b)

(a)
(c)

crystallites grain 
boundaries 

defects
 

defect
r0

R

Fig. 1. (color online) Schematic diagrams of bulk materials composed of (a)
crystal grains and (b) defects (circles) in a crystal grain. For simplicity, a
defect is considered to be a small ball of radius r0 located in the center of a
big ball of radius R, in which there may exist solute atoms (c).

The key quantity in Eq. (1) is the diffusion coefficient
D = Γ L2/6, where Γ is the frequency for a solute atom es-
caping from a potential well V (x) with width L (Fig. 2) and
can be obtained via the single-atom statistical model:[28,29]

Γ =
Γ0

Z

∫
∞

E0

ε
1/2 e−ε/kBT dε, (2)

where Z =
√

π(kBT )3/2/2 is the partition function and Γ0

reads

Γ0 =

∫ E0
0 vε1/2 e−ε/kBT dε∫ E0
0 ε1/2 e−ε/kBT dε

, (3)

where

v =
{

4
√

m
∫

dx/
√

2 [ε−V (x)]
}−1

.

To apply this model to bulk materials, we need to calcu-
late the potential curve, V (x), along the lowest energy migra-
tion path, which can be implemented by first-principle calcu-
lations. If the barrier E0 is determined experimentally, V (x)
can also be obtained by a sine function fitting.

3. Results and discussion
Up to the present, many efforts have been dedicated to

exploring the nucleation mechanism of the He bubbles in bulk
material. For the bubbles in aging metal tritides, self-trapping
(interstitial clustering) of the He atoms were considered to
be the main mechanism[23,38–40] and several kinetic models
have been developed. Based on this mechanism,[40] the bub-
ble nucleation occurred during the first few days, followed

by implantation of tritium into the metals and later the newly
born He atoms aggregated at these nucleation sites rather than
formed new ones, which can explain the experimental obser-
vations that the density of He bubbles within crystal grains
kept unchanged during the aging in one hundred days.[42] The
calculations from the model[40] showed that the bubble den-
sity is sensitive to the He diffusivity. Thus, for metal tritides
of the same chemical components, the density of He bubbles
within the crystal grains should be the same no matter what
the specific specimen is, while for metal tritides of different
chemical components, the bubble densities should be differ-
ent. However, the bubble densities in Pd tritides, measured
by different groups may differ by about ten times, such as
5−10×1017/cm3 reported in Ref. [41] and 3−10×1018/cm3

in Ref. [42], and the density observed in ErT2 ranges from
0.97×1017/cm3 to 9.1×1017/cm3 (See Table 1), correspond-
ing to different thickness values of the sample. Vanadium tri-
tides observed at room temperature and at low temperature
(−196 ◦C) in the same experiment[44] exhibited the same den-
sity of He bubbles (3.5×1017/cm3), which obviously contra-
dicts the self-trapping mechanism because diffusivity of the
He atoms greatly decreases at the low temperature.

L

V
↼x
↽

X

E0

Fig. 2. (color online) Schematic diagram of a solute atom of kinetic
energy ε confined in a potential well V (x) with width L.

Our diffusion models have been used to study the dynam-
ics of He bubble growth in metal tritides, PdT0.6,[41] Pd-based
alloys,[42] ErT2,[43] NbT0.0225,[45] VT0.5,[44] TaT0.097,[45]

TiT1.5,[38] and ZrT1.6,[39] on which the time dependence of the
bubble size was measured (See Table 1). The realistic metal
tritide consists of crystal grains, and there may exist defects
(vacancies or impurities) within the grain. Assuming that the
defects are distributed homogenously within the crystal grains
and He atoms decayed from tritium are only trapped by the de-
fect without interstitial clustering, we calculate the He bubble
size at the defect as a function of aging time t. Thus, the den-
sity of He bubbles, which is found to be unchanged with the
aging time in nearly all the relevant experiments, should be the
density of the defects, ρD, and a defect is surrounded by a big
ball with a radius of R = (3/4πρD)

1/3. In early experiments
the defects were rarely observed, so we assumed that they
are small balls with a radius r0 = 0.5 nm.[39] The production
rate of the He atoms from tritium decay is G(r, t) = n0α e−αt
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(r0 < r < R), where α is the decay constant (1.78×10−9s−1),
and n0 the original density of the T atoms. For calculating the
diffusion coefficient (D =Γ L2/6) of single He atom, the mea-
sured diffusion barrier E0 is employed in Eqs. (2) and (3) to
determine Γ , and the width of the diffusion barrier L is con-
sidered to be half of the lattice constant. Because most of
metal tritides are fcc structures and the two nearest tetrahe-
dral sites, which are the positions of the energy minimum for
single He atom to occupy, their distance is half of the lattice
constant. Assuming the bubble to be spherical, the diameter
d is obtained via d = (6N/πρHe)

1/3, where ρHe is the den-
sity of the He atoms in the bubble, determined in previous
experiments.[39] Employing the parameters listed in Table 1,
the calculation results are shown in Fig. 3 and listed in Table 2.
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Fig. 3. (color online) Variations of sizes of the He bubble calculated
with our model and observed on TiT1.5 and ZrT1.6 with aging time t.

When the above results are compared with the experimen-
tal measurements, it should be pointed out that the sizes of
various He bubbles formed in metal tritides are not the same,
but distributed in certain ranges and therefore the measured
size and density of He bubbles are the average results. On
the He bubble growth in bulk PdT0.6,[41] the density of He
bubbles, measured in one experiment is 5× 1017/cm3–10×
1017/cm3,[41] while in another experiment is 3× 1018/cm3–
10× 1018/cm3.[42] The calculations using a diffusion coeffi-
cient of 0.2× 10−16 cm2 · s−1–2× 10−16 cm2 · s−1 in Eq. (1)
show that when the density is 5− 10× 1017/cm3, the diam-
eter of He bubble is about 1.7 nm–2.2 nm in 66 aging days,
while for density of 3−10×1018/cm3, the corresponding di-
ameter is about 0.8 nm–1.2 nm in 60 aging days (see Table 2),
which are in good agreement with the corresponding experi-
mental measurements, 1.5 nm∼2 nm[41] and 1 nm,[42] respec-
tively. If the smallest limit of the measured diffusion coeffi-
cient, 0.2×10−16 cm2·s−1, is used in Eq. (1), the calculations
show that in long-termed aging (longer than two months), all
the generated He atoms are trapped by the defect, while in
short-termed aging (about ten days), about 10 at.%∼20 at.%
(or 20 at.%∼40at.%) of the He atoms stagnate in the matrix
in 20 days (or 7 days). This result can explain the experimen-
tal observations[41] that in 7 or 20 aging days no He bubbles

were detected in PdT0.6 at room temperature while small He
bubbles appeared when the samples were heated up to 600 K.

Table 2. Sizes of He bubbles measured in some metal tritides and calculated
with our model.

Specimen
Measured bubble Calculated bubble

size/nm in (n) days size/nm in (n) days

PdT0.6
[41] 1.7–2.2 (66) 1.5–2(66)

PdT0.6
[42] 1 (60) 0.8–1.2 (60)

ErT2
[43] 15.4±7.2 (400) 8.1 (400)

8.3±0.9 (350) 5.4 (350)
12.3±4.9 (320) 5.1 (320)
3.6±0.8 (350) 3.7 (350)

NbT0.0225
[45] 1.7 (600) 1.6 (600)

VT0.5
[44] 1–2 (80) 1.7 (80)

TaT0.097
[45] 5.6 (600) 5.7 (600)

On the samples of NbT0.0225, TaT0.097, the measured bub-
ble sizes are 1.7 nm and 5.6 nm in about 20 months,[45] respec-
tively, and for VT0.5, the measured bubble size in 80 days is
1 nm–2 nm,[44] which are in good agreement with our calcula-
tions, 1.6, 5.7, and 1.7 nm for each of the cases (see Table 2).

On ErT2 thin films,[43,46] the observed densities of
He bubbles are 0.97 × 1017/cm3, 2.9 × 1017/cm3, 3.2 ×
1017/cm3, and 9.1× 1017/cm3, corresponding to thickness
values of the films 300, 500, 200, 100 nm,[43] respectively,
and the corresponding measured bubble sizes are 15.4±7.2,
8.3±0.9, 12.3±4.9, and 3.6±0.8 nm in about 400, 350, 320,
350 days. Our calculations of these conditions show that the
corresponding bubble sizes are 8.1, 5.4, 5.1, 3.7 nm (see Ta-
ble 2), which are significantly smaller than the measured ones.
This difference should be attributed to the fact that the bub-
ble is assumed to be spherical bubble in our model, while the
bubble shape observed in the experiment is platelet when the
number ratio of He to metal atoms is less than 0.15, which is
significantly larger than the ratio (< 0.05) in our calculation.

In the experiment of He bubble growth in titanium, the
measured barrier for the He atom diffusion is 1±0.3 eV[47]

and the measured density of He bubble is 5×1017/cm3.[38] If
the barrier of 1.0 eV is employed, equation (1) shows that the
bubble diameters aging at 300 K in 40, 135, 180, and 1000
days are 1.2, 2.5, 2.9, and 6.3 nm, respectively, which are
larger than the measured sizes of 0.9, 1.8, 2.8, and 4 nm.[38]

If the diffusion barrier is adjusted to 1.03 eV, the calculated
diameters are 0.8, 1.7, 2.0, and 5.5 nm for the corresponding
aging time. Within 180 days, the agreement is good, while
for longer aging time, the calculated bubble size is larger than
the measured one. Similar situations existed in ZrT1.6.[39] The
measured He bubble sizes in about 20, 40, 90, 300, 1000 days
were about 1, 1.9, 2.1, 3.5, 3.8, 3.8 nm, respectively, while our
calculated ones are 0.9, 1.4, 2.2, 4.4, 5.5, and 7.0 nm. Within
100 days, the calculated bubble sizes are in good agreement
with the measured ones, while after 300 aging days, the calcu-
lation results are significantly larger. This disagreement may

126601-4



Chin. Phys. B Vol. 26, No. 12 (2017) 126601

be understood as follows. The diffusion or barriers employed
in our calculations are measured at the beginning of metal
tritides aging when a few tritium atoms decay and the born
He atoms diffuse interstitially. After aging about one year,
more tritium atoms decay and the formation of He bubbles
could lead to dislocations and voids, hindering the He atoms
from diffusing and therefore reducing the diffusion coefficient.
Thus the bubble growth is more slowly than our predictions.
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Fig. 4. (color online) Variations of calculated diameters of He bubbles
formed at 300 K with aging time t for different defect densities with a
diffusion barrier of 0.8 eV for r0 = 0.25 nm and 0.5 nm within 200 days.

For a general understanding of the He behavior in metal
tritides, we examine the influences of defect size and density
ρD on He bubble growth within a crystal grain as shown in
Fig. 1(c). Usually, the number ratio of T atoms to the metal
atoms M ranges from 0.1 to 2 and we assume the ratio M: T to
be 1. The lattice constants of most metal tritides are about
3 Å∼4 Å, such as 4.4 Å for TiT2.48, 4.0 Å for δ -ZrT,[49]

4.0 Å for PdT0.67
[40] and 2.9 Å for Nb and Ta tritides,[45]

Thus, in our calculations the lattice constant is assumed to be
3.5 Å. Applying the above data and different diffusion barriers
to the diffusion equation, we obtain the size of He cluster in
the defect with r0 = 0.25 nm (or r0 = 0.5 nm) as a function
of aging time within 200 days (see Fig. 4) at room tempera-
ture for the cases of ρD = 2× 1016, 2× 1017, 2× 1018, and
2× 1019/cm3. It is shown in Fig. 4 that when the diffusion
barrier is 0.8 eV the defect density increases by three orders
of magnitude while the bubble size decreases by ten times,
and the bubble diameters for a given aging time t are almost
the same when the defect radius changes from 0.25 nm up to
0.5 nm. In all the cases, the bubble size increases linearly
with t1/3. When the diffusion barrier increases from 0.8 eV
up to 1.0 eV, the bubble size decreases by about three times
for ρD < 2×1018/cm3 (Fig. 5), while for other ρD the bubble
size remains nearly unchanged. It is notable that if the barrier
increases further by only 0.1 eV, i.e., E0 = 1.1 eV, the bub-
ble size for ρD ≤ 2×1018/cm3 decreases by about ten times.
Without changing the diffusion barrier (0.8 eV) but reducing
the temperature down to 225 K (or 200 K), the bubbles also
become significantly smaller (Fig. 6). In these cases, larger

defects trap a little more He atoms than the smaller ones, while
the relationship that the bubble size increases linearly with t1/3

keeps nearly unchanged for the aging time t longer than one
month.
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Fig. 5. (color online) Plots of calculated diameters of He bubbles
formed at 300 K versus aging time t when the diffusion barrier increases
from 0.8 eV up to 1.0 eV and 1.1 eV for (a) r0 = 0.25 nm and (b) 0.5 nm.

For considering the probability for grain boundary trap-
ping the He atoms, we continue to carry out the calculation
with E0 = 0.8 eV on a spherical crystal grain with a volume of
10 µm3 containing only one defect with a radius of 0.25 nm
(or 0.5 nm) in the center. As shown in Fig. 7(a), the number
of He atoms trapped by the defect is about 0.01% of the one
trapped by the boundary. Based on these data, if the defect
density is 2×1017/cm3 or larger, the He atoms trapped by all
the 2×106 defects within the crystal grains is more than about
100 time than those trapped by the boundary. For considering
the probability for the He atoms to cluster interstitially within
a crystal grain, we continue the calculations without any defect
inside the crystal grain to see the density of He atoms within
the grain. The calculations show that the densities of He atoms
in the center region of the grain ball are all about 0.06 nm−3

for the diffusion barriers of 0.8, 0.9, and 1.0 eV after aging
of 5 days (Fig. 7(b)), i.e., there exists only one He atom in a
cubic box with a side length of about 25 Å, and the density
near the boundary region is even smaller. If the diffusion bar-
rier decreases down to 0.5 eV, the density decreases down to
∼10−5 nm−3, i.e., there exists only one He atom in a cubic
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box with a side length of 46 Å. This density of He atoms is
too low for two He atoms to form a dimer or trimer because
the formation energy of a dimer or trimer in metal tritide is
significantly larger than that of an isolated He atom, such as
in the case of Ti.[50] Certainly, the cluster of more than 5 or 6
He atoms, which can produce a vacancy in the crystal grain to
form a nucleation center,[23] could hardly appear because the
probability for 5 or 6 He atoms to encounter with each other
simultaneously is too small for the He atoms at such a small
density. This result indicates that most of the He atoms will
be trapped in grain boundary if there are no lots of pre-existed
defects within crystal grains.
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Fig. 6. (color online) Plots of diameters of He bubbles formed at 200 K
and 225 K versus aging time t with a diffusion barrier of 0.8 eV for (a)
r0 = 0.25 nm and (b) 0.5 nm.

The above theoretical results are in good agreement with
previous experimental observations and strongly suggest that
defect trapping is the main mechanism for He atoms cluster-
ing instead of the self-trapping in metal tritides. First of all,
the sizes of He bubble observed in most of experiments in-
crease linearly with t1/3,[38,39] which is in good agreement
with our calculations (Figs. 4 and 5). And the bubble sizes
observed after about two months, such as in experiments on
PdT0.6, Pd-based tritides, VT0.5, TiT1.5, and ZrT1.6 (see Ta-
ble 2 and Fig. 3), are about 1 nm–2 nm, which is not sensitive
to the observed bubble density ranging from 3.5× 1017/cm3

to 10× 1018/cm3. These observations also coincide with our

calculations shown in Figs. 4 and 5. Secondly, the observed
He bubbles mainly appear within crystal grains instead of the
grain boundaries, which coincides with our calculation that
most of the He atoms are trapped by the defects with a den-
sity of larger than 2× 1017/cm3. If there are no pre-existing
defects in crystal grain, our calculations show that the grain
boundaries will trap lots of He atoms. Thirdly, the mecha-
nism of defect trapping means that the density of He bubbles
depends on the density of pre-existing defects rather than the
diffusion coefficient of a single He atom, which can explain
the experimental observations that the same kind of metal tri-
tides may produce significantly different He bubble densities
in different experiments — the densities of defects may be dif-
ferent in different processes of preparing the samples.
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Fig. 7. (color online) (a) Calculated number of He atoms trapped by the
boundary of a 10-µm3 grain ball in metal tritides with ratio M:T = 1
(short dash dotted line, right Y axis) and by a defect located in the
center of the grain (dotted line for r0 = 0.25 nm and dashed line for
r0 = 0.5 nm, left Y axis) as a function of aging time t (a); and (b) calcu-
lated density of He atoms within the crystal ball as a function of aging
time t and the radius for different diffusion barriers: 0.5, 0.8, 0.9, and
1.0 eV.

The main argument supporting the self-trapping mech-
anism is that there exist few defects in crystal grains of the
bulk metal to be tritided and no detectable defects in no-aged
metal tritides.[41,44] Our calculations are based on the assump-
tion that the defect sizes are only 0.5 nm∼1 nm, which may
be too small to be detected by early TEM instruments. In
fact, the studies of metal hydrides have shown that the hydride
(or tritide) process inevitably produces lattice defects.[51,52] In
the experiments of Ti–T system,[38] the authors suggested that
there might exist ‘denuded regions at high concentrations of

126601-6



Chin. Phys. B Vol. 26, No. 12 (2017) 126601

submicroscopic sizes (< 1 nm), which should be one kind of
defect that can grasp He atoms.

4. Summary
We develop a diffusion model for describing the aggre-

gation of solute atoms on macro-size and time scale in nu-
clear structural materials. Based on the model, the calcula-
tions of He bubble growth in most metal tritides show that the
He atoms are mainly trapped by inherent defects within grains
instead of self-trapping interstitials and the size of He bubble
increases linearly with t1/3 for most of metal tritides. Based
on the calculations, three possible ways may be adopted to re-
strain the bubble size. Firstly, searching for metals with barri-
ers of more than 1.1 eV for He atoms diffusing in the materials
may be the most effective way, and secondly, reducing the am-
bient temperature down to 200 K is also an approach. Finally,
making much more defects in materials may be a more reli-
able way nano-technology has achieved great developments.
In conclusion, the diffusion model would find its vast applica-
tions in the near future.
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