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Abstract: The swelling of beryllium and titanium beryllide after irradiation at 70–750 ◦C to neutron
fluences of (0.25–8) · 1022 cm−2 (E > 1 MeV) was measured using methods of immersion, dimension,
and helium pycnometry. Dependences of the swelling on the irradiation temperature and neutron
dose were plotted and analyzed. The dose dependences show linear dependences of the swelling for
all irradiation temperatures except 70 ◦C, where the swelling rate varies, depending on increasing
neutron dose. Be-7Ti shows much less swelling than pure Be. Irradiation at 430–750 ◦C to neutron
fluence of 1.82 · 1022 cm−2 (E > 1 MeV) leads to swelling of Be at about 50%; for Be-7Ti, it is 2.7%. The
microstructure study shows that the formation of bubbles and pores in beryllium occurs much more
intense than in titanium beryllide.
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1. Introduction

Beryllium-based materials, both pure beryllium and intermetallic compounds such
as beryllides, possess unique nuclear physical properties, which currently allows them
to be widely used as reflectors and moderators [1–4] in material testing nuclear reactors
(beryllium) and as neutron multipliers in the future projects of European Helium Cooled
Pebble Bed (HCPB) concept of ITER (beryllium and titanium beryllide as pebbles or blocks)
and DEMO (titanium beryllide) blankets [5–10]. Beryllium transmutes under neutron
irradiation into helium and tritium [11] that causes dimensional instability of beryllium
products due to swelling. The swelling of neutron-irradiated uranium fuel was discovered
in the early 1950s [12]. Barnes [13] suggested and developed a model of the gas bubble
swelling of crystal materials, which contain transmuted inert gases such as helium. The first
evidence of beryllium swelling dates back to the late 1950s and the early 1960s [11,14,15].
Goltsev [16] and Sernyaev [17] summarized and systematized the most important data on
long-term radiation testing of beryllium in nuclear reactors, including the swelling behavior.
However, even presently, there are no sufficient results to describe the swelling phenomena
from the designer point of view, i.e., to predict the swelling behavior of beryllium-based
materials under high-dose neutron irradiation.

The publications [18–21] recognized correlations between beryllium swelling on irradi-
ation temperature and neutron dose. Goltsev [16] noted that at low-temperature irradiation,
the gas atoms are practically immobile in beryllium. Therefore, the swelling S can be
determined by the expression:

S = 8.2 × 10−25 × F, (1)

where F, cm−2 is the fast neutron fluence, E > 0.85 MeV. This correlation is based on the
results obtained after irradiation at 60 ◦C, but it can be also used in the temperature range
when helium atoms are in the supersaturated solid solution, which means that the swelling
linear correlates not only with the fast neutron fluence, but with the helium content as well.
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However, experimental data obtained later show that the correlation factor 8.2 × 10−25

% · cm2 may not be valid for all beryllium materials used. For example, the swelling of
modern beryllium grades which have fine grains, a more isotropic structure, and a lower
content of impurities, has a lower value compared to that predicted by (1) [17].

Sannen [19] found a correlation between swelling S and helium content CHe for
beryllium irradiated in the BR2 reactor at temperatures of 40–50 ◦C to fast neutron fluences
of 0.97 · 1022 cm−2, 2.98 · 1022 cm−2, 4.67 · 1022 cm−2 (E > 1 MeV) corresponding 3850,
13,500, 20,000 appm of He productions, accordingly, followedby annealing at 473–1073 K
for 1 h:

S = (1.19 ± 0.07) × 10−4 CHe + (1.20 ± 0.03) × 10−19 CHe
2 × T4, (2)

where S, % is the swelling, CHe, appm is the helium content, T, ◦C—the annealing tem-
perature. This correlation includes two distinctive parts: a first linear part representing
the neutron fluence-induced low-temperature swelling and a second part reflecting the
enhancement of the swelling by the post-irradiation annealing process.

Beeston [20] investigated beryllium irradiated in the EBR-II reactor at temperatures of
427–550 ◦C to fluence of 1.2 · 1022 cm−2 (E > 1 MeV) (1850 appm He). The swelling S can
be represented by the equation:

S = 1.83 × 10−58 × F2 × T4, (3)

where F, cm−2 is the fluence of fast neutrons with E > 1 MeV, T, K is the irradiation
temperature. Compared to (2), this correlation covers the higher temperature region at fast
neutron fluences up to 1.2 · 1022 cm−2 (E > 1 MeV). At high temperatures, when helium
and tritium mobility is high enough for the consolidation of gases into large bubbles,
the swelling must increase both during high-temperature irradiation and during high-
temperature annealing following low-temperature irradiation.

Sernyaev [17,21] suggested an expression for beryllium swelling S at high irradiation
temperatures:

S = M × T × exp(−E/4kT) × F3/2, (4)

where M, cm3/K is a structure-sensitive factor which varies from 0.31 · 10−34 to 1.65 · 10−34,
T, K is the irradiation temperature, F, cm−2 is the fast neutron fluence, E > 0.85 MeV, k,
eV/K is the Boltzmann constant, E, eV is 2.1 ± 0.1, the activation energy. Based on the
performed experiments, it was concluded that to minimize the swelling of beryllium, the
extruded materials with an oxygen level of about 3% and a grain size of 10–20 µm can
be recommended.

There is only one work [22] dedicated to the swelling of titanium beryllide. The
swelling values of TiBe12 irradiated in the HFR at 467 ◦C to neutron fluence of
6.94 · 1021 cm−2 (E > 1 MeV) and at 600 ◦C to neutron fluence of 8.07 · 1021 cm−2 (E
> 1 MeV) are 0.08 and 0.28%, accordingly.

This review of the performed investigations on beryllium swelling under neutron
irradiation and the available correlations for the swelling dependences on irradiation
temperature and neutron dose shows the absence of beryllium swelling data at high
irradiation parameters (temperature, dose). Of course, more experimental data on beryllium
and titanium beryllide swelling is required to elucidate this issue. In this study, new results
on swelling of modern beryllium grades and titanium beryllide irradiated in a wide range
of temperatures and neutron doses are represented.

2. Materials and Methods

Four kinds of beryllium-based materials were investigated (see Table 1) including two
grades (HE-56 grade fabricated by the hot extrusion (HE) and VHP-400 grade fabricated
by the vacuum hot pressing (VHP) in UMP, Oskemen, Kazakhstan) as well as cast Be and
Be-7Ti supplied by NGK, Nagoya, Japan. The HE-56 specimens have the shape of cylinders
with sizes of Ø6 × 8 mm, the VHP-400 specimens were discs Ø10 × 4 mm, the cast Be and
Be-7Ti specimens were pellets Ø8 × 2 mm.



J. Nucl. Eng. 2022, 3 400

Table 1. Chemical composition of beryllium-based materials in wt.%.

Grade Be Fe Al Ni Cu Mg Mn Cr Si U BeO Ti

HE-56

balance

0.17 0.026 0.017 0.004 0.0005 0.01 0.041 0.016 0.0003 1.48 -

VHP-400 * - - - - - - - - - - -

Cast Be 0.1 0.07 0.01 <0.01 0.05 0.007 <0.01 0.03 0.0068 0.02 -

Cast Be-7Ti 0.031 0.06 0.003 0.004 <0.001 0.007 0.005 0.033 0.0041 0.27 28.5

* No data.

The specimens were irradiated in material testing reactors CM-3, BOR-60, and HFR.
The irradiation parameters are shown in Table 2.

Table 2. Irradiation parameters of beryllium specimens. Cast Be and Be-7Ti were irradiated at four
temperatures in two campaigns of HIDOBE-01 (H-1) and HIDOBE-02 (H-2) to two different neutron
fluences, helium and tritium productions (left sub-column in each column refers to H-1, right to H-2).

Grade Reactor Tirr, ◦C F · 1022, cm−2

(E > 1 MeV)
Helium

Production, appm
Tritium

Production, appm

HE-56
SM-3 70 0.25–7.7 1071–33,000 152–4675

200 0.3–6.5 1286–27,857 182–3946

VHP-400 BOR-60 420 5–8 6125–9800 178–285

Cast Be

HFR 430 0.73; 1.16 2370; 4144 215; 430
517 0.87; 1.51 2860; 5142 279; 550
660 0.94; 1.73 3070; 5757 305; 625
750 0.93; 1.82 3060; 5992 301; 653

Cast Be-7Ti

HFR 430 0.73; 1.16 2370; 4144 215; 430
517 0.87; 1.51 2860; 5142 279; 550
660 0.94; 1.73 3070; 5757 305; 625
750 0.93; 1.82 3060; 5992 301; 653

The swelling of irradiated beryllium-based specimens was measured using immersion,
dimension, and helium pycnometry methods. The immersion method includes measure-
ments of weights of the specimens in both air and liquid (water or ethanol), calculation of
density before and after irradiation and calculation of swelling S by the equation:

S = [(dinit − dirr)/dirr] × 100%, (5)

where dinit, g/cm3—density before irradiation, dirr, g/cm3—density after irradiation.
The dimension method can be used in the case of the regular shape (cylinder, pellet)

cylinders or pellets of the specimens. The measurements of their dimensions before and
after irradiation allow us to calculate both specimen volumes and then to calculate the
swelling S:

S = ((Virr − Vinit)/Virr) × 100%, (6)

where Vinit is the specimen volume before irradiation, Virr is the specimen volume after ir-
radiation.

The helium pycnometry method allows us to measure volumes of both non-irradiated
and irradiated specimens using the relation:

Vs = Vc + Vr/(1 − P1/P2), (7)

where Vs is the specimen volume, Vc is the volume of the empty specimen chamber, Vr is
the reference volume, P1 is the first pressure in the sample chamber only, P2 is the second
pressure after expansion of the gas into the combined volumes of the specimen chamber
and the reference chamber.
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In principle, all of these methods for swelling measurements of irradiated beryllium-
based specimens result in close swelling values. However, for dimension and immersion
methods in cases when an oxidation of the specimen surface or presence of numerous open
channels [23] is observed, the swelling can have the slightly different values. Moreover, a
comparison of the results after swelling measurements by immersion and helium pycnom-
etry methods allows us to reach conclusions about availability of open and closed porosity
in the irradiated specimen.

3. Results
3.1. Temperature Dependence of Swelling

Figure 1 shows a dependence of swelling S of cast Be pellets irradiated in the HIDOBE-
01 and -02 campaigns on the increase in irradiation temperature. The swelling was mea-
sured by immersion and pycnometry methods. The swelling does not exceed 5% up to
the irradiation temperature of 517 ◦C; however, this follows by an increase in tempera-
ture to 750 ◦C, and the swelling increases rapidly at higher temperatures. For example,
the swelling reaches 50% (dimension method) after irradiation at this temperature in the
HIDOBE-02.
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Figure 1. Dependence of swelling S of cast Be on irradiation temperature, reactor HFR, F = (0.73–1.82)
· 1022 cm−2 (E > 1 MeV) (dim.—dimension, imm.—immersion, pyc.—pycnometry, H-1—HIDOBE-01,
H-2—HIDOBE-02).

Figure 2 represents a dependence of swelling S of HE-56 beryllium grade speci-
mens irradiated in the SM-3 reactor at a temperature of 70 ◦C to fast neutron fluence of
2.8 · 1022 cm−2 on post-irradiation short-term annealing temperature. It should be noted
that if we compare Figures 1 and 2, the swelling at close fluences has a close value to 12–14%
for a temperature in the range of 750–800 ◦C, regardless of whether it is a long-term irradia-
tion or a short-term annealing of the specimen previously irradiated at a low temperature
of 70 ◦C.

Figure 3 shows the swelling S of Be-7Ti specimens on irradiation temperature. The
maximum swelling value is 2.7% (dimension method), which is at the highest irradiation
temperature of 750 ◦C. The results obtained by dimension method on the HIDOBE-02
specimens stand out as having a comparatively higher swelling to other methods because
the other swelling values are mainly do not exceed of 1.8% regardless of the measure-
ment method.

3.2. Dose Dependence of Swelling

Figure 4 shows a dose dependence of swelling S of the HE-56 beryllium grade irradi-
ated at 70 ◦C. The behavior of the swelling curves for both the immersion and dimension
methods is similar, but the results of the immersion measurement are systematically higher
than for the dimension measurements. The maximum swelling rate for both curves to
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neutron fluence of F ≤ 2 · 1022 cm−2 occurs when the swelling is around 1.3–1.5% for im-
mersion and 0.4–0.8% for dimension measurements. The moderation of swelling rate in the
fluence region of (2–5) · 1022 cm−2 occurs. However, starting from F = (5–6) · 1022 cm−2, an
increase in the swelling rate again takes place. The maximum swelling values at maximum
neutron fluences are 2.6 and 2% after immersion and dimension measurements, accordingly.
The polynomial fit of the swelling results after irradiation at 70 ◦C was performed (see
Equations (8) and (9)).
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For immersion results:

S = −0.13 + 1.26 × 10−22 × F − 0.33 × 10−44 × F2 + 0.03 × 10−66 × F3, (8)

For dimension results:

S = −0.08 + 0.72 × 10−22 × F − 0.17 × 10−44 × F2 + 0.02 × 10−66 × F3, (9)

Figure 5 represents a dose dependence of swelling of the HE-56 beryllium grade after
irradiation at 200 ◦C. There is also a linear dose dependence of the swelling with the same
mutual location of immersion and dimension results as it was at the irradiation temperature
of 70 ◦C. A maximum swelling value at maximum neutron doses for the immersion method
is 2.6%, and for the dimension method they are 2.4–3.4%. Figure 6 shows a dose dependence
of swelling of the VHP-400 beryllium grade irradiated at a temperature of 420 ◦C to neutron
fluence of F = (5–8) · 1022 cm−2. Despite a small amount of the experimental data, a linear
dependence of swelling on the neutron dose can be seen. Maximum beryllium swelling
values are 3–5% at a maximum neutron dose of F = 8 · 1022 cm−2. The large scattering of the
swelling values is explained by inaccurate data regarding the actual position of the samples
in the rig on the height during irradiation, which resulted in an inaccurate calculation of
neutron fluences within interval of F = (5–8) · 1022 cm−2 (E > 1 MeV). Figure 7 shows a dose
dependence of swelling of cast Be after irradiation at temperatures of 430–750 ◦C to fast
neutron fluences of F = (0.73–1.82) · 1022 cm−2. An increase in swelling occurs on increasing
neutron fluence for each irradiation temperature. However, a swelling rate also increases
on increasing irradiation temperature. Thus, the swelling rate for two highest irradiation
temperatures of 660 and 750 ◦C is S* = 1.23 · 10−21 % · cm2, and for two lowest irradiation
temperatures of 430 and 517 ◦C is S* = 2.19 · 10−22 % · cm2.

3.3. Microstructure of Irradiated Beryllium and Titanium Beryllide

A comparison of the radiation-induced microstructure of the HE-56 beryllium grade
irradiated at 70 and 200 ◦C shows a difference between them concerning a bubble formation
rate. After irradiation at 70 ◦C, helium bubbles are practically absent in the microstructure.
Only in rare cases are single bubbles (10–30 nm) visible on the grain boundaries (Figure 8a).
In contrast to this, numerous small bubbles (3–6 nm) as well as larger bubbles (to 20 nm)
on grain boundaries are in the beryllium irradiated at 200 ◦C (Figure 8b).
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Figure 8. Small helium bubbles in microstructure of HE-56 beryllium grade irradiated at 70 ◦C
(a) and 200 ◦C (b) to neutron fluences of 7 · 1022 cm−2 (E > 1 MeV) and 6.5 · 1022 cm−2 (E > 1 MeV),
accordingly (transmission electron microscopy).

Neutron irradiation at higher temperatures of 430 and 517 ◦C also leads to the for-
mation of small helium bubbles of high density [24,25]. Optical images show that after
irradiation at 517 ◦C (Figure 9a), the small bubbles are evenly distributed throughout
the structure. Much larger bubbles are found along the grain boundaries. These grain-
boundary bubbles merge into the long chains of the bubbles. After irradiation at 750 ◦C
(Figure 9b), big pores are formed. The pores have a regular shape and can reach of 20 µm.
Between big pores, numerous helium bubbles are also visible.
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Figure 9. Small bubbles (a) and big pores (b) in microstructure of cast Be irradiated at 517 ◦C to
F = 1.51 · 1022 cm−2 (E > 1 MeV) and 750 ◦C to neutron fluence of 1.82 · 1022 cm−2 (E > 1 MeV),
accordingly (optical microscopy).

The two-phase structure of the irradiated cast Be-7Ti material contains coarse grains of
the TiBe12 phase with thin interlayers of the Be phase (Figure 10a). There is no noticeable
rearrangement of the Be-7Ti phase structure compared to that before irradiation [26]. The
volume fraction of the Be phase in the Be-7Ti specimens is 16–18%. Irradiation at 750 ◦C
(Figure 10b) leads to formation of numerous small bubbles in the Be phase. These bubbles at
higher magnification are shown in Figure 10c. No pores or bubbles are visible on optical images
in the TiBe12 phase. Considering three lower irradiation temperatures, small bubbles in the Be
interlayers were also found, as well as the absence of them in the beryllide phase.
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Figure 10. Two-phase microstructure of cast Be-7Ti irradiated at 517 ◦C to neutron fluence of 1.51 ·
1022 cm−2 (E > 1 MeV) (a) and at 750 ◦C to neutron fluence of 1.82 · 1022 cm−2 (E > 1 MeV) (b). View
of bubbles from picture (b) at higher magnification (c) (optical microscopy).
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Figure 11 shows the evolution of porosity in the Be phase in irradiated Be-7Ti spec-
imens on irradiation temperature. The porosity at the lowest irradiation temperature of
430 ◦C is 0.35%. At higher temperatures of 517, 660, 750 ◦C, the porosity is within 1–1.1%.
This means there is a significant difference between porosity values at the lowest irradiation
temperature and the other three higher temperatures.
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4. Discussion

The irregular behavior of swelling rate at irradiation temperatures of 70 ◦C as a
function of the neutron dose is due to anisotropic swelling [17] and radiation growth
of separate grains [27] as well as an increase in mobility of helium atoms in the field
of enhanced internal stress [28]. This effect becomes significant at fluences higher than
F = (5–6) · 1022 cm−2. Up to this dose, the swelling rate should be proportional to the helium
production or to the fast neutron fluence [13,16,17]. The anisotropic swelling and growth
of separate grains at the highest neutron fluences leads to the so-called “pseudo-swelling”
because it is indirectly associated with the helium accumulation in beryllium under neutron
irradiation. The main reason of the “pseudo-swelling” [17,29] is extension of the grains
in directions of the predominant swelling and growth with the formation of additional
grain-boundary cavities. The formation of the grain-boundary cavities can lead to the
cracking along the boundaries and to the destruction of a beryllium block during operation
under high neutron fluences.

Figure 4 shows that the swelling measurements by the immersion give systematically
higher values than that by the dimension method. It seems that the swelling obtained here
by the dimension method is comparatively more realistic because of a corrosion damage of
the beryllium surface in the water coolant under irradiation [4,16]. The insufficient wetting
of pitting corrosion spots during the measurement of weight of the sample in ethanol by
the immersion method causes the underestimated density values.

The most important result of this study is much lower swelling of Be-7Ti (Figure 3)
compared to pure Be (Figure 1) for irradiation temperatures relevant to the fusion applica-
tion. This effect is especially significant at two highest irradiation temperatures of 660 and
750 ◦C. An explanation for this effect can be carried out after future transmission electron
microscopy studies of the microstructure of irradiated specimens of both Be and Be-7Ti
materials. It should be noted that the porosity in the Be phase in the Be-7Ti specimens has
a value to a maximum of 1.2% (Figure 11). The swelling of Be-7Ti specimens, excluding
measurements by the dimension method, is to 1.7% (Figure 3), which is close to 1.2%.
Taking into account [22], where swelling of TiBe12 was 0.28%, it can be assumed that the
main contributor to the swelling of the Be-7Ti specimens is the Be phase located between
coarse TiBe12 grains. Therefore, if a titanium beryllide material contains only single TiBe12
phase (without beryllium phase), the swelling will be much lower compared to this study.
However, in any case, the obtained results prove a fundamental advantage of beryllides
(TiBe12) over pure beryllium for fusion application in terms of the swelling values (see
Figures 1 and 3).
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The comparison of the swelling values obtained by different methods (Figure 1, espe-
cially at two highest irradiation temperatures) shows a difference between immersion and
pycnometry results. At the same irradiation temperatures, the immersion results are always
higher than that for the pycnometry measurements. This means that the irradiated cast Be
material has open porosity. The volume of the open pores is the difference between swelling
obtained by the immersion and pycnometry methods (see Table 3). The presence of open
porosity network in irradiated beryllium contributes to the facilitated tritium release and
lower tritium retention in the material [30–32].

Table 3. Volume of open pores in irradiated cast Be. H-1—HIDOBE-01, H-2—HIDOBE-02.

Tirr, ◦C

S, %

Immersion Pycnometry Open Pores

H-1 H-2 H-1 H-2 H-1 H-2

660 4.52 20.13 4.52 17.09 0 3.04

750 12.12 34.06 10.12 21.71 2 12.35

5. Conclusions

Temperature and dose dependences of the swelling of beryllium and titanium beryllide
were obtained using swelling measurements after irradiation in the SM-3, BOR-60, and
HFR material testing nuclear reactors at temperatures of 70–750 ◦C to fast neutron fluences
of (0.25–8) · 1022 cm−2 (E > 1 MeV).

Swelling of the HE-56 beryllium grade irradiated at 70 ◦C increases on increasing
neutron fluence and reaches of 2–3% at a maximum fluence of 7.7 · 1022 cm−2 (E > 1 MeV).
Irradiation at 200 ◦C of the same grade leads to maximum swelling of 2.4–3.4% at neutron
fluence of 6.5 · 1022 cm−2 (E > 1 MeV). After irradiation of the VHP-400 beryllium grade at
420 ◦C to neutron fluence of 8 · 1022 cm−2 (E > 1 MeV), swelling is 3–5%.

Comparison of swelling behavior of the cast Be and Be-7Ti materials shows that Be-7Ti
has much lower swelling compared to Be. After irradiation at 430–750 ◦C to neutron fluence
of 1.82 · 1022 cm−2 (E > 1 MeV), the swelling of Be is about 50%, while for Be-7Ti, it is 2.7%.
This difference can be explained by the more intense process of formation of bubbles and
pores in beryllium than in titanium beryllide.

The obtained temperature and dose dependences of the beryllium and titanium beryl-
lide swelling can be used in the indicated ranges of irradiation temperatures and neutron
doses by nuclear and fusion reactors designers.
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