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Abstract

The influence of cyclic and isothermal annealing on structure and swelling of neutron-irradiated beryllium was
examined. At cyclic annealing the base temperature was equal to 150°C, the maximum cycle temperature was 600°C
(700°C in the second experimental set), the number of heating-cooling cycles was from 10 to 100. Isothermal annealing
of beryllium was performed at 600°C, 700°C and 800°C. The annealing time in the isothermal regime was the same as
well as the total annealing time of beryllium samples at appropriate temperatures in the cyclic regime. It was shown that
there are no significant differences in the influence of cyclic and isothermal annealing on structure and swelling of ir-
radiated beryllium. © 1999 Elsevier Science B.V. All rights reserved.

PACS: 28.52.Fa; 28.52.Nh; 28.41.T

1. Introduction

In accordance with the ITER concept, the first wall
and the limiter will be shielded by a beryllium armor of
about 10 mm thickness [1,2]. It is assumed that the be-
ryllium temperature in this application will be varied
from 160°C to 587°C and a neutron fluence will achieve
values of about 3 x 10*! cm™ after the basic perfor-
mance phase (BPP, 6000 cycles) and about 8 x 10?! cm—
after the enhanced performance phase (EPP, 32 000
cycles) [1-3]. So, beryllium armor plates will work under
high thermal cycling and neutron irradiation conditions.

Previous investigations of neutron-irradiated berylli-
um were performed usually in steady-state heating
regimes. There are some works dedicated to the exami-
nation of beryllium under annealing at temperature
changes in some range. For example, in Ref. [4] the
swelling of neutron-irradiated beryllium was higher after
cyclic annealing in comparison with isothermal anneal-
ing at the same temperature. In Ref. [5] it was shown
that the swelling under the stepwise isochronal annealing
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at rising temperatures was smaller than that for the
once-annealed samples. The direct thermal cycling of the
beryllium—copper water-cooled plate under these elec-
tron beam heating shows the visible crack formation
[6,7].

This paper presents the results of the influence of
cyclic and isothermal annealing on structure and swell-
ing of neutron-irradiated beryllium (Russian hot-pressed
beryllium TShG-200 type, see Table 1).

2. Materials and experimental techniques

The samples were cut from a hot-pressed beryllium
rod irradiated at 100°C in the MR reactor [5,8]. Fast
neutron fluences for these samples were 1 x 107!,
3x 107, 9 x 10> cm™2 (E > 0.5 MeV). The prismatic
shape samples for the annealing were cut by the electro-
sparc technique. The sample sizes were 3 X 3 x 3 mm?
for a neutron fluence of 1 x 10! cm2, 3 x 4 X 5 mm’
for neutron fluences of 3 x 10*! and 9 x 10*! cm~2. For
comparison unirradiated beryllium samples with the size
3 x 4 x 5 mm? were also prepared. Before annealing the
density of the samples was determined by hydrostatic
weighing (see Table 1).
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Table 1
Investigated beryllium data

Fluence (cm™2) Impurities content (wt%)

Transmutation gases content (appm) Beryllium density,

(g em™)
(0] C Fe *H ‘He
0 0.8 0.1 0.07 0 0 1.845
1 x 10% 0.8 0.1 0.07 Not measured Not measured 1.839
3 x 10! 0.8 0.1 0.07 370 £ 70 1880 % 360 1.837
9 x 10?! 0.8 0.1 0.07 785 + 155 4400 + 400 1.816
Glove hox
Pumping
Ar Heater

— Liquid lock (glycerine)

Samples

Coolant

Fig. 1. Experimental installation.

For the experiments a silica tube furnished by the
external heater zone and water cooled zone was used, a
sample holder was moved from one zone to the other by
a rod that was introduced into the tube through a vac-
uum tight Wilson collar (Fig. 1). Before the experiment
the tube volume was evacuated to a pressure lower than
10 Pa and after that the tube volume was purged con-
tinuously by argon at an exceeding pressure about 1 kPa
and a flow rate about 100 cm® min~'. The sample tem-
perature was registered by the thermocouple attached to
the sample holder.

There were two basic cyclic annealing regimes:

1. Heating of all samples listed in Table 1 up to a tem-
perature of 600°C or 700°C (about 100-150 s),
exposure of the samples at this temperature (about
850-900 s), cooling down to 150°C (about 150 s), etc.

2. Heating of the samples irradiated with a neutron flue-
nce of 9 x 10?! cm™2 (E > 0.5 MeV) up to a temper-
ature of 700°C (about 80 s), cooling down to 150°C
(about 150 s), etc.

The temperature choice was determined by the cir-
cumstance that the temperature 600°C was an ITER
project data [1,2,7] and 700°C was the margin condition
to be checked. The number of cycles in the first regime
mentioned above was 10°C, 30°C and 100°C for 600°C
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Fig. 2. Typical temperature change curve during cyclic
annealing with sample exposure at the maximum cycle
temperature.

and 10°C, 30°C and 110°C for 700°C. The typical tem-
perature change curve in these cases is presented in
Fig. 2. Moreover, the isothermal annealings were con-
ducted at 600°C, 700°C and 800°C of the same perfor-
mance samples. The annealing time in the isothermal
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regime was the same as well as the total annealing time
of beryllium samples at the appropriate temperature in
the cyclic regime. Namely, the isothermal annealing time
at 600°C was 86 700 s (corresponding to 100 cycles) and
at 700°C it was 26 300 and 94 600 s (corresponding to 30
and 110 cycles, respectively).

The beryllium samples irradiated with a neutron
fluence of 9 x 10*! cm™2 (E > 0.5 MeV) were used for
the cyclic annealing in accordance with the second re-
gime. The number of cycles was 10, 30, 60 and 100. The
typical temperature change curve in this case is pre-
sented in Fig. 3. Two samples with the same fluence
were annealed in a specially fitted quasi-steady-state
regime with the smooth temperature rising (see Fig. 4)
to clear up the cyclic annealing effect. The quasi-steady-
state annealing regime was determined from equation
t(AT) = 2V 7,(AT), ie. in the quasi-steady-state
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Fig. 3. Typical temperature change curve during cyclic an-
nealing without sample exposure at the maximum cycle tem-
perature.
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Fig. 4. Temperature change curves during annealing in the
quasi-steady-state regime.

regime, the exposure t(AT) of the sample in the each
temperature region AT was equal to the total exposure
in the same region AT after N cycles. The comparison
with 10 and 100 cycles was performed. After annealing
the sample density was determined by hydrostatic
weighing. For the optical microscopy examination the
samples were impregnated under vacuum by an epoxy
resin.

3. Experimental results

Fig. 5 presents the neutron-irradiated beryllium
swelling dependence on the duration of the cyclic or
isothermal annealing at 600°C. The swelling of the be-
ryllium samples with a neutron fluence of 3 x 10?! cm™2
after the cyclic (100 cycles) and isothermal (86 700 s)
annealing was 0.7 £ 0.3% and 0.6 £ 0.3%, correspond-
ingly. At the same time the swelling of the beryllium
samples with a neutron fluence of 9 x 10> cm~? was
equal to 2.3 £ 0.4% in both cases. For the samples with
a neutron fluence of 1 x 10*! cm™2 the swelling depen-
dence from the annealing duration was very close to the
same for the samples with a neutron fluence of
3 x 10*' cm™.

Fig. 6 presents the neutron beryllium swelling de-
pendence on the duration of the cyclic or isothermal
annealing at 700°C. The noticeable swelling of the
samples irradiated with a neutron fluence of 9 x 10%!
cm~? occurred after 10 cycles. After 30 cycles it achieved
a value of 14.5 + 0.4%. The swelling of the sample with
the same neutron fluence after the corresponding iso-
thermal annealing at 700°C was very close to this value.
The swelling of the samples with a neutron fluence of
3 x 10%" cm™2 was also significantly higher than that
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Fig. 5. Neutron-irradiated beryllium swelling dependence on
the annealing duration in cyclic (with exposure at maximum
cycle temperature) and isothermal regimes (maximum cycle
temperature of 600°C). p, — beryllium density before annealing.
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Fig. 6. Neutron-irradiated beryllium swelling dependence on
the annealing duration in cyclic (with exposure at maximum
cycle temperature) and isothermal regimes (maximum cycle
temperature of 700°C). p, — beryllium density before annealing,
(*) — result for the crashed sample fragment (see details in the
text).

after annealing at 600°C. After 110 cycles it achieved a
value about 4%. The density change of the samples ir-
radiated with this fluence and isothermally annealed at
700°C was slightly lower.

It was observed that the beryllium samples irradiated
with a neutron fluence of 9 x 10! cm~2 were destroyed
after 110 cycles of annealing at 700°C, the same effect
occurred after the corresponding isothermal annealing.
The condition of the samples in the holder after the
cyclic annealing is shown in Fig. 7. Several rather big
fragments of destroyed samples were found together
with the fine beryllium dust. The size of one of such
remnants from the isothermally annealed sample al-
lowed its density to be measured and this result is

marked by an asterisk in Fig. 6. It seems that the
swelling decrease in this case was caused by the forma-
tion of the open porosity.

The analysis of the optical microscopy images shows
that the beryllium samples were fragmented into small
blocks with a size distribution very close to the size
distribution of grains in unannealed beryllium (see
Figs. 8-10). The relative block area in the image plane
was 21 £ 2% for the cyclic annealing case (Fig. 7) and
23 * 2% for the isothermal one (Fig. 8).

The samples irradiated with a neutron fluence of
9 x 10?! cm™2 were solid after cyclic annealing at a
maximum cycle temperature (700°C) without exposure
and after the corresponding quasi-steady-state anneal-
ing. The results of the density measurement for these
samples are given in Fig. 11.

The shape of samples irradiated with a neutron
fluence of 9 x 10?! cm~2 before and after isothermal
annealing at 800°C during 96 400 s is given in Fig. 12.
The sample swelling after annealing calculated from the
linear size change was about 20%, this value coincides
rather well with the results of [5].

It is worth to mention that the samples increased in
weight under annealing at 600°C, 700°C and 800°C due
to oxidation of beryllium. The weight increase did not
exceed 0.15 + 0.05 mg cm~2 at 600°C and 700°C and
about 90 mg cm~2 at 800°C. There was no correlation
between the neutron fluence and the weight increase.

4. Discussion

A cyclic thermal loading of brittle materials with
high anisotropy can lead to intergranular cracking at
high enough heating/cooling rates [6,7]. The neutron
irradiation causes an additional embrittlement of be-
ryllium and, moreover, accumulation of a significant

Fig. 7. Beryllium samples on the holder after 110 annealing cycles with exposure at the maximum cycle temperature (1 — unirradiated,
0.8 wt.% oxygen, 2 — neutron fluence 5 x 10" cm~2, 3 — neutron fluence 3 x 10*' cm~2, 4 — neutron fluence 9 x 10?! cm~2, 5 — neutron

fluence 1 x 10*' cm~2, 6 — unirradiated, 1.8 wt% oxygen).
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Fig. 8. Structure of the neutron-irradiated beryllium sample fragment (neutron fluence 9 x 10?' cm™2) after 110 annealing cycles at
700°C with exposure at the maximum cycle temperature. The image plane is perpendicular to the pressing axis.
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Fig. 9. Structure of the neutron-irradiated beryllium fragment
(neutron fluence 9 x 10*' cm™2) after 96 400 s annealing at
700°C. The image plane is perpendicular to the pressing axis.

amount of gases. In spite of these circumstances, in
accordance with the obtained results, there are no sig-
nificant differences in the swelling values for the different
annealing regimes. At the first glance a small cycling
effect appears after 100 cycles without exposure at the
maximum cycle temperature but there are not enough
experimental data for the firm judgment of the presence
of this effect and its value.

A close relative size distribution of grains in unan-
nealed beryllium to blocks in the fragmented sample
after 110 cycles at 700°C annealing with exposure at the
maximum cycle temperature is evidence of the inter-

granular beryllium cracking and fragmentation. The
reason for such a fragmentation after a long-time an-
nealing of irradiated beryllium is probably internal
stress-driven by the gaseous swelling [9]. These stresses
achieve a maximum at the grain boundaries due to high
beryllium anisotropy and preferential intergranular gas
bubble formation [5,9]. These facts can lead to inter-
granular cracking up to full fragmentation as was de-
scribed above.

The main plastic deformation mechanism for beryl-
lium at low temperatures is the dislocation sliding, but at
temperatures above T, (usually T, > 600°C) the plastic
deformation is mainly the result of the diffusion pro-
cesses [10]. After neutron irradiation the dislocation
mobility decreases because of the dislocation interaction
with radiation defects such as point defects, helium and
tritium atoms and their complexes. From these findings
follows that diffusion processes are the prevalent mech-
anism of plastic deformation and stress relaxation in
neutron-irradiated beryllium but its activation takes
place only at high enough temperatures. So, the integrity
of the beryllium sample with the maximum neutron
fluence after long-time annealing at 800°C can be ex-
plained in contrast with the sample fragmentation at
700°C as the result of stress relaxation driven by the
diffusion processes. There is an additional important
factor explaining the absence of beryllium fragmentation
at the annealing temperature of 800°C. This is a previ-
ously observed effect of the tritium burst release at about
750°C [5]. Such phenomena can lead to a beryllium de-
tritiation at the annealing temperature of 800°C, i.e. at
this temperature the most part of tritium has already left
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Fig. 10. Relative size distribution of grains in unannealed beryllium and blocks in the fragmented sample after 110 cycles of annealing

at 700°C with exposure at the maximum cycle temperature.
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Fig. 11. Neutron-irradiated beryllium swelling dependence on
the annealing duration in cyclic (without exposure at maximum
cycle temperature) and quasi-steady-state regimes (maximum
cycle temperature 700°C, neutron fluence 9 x 10*' cm™2). p, —
beryllium density before annealing.

beryllium and cannot contribute to the grain boundary
cracks and intergranular bubble growth. Simultaneously
at this temperature the helium mobility is low and
swelling due to helium diffusion is low too as evidenced
by the previous results of the beryllium swelling inves-
tigation and hot vacuum gas extraction at linear heating
[5.8].

From the investigations follows that annealings of
neutron-irradiated beryllium at the cyclic temperature

Fig. 12. Irradiated beryllium samples with neutron fluence
9 x 10*! ¢cm~2 before (a) and after annealing at 800°C during
96 400 s (b).

change from 150°C up to 700°C at heating/cooling rates
up to 10°C s~! after 10-110 cycles have not shown sig-
nificant differences in comparison with the isothermal or
quasi-steady-state annealings.

It should be noted that under neutron irradiation at
elevated temperatures the swelling value is significantly
lower than after post-irradiation annealing [11], and
similar beryllium cracking and fragmentation are not to
be expected under the ITER conditions.

From these results it follows that under cyclic tem-
perature change in the above described limits the main
factors affecting the beryllium properties and structure
are the maximum temperature and the exposure time at
this temperature.
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5. Conclusion

The cyclic thermal loading effect was negligible at the
investigated heating/cooling rates (up to 10°C s™') and the
number of cycles (up to 110). The main factors causing a
property degradation of neutron-irradiated beryllium
under these experimental conditions are the neutron
fluence, the annealing temperature and the duration.

Annealing of the low-temperature neutron-irradiated
beryllium can lead to beryllium fragmentation and for-
mation of considerable amounts of beryllium dust. The
main reasons of such fragmentation are the beryllium
swelling causing the internal stresses at the grain
boundaries and tritium migration to the grain bound-
aries. The absence of the beryllium fragmentation after
annealing at 800°C can be explained by stress relaxation
driven by diffusion processes and by the tritium release
at elevated temperatures.
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