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Abstract
The example of beryllium of technical purity shows the possibility of introducing
changes in the distribution of impurities between different phases during the
operational period. The feeding and prolongation of the active action of one of the
secondary phases, which favorably affects the properties of the material, is carried
out. The data on the redistribution of iron and aluminum impurities were obtained
by Mössbauer spectroscopy. Spectra were received after homogenization, at the
intermediate stages and after completion of isothermal annealing at 600 ∘C with the
total endurance of more than 1100 h. The intermediate secondary phase AlFeBe4
prevails during more long-lived time term than with the ordinary content of aluminum.
Methods for correcting the distribution of impurities are discussed.
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1. INTRODUCTION

The properties of metals and alloys often depend on the structural-phase state of the
impurities. Changing this state can affect the service life of the entire material.

Beryllium is used in a number of nuclear reactors as a reflector and moderator and
is a key material in a thermonuclear project, it is used in instrument engineering and
other types of equipment. A positive effect of the AlFeBe4 type triple-phase precip-
itates on mechanical properties is noted [1-3]. On the other hand, with the course of
operation, for example, with the accumulation of a large dose of neutron irradiation,
gradual degradation of the material is observed [4-7]. It is required from metal to
maintain acceptable properties for long time, and here, in our opinion, the data on
redistribution of impurities would be useful.
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In the present paper, one-time feeding of the triple phase with aluminum was car-
ried out to evaluate the controllability of the distribution and structural-phase changes,
and Mössbauer studies of beryllium were carried out. The Mössbauer spectra were
taken after homogenization and prolonged annealing.

2. MATERIALS AND METHODS

Mössbauer spectra were obtained. Measurements of the effect on transmission were
carried out on a spectrometer MC1101E with a resonant detector of the RSDU type
(Rostov), a 57Co radiation source in chromium (Rivertz) was used. Samples were in
the form of plates with a thickness of 1.5-2 mm. The gamma radiation source, detector
and samplewere placed in a thermostat in which a constant temperature of 25.0 ∘Cwas
maintained. The knownMossbauer parameters of the solid solution of iron in beryllium
and the secondary phases of FeBe11 and AlFeBe4 were used for identification [8-11].

For the detailed interpretation of the spectra and the identification of various states,
the most reliable data were selected by comparing different calculation methods. It
is possible to resolve complex transmission spectra with small and close lines, study
redistribution of iron between different phases, analyze dissolution and precipitation
processes.

The model beryllium of the technical purity containing a small amount of aluminum
(0.03 wt. %) had been chosen as initial. The material also contained of the iron (0.11
wt. %) enriched with the isotope 57Fe. The content of the other metal impurities did
not exceed 0.05 wt. % in total. The alloy had been homogenized at 1000 ∘C whereupon
the spectrum contained only the doublet of the solid solution.

Earlier, the precipitation of various phases in beryllium of technical purity during heat
treatment was observed [1, 3, 11-15]. In the usual working state, after preparatory tech-
nological annealing, technical beryllium usually has a Mössbauer spectrum consisting
of doublet lines of solid solution and one or two secondary phases. The spectrum of a
typical sample is shown in Fig. 1.

It has been shown that with time at a given temperature the triple phase gradually
weakens [11-13].

As a method of redistribution of impurities in favor of the triple phase, in principle,
periodic or constant saturation of the surface of beryllium components with aluminum
can be used, followed by equalization of its concentration by heat treatment.
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Figure 1: The spectrum of the ordinary technical beryllium: 1 – experimental spectrum; 2 – doublet of the
solid solution; 3 – doublet of the secondary phase; H1, H2 – line amplitudes of the solid solution doublet; H3,
H4 – line amplitudes of the secondary phase doublet; F1, F2, F3 – intensities of the experimental spectrum
peaks.

Choosing a method of saturation of the surface, we will consider two processes: 1)
introduction by means of beam technologies and 2) penetration with direct contact of
metals.

Saturation of metal surfaces by the first method is methodically debugged [16, 17].
Using this method, it was possible to determine the region of existence of the ternary
phase in the beryllium angle of the Be-Al-Fe system state diagram [14, 15]. Since in
our case there are a number of impurities in the metal, first of all iron, to evaluate the
efficiency of the method we will use the results of the introduction of aluminum into
beryllium in competition with iron described in work [18].

A double film of Al-Fe (at first iron, then aluminum) or Fe-Al (in reverse order) was
applied on the beryllium. Further, applying a beamof Ar+ ionswith awide power range,
an interval of doses was (1-10) ⋅ 1018 ion/cm2, the metal atoms were implanted by the
ionicmixingmethod (fig. 2. The drawing is borrowed fromwork [18], but contains some
schematic additions). Note, that in the both cases atoms of iron penetrated deeper than
aluminum atoms. The penetration of aluminum depends on the presence of iron atoms
in the matrix and film.

Unfortunately, the low-temperature implantation process and its dependence on
iron impurities do not yet ensure equalization of aluminum concentration throughout
the material; the method requires refinement.
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Figure 2: Distribution of the atoms of aluminum and iron in beryllium implanted by the ionic mixingmethod
from films of Al-Fe (a) and Fe-Al (b) on beryllium at the irradiation by the beam of ions of Ar+ with the
wide energy distribution up to a dose of 1⋅1018 ion/cm2 [18]; h1 and h2 – the depth of the aluminum atoms
penetration for ”a” and ”b” options respectively; the shaded area schematically corresponds to the content
of iron in the solid solution.

More preferable is high-temperature saturation with direct contact of the beryllium
component with aluminum. This method is also interesting in connection the well-
known proposal to enclose beryllium blocks in an aluminum shell in one of the research
reactors [7].

In the present work, the aluminum content in the test material was brought from
the minimum to the upper level, characteristic for technical purity. This was done as
follows. The samples were maintained in contact with pure aluminum briefly at 700 ∘C
(up to its fusion) and then at 645 ∘C, with the subsequent fast cooling (the solubility of
aluminum at 645 ∘C is the highest). In this way, one-time make-up is carried out with
aluminum.

Homogenization was then carried out at 1000 ∘C. Aluminum diffuses faster than
iron and other impurities [3], therefore, at an elevated temperature, the leveling of its
concentration proceeds more quickly.

Then, a long (more than 1100 h) isothermal annealing was carried out at 600 ∘C.
The analysis is a simplified model of practical operation. The temperature is chosen
to accelerate diffusion processes. The normal operating temperature of the material
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is not higher than 400 ∘C, and the diffusion processes proceed slowly, however they
accumulate in long campaigns, such as the working period of a nuclear reactor.

The spectra were obtained after homogenization, at intermediate stages and after
the completion of isothermal annealing.

3. RESULTS AND DISCUSSION

As a result of aging in contact with aluminum and subsequent homogenization, the
average aluminum content in the samples increased to 0.15 wt. %. It was mainly
located along the grain boundaries. The Mossbauer spectrum again showed only the
presence of a solid solution of beryllium-iron, the weak solubility of aluminum on the
spectrum was not affected. No other iron-containing phases were detected except for
the solid solution.

Long-term isothermal annealing has made major changes. Fig. 3 shows the change
in the content of different phases.

Figure 3: The iron content in the various phases of the beryllium at the isothermal annealing: 1 – the solid
solution; 2 – the phase of the FeBe11 type; 3 – AlFeBe4 phase.

After 350 h after the start of annealing, the proportion of iron in the AlFeBe4 phase
exceeded its share in the solid solution, and after 300 h the excess was more than 3
times. In both cases, the proportion of iron in the triple phase was twice that in the
double phase. And then a relatively high content of the triple phase was observed
during a time interval exceeding the usual one corresponding to a lower aluminum
content. In contrast to the new data obtained, earlier, with a lower content [12, 13],
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the behavior of the alloys was characterized by the gradual decomposition of the solid
solution, the predominance of the binary phase over the triple phase and the estab-
lishment of a certain phase relationship, and with long exposures, this ratio remained
almost unchanged.

It follows from the comparison of the data that the contact of the sample with
aluminum provided a one-time supply of the triple phase. More substantial recharge
can be expected from a longer or recurring contact. Apparently, the marked excess of
the triple phase is a characteristic feature for a given impurity composition, taking to
account the increased aluminum content.

The AlFeBe4 phase with an isomer shift of 0.57 ± 0.01 mm/s and a quadrupole
splitting of 0.28 ± 0.01 mm/s is satisfactorily identified from the literature data, the
second iron-containing phase with an isomer shift of 0.54 ± 0.01 mm/s and with a
quadrupole splitting of 0.14 ± 0.01 mm/s, taking to account the literature data, we are
approximately classed as (Fe, M) Be𝑥: in comparison with FeBe11 it has a somewhat
higher isomeric shift, which may indicate a partial substitution of iron on other metal
impurities (M) and the complexity of the lattice.

The possibility of redistribution during long-term annealing helps to uncover the
mechanism of complex processes during operation and to approach their manage-
ment. With a decrease in the proportion of the triple phase, its effect on the physical
and mechanical properties of the material is gradually weakened. Apparently, there is
some critical portion of this phase that should be supported. To maintain this fraction, a
certain composition of impurities should be selected. Perhaps the contact of beryllium
blocks with an aluminum shell will play a positive role. Then, during annealing, and,
possibly, during irradiation, constant replenishment of AlFeBe4segregation is possible.
On the other hand, a number of other methods, for example, multilayer ion implanta-
tion, can also be proposed to regulate the penetration of aluminum and the constant
recharge of grain-boundary segregations, after further development of an appropriate
ion mixing and leveling-out regime.

4. CONCLUSIONS

1. According to Mossbauer spectroscopy data, during long-term annealing of tech-
nical beryllium with elevated aluminum content, the secondary phase of AlFeBe4
predominates over a longer period of time than with the usual aluminum content.

2. In the case of contact of beryllium blocks with an aluminum shell during anneal-
ing and irradiation, the grain-boundary segregation AlFeBe4 can be continuously
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replenished, with a corresponding extension of its positive effect on the opera-
tional properties of the material.

The example of beryllium of technical purity shows the possibility of targeted
changes in the distribution of impurities between different phases during the opera-
tional period.
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