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Abstract
Activated beryllium wastes are produced by the nuclear industry and have to be managed as radioactive waste during 
decommissioning and dismantling of nuclear facilities. One potential approach to the management of these wastes is their 
encapsulation and stabilization in cementitious matrices. The main issue with this conditioning is aqueous corrosion, leading 
to the hydrogen production and potential crack formation leading to a loss of confinement. To evaluate the suitability of 
different cement formulations, such as Ordinary Portland Cement (OPC) or magnesium phosphate cement for encapsulation 
of metallic beryllium, the corrosion behaviour of beryllium metal was investigated in solutions with different pHs. In 
alkaline solutions representative of OPC pore fluids (i.e. NaOH solutions with pH between 12.5 and 14), corrosion rates 
increase drastically with increasing pH. Investigations of the surface of the corroded beryllium samples by scanning electron 
microscopy indicate that pitting corrosion is the main corrosion mechanism under these conditions.

Introduction

Metallic beryllium is employed in a wide range of nuclear 
applications, for example, as moderator, reflector, or fuel 
cladding in thermal reactors, due to its low neutron-capture 
cross-section and high potential for elastic neutron scattering 
[1–3]. Moreover, it is also under consideration as interesting 
material for future fusion power reactors (e.g. as first wall) 
[4–6]. Neutron irradiation of beryllium during utilization in 
fission and fusion reactors entails the accumulation of sig-
nificant amounts of short- and long-lived activation products 
(e.g. 3H formed from 9Be via 9Be(n, α)6He → 6Li(n, α)3H, 
and 10Be, as well as activation products of impurity ele-
ments, such as 14C, 41Ca, 60Co, and 239Pu), requiring its 
disposal as radioactive waste after decommissioning. One 
strategy for the management of low- and intermediate-level 
radioactive metallic wastes is their encapsulation in cementi-
tious matrices [7–9]. Reactive metallic wastes produced by 

nuclear activities (such as aluminium, magnesium, or beryl-
lium) may react with cement hydration phases or the pore 
water, thus having detrimental effects on the conditioning 
material [10]. A major issue is the corrosion of the metal 
resulting in the release of hydrogen, which can lead to crack-
ing and gas driven transport of radionuclides out of the waste 
package, impairing the confinement of the radionuclides. 
However, data on the corrosion and reactivity of metallic 
beryllium in the disposal environment (e.g. with respect to 
 H2 evolution) are scarce [11].

The physico-chemical aspects of the passivation and 
degradation of beryllium in aggressive media have been 
investigated by various authors using open-circuit potential 
measurements and electrochemical impedance spectroscopy 
[11–13]. However, literature data on direct measurements 
of beryllium corrosion rates in aqueous solutions are scarce 
and apparently estimates rather than accurately measured 
values. Moreover, they are available only for neutral and 
slightly acidic conditions and not for the highly alkaline con-
ditions prevailing in many cementitious materials based on 
Ordinary Portland Cement (OPC) [14, 15]. Thus, within the 
frame of the collaborative EC-funded Horizon 2020 project 
PREDIS (Predisposal management of radioactive waste) we 
investigated the corrosion behaviour of metallic beryllium 
in solutions with different pH and composition, simulating 
potential encapsulation matrices, such as OPC or magne-
sium phosphate cement (MPC), the latter characterized by 
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distinctly lower pore solution pH than OPC-based materials. 
Corrosion rates of metallic beryllium samples were deter-
mined experimentally using gravimetric methods (weight 
loss) combined with the determination of beryllium con-
centrations in solution via ICP-MS. The obtained results 
are compared with results derived by the  H2 release under 
similar conditions. Moreover, detailed studies of pristine and 
corroded metal surfaces were carried out using scanning 
electron microscopy (SEM) combined with energy-disper-
sive X-ray spectroscopy (EDS) providing insights into cor-
rosion mechanisms and the possible initiation places for pit 
corrosion in dependence of solution composition.

Materials and methods

Beryllium foil (Alfa Aesar, 99.8% purity) with a thickness 
of 0.25  mm was used as initial material to allow for 
microscopical investigation of corrosion features and 
to avoid the risks associated with the use of beryllium 
powder due to its high toxicity. The density of the Be 
foil was measured by hydrostatic weighing in water and 
equals 1.842 ± 0.001 g/cm3, correlating well with reference 
data [16]. Aluminium foils (Alfa Aesar, 99.997% purity) 
with a thickness of 0.25 mm were also used in this work 
for comparative analysis of corrosion properties since an 
analogous corrosion behaviour has been assumed in the past. 
For experiments on metal corrosion, Be and Al samples with 
a size of approximately 1.7 × 3.2 cm were mechanically cut 
out. The initial samples were cleaned by rinsing them with 
acetone and ethanol and were treated with HCl (0.5 M) 
solution (around 1 min) as recommended in [11]. Then, they 
were rinsed thoroughly with demineralized water and dried 
with a tissue paper.

The corrosion experiments were carried out in tightly 
sealed plastic containers with a volume of 0.5 L under air 
atmosphere. Three NaOH solutions with pH values equal 
to 12.6, 13.2, and 14.0, respectively, were used; the initial 
volume of the solution was 250 mL. The total duration of 
the corrosion experiments for beryllium was 30 days, and 
the sampling periodicity was once every 1–2 days. After 
sampling, the solution was not supplemented; the change in 
solution volume was taken into account in the calculation 
of the corrosion rates. The Be samples were removed 
from the solution, thoroughly washed with demineralized 
water, carefully dried with a soft tissue paper following 
the procedure recommended by Bouhier et al. [11], and 
then weighted. In addition, 2 mL of the leaching solution 
was abstracted for subsequent determination of beryllium 
concentrations using ICP-MS (Elan 6100 DRC).

The corrosion of beryllium in water-based solutions 
is the sum of two electrochemical reactions, oxidation 

and reduction and proceeds in circumneutral conditions 
according to the following equation:

Beryllium corrosion results in the release of hydrogen 
and the formation of Be(OH)2, which can form a passivating 
layer on the metal (i.e. similar to Al hydroxides on 
aluminium) and has its lowest solubility under neutral 
to slightly alkaline conditions, but is more soluble under 
highly alkaline conditions [17]. According to the solubility 
diagram presented in [17], Be(OH)2 is in equilibrium with 
Be(OH)3

− and Be(OH)4
2− at higher pH values (above 11).

Therefore, Be corrosion rates can be determined by three 
direct experimental methods, namely, measurements of (a) 
mass loss of the initial sample (ML), (b) the concentration 
of beryllium in solution (ICP-MS), and (c) the amount of 
hydrogen released  (H2 release). Ideally, the values of the 
corrosion rates determined by these three methods should 
be equal.

The presence of a hydroxide layer on the metal surface 
leads to an underestimation of the amount of corroded metal 
by measuring ML:

where mcor

Be
 is the mass of corroded beryllium and ms

Be
 the 

mass of beryllium being in the form of hydroxide on the 
sample surface, and the coefficient  R= 4.774 equals the ratio 
of the molecular weights of the hydroxide and the metal, 
respectively.

The mass of corroded beryllium consists of two 
components—the mass of Be as hydroxide on the metal 
surface and that dissolved in solution, msol

Be
.

Using Eqs.  (2) and (3), an equation can be obtained 
for the mass of corroded beryllium which consists of two 
experimentally measured values—the concentration of 
beryllium in solution (determined by ICP-MS) and mass 
loss (ML).

To measure the  H2 release with time, Be samples were 
immersed in alkaline solutions in a leak-tight container. The 
headspace of the container was injected on a regular basis in 
a Shimadzu GC-2010 Plus type gas chromatograph, using a 
ShinCarbon ST column and a Barrier Discharge Ionization 
Detector. Moreover, detailed studies of the morphological 
features of the structure of pristine and corroded metal 
surfaces were carried out using a FEI model Quanta 200F 
SEM equipped with a Genesis 4000 EDS analyser.
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(2)ML = −mcor

Be
+ Rm

s

Be
,

(3)m
cor

Be
= m

s

Be
+ m

sol

Be
.

(4)m
cor

Be
=

Rm
sol

Be
+ML

R − 1
.



393Investigation of kinetics and mechanisms of metallic beryllium corrosion for the management…

1 3

Results and discussion

Corrosion rates

In Fig. 1a, the measured mass loss (ML) and amounts of 
beryllium in solution ( msol

Be
 ) are shown for a representative 

experiment performed at pH 13.2 as function of experimen-
tal duration. The mass of the sample decreases and the con-
tent of Be in solution (blue line) increases monotonically 
with increasing duration of the experiment. Based on these 
data, the corrosion rates (CR) were calculated; the results are 
presented in Fig. 1b. The corrosion rate decreased steeply 
with time (stage 1) and reached an almost constant value 
after 17 days (stage 2). The average corrosion rates were 
calculated specifically for the second stage and is equal to 
1.98 ± 0.07 µm/year at pH 13.2.

The results of corrosion rate measurements at various pH 
values are presented in Fig. 2 and summarized in Table 1. 
Under alkaline conditions, the corrosion rates of Be in loga-
rithmic coordinates increase linearly with increasing pH and 
correlate well with the results obtained by measuring the  H2 
release. The literature data on beryllium corrosion in aque-
ous solutions [14, 15] are included in Fig. 2 for comparison. 
It should be noted that these data are for neutral and slightly 
acidic solutions and estimates of the corrosion rates rather 
than accurately measured values.

For comparison, the measured corrosion rates of metallic 
Al determined under similar conditions are also included 
in Fig. 2 and Table 1. Aluminium corrosion at neutral or 
slightly acidic/alkaline conditions results in the formation 
of aluminium hydroxides (e.g. Al(OH)3, AlOOH), which are 
sparingly soluble in water and form a protective layer under 
these conditions, but are soluble at low and high pH, respec-
tively [18]. Therefore, the values of the Al corrosion rates 
under highly alkaline conditions were determined by the 
mass loss. The measured rates show also a strong increase 
with increasing pH, in good agreement with literature data 

[19], and are significantly higher than the corrosion rates 
of metallic beryllium. The ratios of corrosion rates for 
metallic aluminium and beryllium (CRAl/CRBe) reveal that 
the corrosion rates of metallic aluminium are 3 to 4 orders 
of magnitude higher than those of beryllium (cf. Table 1). 
This indicates that metallic Al is not a suitable analogue to 
assess the behaviour of Be under highly alkaline cementi-
tious conditions.

Fig. 1  a Sample mass loss (ML, red line), mass of beryllium in solution ( msol

Be
, blue line), and calculated mass of corroded beryllium metal ( msol

Be
 , 

green line) in a representative experiment at pH 13.2; b evolution of corrosion rate (CR) at pH 13.2 as function of exposure time

Fig. 2  Corrosion rates of metallic Be and Al determined in this study 
compared to available literature data [8, 14, 15, 19]

Table 1  Corrosion rates (CR) of metallic beryllium and aluminium in 
NaOH solutions of different pHs

pH Corrosion rate (CR), µm/year CRAl/CRBe

Be Al

12.6 0.18 ± 0.02 6940 ± 20 38556
13.2 1.98 ± 0.07 45730 ± 50 23096
14.0 64.4 ± 1.4 112800 ± 100 1752
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The decrease in Be corrosion rates with time is presum-
ably due to a hydroxide layer forming on the surface of the 
Be metal, which is confirmed by our microscopic studies 
(cf. “Scanning electron microscopy observations” section). 
The good adhesion of Be hydroxide to the metal surface is 
probably due to similarities of their crystal lattice param-
eters (aBe = 2.287 Å [20] ≈ 0.25(a + b)Be(OH)2 = 2.288 Å 
[21]). Moreover, the hydroxide occupies a volume 4.54 
times larger than that of the metal consumed in forming the 
hydroxide (Pilling–Bedworth ratio). Thus, being in expan-
sion, the oxide does not have any tendency to spall. It can 
be assumed that at stage 1 there is a predominant dissolution 
of Be from “defective” sites of the samples and a protec-
tive layer of hydroxide just begins to form. At stage 2, a 
certain steady state is reached between the formation of a 
protective layer of hydroxide and the dissolution of metallic 

beryllium. The presence of a protective layer of hydroxide 
on the surface of the material probably determines the higher 
corrosion resistance of metallic beryllium in comparison to 
aluminium under hyperalkaline conditions.

Scanning electron microscopy observations

According to [22], corrosion of beryllium metal starts at 
sensitive points which comprise crystallographic defects, 
cavities, or scratches in the metal surface and/or impurity 
inclusions mainly localized along grain boundaries [23]. 
Figure 3a shows the surface of the original Be foil with 
two types of mechanical defects visible on the surface of 
the beryllium metal, namely numerous elongated linear 
defects (scratches) due to mechanical processing (rolling) 
and, locally present, rather deep defects (cavities). Impurity 

Fig. 3  a  SEM surface images (back-scattered electron images) of a 
pristine Be sample with scratches from mechanical processing and 
impurity inclusions (white spots); b Be hydroxide layer formed on a 

Be sample corroded at pH 14.0; c corrosion pits in Be metal corroded 
at pH 13.2 and d pH 14.0
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inclusions are also present in the material with sizes varying 
between 0.4 and 3.5 µm (cf. Fig. 3a). These inclusions were 
identified by SEM–EDS as BeO,  Be2C, silicon (Si), and 
various intermetallic phases, such as Be/Cr/Al/Mn,  Si2Cr, 
and Al/Mn/Si/Cr.

Figure 3b shows that the surface of the corroded Be 
metal samples is uniformly covered by a thin layer of 
Be(OH)2. Moreover, two types of corrosion pits could be 
observed in the corroded samples: (1) large (40–200 µm) 
pits with an elongated shape, where the direction of pit 
elongation coincides with the direction of the original 
scratches (Fig. 3c) and (2) smaller (3–30 µm) corrosion pits 
characterized by a spherical (cylindrical) shape (cf. Fig. 3d).

Apparently, the large corrosion pits formed at the sites 
of originally present scratches and cavities. They have a 
complex morphology consisting of pit walls and parallel 
plates, which can be explained by the differing dissolution 
rates of different crystallographic orientations of the Be 
grains [24]. The small corrosion pits are also located on the 
tops of scratches and irregularities of the original Be metal. 
This indicates that mechanical defects (cavities, edges of 
scratches) in the initial beryllium foil are the initiation places 
for pitting corrosion.

Conclusion

In the present work, the corrosion of metallic beryllium in 
highly alkaline aqueous solutions mimicking the pH of pore 
waters encountered in OPC-based cementitious materials has 
been studied by various methods. Corrosion rates determined 
by combining mass loss and aqueous Be concentrations 
showed a strong increase of Be corrosion rates with 
increasing pH in hyperalkaline solutions (pH > 12), with 
good correspondence to corrosion rates determined from the 
release of hydrogen gas. Detailed microscopic studies of the 
material before and after corrosion suggest pitting corrosion 
as one important mechanism of beryllium metal corrosion 
at highly alkaline solutions. Mechanical defects (cavities, 
edges of scratches) on the initial beryllium foil surface acted 
as the initiation places for pit corrosion. Complementary 
experiments performed with Al foils under similar 
conditions showed that the corrosion rates of Al under highly 
alkaline conditions are several orders of magnitude higher 
than those of Be metal, suggesting that Al is not a suitable 
surrogate for the evaluation of the behaviour of metallic Be 
in cementitious environments. The results of this study show 
that Be metal is distinctly less reactive than Al under highly 
alkaline conditions, indicating that conditioning of metallic 
Be in cementitious matrices is a viable option. However, to 
limit generation of hydrogen gas and associated deleterious 
effects, cement formulations leading to (initially) very 
high pH pore solutions (pH > 13) should be avoided (cf. 

[11]). Further work will be dedicated to the investigation 
of the behaviour of metallic Be encapsulated in MPC-
based matrices, where lower long-term corrosion rates are 
expected due to the slightly alkaline pH.
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