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Research progress on the
hydrogen permeation behavior
of the nuclear waste container—A
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and Bio-fouling, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China

A large amount of nuclear waste produced in the process of nuclear energy
utilization has always been a key problem to be solved urgently for nuclear
safety. At present, "deep geological disposal” is a feasible method and is
generally accepted by many countries. It is a "multi-barrier system”
composed of an artificial barrier, including the solidified waste body, outer
packaging material, buffer backfill material, and a natural barrier including the
surrounding rock. During deep geological disposal, a near-field environment,
where the corrosion of a container could happen, is formed with continuous
groundwater infiltration and the release of much heat energy in the process of
nuclear waste decay and fission. At the same time, the environment will become
a long-term reduction place because of the gradual consumption of the initially
retained oxygen. The hydrogen evolution reaction is dominant, so
unpredictable hydrogen embrittlement of the container materials could
happen due to hydrogen absorption and penetration. This study summarizes
the possibility of hydrogen embrittlement of carbon steel, titanium, and their
alloys from three aspects, namely, hydrogen solubility, diffusion coefficient, and
hydrogen embrittlement, which provides a theoretical basis for predicting the
container life in a large time scale.

KEYWORDS

metal corrosion, hydrogen permeation, hydrogen embrittlement, nuclear waste, deep
geological disposal

Introduction

Generally, it takes a long period about hundreds of thousands of years after the
nuclear waste container is buried for deep geological disposal. With the increasing time,
groundwater continues to infiltrate the nuclear waste container. After the buffer backfill
material reaches saturation, the container will be completely exposed to groundwater,
resulting in exposure to the environment where the corrosion of the container could
happen. According to the evolution law of the oxygen content at the interface between the
metal container and buffer backfill material, it can be found that oxygen will be
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continuously consumed with the progression of the corrosion
reaction after the container is buried, which will promote the
progression of the hydrogen evolution reaction (Huang et al.,
2018). The reduction of hydrogen ions even under the condition
of aerobic corrosion was well-studied, and they have shown that
there will be reduction of hydrogen ions even under the condition
of aerobic corrosion (Huang and Zhu, 2005; Tsuru et al., 2005).
Therefore, hydrogen permeation into metal container materials
is accompanied by the whole process of corrosion. There are
several basic steps of the hydrogen evolution reaction (Dafft et al.,
1979), and the reaction formulas are as follows:

M+H"+e — MH, (1)
MH(ads) + MH(ads) — 2M + Hz (2)
MH a4y — MH (505 (3)

The reaction formulae refer to 1) the adsorption of hydrogen,
2) the recombination with hydrogen to form hydrogen
molecules, and 3) some adsorbed H atoms that may be
absorbed into the lattice.

During the service life of the container, it will suffer from the
coupling action of heat-water stress. The low carbon steel and
titanium alloy may also be damaged by strong crustal movements
such as earthquake, even when they are generally considered to
show the reduction of plasticity in the slow strain tensile test
under hydrogen charging due to low sensitivity to stress
corrosion and hydrogen embrittlement. There is a risk of
hydrogen embrittlement because of the influence dominated
by the hydrogen evolution reaction. Therefore, it is necessary
to study hydrogen permeation, medium- and long-term
hydrogen absorption, and hydrogen embrittlement behavior of
the metal container, especially the safety evaluation of container
materials by researching hydrogen absorption and hydrogen
concentration distribution in a large time scale. The
continuous consumption of oxygen showed that the hydrogen
evolution reaction will dominate the cathodic reaction in
corrosion. The research shows that oxygen will be exhausted
in a year at the earliest (Yang et al., 2007). Some factors accelerate
the consumption of oxygen, such as oxygen absorption
corrosion, rock dissolution, and oxidation of methane in
bentonite. After that, the hydrogen generated by the hydrogen
evolution reaction will accumulate with the disposal year. For
carbon steel, hydrogen diffuses fast so that a lot of hydrogen can
escape. However, hydrogen will react with titanium, and hydrides
are formed. The titanium hydrides show brittleness. Once the
amount of hydrides accumulated through disposal time after
oxygen exhausted reaches a certain degree, the titanium
container may suffer from hydrogen embrittlement.

Shoesmith assessed the corrosion performance of high-level
nuclear waste containers and summarized different models of the
container’s materials, including the general corrosion model and
the local corrosion model (Shoesmith, 2006). However, there is
no research about the hydrogen embrittlement model of
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container materials. The article mainly summarized the
possibility of hydrogen embrittlement of carbon steel,
titanium, and their alloys from three aspects: hydrogen
solubility, diffusion coefficient, and hydrogen permeation. This
affords the basis for the hydrogen embrittlement model.

Solubility of hydrogen in metals
Solubility of hydrogen in carbon steel

At present, it is well known that the solubility of hydrogen
basically does not depend on the purity of iron and the existence
of grain boundaries and dislocations in different microstructures.
For pure iron, it is known that the body-centered cubic (bcc) and
face-centered cubic (fcc) lattices provide different gap positions
for hydrogen residence. The dense structure of fcc iron can
provide a large single-gap space at the octahedral site, which
is the most favorable position occupied by hydrogen and has a
higher lattice solubility than bcc. The small position of a single
gap in the bec lattice leads to the low solubility of hydrogen, but
the large number of gaps in the bcc lattice provide a path for the
rapid diffusion of hydrogen through the lattice.

Hydrogen atoms are slightly larger than all gaps, so the lattice
requires additional energy to hold the hydrogen atoms. Due to
the endothermic characteristics of hydrogen dissolution in these
two lattices, heat promotes the dissolution of hydrogen in bec and
fcc iron (Wei and Tsuzaki, 2012). Silva and Mclellan (1976) first
measured that the solubility of hydrogen in iron at room
temperature was less than 107 (hydrogen atom/iron atom). It
fitted the formula of the relationship between solubility and
temperature:

In 0T = 9.4807 — 0.8121x + 0.0142x> (4)

where 0 = Nyy/Ng and x = 10*/T. Ny/Ng, represents the ratio of
the number of hydrogen atoms dissolved in iron to the number of
iron atoms per unit volume.

Kiuchi et al. (1986) found that the solubility of hydrogen in
bee iron does not follow the strict linear relationship with the
reciprocal of temperature but shows a slight deviation in the low
temperature range. Therefore, solubility cannot be accurately
expressed in the form of Arrhenius equation based on their
theory that the pre-exponential factor contains T*”. They also
pointed out that hydrogen occupying tetrahedral positions
mostly occurs at low temperatures. However, it is more likely
to occupy octahedral positions above about 100°C. Hirth (1980)
suggested that the most reliable method is to express the
solubility of hydrogen in the bcc lattice in the exponential
form. The solubility of hydrogen is expressed in atomic
fraction. The equation is as follows:

H,
co=5.813x10"° Pexp(—ﬁ) (5)
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Titanium—hydrogen phase diagram (Cui and Peng, 2003).

where P is the pressure of hydrogen, Hs (= 28.6 k] mol™) is the
heat of dissolution, R is the gas constant, and T is the absolute
temperature. When the pressure is too high (above about
20 MPa), P should be replaced by fugacity.

The results obtained from these studies are closely related to
the experimental methods and conditions.

Solubility of hydrogen in titanium

According to the source of hydrogen, hydrogen in titanium is
divided into two kinds: internal hydrogen and external hydrogen
(Cui and Peng, 2003).

Internal hydrogen exists before titanium is used. It is procured
mainly from the hydrogen absorbed by materials in smelting,
thermal process, and other processes (Zhu, 1989; Cui and Peng,
2003). The internal hydrogen solubility in a-Ti at room
temperature is between 20 and 150 ppm. External hydrogen
refers to hydrogen that enters the material from the external
environment during usage. There is a critical value for the external
hydrogen content. If hydrogen absorption reaches this critical
level, hydrides will be formed on the titanium surface. The
brittleness and elastic properties of hydrides are different from
the The standard Gibbs
titanium-hydrogen compound formation is negative, that is,

parent lattice. enthalpy of
titanium-hydrogen compounds are easy to form through
thermodynamic analysis. The atomic ratio of hydrogen to
titanium (H/Ti) in titanium hydride (TiH,) is related to the
diffusion flux of hydrogen atoms, so TiH, obtained under
different experimental conditions is not the same. Yan et al.
(2006) calculated that its average atomic ratio (H/Ti) is close to
1.6 and 1.8 (except for the minimum hydrogen charging current
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density of 0.5 mA ¢cm ™). Millenbach and Givon (1982) measured
the atomic ratio (H/Ti) between 1.62 and 1.78 at a higher current
density (5 mA cm™-20 mA cm™) by X-ray diffraction. However,
Phillips et al. (1972) calculated that H/Ti in hydride increased
from 1.2 to 1.5 (in 0.05 mol L™! H,SO,) at an applied hydrogen
charging current density of 0.05mA cm?-3.0 mA cm > Zhang
etal. (2019) carried out hydrogen charging in 0.05 mol L™' H,SO,
solution and simulated Beishan groundwater solution,
respectively, with an applied current density of 1 mA cm™. The
X-ray diffraction result showed that H/Ti was 1.5. According to
the titanium-hydrogen phase diagram (Cui and Peng, 2003), as
shown in Figure 1, it is easier to understand the structure of
titanium hydride. The y-hydride has fcc crystal cells relative to
titanjum atoms, and the hydrogen atoms are randomly distributed
in the tetrahedral gap (CaF, structure). For the high hydrogen
concentration close to the limit component 2 of H/Tj, the hydride
changes to a tetragonal structure at lower temperature. In the
lower concentration region, the hydrogen intrinsic solubility in the
a-phase is basically small at room temperature, so hydrides often
appear in pure titanium (Numakura and Koiwa, 1984).
Numakura and Koiwa (1984) showed that titanium hydride
can form three different crystal structures and morphologies in
the titanium alloy at a low temperature range of 40°C-60°C,
depending on different values of X in TiHj: a hydride with a low
hydrogen concentration (TiH,,5) (ordered face-centered
tetragonal structure); a hydride with a medium hydrogen
concentration (TiH,s.;9) (face-centered cubic structure); and
a hydride with a high hydrogen concentration (TiH;¢,0) (face-
centered tetragonal structure). Panin et al. (2003) believed that
TiH, has a face-centered cubic structure, and Ti is at the node.
Titanium hydride is a gray powder, which is stable in air. This
hydride can be completely dehydrogenated at about 1,000°C
(Huang et al., 2006). According to the dissociation, heat of the
hydride between TiH, 75 and TiH, o3 is obtained as follows:

AH 195 = 144.3 + 8.4k mol ™' (6)

ASyes = 29.711J K mol™ 7)

Because the phase diagram of titanium hydrogen is relatively
complex, there are still some new thermodynamic characteristics
to be found (Aronsson et al., 2001).

Diffusion coefficient of hydrogen in
metals

Diffusion coefficient of hydrogen in
carbon steel

Kiuchi et al. (1986) analyzed a large number of hydrogen
diffusion data comprehensively measured by various methods,
indicating that the most representative equation of the hydrogen
diffusion coefficient is as follows:
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Hydrogen diffusivity in bcc iron (Kiuchi et al., 1986).

D =7.23x 10" exp( - 5.69 (k] /mol)/RT)cm’s™  (8)
D= (1~252)x 107 exp[ - (6.70 ~ 7.12) (k] mol™")
x [RT|cm*s™ 9)

The temperature range for Eq. 8 is —40°C to 80°C and that for
Eq. 9 is 50°C-550°C.

Figure 2 summarizes the current diffusion coefficient of
hydrogen in iron. The regions A and B correspond to Eqs 8, 9,
respectively. However, the diffusion coefficients of regions C and D
are much smaller than those calculated by Eqs 8, 9. In the normal
lattice of bec iron, the diffusion of hydrogen is so high that the
measurement of hydrogen diffusivity is easily affected by the surface
state and hydrogen traps at the defects in the lattice. The true
hydrogen diffusion characteristics can only be measured when
these external effects are eliminated. Therefore, the lattice defects
and/or surface contamination resultin regions Cand D. At the same
time, regions Cand D reflect the diffusion coefficients obtained in the
presence of surface state effects and hydrogen traps, respectively.

Diffusion coefficient of hydrogen in
titanium

There are few data on the diffusion coefficient of hydrogen in
titanium. Wasilewski and Kehl (1954) measured the hydrogen
diffusion coefficient in a-titanium in the 1950s at the temperature
range of 500°C-824"C as follows:
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D(a) = 1.8 x 107 exp (12380 + 680)/RT cm®s™ (10)

Papazoglou and Hepworth (1968) also researched the
diffusion coefficient equation in the 1960s as follows:

D (&) = 3.0 x 107 exp (14700 + 650)/RT cm?*s™".  (11)

Obviously, there is a linear relationship between LnD and 1/
T, and the difference between the two groups of data may result
from different experimental methods. Wasilewski and Kehl
prepared the B-Ti surface layer on the a-Ti film based on
hydrogen stabilization in the [-phase. The surface layer
saturated with hydrogen is then used as the interior constant
hydrogen source of the a-phase. Papazoglou and Hepworth
introduced hydrogen directly from the gas phase to the a-
phase at a sufficiently low pressure to prevent B-phase
formation. Christ et al. (2000) also believed that the diffusion
coefficient of hydrogen in the titanium alloy is independent of the
hydrogen concentration in the sample and follows the Arrhenius
equation. Hydrogen diffusion in the a-phase of the titanium alloy
is slow, but in the stable P-phase, it is relatively fast. This
difference is most significant at low temperature and decreases
with the increasing temperature. Miyoshi et al. (1996) studied the
diffusion of hydrogen in titanium, TiggAl,, and Ti;Al and found
that the pre-exponential factor and activation energy of the diffusion
coefficient increased with the increasing aluminum content. Johnson
and Nelson (1973) used a mass spectrometer to measure the
hydrogen flow through the sample at a temperature of
400°C-800°C and a hydrogen pressure of 0.004-2.0 torr. Gaseous
hydrogen and a hollow cylinder sample were used to make hydrogen
penetrate from the inner surface of the sample and diffuse from the
outer surface. The equation is as follows:

P=1.6x107 pexp(— 14900 * 856)/RT moletorrs™ cm?,
(12)

where P is the hydrogen pressure and the unit of osmotic
activation energy is cal-mol™.

Bustard et al. (1980) studied the effect of hydrogen on the
diffusion mechanism in the y-phase of titanium hydride at the
of 400°C-600°C. According the
measurement result of spin lattice relaxation time T, it can

temperature range to

be determined that the average sojourn time among the atomic
jump is t4. These two factors are related to the jump length L and
the tracer correlation factor fr:
Dyss = (9.7 2 1) x 10 exp(-6.1 x 10*°/ T) cm*s™"
Dy = (6.1%1)x 10 exp(-6.3 x 10*°/ T) cm*s™"

(13)
(14)

It is found that the ratio of the pre-exponential factor is 9.7/
6.1 =
concentration ratio of 1.55. Stalinski and CooganGutowsky

1.59, which is in good agreement with the vacancy
(1961) pointed out that there was a direct proportional

relationship between the pre-exponential factor and vacancy
concentration (2-x) in the y-phase of TiH,.
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The aforementioned hydrogen diffusion coefficients in
titanium and its alloys are obtained at high temperatures (at
least 400°C), while there are few studies at low temperature. The
hydrogen diffusion coefficients at low temperature are basically
extrapolated from the diffusion coefficient equation obtained at
high temperature. Some studies showed that the hydrogen
diffusion coefficient at low temperature obtained by this
method is not reliable (Malyshev et al, 1982). Wipf et al.
(1999) showed that hydrogen diffusion in titanium has tunnel
diffusion at low temperatures. The diffusion behavior of
hydrogen in titanium and its alloys at low temperature is very
complex. In order to obtain a more accurate hydrogen diffusion
coefficient, further research is needed.

Hydrogen absorption and
embrittlement

Hydrogen absorption and embrittlement
of carbon steel

The hydrogen evolution reaction usually occurs in the
the
excessive polarization

corrosion  process in acidic or poorly ventilated

environment, caused by cathodic
protection, and pitting corrosion of steel (Neretnieks, 1985a).
Therefore, hydrogen absorption is likely to occur in this deep
geological environment. The main sources include hydrogen
introduced during the production and anaerobic corrosion of
iron in a steel container during disposal. It is generally believed
that hydrogen produced by anaerobic corrosion of iron is the
largest source (Neretnieks, 1985a; Ortiz et al., 2002), and the
reaction formulas are as follows:

Fe + 2H,0-Fe®" + 20H™ + H, (15)
Fe?* + 20H «Fe(OH), (16)
3Fe (OH),Fe;0, + 2H,0 + H, (17)
3Fe + 4H,0-Fe;04 + 4H,0 (18)

OH™ produced in reaction Eq. 15 may be involved in
carbonate or hydroxide deposition, such as reaction Eq. 16.
Reardon (1995) believes that Fe (OH), is metastable in the
anaerobic groundwater environment and is converted to
(Fe504) Shikorr
thermodynamics, as shown in reaction Eq. 17. The reactions

magnetite according  to reaction
in Egs. 15, 16, 17 are combined to obtain the total reaction, as
shown in Eq. 18. Neretnieks (1985b) predicted when the H,
partial pressure is increased to more than 40 MPa, the gas
production stopped from a thermodynamic point of view.
Similar to the dissolution and precipitation of common
mineral phases in geochemical simulation, Lasaga et al. (1994)
adopted the transition-state rate method to express the kinetic
rate for Fe dissolution and magnetite precipitation:
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(19)

- ()

Here, r represents the kinetic rate (the positive value indicates
dissolution, and the negative value indicates precipitation), k
represents the rate constant (moles per unit mineral surface area
and unit time), A is the total reaction surface area of the steel
container, K is the equilibrium constant of the mineral-water
reaction, and Q is the reaction quotient.

The release of chemical components from waste, bentonite
buffer, and clay may affect iron corrosion and gas generation. For
example, the solid treatment of nuclear waste (glass solidified
body) can reduce its probability of entering the biosphere, and
the Si released from the waste glass can be adsorbed on the
surface of Fe magnetite and other corrosion products (Philippini
et al., 2006). However, Lapuerta et al. (2007) believed that the
current corrosion model only considers the oxidation of Fe in
water, but this effect (hydrolysis) may also occur under reducing
conditions. H, produced by the radiation decomposition of water
is not considered.

Hydrogen-induced cracking will occur when the combined
action of the hydrogen content, stress, and strain reaches a
certain degree, including hydrogen-induced cracking (HIC)
without an external force and hydrogen-induced cracking
(SOHIC) under an external force. The basic concept of the
hydrogen pressure mechanism is that hydrogen atoms
recombine molecular hydrogen at the internal voids or cracks.
These voids may be cavities formed at the interface during
production. In the presence of stress, they expand the micro-
pores that the strain concentration has at the base metal, particles
or the Fe;C/ferrite phase boundary, and the hydrogen trapped at
the interface. If there is a significant hydrostatic stress component
around the interface, the hydrogen concentration may be further
enhanced. If enough hydrogen escapes into the gap, the pressure
reaching the gap may be large enough to produce cracks
(Turnbull, 2009). In the absence of significant stress, these
HIC cracks connect the crack tips through shear fracture in
the 45°C direction, thus forming a stepped appearance, which is
called step-by-step cracking. However, if there is residual stress
or external stress, the effect of stress not only promotes the local
accumulation of hydrogen but also changes the connection mode
between cracks. In this case, the connected cracks tend to form
laminations (nearly stepped shape) because the position of the
maximum shear stress moves from the tip of the crack to the
middle (Iino, 1978; Dewsnap and Jones, 1986; Pargeter, 2007).
The HIC growth rate depends on the rate of hydrogen diffusing
to voids/cracks. This depends on the hydrogen capture
characteristics of steel, including the density and volume of
voids/cracks, which will change over time. At present, there is
still no reliable model to quantitatively predict the crack growth
rate, but the in-depth insight on the microstructure can
qualitatively predict which microstructure characteristics are
easy to cause cracks (Turnbull, 2009).
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Hydrogen absorption and embrittlement
of titanium

The sources of hydrogen in the titanium container mainly
contain hydrogen introduced during production and hydrogen
precipitated by electrochemical corrosion during disposal (Wei
et al,, 2013). There are two effects of hydrogen on the mechanical
properties for titanium alloys (Shen and Feng, 2000). These are the
influences caused by the existence of inherently dissolved hydrogen
and the change of the phase composition and microstructure caused
by the hydrogen entry, that is, the formation of hydride.

Generally, the essence of hydrogen embrittlement for
titanium is caused by titanium hydride, which is related to the
shape and distribution of the hydride. Its structure also affects the
hydrogen embrittlement of different titanium alloys. For
example, the [-Ti alloy is more sensitive to hydrogen
embrittlement than the a-Ti alloy (the former is a body-
centered cubic structure, and the latter is a closely packed
hexagonal structure) (Shen and Feng, 2000). Schutz (1987)
believed that there are three main factors affecting hydrogen
embrittlement of the titanium alloy: 1) there is a mechanism of
continuous generation of new atomic hydrogen on the titanium
surface (such as corrosion); 2) the reaction temperature is higher
than 80°C, and the diffusion hydrogen rate of a-Ti is more
significant; and 3) the pH value is lower than 3 or higher
than 12, or the applied potential is more negative than —0.70v
(vs. SCE). The HIC of titanium and its alloys can be avoided by
eliminating one or more of the three factors (Hua et al., 2005).

Studies have shown that there is a critical hydrogen
concentration, He. Once the critical hydrogen concentration is
exceeded, the fracture toughness of TA2 and TAI2 will be
significantly affected (Clarke et al., 1995; Clarke et al., 1997).

Sorensen (1990) drew the conclusion that only when the
hydrogen content in TA12 is greater than 500 ug g, loss of
ductility will occur. Also, the premise is that other factors are
basically the same, such as the appearance of the p-phase. The
critical concentration, H¢, depends on the strength of the material.
Materials with lower strength are more resistant to hydrogen
(Clarke et al., 1997). According to the current research results,
the critical hydrogen content (H¢) of TA2 is between 500 pg g
and 800 ug g'; the critical hydrogen content (HC) of TA12 is
between 400 ug g' and 600 pg g'; and the critical hydrogen
content (HC) of TA16 is between 1,000 pg g and 2000 pg g
(Clarke et al., 1994; Clarke et al., 1995; Ikeda and Quinn, 1998).

However, there are still some problems to solve for hydrogen
embrittlement of container materials in deep geological disposal.
First, the source of hydrogen needs to be solved before hydrogen
embrittlement is studied. It is still not clear. In addition to general
corrosion, there may be radiation decomposition of groundwater
and microbial effects. Second, the prediction of the hydrogen
content is based on the corrosion rate of container materials in a
large time scale. Therefore, it is very important to estimate the
corrosion rate. Meanwhile, whether local corrosion will affect HE
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sensitivity of container materials still remains unclear. Last, the
problem about hydrogen embrittlement of the metal container in
a deep geological environment is mainly the difficulty to predict
the hydrogen content accumulated after long-term disposal in
the deep geological environment, and it is uncertain whether
there is a risk of hydrogen embrittlement before reaching the
expected service life. Therefore, it is necessary to carry out more
in-depth research on this basis.

Conclusion

Because of the continuous consumption of oxygen, the
cathodic oxygen
absorption to hydrogen evolution, and the nuclear waste

reaction of corrosion changes from
metal container has the possibility of hydrogen embrittlement
in deep geological disposal for a long time. However, the
mechanism of hydrogen embrittlement in different metal
containers is different. Due to the rapid diffusion rate of
hydrogen in carbon steel, carbon steel will show hydrogen
embrittlement sensitivity only when it exists in carbon steel
for a long time. For titanium and its alloys, hydrogen will
react on its surface to form titanium hydride. Once the
hydrogen concentration reaches a certain level, it shows
hydrogen embrittlement sensitivity, although

hydrides will hinder the diffusion of hydrogen.

titanium
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