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A B S T R A C T

The experimental dependences of the hydride reorientation stress threshold on the hydrogen concentration in 
zirconium alloys presented in various publications shows a significant divergence. This discrepancy may be due 
to different physical interpretations of the stress threshold: through minimal absolute amount of hydrogen (few 
ppm) or relative (few percent) amount of reoriented hydrides. This assumption was supported by simulations 
with the physically-based numerical tool. The paper proposes the concept of a "representative" stress threshold, 
defined by the relative amount of hydrogen in reoriented hydrides. The "representative" threshold characterizes 
the susceptibility of dissolved hydrogen to precipitate as radially oriented hydrides under external stresses.

1. Introduction

Hydride embrittlement of zirconium fuel rod cladding is one of the 
mechanisms limiting the handling and long-term dry storage regimes of 
spent nuclear fuel [1,2]. The degree of hydride embrittlement is largely 
determined by the morphology of the hydride network, as hydrides are 
able to provide the pathways for crack growth with low fracture energies 
[3]. The hydride morphology, in turn, can change during thermo
mechanical cycling when vacuum or gas drying of the cask with spent 
fuel assemblies is performed prior to transport or dry storage.

Hydrogen accumulated in fuel rod cladding during operation is 
almost completely in the hydride phase during storage in the fuel pool at 
low temperatures around 30 – 50 ◦C. The morphology of the hydrides 
after operation and cooling can be approximated as plates elongated in 
the circumferential direction of the cladding. If fuel assemblies are 
subjected to vacuum or gas drying, their temperature may increase due 
to decay heat generation and reach about 400 ◦C (the same temperature 
can be also reached at the beginning of dry storage), resulting in partial 
or complete dissolution of hydrides, depending on the total hydrogen 
content in the cladding and the maximum temperature. Undissolved 
hydrides retain their circumferential orientation, while hydrogen in 
solid solution can reprecipitate in the radial direction during subsequent 
cooling, depending on the external stresses generated by the internal gas 
pressure under the cladding. This process is known as hydride 

reorientation. Radial hydrides can increase the degree of hydride 
embrittlement and cause the ductile to brittle transition of the fracture 
mode if they are able to provide the almost continuous path for a brittle 
crack through the cladding. To avoid critical embrittlement during 
transport and storage, the thermomechanical regimes should minimize 
the radial hydride fraction (RHF).

The dependence of RHF on external stresses can be approximated as 
a threshold function: RHF has a very weak dependence on stresses below 
the threshold stress and grows with stresses at higher stresses [4,5]. At 
very high stresses all hydrides can precipitate in the radial direction, 
which marks the “high stress threshold”, or σth,100 % (opposite to the 
“low stress threshold” where reorientation starts, σth,0 %) [6,7].

The concept of stress threshold has been widely used to estimate the 
reorientation tendency of hydrides in thermomechanical cycles [8–13] 
and is applied in a number of numerical models developed to predict 
RHF during dry storage [7,14,15]. This paper focuses on issues related to 
the physical interpretation of the stress threshold and its experimental 
dependencies, which have not yet been discussed.

2. The problem statement

The problem statement includes three separate issues, summarized in 
Table 1 and described in more detail below.
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2.1. Issue 1. Unexplained discrepancy in experimental data (for 
concentrations above the solubility limit in the thermocycle)

The first issue follows from the comparison of experimental data 
[6–9] where the hydride reorientation threshold has been measured 
under similar conditions for different hydrogen concentrations above 
the solubility limit in the thermomechanical cycle. As can be seen from 
Fig. 1, there are significant differences both in absolute values and in the 
type of dependence after thermomechanical cycles: 

• in [6] and [7] the experimental stress threshold is almost constant 
above the solubility limit and is around 60 MPa for 350 ◦C, or 30 – 35 
MPa for 400 ◦C;

• in [8] and [9] the stress threshold has a strong dependence on 
hydrogen concentration and growth from ≈ 60 – 70 MPa at the 
solubility limit to around 160 MPa at 600 ppm and 350 ◦C, or 140 
MPa at 600 ppm and 400 ◦C.

The conditions of experiments [6,8,9] are very similar: in each case, 
the stress threshold was measured as a result of a thermomechanical 
cycle with a maximum temperature of 350 or 400 ◦C and a constant load 
during cooling. The cooling rates were in the range 0.4 – 0.7 ◦C/min in 
all experiments [6,8,9].

The loading schemes in the experiments are different, but the general 
concept is the same. The experimental methods are based on compres
sion of C-shaped specimens in [6] and tension of cladding tube segments 
in [8] and [9]. In both methods, the local morphology of the hydrides is 
compared with the local stress state calculated by FEM, and therefore 
the difference in loading schemes should not affect the experimental 
results. The authors of [6] also described these two experimental 
methods as "comparable".

Experiments on Zircaloy-4 [9] and Zircaloy-2 with the inner liner 
removed [8] showed similar results, while data [6] and [7] for 
Zircaloy-4 differed from both [8] and [9] experimental results. There is 
no obvious physical mechanism that could cause different hydride 
reorientation in Zircaloy-2 and Zircaloy-4, as they have similar chemical 
composition, mechanical properties and microstructure, and the hydride 
reorientation behavior of these alloys is considered here to be similar.

In conclusion, different alloys and loading schemes cannot explain 
the difference in experimental results shown in Fig. 1. This paper pro
poses an alternative explanation in Section 3.

2.2. Issue 2. Unclear physical interpretation of the engineering 
correlations (for concentrations below the solubility limit in the 
thermomechanical cycle)

Authors of [6] suggested the following engineering correlations for 
stress threshold σth,0 % in [MPa] on hydrogen concentrations: 

σth,0% = 0.02⋅Ctot + 186.9 − 0.3862⋅min(Tmax,Tssd) (1) 

Ctot – total hydrogen concentration [ppm], Tmax – maximal temperature 
of the thermocycle [ ◦C], Tssd – temperature of the complete dissolution 
of hydrides [ ◦C]. Correlation (1) for different temperatures and exper
imental points [6,7] is shown in Fig. 2.

Table 1 
A problem statement and the various interpretations of stress thresholds 
considered in the paper.

Issues
1 discrepancy in the experimental dependence of the threshold on hydrogen 

concentration (at concentrations of hydrogen above the solubility limit)
2 an unclear physical interpretation of the experimental correlation for threshold 

(at hydrogen concentrations below the solubility limit)
3 an approach to experimental correlations of low and high thresholds in the limit 

of very low hydrogen concentrations
Interpretations of the low stress threshold
1 stresses, at which 5 ppm of the hydrogen is present in radial hydrides
2 stresses, at which 5 % of the hydrogen in hydrides is present in radial hydrides
3 stresses, at which 5 % of the reprecipitated hydrogen (dissolved and precipitated 

during the thermomechanical cycle) is present in radial hydrides

Fig. 1. Different dependencies of hydride reorientation thresholds established in experiments [6,7] and [8,9]; for concentrations above the solubility limit in the 
thermocycle, which are ≈ 110 ppm for Tmax = 350 ◦C and ≈ 200 ppm for Tmax = 400 ◦C.

Fig. 2. Comparison of experimental data [6,7] and correlation Eq. (1); black 
line – the common part of the correlations for different temperatures.
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As can be seen from Fig. 2, the correlation Eq. (1) has a breaking 
point at a concentration equal to the solubility limit at the maximum 
temperature of the thermomechanical cycle. At lower concentrations, 
the threshold increases significantly with decreasing hydrogen concen
tration (from ≈ 20 MPa at 300 ppm to ≈80 MPa at 50 ppm). The physical 
mechanism of this dependence was not explained in [6] and remains 
unclear. Moreover, this dependence may contradict to theoretical 
models based on Ells’ approach [16] that assumes the dependence of the 
radial hydride fraction Fr on stress divided by temperature (σ/T). As the 
hydride precipitation temperature decreases with decreasing hydrogen 
concentration, the stress threshold σth,0 % should also decrease propor
tionally to temperature to achieve the same radial hydride fraction Fr, 

min(σth,0 %/T). This contradicts the correlation Eq. (1) and experimental 
points on Fig. 2. Section 3 proposes an assumption that brings together 
the physical model and the experimental data.

2.3. Issue 3. Unclear physical interpretation of the correlations limit at 
very low concentrations

The stress threshold σth,100 % characterizes the stress above which 
almost all hydrides precipitate in the radial direction. In [6], the 
following engineering correlation was proposed for the dependence of 
σth,100 % in [MPa] on the hydrogen concentration: 

σth,100% = 110 + 65(1 − exp( − Ctot /65)) ± 20 (2) 

The correlations Eqs. (1) and (2) as well as the experimental data [6] 
used for their development are compared in Fig. 3. As can be seen from 
Fig. 3, both correlations for σth,0 % and σth,100 % tend to overlap at low 
concentrations and intersect at about 5 ppm (beyond the range of 
experimental conditions). The physical interpretation is that the radial 
hydride fraction Fr can only be 0 % or 100 % at such conditions but not 
in the range 0 %< Fr < 100 %. This feature of the engineering correlation 
Eqs. (1) and (2), as well as the reduction of stress range of mixed hydride 
orientation Δσth = σth,100 % – σth,0 % from Δσth ≈ 150 MPa at 200 ppm to 
Δσth ≈ 50 MPa at 70 ppm requires an explanation of the physical 
mechanism.

3. The proposed solution

3.1. General solution framework

The proposed solution to the above issues is based on the assumption 

that the hydride reorientation thresholds in different experimental 
methods may have a difference in physical interpretations, formulated 
in Table 1.

The stress threshold for hydride reorientation is defined in [6] as the 
minimum local stress within the compressed C-shaped sample, at which 
a single radially oriented hydride can be detected (follows from Fig. 6 in 
[6] and Fig. 9 in [17], where the same method is described). Even a 
single experimentally detectable radial hydride requires a certain 
amount of hydrogen. Therefore, the stress threshold in [6] can be 
defined as the stress at which a minimum absolute amount of hydrogen 
(e.g. a few ppm) precipitates as radial hydrides.

The stress threshold for hydride reorientation in [9] has a different 
interpretation. Following the method previously used in [18], the stress 
threshold was defined as stresses at which the relative fraction of radial 
hydrides exceeds the as-hydrided value (without external stresses) by 5 
%. Contrary to the method used in [6], the radial hydrides can be present 
at local stresses below the stress threshold, as can be seen from Fig. 5 in 
[9] and Figs. 5 and 6 in [18].

The authors of [8] define the stress threshold as a statistical mean of 
minimum local stresses at which radial hydrides can be detected. This 
method assumes that radial hydrides can be present at stresses below the 
threshold, as can be seen in Fig. 8 in [8]. Therefore, the interpretation of 
the stress threshold is slightly different from that in [6] and it is assumed 
in this paper that the stress threshold in [6] may represent the stress at 
which the relative proportion of hydrides exceeds a minimum value (e.g. 
a few percent), as in [9].

Further analysis is based on the assumption, that in hydride reor
ientation tests with small samples (C-shape tests [6] and ring tests [8,9]) 
two implicit interpretations of the stress threshold may exist: as stresses 
required to reorient a minimum absolute (e.g. a few ppm) or relative (e. 
g. a few percent) amounts of hydrides. It is expected that at high 
hydrogen concentrations and dense hydride networks the difference in 
interpretation will be clear, allowing the local radial hydride fraction to 
be estimated. At low concentrations (especially below 100 ppm), it may 
be difficult to define the local radial hydride fraction due to the small 
number of hydrides in the narrow isostress layer of ≈10 µm wide. This 
may lead to a blurring of the difference between two interpretations in 
favor of the threshold defined by absolute values at low hydrogen con
centrations. Note, that the feature of different interpretations of stress 
thresholds is relevant for experiments with small samples and high stress 
gradients, which can be up to 500 – 1000 MPa/mm (based on Fig. 7 in 
[8] and Fig. 3 in [9]). For experiments with low stress gradients or with 
homogeneous stresses, e.g. gas-filled tubes [18,19] or loaded planes [4], 
the hydride reorientation threshold is defined by a minimum relative 
fraction of reoriented hydrides (usually, ≈ 5 %).

3.2. Comparison of the experimental thresholds with simulations

The dependence of the stress threshold on the hydrogen concentra
tion in both interpretations was calculated using a simulation tool based 
on Ells’ approach [16] and kinetic models [20] and [21], which is 
described in Appendix. The temperature scenario used in the simula
tions was close to that used in the experiments [6,8] and [9]: linear 
heating from room temperature to Tmax (350, 400 or 450 ◦C), holding at 
Tmax for one hour and slow cooling in the presence of external stresses. 
The initial orientation of the hydrides was assumed to be 100 % 
circumferential.

The model has been used to simulate the reorientation curves, i.e. the 
dependence of the hydrogen concentration in the radial hydrides and 
radial hydride fraction on external stresses, under the conditions of the 
experiments [6,8] and [9]. The stress thresholds have then been esti
mated from these reorientation curves in two approximations: 1) as the 
stress, at which the hydrogen concentration in radial hydrides exceeds 5 
ppm, and 2) as the stress at which the radial hydride fraction exceeds 5 
%. The first is compared with experimental data [6,7] in Fig. 4; the 
second is compared with experimental data [8,9] in Fig. 5. The 

Fig. 3. Stress thresholds σth,0 % and σth,100 % in [6,7]; dotted lines – extrapo
lation beyond the range of experimental data showing almost equivalence of 
the lower and upper thresholds at low concentrations.
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calculated lines in Figs. 4 and 2 are similar, but their origin is different: 
the lines in Fig. 2 are engineering correlations, while the lines in Fig. 4
are the result of simulations with a model based on general physical 
assumptions.

Note, that the dash-dotted line in Figs. 4 and 5a and dashed line in 
Figs. 4 and 5b represent the same simulation results, but in different 
interpretations resulted in different dependencies of stress thresholds on 
hydrogen concentrations. The agreement between the simulation results 
and the experimental data is considered acceptable. Although the ab
solute values for some conditions may differ between experiment and 
simulation, the model correctly predicts the main features of the 
experimental dependencies. The stress threshold, defined by absolute 
values of the hydrogen concentration in radial hydrides, decreases 
rapidly with increasing hydrogen concentration for samples with com
plete dissolution of hydrides and remains almost constant for samples 
with incomplete dissolution, as the threshold in experiments [6,7] 
(Fig. 4). The threshold, defined by relative values of the radial hydride 
fraction, increases with hydrogen concentration for samples with 
incomplete dissolution of hydrides as the threshold in experiments [8,9] 
(Fig. 5). Therefore, the simulation has confirmed that the different 
interpretation of the stress threshold can explain the divergence be
tween the experimental data shown in Fig. 1 thus solving the Issue 1 
(Section 2.1).

4. Discussion

4.1. Physical interpretations of different experimental dependencies

The assumption of two different interpretations of stress thresholds 
in small-sample experiments reveals the physical interpretations of 
different experimental dependencies.

The threshold defined by absolute values (e.g. the hydrogen con
centration in radial hydrides of 5 ppm) decreases with increasing 
hydrogen concentration for samples with complete hydride dissolution 
(Fig. 4, low concentrations). This is due to the reduction in the relative 
fraction of 5 ppm used to define the threshold: 5 ppm is 10 % of 50 ppm 
but only 2.5 % of 200 ppm. The stresses required to reorient 10 % of the 
hydrides should be much higher than those required to reorient 2.5 % of 
the hydrides. Therefore, the threshold defined in this way is much higher 
for 50 ppm than for 200 ppm, as can be seen from Fig. 6a, which can 
explain part of the engineering correlation Eq. (1) for Tmax > Tssd and 
solve Issue 2 (Section 2.2).

At high hydrogen concentrations and incomplete dissolution of hy
drides, the stress threshold defined by the absolute values is almost 
constant for a constant maximum temperature (Fig. 4, high concentra
tions). This is because the same amount of hydrogen, corresponding to 
the solubility limit, dissolves and then reprecipitates under the same 
conditions, irrespective of the total hydrogen concentration. The reor
ientation curves in absolute values are almost the same and give the 
same threshold, as can be seen from Fig. 6b

The threshold, determined by relative values of the radial hydride 
fraction, increases with increasing hydrogen concentration (Fig. 5a and 
5b). For samples with complete hydride dissolution, it is explained by 
the dependence of the radial hydride fraction on the temperature Fr(σ/T) 
in models based on the Ells’ approach [16]. The effect of hydride pre
cipitation temperature on the degree of reorientation in relative terms 
can be seen in Fig. 7a. A further increase in the threshold for samples 
with incomplete hydride dissolution is due to the greater amount of 
hydrogen that must be reorientated as the hydrogen concentration in
creases. The 5 % at 200 ppm is 10 ppm, while at 800 ppm it is 40 ppm, 
while the concentration of the hydrogen dissolved at maximum tem
perature is the same for both samples (around 200 ppm for Tmax = 400 
◦C). The threshold defined in this way is therefore higher for 800 ppm 
than for 200 ppm because the stresses required to reorient 10 of 200 ppm 
in the 200 ppm samples are lower than the stresses required to reorient 
40 of 200 ppm (the solubility limit at 400 ◦C) in the 800 ppm samples, as 
can be seen from Fig. 7b

Fig. 4. The calculated stresses at which 5 ppm hydrogen precipitates as radially 
oriented hydrides compared to the experimental stress threshold σth,0 % [6,
7] (Zircaloy-4).

Fig. 5. The calculated stresses, at which 5 % of hydrogen precipitates as radially oriented hydrides compared to the experimental stress threshold [8,9].
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Fig. 6. Calculated reorientation curves for different total hydrogen concentrations in case of using absolute threshold values; Tmax = 400 ◦C.

Fig. 7. Calculated reorientation curves in relative values; Tmax = 400 ◦C.

Fig. 8. Equivalence of calculated thresholds σth,0 % and σth,100 % defined through absolute values at low concentrations; a – reorientation curves and their stress 
thresholds for different hydrogen concentrations; σth,0 % is defined as the stress at which 5 ppm is present in the radial hydrides (the intersection of the dotted line 
with the curves), σth,100 % is defined as the stress at which 5 ppm is present in the circumferential hydrides (the intersection of the dashed line with the curve); b – 
calculated low and high stress thresholds compared with experimental data [6,7].
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4.2. Physical interpretation of equivalence thresholds σth,0 % = σth,100 % 
in correlations [6] at very low concentrations

It was assumed that the experimental data [6,7], which were the 
basis for the correlations Eqs. (1) and (2), represent the threshold 
determined by the minimum absolute amount of reoriented hydrides. 
This assumption allowed to simulate the experimental result for the low 
stress threshold σth,0 % with acceptable agreement (Fig. 4). The high 
stress threshold σth,100 % can be determined from calculated reor
ientation curves in a similar way to the stresses at which only 5 ppm of 
hydrogen precipitates as circumferential hydrides. The procedure for 
estimating both thresholds is shown in Fig. 8a for four different 
hydrogen contents and Tmax = 400 ◦C and gives the qualitative agree
ment with the experimental data, as can be seen in Fig. 8b Both 
thresholds move towards each other as the total hydrogen concentration 
decreases (Fig. 8a). The coincidence of thresholds occurs when about 10 
ppm precipitates in the hydride phase: 5 ppm as radial hydrides and 5 
ppm as circumferential, i.e. low and high thresholds are formally 
equivalent. This interpretation can explain the physical basis of the 
correlations Eqs. (1), (2) and their intersection in the limit of very low 
concentrations, which solves Issue 3 (Section 2.3).

4.3. The “representative” stress threshold

Defining the stress threshold in absolute or relative terms can lead to 
different values and different types of dependence on hydrogen con
centration, as can be seen from Figs. 4 and 5. This raises the question of 
which interpretation is more representative as a value characterizing the 
susceptibility of hydrides to reorientation under external stresses.

As discussed in Section 3.1, the dependence of the threshold defined 
through absolute values of the hydrogen content at low concentrations 
can be interpreted, as meaning that the lower fraction of hydrides re
quires the lower stress to be reoriented (Figs. 4 and 6a). This obvious fact 
does not reflect the susceptibility of hydrides to reorientation at different 
hydrogen concentrations.

A similar issue arises with the threshold defined by relative values at 
high concentrations. Its dependence on hydrogen content can be inter
preted as the higher the concentration of undissolved hydrogen, the 
higher the fraction of dissolved hydrogen that should be reoriented, 
which requires higher stresses. Thus, the increase in stress threshold at 
high concentrations observed in Fig. 5 reflects the increasing role of 
undissolved hydrides, which dilute the fraction of reoriented hydrides. 
This mechanism also does not reflect the susceptibility of dissolved and 
reprecipitated hydrides to reorientation.

The stress threshold, which represents the susceptibility of dissolved 
hydrogen to precipitate as radially oriented hydrides, can be determined 
as the stresses required to precipitate a certain fraction of dissolved 
hydrogen (0.05, according to the most popular value) into reoriented 
hydrides. This condition is referred to as the threshold interpretation 3 
in Table 1 and is equivalent to the renormalized hydride reorientation 
curve: 

Cr(σth)

min(Ctot ,Cssd(Tmax))
≃

Fr(σth) − Fr(σ→0)
Fr(σ→∞) − Fr(σ→0)

= 0.05 (3) 

The calculated dependence of stress threshold defined by Eq. (3) on 
hydrogen concentrations is shown on Fig. 9. The interpretation of the 
threshold suggested in Eq. (3) differs from the two used above and is 
considered here to be the most "representative" in regard to the sus
ceptibility to reorientation of dissolved and reprecipitated hydrogen 
during the thermomechanical cycle.

All calculated lines in Figs. 4, 5 and 9 represent the same simulation 
results calculated with the same model parameters. The only difference 
is the interpretation of the stress threshold estimated by the reor
ientation curve in absolute, relative, or renormalized relative values. 
Different physical interpretations lead to different, and sometimes 
opposite, dependencies of the threshold on the hydrogen concentration.

4.4. Important aspects outside the scope of the study

An important feature of the experiments considered here is the 
loading scheme in ring tests (ring tension or compression), which pro
duces high stress gradients of up to 500–1000 MPa/mm throughout the 
thickness of the ring (based on Fig. 7 in [8] and Fig. 3 in [9]), and leads 
to the redistribution of hydrogen in a solid solution at high test tem
peratures. In [9], the radial stress gradient in ring tests was identified as 
the cause of the threshold’s dependence on hydrogen content at low 
concentrations, providing an alternative explanation for Issue 2. In the 
current investigation, we have neglected the stress gradient factor, but 
have not excluded it. Indeed, when cooling a sample with heterogeneous 
hydrogen concentration, hydrides will precipitate in different zones at 
different temperatures. The first precipitated hydrides are expected to be 
radial, as the highest hydrogen concentration will be found in the zone 
experiencing the greatest tensile stress. As they grow during cooling, 
these radial hydrides will penetrate neighboring radial zones with lower 
local stresses. This means that the hydrides formed in one radial zone 
can influence the morphology of neighboring zones. This in turn may 
affect the measured threshold, particularly at low hydrogen 
concentrations.

Another important point to note is that if stress threshold is applied 
as the only parameter, it is unable to predict the risk of fracture or the 
hydride-induced ductile-to-brittle transition of fracture mode in zirco
nium alloys. While it indicates whether the noticeable part of the hy
drides is reoriented after the thermomechanical cycle, it provides no 
information about the length of the hydrides, the distance between 
them, or the continuity of the hydride network. These factors largely 
determine crack nucleation and growth [3]. The necessary conditions 
for the ductile-to-brittle transition in terms of hydrogen morphology can 
be formulated as percolation of the hydride network (i.e. the hydride 
network must be able to provide an almost continuous short path for a 
brittle crack through the sample) [3].

The extremely high hydrogen concentrations (e.g. in the rim layer or 
hydride blister) also limit the simplified approach based on the orien
tation of the hydrides. If the hydride network fills all the grain bound
aries or forms a solid bulk hydride, the material becomes brittle [23] and 
the radial hydride fraction loses its meaning. Another limiting case is 
duplex cladding with a liner. If sufficient time is spent at a high tem
perature, the liner and the interface will accumulate almost all the 
hydrogen from the cladding, leaving the substrate almost free of hy
drides after cooling [24,25]. In such conditions, the degree of reor
ientation of the hydrides in duplex cladding is also not the main factor 
that characterizes fracture behavior.

Fig. 9. The calculated “representative” threshold, defined by Eq. (3).
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5. Conclusion

A generalized approach to the different interpretations of the reor
ientation stress threshold (by the absolute and relative amount of 
hydrogen in reoriented hydrides) made it possible to eliminate the 
apparent discrepancy between experimental data and to provide a 
physical interpretation of various experimental dependencies on 
hydrogen concentration. Following this approach, the kinetic model 
based on Ells’ approach [16] and kinetic models [20] and [21] is able to 
simulate both types of experimental dependencies discussed in this 
paper.

The application of the stress threshold as a universal parameter to 
simulate hydride reorientation after thermomechanical testing may be 
an oversimplified approach. The simulation should consider the fraction 
of dissolved (able to reorient) and undissolved (unable to reorient) 
hydrogen at the maximum temperature of the thermocycle. The paper 
proposes the definition of the "representative" stress threshold, defined 

by the amount of hydrogen converted to radial hydrides relative to the 
total amount of dissolved hydrogen. Such a threshold characterizes the 
susceptibility of dissolved hydrogen to precipitate as radially oriented 
hydrides under external stresses.
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Appendix. Description of the model used for simulations

A kinetic hydride reorientation model used for simulations in this paper is based on Ells’ approach [16] and the models developed in [20] and [21]. 
Mathematically, the model is the numerical solution of the ODE system with two independent model variables: concentration of hydrogen in solid 
solution Cs and fraction of radially-oriented hydrides θ.

The dissolution of hydrides occurs when the hydrogen concentration in the solid solution Cs is below the solubility for dissolution Cssd (Cs < Cssd) 
and temperature T is below the temperature of complete hydride solubility Tssd (T < Tssd) and is described by: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

dCs

dt
=

Cssd − Cs

τ0

dθ
dt

= 0
(4) 

τ0 – diffusional relaxation time. It can be estimated as τ0 ≈ l2/(α2DH) [20], where α ≈ 0.5 –geometry factor, DH –hydrogen diffusional coefficient, l 
–inter-precipitate distance; according to [20] l ≈ 6.7 × 103 × h/Ctot, where h ≈ 0.5 µm –hydride thickness and Ctot –total hydrogen concentration in the 
sample in [wppm].

The precipitation of hydrides occurs when the hydrogen concentration in the solid solution Cs exceeds the solubility for precipitation Cssp (Cs > Cssp) 
and is described as: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

dCs

dt
=

Cssp − Cs

τ0

dθ
dt

= −
fr − θ

Ctot − Cs
⋅
dCs

dt

(5) 

fr –instantaneous fraction of radially-oriented hydrides, which is a function of instantaneous stress σ and temperature T: 

fr =
1

1 + f0⋅exp( − σ⋅ΔΩ/kT)
(6) 

where f0 and ΔΩ are model parameters, characterizing the susceptibility of hydride to reorientation.
For Cs values between Cssd and Cssp (Cssd ≤ Cs ≤ Cssp) neither precipitation nor dissolutions of hydrides is assumed (solubility hysteresis): dCs/dt =

0 and dθ/dt = 0.
The values of model parameters used in simulations are summarized in the Table A1.

Table A1 
The values of the model parameters.

Parameter Value Unit Reference

f0 200 – best estimation
ΔΩ 2.64 × 10–28 m3

Cssd 2.255 × 105 × exp(− 39,101/RT) ppm [22]
Cssp 8.612 × 105 × exp(− 30,583/RT) ppm [22]
DH 1.17 × 10–7 × exp(− 4041.2/T) m2/s [20]
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Data availability

No data was used for the research described in the article.
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