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In light water reactors, Zr-based alloys used for nuclear fuel cladding undergo oxidation and absorb hydrogen, 
which can precipitate as brittle zirconium hydrides. During reactor normal operation conditions, hydrogen 
concentration varies locally due to various factors, where local high concentration can significantly degrade 
cladding mechanical properties and, hence, its service life. This study aims to quantify the redistribution of 
hydrogen within the fuel rods caused by temperature gradients, considering geometric irregularities such as 
inter-pellet regions, oxide spallation, and missing pellet surfaces. Through simulations, we have discovered 
that these temperature variations can lead to significant local hydrogen enrichment, even under normal 
operational conditions. Consequently, the Zircaloy cladding may suffer from critical weakening in its mechanical 
performance due to excessive hydride precipitation at specific locations. These findings underscore the 
importance of accounting for local hydrogen concentrations when evaluating the overall reliability of the 
cladding.
1. Introduction

In light water reactors, Zr-based alloys are typically used as nu-

clear fuel cladding [1], which is oxidized during service by the cooling 
water, and the corrosion reaction generates hydrogen, some of which 
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is absorbed into the cladding through a process known as hydrogen 
pickup [2–4]. At a certain temperature, when the cladding concentra-

tion of hydrogen in solution exceeds its Terminal Solid Solubility for 
precipitation (TSSp), it can form hydride precipitates, and when the 
concentration at a temperature reaches the Terminal Solid Solubility 
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for dissolution (TSSd), the hydride platelets start dissolving [5–8]. As 
at the reactor operating temperature, the hydrogen that is picked up 
can redistribute within the cladding tube, driven by concentration, tem-

perature, and stress gradients, potentially creating high local hydrogen 
concentrations [5]. Such local hydrogen concentrations then control the 
overall cladding ductility and indeed the cladding life, because of the 
brittle hydride particles that severely degrade the cladding’s ductility.

There are three factors that determine the hydrogen flux. First, the 
hydrogen concentration gradients follow Fick’s law of diffusion. Second, 
in the nuclear fuel rods during operation, a temperature gradient is 
established between the inner and outer cladding surfaces, and the Soret 
effect (also known as thermophoresis) leads to hydrogen flux from the 
hot to the cold parts of the sample. Lastly, any gradient in hydrostatic 
stress also influences the migration of hydrogen. Combining these three 
hydrogen migration driving forces, the overall hydrogen flux is given 
by:

𝐽𝐻 = −𝐷𝐻∇𝐶𝑠𝑠 −𝐷𝐻
𝑄∗𝐶𝑠𝑠∇𝑇
𝑅𝑇 2 +𝐷𝐻

𝐶𝑠𝑠𝑉

𝑅𝑇
∇𝜎𝐻 , (1)

where 𝐷𝐻 is the diffusion coefficient of hydrogen in Zr, 𝐶𝑠𝑠 is the con-

centration of hydrogen in solid solution, 𝑄∗ is the heat of transport of 
hydrogen in Zr, 𝑇 is the temperature, 𝑅 is the ideal gas constant, 𝑉
is the molar volume of hydrogen in Zr, and is the hydrostatic stress 
gradient. For our case of interest, the diffusion along hydrostatic stress 
gradients is assumed to be negligible compared to the other contribu-

tions at the engineering scale and will not be accounted for in this study. 
The assumption is supported by calculations in Appendix A.

While the hydrogen flux resulting from Fick’s law of diffusion tends 
to homogenize the hydrogen in solution concentration, the hydrogen 
flux due to the Soret effect tends to concentrate hydrogen in solution 
in the colder parts of the cladding tube. This means that, hydrogen in 
solution tends to accumulate in the colder spots, which can give rise 
to the formation of zirconium hydrides, impacting the mechanical per-

formance of the cladding at those spots. Several examples exist in the 
literature where temperature gradients drive the redistribution of hy-

drogen in solution in Zr alloy fuel rods due to structural irregularities, 
as discussed in Section 4. This redistribution can happen in the three 
tube directions, i.e., axial, radial, and azimuthal directions, which are 
exemplified in the three scenarios: pellet stacking, oxide spallation, and 
missing pellet surface (MPS), respectively. Due to the coupling between 
hydrogen transport, hydrogen precipitation, and heat transport, it is not 
feasible to provide an analytical solution. In this work, we numerically 
solve, for those three scenarios, the coupled partial differential equa-

tions for heat conduction, stress-strain deformation, Zircaloy oxidation, 
hydrogen in solid solution transport and zirconium hydride precipita-

tion, using the Finite Element Method code BISON [9], to demonstrate 
that during normal reactor operation, it is possible to establish temper-

ature gradients (radially, axially and azimuthally) that lead to strong 
enrichment of hydrogen at specific locations, which can cause excessive 
hydride precipitation. The findings of our calculations are subsequently 
discussed in light of existing observations in the literature. By shed-

ding light on these hydrogen concentration variations and their conse-

quences, this study contributes to a better understanding of cladding 
behavior under normal operational conditions.

2. Methods

Among the modeling that exists in literature, we can note the work 
of Asher and Trowser [10] which proposed that the hydrogen terminal 
solid solubility should be described by a noisy curve, as the hydride 
platelets can be precipitated in different phases and in preferential 
planes and lattice sites. We also note the work of Marino [11,12], who 
also proposed a method to model hydrogen precipitation assuming a 
precipitation rate proportional to the hydrogen supersaturation in the 
material, which was further studied by Lacroix et al. [8] and found 
2

not to accurately describe the hydride precipitation. Therefore, for the 
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Fig. 1. Geometry and meshing of a rod cross-section with a 0.5 mm wide oxide 
spalled region. (A) is the blister center and (B) is the symmetric position with 
respect to the center. (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)

simulations of our interest, we have used the modeling available in 
the nuclear fuel performance code BISON [9], which is based on the 
MOOSE framework [13], to solve three coupled physics problems for 
heat transfer, deformation, and hydrogen transport and precipitation 
using a typical fuel rod geometry, transient type and Preconditioned 
Jacobian-Free Newton Krylov solver type [13]. To understand local hy-

drogen accumulation under normal operation conditions, three sets of 
simulations are performed including, (i) inter-pellet accumulation of hy-

drogen, in axisymmetric R-Z coordinates, (ii) oxide spallation, and (iii) 
MPS, in R-𝜃 coordinates. In each case, both the temperature and hydro-

gen distributions are calculated, and the hydride concentration is used 
to evaluate its potential to create weak spots.

For the simulation of inter-pellet accumulation of hydrogen, the 
rodlet is simulated up to 63 GWd/tU using the parameters for the REP-

Na10 [14] experiment, to be described in the Results section. To solve 
the temperature distribution, a heat source is imposed on the fuel via 
the cosine power profile. For simplicity, fragmentation of the fuel pel-

lets is not considered, although it should be noted that it may lead to 
even greater hydrogen localization. Thermal contact is modeled by a gas 
gap model, which estimates the gap conductivity and pressure based on 
the amount of fission gas released [9,15]. The fuel and cladding ther-

mal conductivities are estimated based on MATPRO equations [16]. The 
pellet-cladding contact is assumed frictional with a friction coefficient 
of 0.65 [17]. Furthermore, a penalty function is introduced to prevent 
the nonphysical overlap of fuel and cladding mesh surfaces during me-

chanical contact [18]. To obtain the hydrogen distribution, the HNGD 
model of hydrogen in solution migration and hydride precipitation, 
growth and dissolution [6,7] is used in BISON, the details of this model 
can be found in Appendix B. This model combined with the Zircaloy 
oxidation [19] at normal operation temperature, EPRI KWU CE Model, 
and hydrogen pickup models, using a constant hydrogen pickup fraction 
of 20% can enable a description of hydrogen distribution as a function 
of burnup. For the deformation, we consider irradiation swelling and 
thermal expansion of the cladding, irradiation creep and growth of the 
cladding, and irradiation swelling and thermal expansion of the fuel pel-

let. In the cladding, the empirical Limback-Hoppe creep model is used, 
which applies the Limback-Andersson correlation for primary and sec-

ondary thermal creep [20], and the Hoppe correlation for irradiation 
creep [21] on the Zircaloy-4 cladding. More information on each model 
can be found in [22–24].

To investigate the effects of oxide spallation, mesh shown in Fig. 1
and MPS, mesh shown in Fig. 2, we examine the cross-section of a fuel 
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Fig. 2. Missing Pellet Surface model mesh.

rod using simplified models. These models include constant heat gener-

ation within the fuel, a constant gap conductivity of 5500 W/mK, and 
an initial hydrogen concentration distributed uniformly throughout the 
material. The primary objective of these simulations is to observe how 
the hydrogen already within the material reacts to the sudden occur-

rence of oxide spallation or the presence of MPS. We note that the 
assumption of uniform distribution of hydrogen is not realistic, as in 
normal operation conditions hydrogen would naturally redistribute. We 
also note that a sudden onset of MPS is not physically realistic, as it is 
believed to be a fabrication defect. However, the purpose of this study 
is to understand how the MPS configuration or the occurrence of oxide 
spalling can create a temperature gradient that causes hydrogen to re-

distribute as hydrogen is present in the cladding. By examining these 
scenarios, we aim to gain insights into the behavior of the material and 
the hydrogen redistribution under such conditions.

3. Results

3.1. Hydrogen accumulation in the inter-pellet region

We utilize the parameters for the rodlet based on the REP-Na10 ex-

periment [14], one of the experiments conducted at the CABRI facility 
in Cadarache, France, to test the susceptibility of irradiated hydrided 
cladding to a reactivity-initiated accident (RIA). The parameters are 
summarized in Table 1.

In this simulation, a rodlet of approximately 59 cm in height was 
used, with fuel at a burnup of 63 GWd/tU. Our current analysis is per-

formed at a burnup of 54 GWd/tU to represent a high burnup condition. 
The linear power history for the irradiation of this rodlet is based on the 
data provided in [27] and is shown in Fig. 3. At the specified burnup, 
the calculated oxide thickness was approximately 64 microns near the 
center of the rodlet, which corresponds to an average hydrogen concen-

tration of 474 wppm.

Due to the lower heat flux at the inter-pellet location compared 
to the mid-pellet location, the temperature in these regions remains 
correspondingly lower throughout the irradiation time. Consequently, 
the Soret effect drives the accumulation of hydrogen in these lower-

temperature regions. Fig. 4a depicts the axial temperature (𝑇 ) distribu-

tion as a function of rodlet height for REP-Na10 at 54 GWd/tU, while 
Fig. 4b shows the corresponding total hydrogen concentration (𝐶H), at 
both the inner and outer cladding surfaces. From the peak locations, it 
can be seen that the significant difference in hydrogen concentration 
between the inner and outer cladding is correlated with the radial tem-

perature gradient. Fig. 4c shows the correlation between total hydrogen 
content and temperature at each node of inner and outer cladding, so it 
illustrates the correlation between temperature and hydrogen content. 
It can be seen that high temperature at the inner cladding surface leads 
to low hydrogen content, while at the outer surface, a certain temper-

ature can exhibit a broad range of hydrogen concentrations, as a result 
of coupling with the local gradient of temperature, signifying the im-

portance of temperature gradients inducing strongly-enriched hydrogen 
regions.

The orange line in Fig. 4b represents the average hydrogen concen-
3

tration in the cladding at 474 wppm. Upon examining this hydrogen dis-
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Fig. 3. Linear power history used for simulating the rodlet irradiation up to 63 
GWd/tU burnup, and the fuel centerline temperature, cladding inner and outer 
wall average temperatures.

Fig. 4. As part of this work simulation results, at fuel burnup of 54 GWd/tU, 
40 months of irradiation: a) Cladding temperature distribution and b) Total hy-

drogen content (hydrogen in solution + hydrogen precipitated) distribution, 
where the blue curve represents the outer cladding, the green curve represents 
the inner cladding, and the orange line represents the cladding average. c) Tem-

perature and hydrogen content correlation at outer cladding (blue) and inner 

cladding (green).
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Table 1

CABRI REP-Na10 rodlet simulation parameters.

Fuel type UO2

Cladding type Zircaloy-4

Initial enrichment 4.5 (235U/U %)

Internal gas pressure 0.301 MPa

Initial Plenum Gas type He

Number of Fuel Pellets 39

Fuel Pellet height 14.25 mm

Active length 559 mm

Maximum burnup 63 GWd/tU

Average corrosion thickness 80 μm

Cladding outer diameter 9.51 mm

Cladding thickness 0.575 mm

Fuel Pellet diameter 8.19 mm

Fuel-cladding gap 82 μm

Fuel-cladding top gap 0.032 m

Fuel-cladding bottom gap 0.003 m

Top and bottom clad thickness 0.0015 m

Chamfer height 0.5 mm

Chamfer width 0.55 mm

Dish depth 0.205 mm

Dish radius 3 mm

Normal operation inlet Coolant Temperature 588.7 K

Initial Coolant Heat Transfer Coefficient 34,535 W/m2 K

Fuel emissivity 0.798 [25]

Cladding emissivity 0.325 [26]

tribution along the axial direction, we note that the peaks in hydrogen 
concentration roughly align with the inter-pellet regions. Another point 
needs to be made concerning the variation in hydrogen peak heights 
seen in Fig. 4b. The three pairs of high hydrogen locations at 0.11-0.12, 
0.28-0.29, and 0.43-0.44 m are caused by numerical variations, likely 
an artifact of the pellet-cladding contact model used in BISON. Regard-

less of this numerical issue, it is clear that the pellet-pellet interfaces 
lead to hydrogen concentrations that are considerably higher than the 
average concentration. This means that these high hydrogen concen-

tration regions would be where failure likely occurs in case the whole 
cladding is strained. Overall, the figure illustrates that most points on 
the cladding outer surface lie above the average line. This observation 
suggests that relying solely on the average hydrogen concentration in 
the cladding may not be an effective predictor of cladding failure. The 
reason for this lies in the fact that the cladding tends to fail at its weak-

est point, which often corresponds to a location with a high hydrogen 
concentration. Such high concentrations can lead to the formation of 
local hydrides, consequently weakening the material through embrit-

tlement. Therefore, it is crucial to consider the spatial distribution of 
hydrogen concentration, as opposed to relying solely on the overall av-

erage concentration to gain a more accurate understanding of potential 
cladding failure under stress.

For a closer examination, Fig. 5 shows contour plots of (a) the tem-

perature distribution and (b) hydrogen as hydride concentration in the 
cladding near a fuel pellet at a height of 0.29 m from the bottom of the 
rodlet. It reveals a temperature difference of approximately 10 K be-

tween the mid-pellet and the inter-pellet region, marked by the black 
dots. As discussed above, this drives the concentration of hydrogen pre-

cipitated as hydrides (𝐶𝑝) to be much higher at the inter-pellet cladding 
location than at the mid-pellet cladding location, which yields a differ-

ence of 883 wppm. For a better comparison and interpretation, Fig. 6a 
shows the radial temperature gradient along the cladding thickness at 
the mid-pellet and inter-pellet height, and Fig. 6b shows the radial dis-
4

tribution of hydride precipitates concentration along the same region.
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Table 2

Oxide spallation model setup.

Fuel type UO2

Cladding type Zircaloy-4

Cladding outer diameter 9.51 mm

Cladding thickness 0.575 mm

Fuel Pellet diameter 8.19 mm

Fuel-cladding gap 80 μm

Oxide Thickness 84 μm

Spallation size 0.5 mm

Linear Power 19.6 kW/m

Coolant bulk temperature 592 K

3.2. Hydrogen redistribution upon oxide spallation

When the oxide layer reaches a certain thickness, typically around 
80 microns, portions of the oxide can spall off [28]. This oxide spalla-

tion creates a thinner oxide region, thereby reducing the heat transfer 
resistance of the cladding to the coolant, and causing the local cladding 
temperature to decrease. Such temperature decreases can be quite sig-

nificant, and cause the hydrogen to flow from the hotter regions in the 
cladding to the region near the spalled oxide, thus creating a hydride 
blister as has been observed in [29]. Such blisters can be quite deep, 
reaching over 50% of cladding thickness [30]. When the cladding is 
subjected to hoop strain, as can happen due to pellet cladding mechan-

ical interaction, the brittle blister is prone to crack at low strain levels. 
This crack localizes any further deformation to the region underneath 
the blister, consequently reducing the overall failure strain.

To the best of our knowledge, there are no established models to pre-

dict oxide spalling. Hence, in our simulation, it is assumed that a portion 
of the oxide spalls at time zero. Subsequently, we investigate the evo-

lution of hydrogen distribution in response to this spalling event. As a 
first approximation, although the spalled oxide is realistically a three-

dimensional spot, the simulation is conducted in two dimensions (r-𝜃). 
The starting oxide thickness is assumed to be 84 microns. Based on 
the corrosion model for Zircaloy-4 [19], and assuming a 20% hydrogen 
pickup fraction, this corresponds to an average hydrogen concentration 
of 700 wppm. Initially, the hydrogen is assumed homogeneously dis-

tributed in the cladding. Given the high concentration, a large fraction 
of the hydrogen would be in the form of homogeneously distributed 
hydride particles. Although the hydrogen pickup could increase at the 
spalled region, in the short time of this simulation very little pickup is 
expected to occur, so this is not modeled here. The simulation utilizes a 
linear power of 19.6 kW/m in the fuel, a 0.5 mm spalled oxide region, 
and the bulk coolant temperature is fixed at 592 K. All simulation input 
data can be found in Table 2.

The temperature distribution and hydrogen concentration in the 
cladding approach quasi-steady state after roughly 10 days, in this 
case, we assess a steady state by a diminishing percentage change of 
hydrogen content at the blister center, compared with the initial con-

centration. We deem a steady state to have been achieved when this 
change is stable, as shown in Fig. 7, the negative percentage represents 
when the hydrogen precipitates and the positive changes represent the 
hydrogen migration, one can see that after around 10 days there are no 
strong variations compared to the first 5 days. At 10-day timestep, the 𝑇
and 𝐶𝑝 distribution in the (r-𝜃) region are shown in Fig. 8 (a-b). To re-

veal the impact of the oxide spallation, both variables are plotted along 
the dashed symmetry line (Fig. 8 (c-d)), to show the difference from 
points (A) and (B) in Fig. 1, and along the azimuthal direction at metal-

oxide interface surface (Fig. 8 (e-f)). From the temperature distribution, 
it can be seen that the oxide layer largely reduces the cladding tem-

perature, and there is a temperature difference of 33 K, measured from 
an average taken around the center of the spalled region to an average 

taken around a corresponding point 180 degrees away in the cladding 
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Fig. 5. Contour plots for (a) temperature distribution and (b) hydride concentration at the rodlet center height, at 0.29 m from the bottom of the pin. These 
distributions are shown at a fuel average burnup of 54 GWd/tU and average hydrogen in hydride concentration of 474 wppm. (Figures scaled 5x in the radial 
direction).
Fig. 6. Radial profile of (a) temperature and (b) hydrogen precipitates concen-

tration at the mid-pellet and inter-pellet regions, for a correspondent burnup of 
54 GWd/tU, or after 40 months of irradiation.

(points A and B, respectively, on Fig. 1). Given this temperature gradi-

ent and the high mobility of hydrogen in zirconium, a quasi-steady state 
of hydrogen distribution is achieved in 10 days. This suggests that hy-

drogen accumulation near the spalled region occurs relatively quickly 
compared to the overall operation time.

From Fig. 8b and 8d, it can be seen that the local hydrogen con-

centration can increase significantly (> 15, 000 wppm), much higher 
than that without oxide spallation. Consistent with experiments, to be 
discussed in Section 4, hydride blisters near the spalled oxide location 
have been reported in the literature [30], indicating the very high 𝐶𝑝
5

at the spalled region.
Fig. 7. Percentage of change in hydrogen content (𝐶ℎ) with time, measured at 
the blister outer surface center node.

3.3. Missing pellet surface

The final case we simulate is that in which a fuel pellet is fabri-

cated with an MPS, leading to an inhomogeneity in the temperature 
distribution and the hydrogen distribution. The simulation model and 
meshing are shown in Fig. 2 with parameters listed in Table 3. The hy-

drogen concentration is assumed to be initially homogeneous and equal 
to 400 wppm. For simplicity, we assume there is no oxide present, as 
the uniform oxide layer on the cladding surface is believed to have 
minimal effect on how the homogeneous hydrogen distribution would 
redistribute itself due to the presence of MPS.

With MPS, a quasi-steady state is established in approximately 6 
days, which is determined similar to the oxide spallation model, by the 
percentage change in average hydrogen concentration at region A of 
Fig. 2. In Fig. 9, the percentage change starts highly negative due to 
precipitation of the excess of hydrogen in solid solution to hydrides, as 
400 wppm seems to be a high concentration for the starting temper-

ature, and then this percentage starts increasing due to the hydrogen 
diffusion to the MPS region and decreases once again due to further 
hydride formation. Accordingly, the steady-state time was chosen as 6 
days, when the percentage change is around 0.02%. At quasi-steady 
state, Figs. 10 (a-b) show the contour plots of temperature and hy-

dride concentration, respectively. Although MPS creates an increased 

gap (thermal resistance), it also reduces the effective heat flux from 
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Fig. 8. At 10 days after the oxide is spalled: a) Temperature contour plot; b) Contour plot of the concentration of hydrogen precipitated as hydrides; Correspondingly, 
(c-d) shows the profiles at the symmetry line (red dashed line), and (e-f) show the azimuthal distribution of temperature and hydride precipitates concentration, 
respectively. The angle is measured starting from the black dashed line counter-clockwise.
Table 3

Missing pellet surface model setup.

Fuel type UO2

Cladding type Zircaloy-4

Cladding outer diameter 9.51 mm

Cladding thickness 0.575 mm

Fuel Pellet diameter 8.19 mm

Fuel-cladding gap 80 μm

MPS depth 0.0005 m

Linear Power 19.3 kW/m

Coolant bulk temperature 588.70 K

fuel to cladding, resulting in a local lower cladding temperature. From 
Fig. 10c, which illustrates the temperature profile along the symme-

try line, a temperature difference of 22 K is identified via 𝑇𝐵 − 𝑇𝐴, 
where 𝑇𝐴 and 𝑇𝐵 are the average temperature values at A and B re-

gions indicated in Fig. 2, respectively. Furthermore, it can be seen that 
within 6 days, the cladding near the MPS region can be significantly en-

riched with hydrides compared to the region without MPS (Fig. 10b). 
From the hydrogen profile in Fig. 10d, hydride precipitation occurs all 
across the coolant side of the cladding, but becomes more spread near 
6

the MPS region, leading to a higher average hydride concentration. For 
better visualization, Fig. 11 shows the temperature and hydride precip-

itate concentration along the azimuth direction, at the inner and outer 
cladding radius. The hydride concentration at the outer cladding for the 
region next to the missing pellet surface and to the opposite direction 
is the same because the hydride precipitation would have reached the 
limit. The sudden decrease in the outer clad hydride concentration is 
due to hydrogen migration from that region to the MPS region. There-

fore, the most important point to note is the much higher concentration 
at the inner cladding next to the missing pellet surface than on the op-

posite side.

A summary of the results presented is shown in Table 4, where 
𝐶ℎ
𝐴𝑣𝑔 represents the total cladding hydrogen average, and 𝑡𝑠𝑠 repre-

sents the time considered to reach steady state. In each case the Δ𝑇
and Δ𝐶ℎ values are calculated by comparing the difference in temper-

ature and average hydrogen concentration (𝐶𝑠𝑠 + 𝐶𝑝) between (i) the 
mid-pellet and inter-pellet locations, (ii) the middle of the spalled ox-

ide location and the corresponding cladding location 180 degrees away 
and (iii) the middle of the MPS region and the corresponding loca-

tion 180o away. Significant hydrogen accumulations at the relatively 
colder spots can occur in each case. Because the configurations and the 
temperature gradients differ from case to case, the values are not di-

rectly comparable to establish a positive correlation between Δ𝑇 and 
Δ𝐶ℎ. These scenarios demonstrate that the temperature differences that 

can be expected during normal operation can significantly change the 
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Fig. 9. Evolution of the percentage change in average hydrogen in solid solution 
in the cladding MPS region, indicated in Fig. 2. The inner plot is a zoom into 
the original plot after all initial excess hydrogen has already precipitated. The 
red dashed line represents the time considered as steady-state.

Table 4

Analysis data summary.

Case Δ𝐶ℎ (wppm) Δ𝑇 (K) 𝐶ℎ
𝐴𝑣𝑔 (wppm) 𝑡𝑠𝑠

Inter-pellet 883 12 474 n/a

Oxide Spall 7335 33 755 10 days

MPS 586 22 453 6 days

local hydrogen concentrations, which ultimately controls cladding fail-

ure. Hence, the average hydrogen concentration in the cladding is likely 
not the most accurate measure of cladding embrittlement, as commonly 
used in previous determination of Zr cladding failure limits due to hy-

drogen embrittlement [31].

4. Discussion

It is important to emphasize that hydrogen redistribution is not con-

tingent on the degree of oxidation at a particular cladding location; 
rather, it relies on the existing hydrogen within the material migrat-

ing to regions with lower temperatures. The driving force behind this 
migration is the Soret effect, leading to preferential precipitation of hy-

dride in these colder areas due to the lower hydrogen solubility at such 
locations.

The most often reported observation is the formation of a hydride 
rim when the cladding is hydrided in service [32]. The low outer 
cladding temperature causes hydrogen to migrate there from the inner 
cladding. This low-temperature region is also associated with the low-

est hydrogen terminal solid solubility in the cladding. Both these effects 
cause hydride rims to form near the outer cladding surface, the hydro-

gen concentration of which is approximately 2,000-3,000 wppm [33], 
and which grow in thickness with increased reactor exposure. When 
subjected to a hoop strain such as would occur from pellet-cladding 
mechanical interaction (PCMI), such hydride rims will crack at a small 
strain, thus localizing further deformation and embrittling the material 
by causing the overall failure strain of the cladding to decrease [14,32]. 
Fig. 12 (a) shows a hydride rim formed on a Zircaloy-4 fuel rod [32].

Due to the stacking of fuel pellets in fuel rods, along the axial di-

rection, it is well known that the inter-pellet region is associated with 
lower cladding temperature and is thus susceptible to hydrogen ac-

cumulation [29], which is also confirmed by the current calculations 
7

(Fig. 5). Fig. 12b, reproduced from reference [29] shows significantly 
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Table 5

Average hydrogen concentrations (wppm) at the indicated azimuth locations 
for the five rods examined in [39], including Gravelines GAI, Gravelines GAAI, 
Fessenheim FAI, Fessenheim FAAI, and Cruas.

Azimuth Gravelines 
GAI

Gravelines 
GAAI

Fessenheim 
FAI

Fessenheim 
FAAI

Cruas

0 374 305 244 301 154

90 419 420 219 298 271

180 415 264 218 287 198

270 379 367 350 342 159

𝛽 0.12 0.46 0.51 0.18 0.60

higher hydride concentration at the cladding location near the pellet 
interface than at the mid-pellet location.

It is also possible that the temperature is lowered in a localized re-

gion. A classic example is the formation of hydride blisters underneath 
a region of spalled oxide. The growing ZrO2 oxide layer formed by wa-

terside corrosion represents a resistance to the heat flux from the fuel 
rod to the coolant, which causes the cladding temperature to rise during 
service. As aforementioned, when the oxide layer reaches a thickness of 
about 80 microns, oxide spallation is possible [28], causing the temper-

ature in the cladding region under the spalled oxide to decrease. Based 
on our calculation, a temperature difference of 33 K can be established, 
driving the hydrogen to concentrate at that location. This phenomenon 
causes the formation of a hydride blister [29], similar to that shown in 
Fig. 12c. In this case, the spalled region is two dimensional and thus 
the blister is normally lens-shaped. The hydride blister is often a solid 
hydride with a hydrogen concentration above 16,000 wppm, which is 
consistent with our calculations (Fig. 8). The blister depth can span a 
large percentage of the cladding thickness. Such hydride blisters, seen 
frequently in rods that have seen severe duty and thus have thick oxide 
layers and high hydrogen pickup, can significantly decrease cladding 
ductility [36,37,30].

In the variations with azimuthal dependence (as exemplified in our 
MPS calculations), we can identify only a few examinations of the hy-

drogen azimuthal distribution. The work of Lanning and co-workers 
shows some evidence of this effect [38]. They studied the azimuthal hy-

drogen distribution in the pressure tubes of the N-reactor after long ex-

posures and found significant hydrogen concentration differences along 
the azimuth, which they attribute to the temperature gradients present 
in service. They estimate that an azimuthal temperature difference of 
approximately 17 K was present in service to be enough to create the 
observed inhomogeneity in hydrogen distribution. This temperature dif-

ference from their estimation is similar to the calculations performed in 
this study for the MPS case. Fig. 13 (taken from ref. [38]) shows the 
measured hydrogen concentration along the azimuth for three different 
tubes in their study, with very high variability in hydrogen concentra-

tion along the azimuth.

Other evidence of azimuthal hydrogen re-distribution comes from 
the work of Zhang [39,40]. In that study, the authors examined irradi-

ated rods from the Fessenheim, Cruas, and Gravelines reactors. These 
fuel rods were irradiated respectively to burnups of 55.645, 39.635, and 
58.230 GWd/tU, and were clad in Zircaloy-4. In each case, the authors 
took samples from four quadrants (0, 90, 180, and 270◦), with four 
sections in the radial direction of the cladding, so they could study hy-

drogen distribution in both radial and azimuthal directions. Taking the 
average radial hydrogen concentration for each quadrant, we obtain the 
results shown in Table 5.

In the absence of oxide spallation, the possibility of azimuthal tem-

perature gradients depends on the existence of an inhomogeneous heat 
generation or heat transfer in the nearest neighborhood of the rod dur-

ing service, although the records of the specific configuration for each 
rod were not kept. Nevertheless, one can see that there is consider-

able variation in hydrogen content along the azimuth in three of the 

five rods. We estimate this variability by calculating for each tube the 
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Fig. 10. Quasi-steady state results for (a) temperature distribution and (b) precipitated hydrogen content distribution contour plot for MPS case. Correspondingly, 
(c-d) shows the profiles along the symmetry line (red dashed line) of hydrogen in the form of hydrides (𝐶 ) and in solid solution (𝐶 ).
Fig. 11. Azimuthal distribution of (a) precipitated hydrides and (b) temperature 
at the inner and outer cladding for a Missing Pellet Surface event. Where the 
angle 0o is at the right side of the symmetry line in Fig. 10.

parameter 𝛽 = (𝐻𝑚𝑎𝑥 −𝐻𝑚𝑖𝑛)∕�̄� , where 𝐻max and 𝐻min are the maxi-

mum and minimum hydrogen concentrations in a given cladding tube 
and �̄� is the overall average in each case. The largest variation in 𝛽
was seen in the Cruas rod, with 𝛽 = 0.60, which means that the varia-

tion in hydrogen content from the maximum to the minimum is 60% of 
the average for the four quadrants, representing a significant change. 
8

It is worth noting that every quadrant of all five rods shows a radial 
𝑝 𝑠𝑠

Fig. 12. Scanning electron microscope (SEM) images of (a) hydride rim [34], 
(b) hydride morphology in Zircaloy-4 at the mid-pellet location and at the inter-

pellet location [29], and (c) SEM of hydride blister [35].

hydrogen concentration gradient with the highest values being on the 
outer surface, consistent with our understanding and simulation results.

Finally, recent extensive irradiated rod examinations conducted at 
Oak Ridge National Laboratory [41] and Pacific Northwest National 
Laboratory [42] in which the hydrogen content of different rod quad-

rants were examined showed additional evidence of hydrogen accumu-

lation. For example, out of 13 rods whose hydrogen concentration by 
quadrant was examined (see Table B-7 of [42]), 6 rods showed val-
ues of the 𝛽 parameter from 0.6 to 0.95; the difference was greater in 
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Fig. 13. Azimuthal distribution of hydrogen in N-reactor pressure tubes (num-

bers in parentheses are the days of operating service for each tube). Adapted 
from [38].

Zircaloy-4 rods than in M5 or ZIRLO rods. For the later study, evidence 
was seen of wide hydrogen variation (50 to 100%) along the azimuth 
in all three cladding types, which may be partly due to oxide spallation 
[42].

In summary, there is considerable experimental evidence for hydro-

gen accumulation at cold spots in the cladding during service, which 
is now supported by the calculations presented in this work. Such hy-

dride accumulations would be susceptible to the sudden hoop strain 
produced by the pellet swelling and PCMI produced during an RIA, as 
failure in such a case would occur at the weakest cladding spot, which 
is the location with the highest hydride content.

In that context, the results of some of the RIA tests previously per-

formed could be re-evaluated, considering the possibility of hydrogen 
redistribution in service leading to hydride accumulation and the cre-

ation of a highly hydrided weak spot which causes failure at small 
strains. In particular, the very low energy failure observed in the CABRI 
rod REP-Na1 [43,44] could have occurred because of hydride accumu-

lation. Previous work had concentrated on possible rod re-fabrication 
defects as a possible explanation for the very low energy failure ob-

served in that test [45]. However, such a hypothesis may not be needed 
to rationalize the low energy failure observed, as the fuel rod in ques-

tion was irradiated to 67 GWd/tU, had a very thick oxide layer (average 
of 90 microns), had an overall hydrogen content of ∼700 wppm and 
showed extensive oxide spallation. In such a condition, one could ex-

pect that hydride blisters would form and would severely embrittle the 
cladding, causing it to fail at very low deposited energy.

Those results show how important it is to consider the hydrogen lo-

calization when analyzing a Zircaloy cladding failure. In the case of 
simulating cladding failure induced by zirconium hydride embrittle-

ment, the current criteria in fuel performance modeling [31] use only 
total cladding average hydrogen concentration, and therefore, do not 
yet take into account the possibility of hydrogen localization during 
service driven by temperature gradients.

5. Conclusions

This study presented three models to analyze the variations in local 
hydrogen concentration caused by three types of temperature inhomo-

geneities, that could be present during normal reactor operation: the 
inter-pellet region, oxide spallation, and missing pellet surface. The con-

clusions are:

1. Hydrogen migration in zirconium is fast enough that compared to 
9

the rod irradiation time hydrogen can respond relatively quickly 
Journal of Nuclear Materials 589 (2024) 154853

to create a new hydrogen distribution with significant variations in 
hydride concentration along the three tube directions.

2. Significant hydrogen accumulations are observed in all these cases 
such that the local hydrogen concentration would be expected to 
control cladding hydride embrittlement and failure, rather than the 
average hydrogen concentration.

Finally, along with previous studies, it is crucial for researchers in-

vestigating hydride embrittlement during normal operation to design 
their experimental programs and analyses with careful consideration of 
hydride inhomogeneities.
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Appendix A. Evaluation of the influence of a stress gradient on 
hydrogen diffusion

Once the hydrogen has entered the Zircaloy metal it can diffuse 
through the cladding, driven by concentration, temperature and stress 
gradients:

𝐽𝐻 = −𝐷𝐻∇𝐶𝑠𝑠 −𝐷𝐻
𝑄∗𝐶𝑠𝑠∇𝑇
𝑅𝑇 2 +𝐷𝐻

𝐶𝑠𝑠𝑉

𝑅𝑇
∇𝜎𝐻 , (A.1)

where 𝐶𝑠𝑠 is the amount of hydrogen in solid solution in wppm, 𝑅
is the gas constant, 𝑇 is the temperature, 𝑄∗ is the hydrogen heat of 
transport, 𝑉 is the molar volume of hydrogen in Zr, and 𝐷𝐻 is the 
hydrogen thermal diffusivity, calculated using the Arrhenius relation in 
Equation (A.2), in which 1.08 × 10-6 is the pre-exponential factor and 
4.4 × 104 is the hydrogen migration energy [46].

𝐷𝐻 [m2∕s] = 1.08 × 10−6exp
(
−
4.4 × 104 J∕mol

𝑅𝑇

)
. (A.2)

To evaluate the influence of the stress gradient on diffusion com-

pared to the influence of the concentration and temperature gradients, 
we consider only the radial dimension, 𝐷𝐻 as a constant value through-

out the clad thickness and estimated with the average temperature of 
632 K,

−6
(

4.4 × 104
)

−10 2
𝐷𝐻 = 1.08 × 10 exp −
8.314 × 632

= 2.5 × 10 m ∕s. (A.3)
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We use the result of the output of our rodlet simulation, Subsection 
3.1, at the inner cladding node there will be: 643 K, 109.7 wppm of 𝐶𝑠𝑠
and −2.5 × 107 Pa in normal stress in the radial direction. At the outer 
cladding node there will be: 622 K, 139.7 wppm and −1.7431 ×107 Pa. 
Assuming the heat of transport for hydrogen is 25,500 J/mol [47], V = 
1.63 cm3/mol, as of [48], and the cladding has thickness of 575.3 μm 
each term from Equation (A.1) will then become:

−𝐷𝐻∇𝐶𝑠𝑠 = −2.5 × 10−10 × 139.7 − 109.7
575.3 × 10−6

= −1.3 × 10−5 wppm× m2∕s (A.4)

−𝐷𝐻
𝑄∗𝐶𝑠𝑠∇𝑇
𝑅𝑇 2 = −2.5 × 10−10 ×

25500𝐶𝑠𝑠
622−643

575.3×10−6

8.314 × 6322

= 𝐶𝑠𝑠 × 7 × 10−8 wppm ×m2∕s (A.5)

𝐷𝐻
𝐶𝑠𝑠𝑉

𝑅𝑇
∇𝜎𝐻 = −2.5 × 10−10 ×

𝐶𝑠𝑠1.63 × 10−6

8.314 × 632
(−1.7431 + 2.5) × 107

575.3 × 10−6

= 𝐶𝑠𝑠 × 1.02 × 10−9 wppm× m2∕s (A.6)

As a result for this typical case, the stress gradient has an influ-

ence about 10 times lower than the temperature term and 10,000 times 
lower than the concentration gradient and thus may be neglected on 
the hydrogen flux calculation.

Appendix B. BISON equations for hydride precipitation HNGD 
model

The BISON code uses the Hydride Nucleation-Growth-Dissolution 
(HNGD) model developed by [6–8,49] to calculate the hydrogen con-

centration and diffusion and hydrides precipitation. The change in hy-

drogen in solid solution with time is calculated by:

𝜕𝐶𝑠𝑠

𝜕𝑡
= −∇

(
−𝐷𝐻∇𝐶𝑠𝑠 −

𝐷𝐻𝑄
∗𝐶𝑠𝑠

𝑅𝑇 2 ∇𝑇
)
− 𝑆 (B.1)

where, 𝐶𝑠𝑠 is the hydrogen in solid solution concentration, 𝑡 is time, 
𝐷𝐻 is the hydrogen thermal diffusivity, 𝑄∗ is the hydrogen heat of 
transport, 𝑅 is the gas constant, 𝑇 is the temperature, and 𝑆 is the 
hydride precipitation rate:

𝜕𝐶𝑝𝑟𝑒𝑐

𝜕𝑡
= 𝑆, (B.2)

which is given as a summation of the hydride nucleation rate (𝑆𝑁 ), 
growth rate (𝑆𝐺), and dissolution rate (𝑆𝐷). Those are calculated using 
the equations below,

𝑆𝑁 =

{
𝐾𝑁 (𝐶𝑠𝑠 − 𝑇𝑆𝑆𝑃 ), if 𝐶𝑠𝑠 > 𝑇𝑆𝑆𝑃

0, else
, (B.3)

which describes the nucleation of hydrides that occurs once the concen-

tration of hydrogen in solid solution is higher than the terminal solid 
solubility for precipitation (𝑇𝑆𝑆𝑃 ). The dissolution rate 𝑆𝐷 is given by:

𝑆𝐷 =

{
𝐾𝐷(𝐶𝑠𝑠 − 𝑇𝑆𝑆𝐷), if 𝐶𝑠𝑠 < 𝑇𝑆𝑆𝐷 and 𝐶𝑃 > 0

0, else
. (B.4)

That is, hydride dissolution can occur when the concentration of hy-

drogen in solid solution is less than the terminal solid solubility for 
dissolution (𝑇𝑆𝑆𝐷) and there are hydrides present. In the hysteresis 
region (𝑇𝑆𝑆𝐷 < 𝐶𝑠𝑠 < 𝑇𝑆𝑆𝑃 ) the hydride particles can grow accord-

ing to,

𝑆𝐺 =

⎧⎪⎪⎨⎪⎪⎩
𝐾𝐺(𝐶H − 𝑇𝑆𝑆𝐷)𝑝(1 − 𝑥)(−ln(1 − 𝑥))

1− 1
𝑝 , if 𝐶𝑠𝑠 > 𝑇𝑆𝑆𝐷

and 𝐶𝑃 > 0

0, else
10

(B.5)
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where, 𝐾𝑁 , 𝐾𝐺 , and 𝐾𝐷 are the kinetics coefficients for nucleation, 
growth, and dissolution, respectively, 𝐶𝑠𝑠 is the concentration of hydro-

gen in solid solution, 𝐶𝑃 is the concentration of hydrogen precipitated 
as hydride, 𝐶𝐻 is the total hydrogen concentration, 𝑝 represents the 
growth dimensionality (approximately 2.5 for platelets), and the degree 
of completion of the reaction 𝑥 = 𝐶𝐻−𝐶𝑠𝑠

𝐶𝐻−𝑇𝑆𝑆𝐷
.

The kinetic coefficients equations are summarized as:

𝐾𝑁 [𝑠−1] = 2.75 × 10−5(1 − 𝜈𝛿)exp
(
−
𝐸𝑓 (𝑇 )
𝑅𝑇

)
(B.6)

𝐾𝐺[𝑠−1] =

[
1

5.35 × 105𝑥𝛼(1 − 𝜈𝛿)𝑒𝑥𝑝
(
− 𝐸𝑔
𝑅𝑇

) +

1

1.6 × 10−5𝑥𝛼(1 − 𝜈𝛿)𝑒𝑥𝑝
(
−𝐸𝑓 (𝑇 )

𝑅𝑇

)]−1

(B.7)

𝐾𝐷[𝑠−1] = 1.11 × 103𝑒𝑥𝑝
(
−
𝐸𝐷

𝑅𝑇

)
, (B.8)

where, 𝐸𝑓 (𝑇 ) is the hydride formation energy, 𝜈𝛿 is the hydride volume 
fraction, 𝑥𝛼 is the atomic fraction of hydrogen, 𝐸𝑔 is the activation 
energy for growth by diffusion and equal to 86.8 kJ/mol [49], and 𝐸𝐷
is the hydrogen diffusion activation energy and equal to 4.4 ×104 J/mol 
[46].
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