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1 Influence of Alloying Elements and Effect
2 of Stress on Anisotropic Hydrogen
3 Diffusion in Zr-Based Alloys Predicted
4 by Accelerated Kinetic Monte Carlo
5 Simulations

6 Jianguo Yu, Chao Jiang and Yongfeng Zhang

7 Abstract The presence of hydrogen (H) can detrimentally affect the mechanical
8 properties of many metals and alloys. To mitigate these detrimental effects requires
9 fundamental understanding of the thermodynamics and kinetics governing H

10 pickup and hydride formation. In this work, we focus on H diffusion in Zr-based
11 alloys by studying the effects of alloying elements and stress, factors that have been
12 shown to strongly affect H pickup and hydride formation in nuclear fuel claddings.
13 A recently developed accelerated kinetic Monte Carlo method is used for the study.
14 It is found that for the alloys considered here, H diffusivity depends weakly on
15 composition, with negligible effect at high temperatures in the range of 600–
16 1200 K. Therefore, the small variation in H diffusivity caused by variations in
17 compositions of these alloys is likely not a major cause of the very different H
18 pickup rates. In contrast, stress strongly affects H diffusivity. This effect needs to be
19 considered for studying hydride formation and delayed hydride cracking.
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23 Introduction

24 Zirconium (Zr) alloys are extensively used as fuel cladding tubes in nuclear reactors
25 owing to their low capture cross section to thermal neutron, good mechanical
26 properties, and good corrosion resistance in various environmental conditions
27 [1–3]. Most of current claddings are made of two Zr-based alloys [Zircaloy-2 (Zr2)
28 and Zircaloy-4 (Zr4)]. Zr4 is mainly used in pressurized water reactors (PWRs) and
29 Zr2 in boiling water reactors (BWRs). Significant effort has led to the development
30 of modern Zr-based alloys with improved corrosion resistance and mechanical
31 properties to meet the demands of higher fuel duty. For example, ZIRLO® and
32 M5™ are more resistant to corrosion and hydrogen (H) pickup compared to Zr2 and
33 Zr4, and they are used to replace Zr4 in PWRs. In addition, some other modern
34 Zr-based alloys such as J-alloys and AXIOM™ have also been shown to not have
35 enhanced corrosion at high burnups [1].
36 An interesting feature of these Zr-based claddings is that the addition or variation
37 of a very small amount of alloying elements (typically less than 0.5% in concen-
38 tration or weight) may be sufficient to dramatically change the corrosion behavior as
39 well as H pickup fraction [1, 2] under operating conditions. For instance, with
40 higher Fe content substituted for Ni, Zr4 (Zr-1.5Sn-0.2Fe-0.1Cr in wt%) was
41 developed with significantly lower H pickup fraction compared to that exhibited by
42 Zr-2 (with an approximate composition of Zr-1.5Sn-0.14Fe-0.10Cr-0.06Ni in wt%).
43 For H to accumulate in the metal matrix of claddings, it needs to be produced
44 during oxidation, and then transport over the oxide layer and eventually in the metal
45 matrix. Therefore, the very different H pickup rates in various Zr-based alloys could
46 be caused by (1) different oxidation kinetics and thus H production rates, (2) dif-
47 ferent transport speeds over the oxide layers [1] which have generally been
48 regarded as an effective barrier to the absorption of hydrogen [3] and (3) different
49 diffusion speeds in the metal matrix. However, it is not clear how the alloying
50 elements will affect H diffusion, which is one of focuses in this study.
51 Another factor that may strongly affect H diffusion is stress. For instance, during
52 hydride formation, stress may be induced by the mismatch between hydrides and
53 the Zr matrix [3]. Upon cyclic thermal and mechanical loadings, hydrides can
54 dissolve and reorient; this process involves H diffusion with the presence of stress.
55 Meanwhile, stress may also be concentrated at crack tips during
56 delayed-hydride-cracking (DHC). Zr-based alloy cladding tubes used in the nuclear
57 industry are highly susceptible to DHC, which occurs when dissolved H atoms
58 diffuse along the stress gradient towards the tensile stress concentration region at
59 the crack tip, followed by reformation of hydrides at the crack tip and subsequent
60 fracture [3, 4]. DHC may take place at stress levels much lower than the yielding
61 stress and has remained a concern for cladding integrity during used fuel storage.
62 A more comprehensive understanding on hydride reorientation and DHC requires a
63 fundamental understanding of the stress state effect on the H diffusion.
64 In the past, a plethora of investigations on understanding of H diffusion in a-Zr
65 and Zr alloys has been reported in the literature. However, most investigations
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66 relied on experimental measurements [5–9]. It has been commonly accepted that H
67 diffuses in Zr alloys via the same mechanism as in a-Zr, with additional trapping
68 caused by alloying elements and impurities. Due to the hexagonal symmetry of
69 a-Zr, the diffusivity of H along <c> usually differs from that along <a> (in a plane
70 parallel to <a> and normal to <c>), with the former suggested to be higher than the
71 latter with Dc/Da >1, but not exceeding 2, at temperatures above 600 K by Kearns
72 et al. [8]. In addition to these experiments, atomic scale studies such as density
73 functional theory (DFT) calculations have also been applied to H diffusion in a-Zr
74 [10–12].
75 H diffusion in a-Zr involves multiple hopping paths coupled with each other for
76 long-range diffusion. The hopping rates obtained from DFT calculations need to be
77 incorporated into either analytical theories or other modeling methods such as
78 kinetic Monte Carlo (KMC) to predict diffusivity. One challenge to apply KMC to
79 H diffusion in hcp metals is that the potential energy surface contains an energy
80 basin formed by neighboring tetrahedral sites, which strongly limits the efficiency
81 of KMC at low temperatures due to basin trapping. Since accurate H diffusivity is
82 highly desired at low temperatures [4] to predict the kinetics of DHC, which is
83 active in the temperature range of about 150 to 300 °C, acceleration of KMC is
84 needed. Although guidance for general acceleration approaches already exists in the
85 literature [13], analytical solutions that directly apply to interstitial diffusion in hcp
86 crystals are yet to be derived. Recently an accelerated KMC method was developed
87 for H diffusion in hcp metals by co-authors of this study [14]. Parameterized by
88 DFT calculations, the accelerated KMC method is capable of efficiently calculating
89 H diffusivity in a variety of Zr alloys, without altering the kinetics of long-range
90 diffusion. Using this accelerated KMC method, this article is aimed at modeling H
91 diffusion in Zr-based alloys under the influence of both alloying elements and
92 stress.

93 Methods

94 DFT Calculations

95 To obtain the migration barriers for H diffusion as well as the binding energies
96 between alloying elements (Sn, Fe, Cr, Ni, Nb) and H, we performed ab initio
97 calculations using the all-electron projector augmented wave method within the
98 generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE-GGA)
99 [15], as implemented in VASP [16]. 96-atom supercells, which can be constructed

100 from a 4 � 4 � 3 extension of the 2-atom hcp Zr unit cell, are used. Spin-polarized
101 calculations are performed for Fe, Cr and Ni. A plane-wave cut-off energy of
102 500 eV and a 5 � 5 � 5 Monkhorst–Pack k-point mesh are used to ensure high
103 numerical accuracy for total energy calculations. All internal atomic positions are
104 fully optimized using a conjugate gradient method until forces are less than
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105 0.01 eV/Å. Further relaxations of supercell volumes have been found to have
106 negligible effect on the final results. To study the stress effect on H diffusion, the
107 96-atom hcp Zr supercell is hydrostatically strained by −2, −1, 0, +1 and +2%,
108 respectively. The corresponding hydrostatic stress is 6.2, 2.9, 0, −2.7 and −5.1 GPa,
109 respectively. Such stress levels can be reached at crack tips and at hydride/matrix
110 interfaces. More computational details can be found in Ref. [14].

111 Accelerated Lattice Kinetic Monte Carlo

112 The accelerated KMC method recently developed by co-authors [14] is used in this
113 article. For acceleration, the KMC events in basins are replaced using the solutions
114 detailed in Ref. [14]. The calculations are performed from 300 to 1200 K, one data
115 point every 100 K, covering the temperature range used in previous experiments.
116 To minimize stochastic scattering, at each temperature 100,000 KMC simulations
117 are carried out, each lasting until 100,000 basin exits are detected for sufficient
118 statistics. The averaged mean-square-displacements (MSD) display the expected
119 linear relationship with time, with the slope proportional to diffusivity.

120 Results and Discussion

121 Results from DFT Calculations

122 The calculated binding energies between H and alloying elements are listed in
123 Table 1. For Sn, Fe, Cr, and Ni, the results have been previously reported in Ref.
124 [14]. As mentioned in Ref. [14], there exist three different interactions between H
125 and an impurity within the first nearest neighbor (1NN) distance. A binding energy
126 of EO

b represents octahedral (O) H trapped by one impurity site within 1NN dis-

127 tance, ETc
b is for tetrahedral (T) H interstitials trapped by one impurity site within

128 1NN distance along <c> and ETa
b denotes tetrahedral H interstitials trapped by one

129 impurity site within 1NN distance in the basal plane. As shown in Table 1, Fe, Cr
130 and Ni are attractive to H while Sn is repulsive to H. However, the binding energies
131 between H and Nb are unusual. Specifically, the interaction is weakly repulsive
132 when H occupies the tetrahedral sites, but attractive when H is at the octahedral site.
133 As will be shown later by KMC simulations, such unusual feature of the binding
134 energies between H and Nb can lead to lower anisotropic ratio of H diffusivity in Zr
135 alloy system containing Nb element.
136 The activation barriers versus strain predicted by DFT calculations are given in
137 Table 2 and plotted in Fig. 1a. Under compressive stress, the activation barriers for
138 all four hopping paths increase. Under tensile stress, the activation barriers for all
139 four hopping paths decrease. It is also shown that, although the activation barriers
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140 for all four hopping paths depend nearly linearly on the applied stress, the activation
141 barriers for the O-T and O-O jumps are much more significantly modified by the
142 applied stress compared with T-T and T-O jumps. This can be understood since the
143 O site is significantly larger than the T site and the transition states
144 (TSs) volumetrically. Therefore, the solution energy of a H atom at the O site will
145 exhibit much weaker pressure dependence compared with a H at the TS for either
146 O-T or O-O jump (see Fig. 1b). Conversely, as shown in Fig. 1b, H atom at a T site
147 exhibits very similar pressure-dependent behavior as the H atom at the TS for either
148 T-T or T-O jump. The migration barrier, which is the energy difference between TS
149 and T, therefore shows weak pressure dependence for T-T and T-O jumps. It is also

Table 1 Binding energies [eV] between H and alloying elements from DFT calculations. Positive
(negative) binding energy means attractive (repulsive) interaction. Results for Sn, Fe, Cr, and Ni
are from Ref. [14]

Element ETc
b ETa

b EO
b

Sn Not stable [14] Not stable [14] −0.037 [14]

Fe 0.094 [14] 0.069 [14] 0.106 [14]

Cr 0.089 [14] 0.065 [14] 0.085 [14]

Ni 0.212 [14] 0.153 [14] 0.165 [14]

Nb −0.0024 −0.0007 0.042

Table 2 H migration barriers [eV] versus applied hydrostatic strains and the corresponding
stresses [GPa] for 1NN jumps from DFT calculations

Pressure [GPa] T-T T-O O-T O-O Strain %

6.247 0.14592 0.42383 0.45171 0.52806 −2.0

2.942 0.13576 0.41658 0.3984 0.46177 −1.0

0 0.12952 0.40612 0.34574 0.39849 0.0

−2.71 0.1251 0.39299 0.29653 0.33965 1.0

−5.134 0.12328 0.37747 0.24796 0.28139 2.0

Fig. 1 DFT calculated H migration barrier (a) and H solution energy (b) in hcp Zr as a function of
hydrostatic strain
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150 interesting to note that, under compressive stress, the O site can become more
151 favorable than T site for H occupation. This is due to the fact that H energy at T site
152 increases much faster with pressure than at O site.

153 Hydrogen Diffusion in Zr Alloys

154 KMC simulations are carried out to study the effect of alloy elements on H transport
155 in Zr alloys. The corresponding approximate concentrations of the alloying ele-
156 ments of Zr alloys used in the KMC simulations are listed in Table 3. J3 (Zr-2.5Nb
157 in wt%) alloy in the J-Alloys family (used extensively in pressure tubes in Canada
158 Deuterium Uranium (CANDU) nuclear reactors [4]) is considered in this study. The
159 results for the three-dimensional H diffusivity and the anisotropic diffusivity ratio in
160 a variety of Zr alloys calculated are plotted in Fig. 2. As shown in Fig. 2 (a), at high
161 temperatures in the range of 600–1200 K, the variation of H diffusivity in the Zr
162 alloys studied here is very small. This indicates that the addition of alloying ele-
163 ments slightly reduces H diffusivity, with negligible effect at high temperatures.
164 This observation is also in line with previous experiments, which found similar H
165 diffusivity in a-Zr, Zr2, and Zr4 [8]. Using D = D0exp(−Em/KBT) with D0 being the
166 prefactor and Em the effective migration barrier, fitted parameters for D0 and Em

167 using the KMC results are listed in Table 4. The fitted results agree nicely with
168 previously KMC values of 1.08 � 10−6 m2/s and 0.46 eV shown in Fig. 2 (a) [14]
169 and the averaged values of 7.0 � 10−7 m2/s and 0.46 eV for a-Zr and Zircaloy
170 from experiments [8]. At room temperature, the diffusivity of H in Zr2 is signifi-
171 cantly lower than those of other alloys, presumably due to its higher concentration

Table 3 Approximate concentrations ci (atomic fraction) of Sn, Fe, Cr, Ni and Nb in a variety of
Zr alloys

Alloy Sn Fe Cr Ni Nb

Zircaloy-2 0.011526 0.002287 0.001754 0.000932 0

Zircaloy-4 0.009990 0.003267 0.001754 0 0

ZIRLO® 0.007684 0.001633 0 0 0.009819

Optimized ZIRLO™ 0.005149 0.001633 0 0 0.009819

J-Alloys

J1 0 0 0 0 0.017674

J2 0 0 0.001754 0 0.015710

J3 0 0 0 0 0.024547

AXIOM™ alloys

X2 0 0.000980 0 0 0.009819

X5 0.002305 0.005717 0.004386 0.000777 0.006873

X5A 0.003458 0.005717 0.004386 0 0.002946
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172 of Ni that strongly traps H atoms. Intriguingly, the lower H diffusivity in Zr2 than in
173 Zr4 is in contrast with the lower H pickup in the latter. Therefore, the present results
174 suggest that H diffusion in the metal matrix may not be the reason for the very
175 different H pickup in various cladding alloys.
176 As shown in Fig. 2b, the diffusivity of H is anisotropic, which is in line with
177 previous experiments [8] and KMC results [14]. In particular, the ratio of Dc/Da > 1
178 is observed at temperatures above 400 K. The addition of alloying elements is
179 found to have little effect on the anisotropy. For all alloys studied here, the ratio of
180 Dc/Da is about 1 at room temperature and increases with increasing temperature.
181 A plateau at about 1.2 is reached at high temperatures, similar to the behavior of H
182 in pure Zr [4]. Some stochastic effect is also noticed in the KMC results shown in
183 Fig. 2b.

184 Stress Effect on Hydrogen Diffusion

185 To explore the effect of stress, the diffusivity of H in a variety of Zr alloys with 5
186 different applied hydrostatic stresses (6.2, 2.9, 0, −2.7 and −5.1 GPa, respectively)
187 have been studied. The KMC simulation results for the stress effect on H diffusivity
188 for Zr2, Zr4, Zirlo, J3 and X5A alloys are plotted in Figs. 3, 4, 5, 6 and 7,
189 respectively. As expected, the H diffusivity is reduced under compressive stress and

Fig. 2 a H diffusivity in Zr alloys of Zr2, Zr4, Zirlo, J3 and X5A as a function of inverse
temperature, 1/KT; b Dc/Da ratio from 300 to 1200 K

Table 4 Fitting of the KMC
results using D = D0exp(−Em/
KBT)

D0 [m
2/s] Em [eV]

Zhang17 [14] 1.08 � 10−6 0.46

Zr2 1.08 � 10−6 0.457

Zr4, ZIRLO, J3 7.0 � 10−7 0.425

X5A 9.0 � 10−7 0.448
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Fig. 3 Effect of stress on (a) H diffusivity in Zr2 alloy as a function of inverse temperature, 1/KT;
(b) Dc/Da ratio from 300 to 1200 K

Fig. 4 Effect of stress on (a) H diffusivity in Zr4 as a function of inverse temperature, 1/KT;
(b) Dc/Da ratio from 300 to 1200 K

Fig. 5 Effect of stress on (a) H diffusivity in Zirlo as a function of inverse temperature 1/KT;
(b) Dc/Da ratio from 300 to 1200 K
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190 increased under tensile stress. Furthermore, the ratio Dc/Da depends on both tem-
191 perature and pressure. In all five Zr alloys considered, a general trend can be seen
192 that both temperature and tensile stress will increase the Dc/Da ratio and thus
193 promote the anisotropy. At room temperature and under compressive stress, the
194 ratio Dc/Da can also become less than 1.

195 Elastic Dipole Tensor

196 It is also desired to have analytical descriptions for the dependence of migration
197 barriers on elastic strain. Based on the theory of linear elasticity, the interaction
198 energy between an external strain field eij and a point defect can be calculated from
199 its elastic dipole tensor Pij as [17]:

Fig. 6 Effect of stress on (a) H diffusivity in J3 as a function of inverse temperature, 1/KT; (b)
Dc/Da ratio from 300 to 1200 K

Fig. 7 Effect of stress on (a) H diffusivity in X5A as a function of inverse temperature, 1/KT;
(b) Dc/Da ratio from 300 to 1200 K
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200 DE ¼ �
X

ij

Pijeij ð1Þ
202202

203 In this study, we have calculated the elastic dipole tensors for H at O, T, and TS
204 positions in hcp Zr using DFT. The results are reported in Table 5 and plotted in
205 Fig. 8. The computational details can be found in Ref. [17]. Due to its low sym-
206 metry, the elastic dipole tensor of the TS for the T-O jump is not calculated here. As
207 shown in Fig. 8, results from elastic theory calculations agree quantitatively with
208 direct DFT calculations. Such a good agreement suggests that Eq. (1) can be used
209 to accurately describe H diffusion behavior under an elastic stress field (e.g. around
210 a crack tip) in hcp Zr. It also indicats that the effect of stress on H diffusion is most
211 likely dominated by the elastic interaction.

212 Conclusion

213 In this work, an accelerated KMC method is used to reveal the influence of alloying
214 elements and the effect of applied stress on H diffusivity in hcp Zr alloys. It is found
215 that at very low temperature around ambient, H diffusivity might depend on the
216 addition of alloying elements. However, at high temperatures in the range of
217 600-1200 K, the discrepancy of H diffusivity in the Zr alloys studied here is very

Table 5 Elastic dipole
tensors Pij for H at various
interstitial sites and transition
states in hcp Zr

Site P11 (eV) P22 (eV) P33 (eV)

T 1.999 1.999 3.265

O 0.779 0.779 1.313

T-T TS 3.404 3.404 1.174

O-O TS 3.105 3.105 3.801

Fig. 8 Migration barriers for
O-O and T-T paths in hcp Zr
as a function of applied
hydrostatic strain. Solid
symbols are from the present
DFT calculations. Solid lines
represent results from elastic
calculations
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218 small. This indicates that the addition of alloying elements has negligible effect at
219 high temperatures on H diffusivity, and this is likely not the reason for the very
220 different H pickup in various cladding alloys. Applied stress is found to have a
221 stronger effect on H diffusion than alloying elements. H diffusivity decreases under
222 compressive and increases under tensile stress. Such change in H diffusion needs to
223 be considered at stress fields induced by crack tips or hydrides.
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