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Hydrogen diffusion in oxides formed on surfaces of zirconium alloys
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Abstract

Transport of hydrogen through oxide layers formed on zirconium and its alloys has been the focus of recent studies associated with
15hydrogen uptake in nuclear reactor core components. Hydrogen discussion in oxides has been studied by hydrogen implantation and N

hydrogen depth-profiling techniques and the microstructure and micro-chemistry of the oxide layers as well as the underlying substrates
have been characterized using a variety of techniques such as XPS, XRD, TEM, AEM, RS, NRA and RHEED. The studies show that
micro-structure and micro-chemistry of the underlying alloy can affect the characteristics of the oxide, and, in turn, the transport of
hydrogen through the oxide and into the underlying metal. In certain cases the oxide layer can be a homogeneous medium for hydrogen
diffusion, but in most cases it is heterogeneous and may contain extremely fine interconnected cracks and pores undetected by
conventional micro-analytical techniques. These studies show that minute amounts of impurities in the alloy can affect the diffusion rates
in the oxide by several orders of magnitude.
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1. Introduction diffusion studies indicated that the Zr–2.5Nb and the
Zr–1Nb oxides are heterogeneous and may contain inter-
connected pores or other fast diffusion paths such asDue to their low thermal neutron cross section and high
unoxidized regions and that the oxides grown on b-phaseresistance to corrosion, zirconium alloys have been the
Zr–20Nb may be non-porous and homogeneous [3,4]. Tometals of choice for the core components of nuclear
improve our understanding of the nature of hydrogenreactors such as fuel cladding, calandria tubes and pressure

TM diffusion in the pressure tube oxides and to relate thistubes. In the CANDU reactors [1] fuel cladding and the
understanding to the microstructure of the tube as a resultcalandria tubes are made of Zircaloy-2 and -4 and the
of its prior treatment history, a systematic study of thepressure tubes are made of Zr–2.5Nb (Zr–2.5 wt% Nb), a
diffusion of hydrogen in the oxides grown on b-annealedstronger alloy than either Zircaloy. While Zircaloy com-
Zr–20Nb and Zr–15Nb, aged Zr–20Nb and single-phaseponents consist of only a-Zr phase with some intermetallic
Zircaloy-2 (a-Zr) specimens was initiated. The observa-inclusions, the Zr–2.5Nb pressure tubes consist of a-Zr
tions are reported here.grains surrounded with a b-Zr network of nominal com-

position Zr–20Nb (Zr–20 wt% Nb). Mechanical and
corrosion properties of the Zr–2.5Nb pressure tubes are
strongly dependent on the initial fabrication route and 2. Experimental
subsequent treatment of these tubes, due to the fact that the
b-phase is meta-stable at temperatures below 900 K. Specimens of nominal size 1031531 mm were cut
Hydrogen uptake in both Zircaloy and Zr–2.5Nb com- from the as-received sheets of Zr–15Nb and Zr–20Nb
ponents can lead to embrittlement and subsequent failure material. The Zircaloy-2 samples were sliced (|1 mm
of the components. The oxide film, grown on the surface thick) from a 12 mm diameter rod. Specimens of Zr–15Nb
of the alloy, is the principal route for hydrogen diffusion and Zr–20Nb alloys were annealed at 1123 K to transform
into the alloy and can act as a protective layer against them to single-phase b-Zr [5]. XRD showed that both
hydrogen uptake by the components. Zr–15Nb and Zr–20Nb specimens were single-phase b-Zr.

Earlier measurements indicated that the diffusion rate of The Zr–20Nb specimens were then divided into four sets
hydrogen in oxide films grown in air on the Zr–2.5Nb and the sets were aged at 773 K for 50 min, 3, 10 and 100
alloy is at least three orders of magnitude higher than in h separately to transform them to (b-Zr 1v), (a1b-enr

the films grown on pure zirconium [2]. Further hydrogen Zr 1v), (a1b-Zr and (a-Zr1b-Zr 1b-Nb) states,enr enr enr

0925-8388/97/$17.00  1997 Elsevier Science S.A. All rights reserved
PII S0925-8388( 96 )03068-X



472 D. Khatamian / Journal of Alloys and Compounds 253 –254 (1997) 471 –474

respectively [6]. All the samples were abraded, elec- hydrogen and has behaved in a way similar to the b-
tropolished and then oxidized in |633 K to grow oxide annealed Zr–20Nb specimens [4]. In the oxide layers
layers of |2 mm thickness. The oxide films were then grown on the alloys aged for 100 h or longer no hydrogen
implanted with hydrogen for diffusion measurements. The peak is discernible anymore and almost all the implanted
hydrogen concentration profiles of the specimens, before hydrogen has diffused away during implantation. In such

15and after a diffusion anneal, were measured using the N cases, some specimens were implanted at lower tempera-
hydrogen profiling technique [7]. tures to retain the hydrogen in the implanted peak region

for subsequent diffusion measurements.
Fig. 2 shows the hydrogen concentration profiles

3. Results and discussion obtained from a sample aged for 50 min. These profiles
show that after the diffusion anneal the peak has

3.1. Zr–20Nb specimens broadened. The area under the initial and the broadened
peak are almost identical, indicating that during the

The hydrogen concentration depth profiles in the oxides, annealing process no hydrogen has escaped from the oxide.
measured prior to hydrogen implantation, are shown in The characteristics of these profiles are similar to those
Fig. 1a. The figure shows that the hydrogen levels in the observed in the oxides of the b-annealed Zr–20Nb alloy
oxide increase slightly as the aging period of the alloy [4]. To obtain the diffusion coefficient, the profiles were
increases to 3 and 10 h and that the increase is much larger analyzed using a treatment described earlier [4]. In such a
in the case of the alloy aged for 100 h. The hydrogen treatment the diffusion equation, dC(X,t) /dt5D[dC(X,t) /

2concentration profiles measured after hydrogen implanta- dX )], is solved assuming an initial Gaussian distribution
tion are given in Fig. 1b. Although the specimens were representing the as-implanted peak and the boundary
implanted simultaneously under identical conditions, they conditions C(0,t)5C(`,t)50. The only fitting parameter in
have retained different amounts of hydrogen. The speci- the treatment is the diffusion coefficient, D. The best fit to
men aged for 50 min has retained all the implanted the diffusion coefficients resulting from such analysis at

different temperatures gives

26D 5 2.6 3 10 exp(2149916/RT )

2 21where D, the diffusion coefficient, is given in m s , T is
21 21in K and R is 8.314 J mol K . Fig. 3 shows the

concentration profiles typical of those observed in the
samples aged for 3 h and longer. These profiles, in contrast
to the profiles shown in Fig. 2, show that after the
diffusion anneal, although the peak height has decreased,
the peak width has not changed. They indicate that the

Fig. 2. Depth profiles for implanted hydrogen showing initial implantation
Fig. 1. Hydrogen concentration profiles of the water-grown oxide films on (triangles) and after diffusion annealing for 21.5 min in 673 K air
the Zr–20Nb samples annealed at 1123 K for 1 h and aged at 773 K for (circles). The oxide film was grown in 626 K water on the Zr–20Nb alloy
the specified periods, (a) before, and (b) after being implanted with aged for 50 min. The curves are the best Gaussian fits to the experimental
hydrogen. points.
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3.2. Zr–15Nb specimens

Initial profiles of the b-annealed Zr–15Nb samples
showed hydrogen peaks very similar to the ones obtained
from the b-annealed Zr–20Nb samples [4]. However,
during diffusional anneal, unlike the results obtained from
the Zr–20Nb samples, the hydrogen peak height had
decreased with no changes in the peak width. To obtain
apparent diffusion coefficients which can be compared
with the previous results, the profiles were analyzed using
the second diffusion model discussed above. As stated, the
outcome of such analysis is not an absolute diffusion
coefficient and it may only be used in comparison with
others if similar diffusional behaviours are observed. The
best fit to the apparent diffusion coefficients for the oxideFig. 3. Depth profiles for implanted hydrogen showing initial implantation

(triangles) and after diffusion annealing for 4 min in 720 K air (circles). of b-annealed Zr–15Nb gives
The oxide film was grown in 633 K water on the Zr–20Nb alloy aged for

210D 5 1.99 3 10 exp(289459/RT ).3 h. The curves are the best Gaussian fits to the experimental points.

3.3. The Zircaloy-2 samples

oxide has lost some of the implanted hydrogen. In this
The hydrogen profiles from the Zircaloy-2 specimens

specific case the loss is |30%. This behaviour has been
showed that diffusion annealing causes the hydrogen peak

attributed to a heterogeneous medium with short-circuit
height to decrease with no change in the peak width. Also

diffusion paths such as pores and/or unoxidized metallic
the as-implanted peaks indicated that some of the hydrogen

regions. The profiles were analyzed using a previously
escapes from the samples during implantation. These

developed simple model to be applied to the oxides with
characteristics are very similar to the features discussed

similar characteristics [2–4]. In this model the diffusion
above in the case of the Zr–15Nb and Zr–2ONb speci-

equation is solved with the width of the implanted peak
mens aged for more than 3 h. The second diffusion model

kept constant. This condition imposes the restriction that
was also used in this case to obtain some apparent

the size of the homogeneous oxide cell (within the
diffusion coefficients for the Zircaloy-2 oxides. The best fit

otherwise heterogeneous oxide layer) is equivalent to the
to the diffusion coefficients resulting from such analysis

width of the peak. The width of the implanted peak does
gives

not vary much between different oxides and is 0.4 mm.
29Therefore, in effect, the average size of the cells within all D 5 2.76 3 10 exp(2114841/RT ).

the oxides studied thus far is assumed to be |0.4 mm. Of
course, there is no experimental evidence or any other
justification that the cell sizes in all these oxides are the 4. Discussion
same. In fact they may be very different even within a
given sample. Since the derived diffusion coefficients These results show that the oxides grown on Zr–20Nb
depend on the cell size, the D values derived in this alloy with b-Zr and b-Zr1v phases constitute a homoge-
manner are not absolute and may only be used in com- neous medium for hydrogen diffusion and as the traces of
parison with other similarly obtained diffusion constants. a-Zr appear within the alloy the character of the oxide
The best fit to such relative and apparent diffusion changes and becomes heterogeneous. It is also evident that
coefficients, obtained at different temperatures, are given the hydrogen diffusion rates in the oxide increase with the
by the following Arrhenius equations: increase in the amount of b-Nb present in the starting

alloy. This is much more pronounced in the case of oxide
29D 5 6.1 3 10 exp(2113804/RT ); films grown on the alloy aged for 100 h or more. The

oxide may contain unoxidized or highly sub-stoichiometricZr 2 20Nb specimens aged for 3 h,
regions to allow for the fast diffusion of hydrogen.
Analysis using AEM as well as XPS have shown the

27D 5 4.5 3 10 exp(2129565/RT ); presence of unoxidized niobium in such oxides [8,3]. In
agreement with this, the oxides grown on pure Zr haveZr 2 20Nb specimens aged for 10 h,
very low diffusion rates for hydrogen [2] and provide
much better protection against hydrogen ingress [9].211D 5 3.8 3 10 exp(256003/RT ); While the annealed Zr–15Nb samples have alloy micro-

Zr 2 20Nb specimens aged for 100 h. structures and phase compositions identical to the annealed
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Zr–20Nb samples, their oxides exhibit different charac- structure, much like the oxides grown on the annealed
teristics with respect to hydrogen diffusion. Studies by Zr–20Nb material. As the alloy ages and traces of a-Zr
XRD, Raman spectroscopy [10] and RHEED [11] have appear, the character of the oxide changes and becomes
shown that the thin (|2 mm thick) oxide films grown on heterogeneous. The hydrogen diffusion rates in the oxide
the annealed Zr–20Nb alloy have stabilized nearly-cubic- increase with the increase in the amount of b-Nb present
tetragonal (nct) (tetragonal with c /a very close to 1) in the starting alloy. This is much more evident in the case
crystal structure compared to the Zr–2.5Nb oxide, which is of oxides grown on the alloy aged for 100 h or more. The
predominantly monoclinic. It seems that the 20 wt% Nb oxides grown on the annealed Zr–15Nb and Zircaloy-2
dissolved in Zr stabilizes the nct oxide, and thus prevents have, also, heterogeneous microstructures consisting of fast
the allotropic transformation to the monoclinic structure. diffusion pathways for hydrogen.
On the other hand, the amount of niobium in the Zr–15Nb
(b-Zr) samples may not be enough to fully stabilize the
oxide, or the alloy may contain small amounts of a-Zr, Acknowledgments
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