
CW-124680-CONF-001 

UNRESTRICTED - ILLIMITÉ 

 

Corrosion and Deuterium Uptake of Zr-based Alloys  

In Supercritical Water 

 
D. Khatamian 

AECL, Chalk River Laboratories, Stn. 55 

Chalk River, ON K0J 1J0, Canada  

khatamiand@aecl.ca 

 

 

 

 

Abstract 
 

To increase the thermodynamic efficiency above 40% in nuclear power plants, the use of 

supercritical water as the heat transport fluid has been suggested. Zircaloy-2, -4, Zr-Cr-Fe, 

Zr-1Nb and Zr-2.5Nb were tested as prospective fuel cladding materials in 30 MPa D2O at 

500 C.  Zircaloy-2 showed the highest rates of corrosion and hydriding.  Although Zr-Cr-Fe 

initially showed a very low corrosion rate, it displayed breakaway corrosion kinetics after 50 h 

exposure. The best-behaved material both from a corrosion and hydrogen uptake point of view 

was Zr-2.5Nb.  However, the Zr-2.5Nb oxide growth rate was still excessive and beyond the 

current CANDU


 design allowance. Similar coupons, coated with Cr, were also tested.  The 

coated layer effectively prevented oxidation of the coupons except on the edges, where the 

coating was thinner and had some flaws. In addition, the Cr-coated Zr-2.5Nb coupons had the 

lowest deuterium pickup of all the alloys tested and showed no signs of accelerated or non-

uniform corrosion.  

                     
CANDU–CANada Deuterium Uranium is a registered trademark of Atomic Energy of Canada Ltd. 
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1.0 INTRODUCTION 
 

In a nuclear power plant, increasing thermodynamic efficiency and simplifying plant design 

are the two major ways of reducing unit energy cost. To increase the thermodynamic efficiency 

above 40%, the use of high-pressure supercritical water at 500 C and above, as the heat 

transport fluid (HTF), has been suggested [1,2]. By additional improvements in plant design, 

the ultimate objective is to reduce the unit energy cost by about 50%. 

 

The outlet temperature in current CANDU


  reactors ranges from 295 to 310 ºC and the fuel 

sheath is fabricated from Zircaloy-4. At temperatures greater than 450 ºC and pressures above 

5 MPa, a major increase in the corrosion of Zircaloy-2 and Zircaloy-4 has been observed [3-8]. 

It has also been observed that the effect of steam pressure on the corrosion of Zircaloy-2 is 

quite sensitive to material variability. Therefore, conventional Zircaloy fuel sheath would not 

appear to be acceptable for use at increased HTF temperatures. Neutron economy is a major 

factor in the design of a nuclear reactor; as a result Zr (having a low neutron capture cross 

section) remains the preferred metal for fabrication of reactor core components. Thus, 

notwithstanding the problems with Zircaloys in the proposed application, there is an incentive 

to determine the extent to which Zr-alloy technology can be extended.  This paper documents 

the results of corrosion and deuterium uptake tests for a number of Zr-based alloys (Zr-Cr-Fe, 

Zr-1Nb and Zr-2.5Nb) tested in about 30 MPa D2O at 500 ºC. The tests show that the corrosion 

rates for these Zr-based alloys are sufficiently high that the integrity of the fuel sheath would 

be greatly reduced within less than one year of operation.   

 

To reduce the corrosion rate of fuel sheath under proposed HTF conditions, Cr-coating of the 

fuel sheath was suggested [9] and in a brief test (5 d) the effectiveness of the in reducing the 

corrosion of standard Zircaloy-4 fuel sheath was demonstrated [10].  To verify the results of 

this test and extend the scope of the investigations to other Zr-based alloys, Cr-coated coupons 

fabricated from Zircaloy-2, Zircaloy-4, Zr-2.5Nb, Zr-1Nb and Zr-Cr-Fe alloys were tested.  

The results of these tests up to 52 d are also reported in this paper. 

 

2.0 EXPERIMENTAL 

2.1 As-machined coupons 

 

Coupons of nominal size 1x10x30 mm were machined from the following materials:  

 

 Zircaloy-2 1.5 mm thick sheet; cold rolled and annealed (i.e. continuous re-crystallization 

anneal) at 650 C.  

                     
CANDU–CANada Deuterium Uranium is a registered trademark of Atomic Energy of Canada Ltd. 
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 Zr-2.5Nb CANDU pressure tube material. This tube was manufactured from a quadruple-

melted ingot, -quenched at the hollow billet stage [11], and stress relieved at the final 

stage. 

  Zr-2.5Nb CANDU pressure tube material; the same as above except it was not -

quenched. 

 Zr-1Nb 1 mm thick sheet; cold rolled and annealed (i.e. continuous re-crystallization 

anneal) at 650 C.   

 Zr-Cr-Fe 1.5 mm thick sheet; as-received.  

 

The elemental composition and residual impurity concentrations of the test materials are given 

in Table 1. Prior to testing, all the coupons were pickled (chemical polished) in an acid mixture 

comprised of 10% HF + 15% HNO3 + 30% H2SO4 + 45% H2O. 

 

Information in the literature [12] suggested that prefilming could reduce the corrosion rate. 

Thus, some of the coupons were prefilmed in 1 MPa H2O steam at 400 C for 24 h and 

included in the tests. Initially the Zr-Cr-Fe coupons were used in the as-received condition. For 

later tests, a number of Zr-Cr-Fe coupons were heat-treated prior to testing. The heat treatment 

involved annealing at 1000 C for 5 h, quenching in water, then annealing at 750 C for 24 h 

before cooling to room temperature. Earlier tests [13] had indicated that such treatment 

improved the corrosion resistance of this alloy. 

 

2.2 Cr-coated Coupons 

 

Coupons of nominal size (1-2)x12x25 mm were machined from as-received Zircaloy-2, 

Zircaloy-4, Zr-2.5Nb, Zr-1Nb and Zr-Cr-Fe sheet materials.  One-millimeter thick sheets of 

Zr-2.5Nb and Zr-1Nb were obtained from Teledyne (currently ATI)-Wah Chang, Albany. 

They were cold-rolled and annealed (i.e. a continuous re-crystallization anneal) at 650 ºC.  The 

Zircaloy-4, 2 mm thick sheets were fabricated from alloys with standard ASTM specifications.  

For description of Zircaloy-2, Zr-1Nb and Zr-Cr-Fe materials see Section 2.1. The surface of 

the coupons was finished with either 600 or 1200 grit paper to test the effect of surface finish 

on the quality of subsequent Cr-coating.  After mechanical polishing, a number of the coupons 

were pickled for about 1 minute in a mixture of 10% HF + 15% HNO3 + 30% H2SO4 + 45% 

H2O.  The coupons were then coated with Cr using an arc evaporation technique
1
.  No further 

treatments were given to the coupons prior to the corrosion tests. 

 

2.3 Tests and Analyses 

 

                     
1 Sputtek Thin Film Coating Applications, 1 Goodmark Place No. 4, Etobicoke, ON M9W 6M1, Canada. 
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Three small (75 ml) high-pressure, high-temperature autoclaves were used to expose the 

coupons in 35 MPa pure D2O at 500 C. Prior to heating, the autoclaves were evacuated to 

reduce the concentrations of dissolved oxygen and nitrogen in the D2O; they were then filled 

with high-pressure ultra high purity argon to test for possible leaks. After each run, the 

coupons were cleaned in distilled water and dried in air.  The coupon oxide film thickness was 

measured both by weight gain and FTIR (Fourier Transform Infrared Reflection) methods [14].  

A select number of coupons were examined by Scanning Electron Microscopy (SEM) for 

surface contamination and uniformity, by Secondary Ion Mass Spectrometry (SIMS), Auger 

Electron Spectroscopy (AES) and optical metallography for oxide layer thickness and by Hot 

Vacuum Extraction Mass Spectrometry (HVEMS) for hydrogen and deuterium content [15]. 

 

 

3.0 RESULTS AND DISCUSSION 

3.1 As-machined Coupons  

3.1.1 Corrosion behaviour 

The initial tests were carried out in three autoclaves under different D2O pressures (10, 24 and 

34 MPa) at 500 C using coupons in the pickled condition. Note that the tests at 24 and 34 

MPa were under supercritical conditions. These short-term tests (up to 30 h) were initiated to 

investigate the effect of D2O pressure on corrosion of the different alloys. 

 

The corrosion rates of the Zircaloy-2 coupons were the highest among all the coupons tested. 

The coupons tested at 10 MPa were well behaved and the weight gain and FTIR results were 

consistent.  However, the tests at 24 and 34 MPa showed signs of nodular corrosion, spalling 

and whitish oxides on the coupons. The weight gain and FTIR results were also inconsistent 

(generally, FTIR indicated thinner oxides compared to weight gain). The corrosion rate of 

Zircaloy-2 coupons at 34 MPa were comparable to those obtained earlier under similar 

supercritical conditions [4], i.e. at 34 MPa and 500 C.  

 

In the initial 30 h exposure nearly cubic corrosion kinetics was observed.  The Zr-Cr-Fe 

coupons showed the lowest corrosion rates. In addition, unlike Zircaloy-2, the corrosion rate of 

Zr-Cr-Fe alloy was almost independent of D2O pressure. Since the Zr-1Nb and the Zr-2.5Nb 

coupons also showed no significant difference in corrosion rate between 24 and 34 MPa, the 

tests were continued only in 24 MPa D2O.  

 

During the next exposure period (168 h duration) the autoclave pressure had to be lowered 

several times to maintain it at the initial setting of 24 MPa. After 198 h (total) exposure the 

Zircaloy-2 coupons were found to be severely corroded and fractured into small pieces 

(Figure-1). Consequently, Figure 2 includes no data points for Zircaloy-2 coupons beyond 30 h 

exposure. (It is likely that the observed pressure increase in the autoclave during the test was 

caused by deuterium generated by the severe corrosion of the Zircaloy-2 coupons). All other 
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coupons were intact and no signs of abnormal corrosion, such as spalling, breakaway or 

nodular corrosion, were observed. While the lack of data between 30 and 200 h make it 

difficult to draw firm conclusions, the results suggest that Zr-1Nb and Zr-Cr-Fe coupons 

developed thicker oxide films after 200 h than might have been expected based on the first 

30 h exposure. This implies some change in corrosion kinetics during the additional 168 h 

exposure. Conversely, weight gain measurements of Zr-2.5Nb coupons exposed for the same 

period showed no changes from the initial nearly cubic corrosion kinetics.   

 

Due to the severe corrosion and breakup of the Zircaloy-2 coupons during the second part of 

the intermediate pressure test (24 MPa), and the suspicion that liberated deuterium could have 

possibly contaminated the rest of the coupons, all the intermediate pressure test coupons were 

taken out of the tests.  The tests were then continued at 30 MPa using only the high pressure 

test coupons (from the initial 30 h tests), but excluding the Zircaloy-2 coupons. The tests were 

extended to a total exposure time of 1446 h. The results, based on weight gain measurements, 

are plotted in Figure 2.  The results for heat-treated Zr-Cr-Fe coupons (added 558 h into the 

tests) are also plotted in this figure. As the exposure time increased, oxide films on the 

Zr-Cr-Fe coupons appeared increasingly gray with large dark spots.  They also showed signs of 

spalling along the edges (Figure 3).  Since weight gain measurements provide only an average 

oxide thickness value for a coupon, different spots of these coupons were also characterized 

using the FTIR technique.  The FTIR measurements indicated a 50% thicker oxide in the gray 

regions than the darker regions.  

 

Due to the excessive corrosion rate and signs of oxide spalling, the as-received Zr-Cr-Fe 

coupons were removed from the tests after 414 h exposure. Examination of one of the coupons 

by optical microscopy confirmed severe oxidation (250 m) and deuteriding in the corners 

and along the edges (Figure 4) of the coupon. It also showed that the main surface area of the 

coupon had a uniform oxide layer of 8 m, much less than the 39 m calculated from the 

weight gain measurements. This indicated that the breakaway in corrosion kinetics observed 

after about 50 h of exposure was in fact due to a very high corrosion rate at the corners and 

edges of the coupons. It also implied that the average oxide thickness values given in Figure 2 

for Zr-Cr-Fe coupons are not representative of the actual corrosion rate. Calculations based on 

the corrosion rate of the main surface area of the coupons (i.e. excluding the edges) predicts an 

oxide layer of 150 m for one year exposure.  

 

The oxide layers on the Zr-2.5Nb (both -quenched and non -quenched) and the Zr-1Nb 

coupons were shiny black and appeared to have uniform thickness. Figure 2 shows that, up to 

1446 h exposure, these three materials have almost similar corrosion rates. They show cubi-

linear corrosion kinetics which predicts an oxide layer of 170 m thick for one year exposure. 

These results are in close agreement with the corrosion rates obtained for Zr-Nb (Nb content 

ranging from 0.4 to 2.5 wt.%) alloys under supercritical condition (500 ºC, 24.1 MPa H2O).  

The tests were carried out in both static autoclaves [7] and in a dynamic loop system in which 

water was constantly refreshed and the water chemistry was controlled [8]. 
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Heat-treated Zr-Cr-Fe coupons 

 

Figure 2 shows that heat-treatment initially reduced the corrosion rate of Zr-Cr-Fe by 10%.  

This improvement in corrosion rate was much less than what was expected based on long term 

tests reported earlier [13].  As the exposure time increased, the oxide films on these coupons 

appeared gray with darker spots, much like the as-received Zr-Cr-Fe coupons. They also 

showed signs of spalling along their edges. 

 

Other laboratories have tested Zr-Cr-Fe alloys with a range of Cr and Fe concentrations and 

different heat treatments.  They conducted the tests under supercritical water conditions 

(500 ºC, 24.1 MPa H2O) using static autoclaves [7] and a dynamic loop system [8]. The closest 

alloy composition to the material used in the present studies was Zr-1.0Cr-0.2Fe.  The alloy 

with this composition showed the lowest corrosion rate. The corrosion rate for a test lasting up 

to 1000 h (Figure 3) was about one third of that observed in the present tests.  This difference 

in the corrosion rate is understandable, because it has been shown that the corrosion rate of this 

alloy is highly dependent on the Cr and Fe concentrations [7,8] as well as the heat treatment 

(Figure 2 and [7,8]).     

    

 

Prefilmed coupons 

 

The prefilmed coupons were tested only at 30 MPa, 500 C D2O. They were exposed up to 

240 h. The corrosion rates for the prefilmed coupons were found to be similar to those for the 

non-prefilmed coupons indicating that there is no advantage to prefilming the material. 

 

3.1.2 Deuterium pickup 

After 198 h exposure to 24 MPa D2O pressure the Zircaloy-2 coupons were severely corroded 

and cracked into small pieces (Figure 1). It was suspected that the coupons may have also been 

severely deuterided during corrosion. A few of the cracked pieces were analyzed for [H] and 

[D] by HVEMS; their D concentrations were found to be 12000 mg/kg (36 at.%). With this 

level of D pickup it is plausible that the coupons could have cracked and been reduced to small 

pieces due to severe deuteriding during exposure.  

 

As stated in the previous section, one of the Zr-Cr-Fe coupons was examined by optical 

microscopy after 414 h exposure. This examination (Figure 4) showed very thick hydride 

patches in the corners and edges of the coupon. The break-away in corrosion kinetics of 

Zr-Cr-Fe observed after about 50 h of exposure (Figure 2) may have also been aided by the 

severe deuteriding in the coupon corners and edges. Samples cut from the edge and mid 

sections of these coupons were examined for [H] and [D] by HVEMS and their D 

concentrations were found to be 6700 and 1310 mg/kg respectively. Figure 4e also shows an 
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apparent deuteride-denuded zone near the metal/oxide interface. Figures 5a and 5b show SEM 

micrographs of this region at much higher magnification. The micrographs were taken in the 

electron back-scattering mode with deuterides appearing as dark “string” or point-like objects. 

Figure 5a, taken from a region away from the metal/oxide interface, shows numerous 

deuterides. In contrast, Figure 5b indicates that there were no visible deuterides within at least 

15 μm of the interface. Most of the H/D may have migrated to within 1 m of the interface 

under the influence of a stress gradient created by the rapid oxidation [16]. It has been shown 

that this process would then form a solid hydride/deuteride layer beneath the oxide. The 

continuous dark region observed beneath the oxide layer (Figures 4c and 4e) may be such a 

layer. On the other hand, it may represent a step-like structure between the oxide and the metal 

formed during chemical etching for metallography. Examination of the region by SIMS may 

clarify this uncertainty.  

 

For comparison, the D-pickup data obtained from all the coupons exposed for 222 h (except for 

Zircaloy-2 coupons which were exposed to 24 MPa D2O for 198 h) are given in Table 2. The 

table shows that the -quenched Zr-2.5Nb coupon has the lowest D-pickup rate. The table also 

shows that irrespective of heat treatment, the D-pickup rate for Zr-Cr-Fe was very high.  

Depending on its initial H content, the hydrogen equivalent concentration ([Heq]
2
) might 

exceed the solubility limit of 460 mg/kg [17] at 500 C within 500 h of exposure. This 

shows that even if the corrosion rate of Zr-Cr-Fe could be brought within an acceptable range 

by heat treatment, the high D-pickup rate may remove this material from a prospective list of 

materials for fuel sheath. These results are in agreement with earlier tests [18] which showed 

that hydrogen pickup by Zr-C--Fe is substantially higher than Zr-2.5Nb, and that Zr-Cr-Fe is 

susceptible to the formation of localized hydride layers.  

 

3.2 Cr-coated Coupons 

3.2.1 Cr-coating 

X-Ray Diffraction (XRD) showed that the coating was crystalline with a lattice parameter of 

0.2884 nm.  This value is in good agreement with the accepted lattice parameter for Cr 

(0.28839 nm). 

 

Figure 6 shows an optical micrograph of the cross-section of a Cr-coated Zircaloy-2 coupon.  It 

illustrates that the Cr layer adhered very well to the substrate alloy and was reasonably 

uniform.  The layer on one side of the coupon had a mean thickness of 11.61 m with a 

standard deviation of 1.74 m.  On the opposite side the mean thickness was 11.85 m with a 

standard deviation of 0.99 m. 

 

                     
2 [Heq] = [H] + ½[D]  
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Figure 7 shows SEM micrographs of the Cr-coating on a representative coupon.  The 

micrographs indicate a uniform, compact and relatively clean surface with Cr grains ranging 

between 0.5 to 2 m. 

 

The AES measurements were carried out by ion sputtering through the Cr layer and analyzing 

for Cr, Zr, Nb, Fe, C, Si, O, N, Na and K.  In the Cr layer, N was found to be the only element 

above the detection limit.  Since the coating was performed under ultra-pure Ar, the 

manufacturer has speculated that the chamber walls may have out-gassed during the coating 

operation, introducing nitrogen into the Cr films.  It was suggested that this could be avoided 

by sandblasting and Cr-coating the chamber walls prior to coating the coupons. 

 

In short, the examinations indicated that the quality of Cr film applied by the arc evaporation 

technique is good and that, by taking certain precautions, it could be improved.  They also 

showed that the coupons that were pickled prior to coating, had the most consistent Cr layers.  

Consequently, only those coupons were used in the corrosion tests. 

 

3.2.2 Corrosion behaviour 

After a first exposure of 339 h, some of the Zircaloy-2 and Ziraloy-4 coupons showed evidence 

of heavy corrosion at the edges (Figure 8).  However, other regions of the coupons exhibited 

interference colors, indicating very thin oxide layers on the Cr-coating.  Figure 9 shows an 

optical micrograph of a cross-section of one of the Zircaloy-4 coupons from Figure 8.  It is 

clear from the micrograph that only one edge of the coupon has undergone severe oxidation, 

while the rest of the coupon surface is completely protected by the Cr layer.  It is possible that 

flaws in the Cr layer on the affected edge has allowed the underlying Zircaloy-4 to come in 

contact with high temperature D2O.  Figure 10 indicates that, in addition to heavy oxidation, 

severe hydriding at one edge of the coupon contributed to the breakup of the coupon.  Since the 

Zircaloy-2 and Zircaloy-4 coupons were partly broken up after only one exposure, they were 

excluded from further tests.   

 

In contrast to the Zircaloy-2 and -4 coupons, the Cr layer on the Zr-1Nb, Zr-2.5Nb and 

Zr-Cr-Fe coupons was only slightly tarnished and showed no signs of significant or non-

uniform corrosion.  However, the coupons had increased in weight, indicating that either there 

was an oxide layer growing under the Cr layer, or some oxygen had diffused into the substrate 

alloy.  The oxygen depth-profiles of some of the coupons were obtained using AES and SIMS, 

to determine the cause of coupon weight-gain.  Except for a very thin layer of oxide (less than 

100 nm) on the surface of the Cr layer, no oxide layer or oxygen-rich region was found within 

the Cr layer, the Cr/alloy interface or the substrate alloy (Figure  11). 

   

At this stage a selected set of coupons were withdrawn from the test for hydrogen and 

deuterium concentration measurements and other examinations.  The test was then continued 

with the remaining coupons.  To distinguish the coupons tested for 339 h from the new 



 9  

CW-124680-CONF-001 

UNRESTRICTED - ILLIMITÉ 

 

coupons installed after that point, all subsequent text and figures identify the two sets as Set 1 

and Set 2, respectively. 

 

The weight gain results for the Zr-1Nb, Zr-2.5Nb and Zr-Cr-Fe coupons are plotted in 

Figure 12 as a function of exposure time.  Each point is the average of weight gain data from 

three coupons.  While the figure shows that on average, the coupons of Set 2 gained more 

weight than those of Set 1, large coupon-to-coupon variations make the difference statistically 

insignificant.  (In some cases the coupon-to-coupon variation among 3 coupons of one alloy 

was observed to be as large as 300 %.)  Although the coupons were exposed for more than 

1000 h, their surfaces were only slightly tarnished (Figure 13) and no obvious oxide layer or 

signs of non-uniform corrosion was evident.  Depth profiling by SIMS also failed to show any 

oxide layer, commensurate with the weight gain of the coupons, on the Cr layer or in the Cr/Zr 

interface region.  

 

Figure 13 shows that the coupon surfaces have regions of different colours (e.g. dark brown vs. 

lighter colour regions).  These regions were examined by Energy Dispersive X-ray (EDX) 

spectroscopy, looking for differences in the concentration of the constituents elements.  All 

regions gave strong Cr and O signals, suggesting that the entire coupon surface was covered 

with Cr and a thin layer of oxide.  All regions also showed a Zr signal from the underlying 

substrate; depending on the thickness of the Cr layer, the Zr signal was attenuated to varying 

degrees. The brown coloured regions (e.g. see area 1 on Coupon ZN59, Figure 11) showed 

slightly more Fe and in some cases, more C and Si than other areas.  These impurities may 

have been released from the autoclave wall at high temperatures and precipitated on the 

coupons, but it is not clear why the contaminants would be localized.  SEM examination of 

areas 1 (brown) and 2 of Coupon ZN59 showed no difference in grain size, porosity or any 

other features which might explain the difference in coloration (Figure 14).   

 

Coupon ZN59 (a Zr-2.5Nb coupon exposed to 30 MPa D2O at 500 ºC for 917 h) was cut (as 

shown in Figure 13) for cross-sectional analysis by optical microscopy.  Attention was paid to 

any variation in thickness of the oxide along the width of the coupon, particularly looking for 

differences between regions 1 and 2 (identified in Figure 13).  Optical micrographs of the cross 

section are assembled in Figures 17 and 18.  Note that only the edges of the coupon are 

oxidized (see the top and bottom micrographs in Figure 15 and corresponding micrographs in 

Figure 16).  It is believed that this highly non-uniform oxidation (i.e. only the edges, rather 

than the whole surface area of the coupon) is the reason for the large variation in weight gain 

for almost identical coupons.  As stated above, in some cases the variation was more than 

300% among identically prepared coupons.  The oxide thickness for Coupon ZN59 was 

calculated based on its weight gain and the assumption that only its edges were oxidized.  The 

results are plotted in Figure 17.  The figure shows that at the end of the corrosion test (after 

916.5 h) the oxide layer thickness should be about 35 μm.  This value is very close to the 

average oxide thickness shown on the micrographs in Figure 16.  Therefore, the oxide layer 

formed on the edges of the coupon seems to account for almost all the coupon weight gain, 

indicating that oxygen ingress into the bulk of the coupon during corrosion tests either by 
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oxidation or diffusion is inconsequential. This suggests that if coating conditions were 

improved to the point that these “edge effects” were eliminated, the application of a Cr layer 

might reduce the corrosion rate of Zr-based alloys by several orders of magnitude, making 

them good candidates for fuel sheath material to be used under supercritical water reactor 

conditions . 

 

3.2.3  Deuterium pickup 

As stated in the previous section, after the first exposure (339 h) some of the Zircaloy-2 and 

Zircaloy-4 coupons exhibited severe oxidation on their edges (Figure 8).  Examination by 

optical microscopy showed that the coupons were also heavily deuterided (Figures 11 and 12).  

Samples with amass of ~130 mg were cut from the Zr-1Nb, Zr-2.5Nb and Zr-Cr-Fe coupons, 

and analyzed for [H] and [D] by HVEMS. In the case of a Zircaloy-4 coupon (ZR415), 

samples were analyzed from the edge and mid-section of the coupon, to determine the extent of 

hydriding across the coupon width. The results are given in Table 3. The table shows that the 

Zr-2.5Nb coupon had the lowest deuterium pickup rate and that the two coupons obtained from 

the edge and mid sections of the Zircaloy-4 coupon had the highest. They also indicate that 

even in the mid-section of the Zircaloy-4 coupon, the deuterium concentration is well above 

the solubility limit at 500 ºC (~950 mg D/kg alloy [16]). These data show that, regardless of 

the effectiveness of any coating in minimizing oxidation, the degree of deuterium uptake will 

be the critical factor in choosing the right alloy for fuel sheath.  Based on the deuterium pickup 

rates (Tables 2 and 3), Zr-2.5Nb seems to be the best choice for fabricating a fuel sheath to be 

used under supercritical conditions. Since fuel sheath has generally a cylindrical shape 

(compared to the coupons used here, with many sharp edges), we believe that with improved 

coating conditions, the “edge effects” described above could be greatly reduced or possibly 

eliminated.  Such improvements in Cr-coating could reduce the corrosion rate of this alloy to a 

manageable level. This process in turn should also keep the deuterium ingress rates below the 

acceptable levels. This discussion is, of course, based on the corrosion and D-pickup rates.  If 

the fuel sheath temperature exceeds much above 500 ºC, the mechanical properties of the alloy 

has to be considered.    
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4.  CONCLUSIONS 
 

Corrosion and deuterium uptake of coupons of Zircaloy-2, Zr-Cr-Fe, Zr-1Nb and Zr-2.5Nb 

and Cr-coated Zircaloy-2, Zircaloy-4, Zr-Cr-Fe, Zr-1Nb and Zr-2.5Nb were investigated in 

10, 24, 30 and 34 MPa D2O at 500 C. Based on the results from exposures of up to 1446 h, 

the following conclusions are drawn: 
 

 The corrosion and deuterium uptake rates of Zircaloy-2 were the highest and were highly 

dependent on D2O pressure. The corrosion rate of Zr-Cr-Fe was almost independent of 

D2O pressure. Zr-1Nb and Zr-2.5Nb showed almost no difference in corrosion rate 

between 24 and 34 MPa.  

 Zr-Cr-Fe, both in as-received and heat-treated conditions, had initially the lowest 

corrosion rate. However, it showed much higher weight gain after 50 h (400 h in the 

case of heat-treated coupons) exposure. This occurred as a result of severe oxidation and 

deuteriding in the corners and edges of the coupons.  

 Zr-1Nb and Zr-2.5Nb showed similar corrosion rates, however, the best behaved material 

from a deuterium uptake point of view was -quenched Zr-2.5Nb. This material showed 

cubi-linear corrosion kinetics with an expected oxide layer growth of 170 m within one 

year of exposure.  

 Prefilming the coupons in 400 C H2O steam for 24 h did not significantly improve their 

corrosion behaviour 

 The Cr-coating was good but by taking certain precautions, its uniformity, purity and 

homogeneity could be improved.  The examinations also showed that the most consistent 

Cr layer was obtained when the coupon was pickled prior to coating.   

 During corrosion testing all the Cr-coated coupons gained weight, but variation in the 

weight gain between coupons of the same alloy was very large.  In the early stages of 

exposure, the edges of the Zircaloy-2 and -4 coupons were heavily deuterided resulting in 

partial disintegration of the coupons.  Coupons of the remaining alloys were only slightly 

tarnished and showed no sign of non-uniform corrosion.  Subsequent examination of the 

coupons showed no oxide or oxygen-enriched layer anywhere near the surface of the 

coupons.  However, coupon edges, where the Cr-coating was observed to be thin, non-

uniform and flawed, showed significant oxidation accounting for almost all the coupon 

weight gain.  In the case of Zircaloy-2 and -4, deuterium pickup was very high resulting in 

severe deuteriding and breakup of the coupons at their edges.  The Zr-2.5Nb coupons 

showed the lowest deuterium pickup.  These results indicate that if the uniformity of 

coating thickness were improved such that “edge effects” were eliminated, a Cr layer 

could prove very effective in reducing the corrosion rate of Zr-based alloys exposed to 

supercritical water reactor conditions. 

   

It is noteworthy that major concerns still exist in terms of material strength, creep rate and 

other properties. However, this research indicates that proper choice of alloying elements and 



 12  

CW-124680-CONF-001 

UNRESTRICTED - ILLIMITÉ 

 

suitable surface coating could reduce the corrosion and hydrogen pickup rates of Zr-based 

alloys to the levels that, from a corrosion perspective, would allow these materials to be 

considered as possible candidate materials for fabrication of core components in supercritical 

water reactors. 
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Table 1. Elemental composition and residual impurity concentrations of the test materials 

obtained from ingot analysis. 

 Composition (wt.%)
a
 Residual impurity concentration 

(wt.ppm) 

Alloy Nb Fe Ni Sn Cr O H C Fe N Si 
Zircaloy-2 -- 0.14 0.0

5 

1.46 0.1 1430 3 113 -- 36 90 

Zr-2.5Nb 2.6 -- -- -- -- 1140 <5 95 360 25 25 

Zr-1Nb 0.98 -- -- -- -- 1050 <5 45 495 24 <25 

Zr-Cr-Feb -- 0.13b -- -- 1.25b 1100 7 100 -- 29 45 
aBalance is Zr. 

bSince the identity of the original material was not well documented, the material was analyzed again 

for Fe and Cr concentrations and they were found to be 0.13 and 1.25 wt. % respectively. 

 

 

 

Table 2.  Deuterium concentration of coupons exposed to 30 MPa D2O at 500 C for 222 h 

(except for Zircaloy-2 coupons which were exposed to 24 MPa D2O for 198 h). 
Alloy Zircaloy-2 Zr-1Nb Zr-2.5Nb Zr-Cr-Fe 

Coupon 

Condition 

As-
received 

As-
received 

non -quenched -quenched As-received Heat-treated 

[D] (mg/kg) 11500600 270  10 139  7 55  3 450  20 400  20 

 

 

 

Table 3.  Deuterium concentration of Cr-coated coupons exposed to  30 MPa D2O at 500 C 

for 339 h. 

Coupon ID ZN146 ZN44 ZCF60 ZR245 ZR415
a
 ZR415

b
 

Alloy Zr-1Nb Zr-2.5Nb Zr-Cr-Fe Zircaloy-2 Zircaloy-4 Zircaloy-4 

[D] (mg/kg) 64  3 5.5  0.3 28  1 130  7 1390  70 1040  50 
aSample taken from edge of the coupon.  bSample taken from centre of the coupon. 
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Figure 1. Appearance of the Zircaloy-2 coupons after exposure to 24 MPa D2O at 500 C for 

198 h.  
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Figure 2. Corrosion kinetics of several Zr-based alloys exposed to 30 MPa D2O at 500 
o
C for 

up to 1446 h. Each data point represents the average of weight gain measurements from four 

coupons. Note that after 198 h (total) exposure the Zircaloy-2 coupons were found to be 

severely corroded and fractured into small pieces (Figure 1). Consequently, there are no data 

points plotted for Zircaloy-2 coupons beyond 30 h exposure. 
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Figure 3. Appearance of the as-received Zr-Cr-Fe coupons after exposure to 30 MPa D2O at 

500 C for 414 h.  Arrows on the top enlarged-image point to the regions with different shades. 
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Figure 4. Optical micrographs of cross-section of one of the Zr-Cr-Fe coupons shown in 

Figure 3. The coupon was exposed to 30 MPa D2O at 500 C for 414 h. Micrographs a and c, 

taken from the edges of the coupon, show thick oxide and hydride patches. Micrographs d and 

e show top right edge of Micrograph a and left section of micrograph b. Micrograph f shows 

hydrides in the mid-section of the coupon (enlargement of Micrograph b).  
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Figure 5. Two SEM micrographs of the region in Figure 4e obtained in the electron back-

scattering mode. The deuterides appear as black “string” or point-like objects (shown by white 

arrows).  a) shows many deuterides in a region away from the metal/oxide interface. In 

contrast, b) shows that there are no deuterides present within at least 15 μm of the interface.  
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Figure 6.  An optical micrograph showing a cross section of a Cr-coated Zircaloy-2 coupon. 
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Figure 7.  Two SEM micrographs, showing the surface of the Cr layer applied on a Zr-Cr-Fe 

coupon with two different magnifications. 

 



 25  

CW-124680-CONF-001 

UNRESTRICTED - ILLIMITÉ 

 

 

 
 

Specimen cut for 

cross-sectional 

metallography

See Figure 9

Specimen cut for 

H/D analysis

1 cm

(a)

(b)

 
 
 

Figure 8.  a) Three Zircaloy-4 and  b) three Zircaloy-2 coupons which were Cr-coated, then 

exposed to 30 MPa D2O at 500 ºC for 339 h.  Note that the edges of the coupons are heavily 

corroded; in some cases, total disintegration has occurred due to heavy deuteriding 

(see Figures 9 and 10).  
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Figure 9.  Optical micrograph showing cross-section of coupon ZR415 (Figure 8a).  This 

Zircaloy-4 coupon was Cr-coated, then exposed to 30 MPa D2O at 500 ºC for 339 h. 
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Figure 10.  Optical micrographs a, b and c show higher magnification views of the 

corresponding regions in Figure 9.  Note that while regions b and c show some deuterides, 

region a (nearest to the disintegrated edge of the coupon) is heavily deuterided. 
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Figure 11.  AES depth-profile of a Cr-coated Zr-2.5Nb coupon exposed to 30 MPa D2O steam 

at 500 ºC for 339 h.  Note that the sharp decrease in Cr signal is coincident with a sharp 

increase in the Zr signal, indicating an abrupt interface between the coating and the substrate. 
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Figure 12.  Corrosion results for Cr-coated specimens in 500 ºC, 30 MPa D2O.  Two sets of 

coupons were tested: those designated (1) were installed at the start of the test; the set 

designated (2) were added after 339 h. 
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Figure 13.  Cr-coated Zr-1Nb (ZN1), Zr-2.5Nb (ZN) and Zr-Cr-Fe (ZCF) coupons exposed to 

30 MPa D2O at 500 ºC for about 1000 h.  The coupon ZN59 was cut along the black line and 

examined in cross-section by optical metallography (see Figure 15).  Note that areas marked 1 

and 2 are discussed in Section 3.2.2 and SEM micrographs are shown in Figure 14.  
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Figure 14.  SEM micrographs of coupon ZN59.  Micrographs a and b are taken from area 1 

and c and d from area 2 in Figure 13. 
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 Figure 15.  Optical micrograph showing a cross-section of coupon ZN59 (a Cr-coated 

Zr-2.5Nb coupon exposed to 30 MPa D2O at 500ºC for 917 h).  Note that only the edges at the 

top and bottom of the micrograph are oxidized.  Figure 16 shows a set of micrographs taken at 

locations a, b, c, d, e, f and g, but with higher magnification. 
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 Figure 16.  Optical micrographs of locations identified in Figure 15, but with higher 

magnification.  Note that the Cr layer at the edges of the coupon (shown in Micrographs c, d, e, 

a, g and f ) is much thinner than the surface of the coupon (shown in Micrograph b) and is 

discontinuous in location f. 
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Figure 17.  Corrosion results for coupon ZN59 (see Figures 13 to 16) exposed at 500 ºC 

to 30 MPa D2O.  Note that, in view of the evidence that only the coupon edges are 

oxidized (Figures 15 and 16), the oxide thickness is calculated based on the weight-gain 

data, using only the total area of the coupon edges. 
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