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CORROSION AND HYDRIDING BEHAVIOUR OF SOME Zr 2.5 wt% Nb ALLOYS 
IN WATER. STEAM AND VARIOUS GASES AT HIGH TEMPERATURE.

by

S„ B . Dalgaard 

SYNOPSIS

Fuel sheaths and pressure tubes in Canadian power reactors 
are at present made from Zircaloy-2. Mechanical properties of a 
suitably heat treated Zr 2.5 wt% Nb alloy are superior to those 
of Zircaloy-2, but any new alloy must have resistance to corrosion 
and hydriding by the coolant and by the gas that insulates the 
pressure tube from the cold moderator.

Exposed to water at temperatures up to 325°C, the Zr 2.5 wt%
Nb alloy has corrosion resistance acceptable for power reactors. 
Resistance to air and carbon dioxide is less favourable.

Addition of tin, or iron and chromium, to the base alloy have 
little effect on the corrosion resistance, but the addition of 
copper reduces corrosion in water and steam to some extent and in 
air and carbon dioxide to a greater extent.

Studies of the effect of heat treatment suggest that the 
amount of niobium in a solid-solution controls the rate of oxidation 
and hydriding and that concentration, size and distribution of 
second phase is of little importance. Initial results obtained in 
NRX indicate that a thermal flux of 3-7 x 10^ n/cm^/sec has little 
or no effect on oxidation and hydriding in high temperature water.





INTRODUCTION
Canadian power reactors soon to be in operation or under 

construction are fuelled with natural uranium oxide and moderated 
and cooled by heavy water9 Fuel sheaths and coolant tubes are 
Zircaloy-2 , the latter being Insulated from the moderator by air 
or carbon dioxide,

A considerable increase in reactor efficiency is possible by 
reduction of the mass of zirconium alloy in the core, and to this 
end a development program was undertaken to improve mechanical 
properties and resistance to oxidation and hydriding of zirconium.

Work by Ambartsumyan et al (1) and Ivanov et al (2) indicated 
that addition of niobium to crystal-bar zirconium in the range of

- 7®0% increased the strength and decreased the corrosion 
resistance. A base alloy containing 2.5 wt% niobium in sponge 
zirconium was selected for development as it was expected that 
this niobium concentration would yield the desired increase in 
strength without significant loss of corrosion resistance. Soviet 
results (1, 2) indicated that corrosion resistance of a Zr 2„5 wt% 
Nb alloy might be inferior to that of Zircaloy-2; attempts were 
therefore made to improve the resistance of the base alloy by 
small ternary additions of tin, iron, chromium and copper„ This 
work progressed in stages and part of it has been reported 
previously (3, b)• The effect of heat treatment on mechanical 
properties was also investigated (£, 6) and as results from this 
work became available it was necessary, from time to time, to 
modify the corrosion investigation. Similarly, consideration of
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corrosion results In some cases influenced the work on mechanical 
properties.

For the sake of completeness, this report includes the main 
points of the corrosion work previously reported (3# ij.) as well
as recent work*

EXPERIMENTAL
Five alloys were manufactured by Mallory-Sharon from reactor 

grade sponge zirconium:
Zr 2„5 wt% Nb
Zr 2.5 wt% Nb 0„5 wt% Sn
Zr 2.5> wt% Nb 1,5 wt$ Sn
Zr 2*5 wt% Nb 0.2 wt% Fe 0.1 wt% Gr
Zr 2.5 wt% Nb 0.5 wt% Cu.

10 cm-diameter ingots were double vacuum arc melted, 
using a consumable electrode.

The ingots were machined, top and bottom, and spot 
ground for defects; then forged at 900° - 1000°G to 1025 x 
18 cm plates.

The plates were sand blasted, spot ground and hot 
rolled at approximately 900°C to 0.5 cm, then sand blasted, 
spot ground again and hot rolled at approximately 900°C to
0.33 cm sheet.

The sheet was annealed at approximately 900°C for one 
half hour, sand blasted and pickled to a final thickness of 
approximately 0.3 cm.



-  3 -

Analyses of Materials;
Chemical analyses were carried out and supplied by the 

manufacturer* They are listed in Table I.
Sample Preparation;

Corrosion specimens ( 2 x 3  cm) were sheared from the sheet, 
heat treated, ground on wet emery and pickled. Heat treatment 
was carried out in a vacuum furnace at less than 10“^mm Hg* After 
each heat treatment (which in some cases included quenching in 
water) a total of 0«02 cm was removed from the surface by grinding 
and pickling to eliminate gas contamination of the surface layers 
of the metal0

The conventional Zirealoy-2 pickle (3 vol$ HF, Ij.? vol$ HNO^
50 vol% HgO) was not satisfactory; several others were tried and 
the following was selected:

30 vol% h 2so^
3 0 voI% HNO3  

30 vol% H20
10 vol% HP
Temperature 68 - 75°C 

After pickling, the specimens were held in a $0 vol% HNO^ solution 
at approximately £0°C for 1 mine, then rinsed in deionized cold 
water and held in deionized boiling water for 15 minutes.
Heat Treatments:

It was known (2) that solution treatment at a high temperature, 
quenching in water and tempering at 500°C produced superior 
mechanical properties, but several other heat treatments were tried 
in an attempt to determine the oxidation and hydriding mechanism:



a) 65>0°C for 2 hours and furnace cooling*
b) Cold work 25 - 50$® 700°C for 6 hours and air cooling,
c) Cold work 25 - 50$, 800°0 for l/2 hours and air cooling,
d) Solution treated at 960°C for 10 min0 {f region) and rapid

cooling,
e) Solution treated at 960°G for 10 rain, and quenched in water,
f) Solution treated in the range of 880°C - 960°C for 10 - 60 min.,

quenched in water or oil and tempered at 500°C for 21+ hours.
After heat treatment and surface preparation, representative 

specimens were retained for hydrogen control analyses and for 
metaUographic examination to ascertain that the desired structures 
had been achieved.
Corrosion Procedure:

A minimum of three samples of each alloy in each condition was 
tested in one liter static autoclaves (316 stainless steel) in 
water at 316°C and 360°C and in steam at l|00°C, 1500 psi. The 
exposures were extended well beyond transition before the simples 
were removed for hydrogen analyses, metallurgical examination and 
fo r  measurements of oxide thickness.

Two experiments were carried out in the NRX Reactor in the 
X-2 Loop. Loop conditions were:

pH approximately 10 (LiOH), H 1 5 - 2 5  ppm, flow rate 
approximately 200 cm/sec, temperature 250°C.
In the first experiment two samples of the Zr-2.5 wt$ Nb 

alloy (heat treatment e - above) were exposed for I4.O days; total 
thermal flux was 5 x 1 0 ^  n/cm^ approximately. Two control 
samples of the same alloy were exposed in the same loop in out-pile

- 1 +  -
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positions*
The following alloys were exposed in the second experiment: 

Zircaloy-2 
Zr 2,5 wt% Nb
Zr 2,5 wt$ Nb 0,2 wt$ Fe 0ol vtt% Gr
Zr 2,5 wt$ Nb 0,5 wt$ Cu.

Heat treatment e was applied to all the alloys except Zircaloy-20
Six samples of each alloy were exposed in-pile, six samples 
out-pile in the X-2 Loop and six samples were exposed in an 
autoclave in pure static water at loop temperature. The duration 
of this experiment was 125 days and the total thermal flux was 
2 ,3 x 1020 n/cm2.

Two samples of each of the alloys with heat treatment e were 
exposed in slowly replenished carbon dioxide (commercial grade) 
or ambient air at one atmosphere. The exposures were carried out 
at 300°C, Ij.00oC and $00°C in conventional small furnacesc The 
samples were weighed and inspected at intervals of one to two 
weeks, and the cross section of the oxide was investigated under 
microscope after the exposure0

RESULTS
Metallography:

Optical micrographs of cross-sections of the heat treated 
and corroded alloys (excluding oxides) are shown in Figures 1 to 12,

Electron micrographs of the ft quenched and corroded Zr 2,5 
wt$ Nb alloy are shown in Figure 13 (exposed at 3l6°C) and Figure 
lij. (exposed at 1|00°C) and that of the quenched, tempered and
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corroded alloy is shown in Figure 15.
A cross section of the metal/oxide interface of the zr 2.5 

wt$ Nb 0*5 wt GUj, corroded in carbon dioxide, is shown in 
Figure 16«

It may be seen from the micrographs that heat treatments 
a, b, eg and d result in formation of a second phase and that the 
size and distribution of this phase varies with heat treatment.
(It is indicated that 2 05 wt$ niobium exceeds the limit of solid 
solubility in sponge zirconium.)

J3 solution treatment and quenching in water (heat treatment 
e, see Figures 5 and 13) did not produce a second phase; this 
indicates that most of the niobium was in solid solution and that 
equilibrium was exceeded.

The corrosion temperature of 316°C was not sufficiently high 
to precipitate a second phase in the /9 solution treated and 
quenched alloy (see Figure 13), but a small amount of second 
phase was precipitated after corrosion at Ij.00oC (see Figure llj.).

Tempering at 500°C 0f the p solution treated and quenched 
alloy (heat treatment f) resulted in precipitation of a finely 
dispersed second phase (see Figure 15).
Corrosion?

Aqueous Media - The time to transition and the weight gain 
at transition are listed in Table II. Arrhenius plots of the 
post-trans ition rates are shown in Figures 17 - 20 together with 
that of standard Zircaloy-2 for comparison. The weight gain 
measurements used were not corrected for hydrogen pickup® An
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activation energy of approximately - 2 2 o000 cal/mole was 
calculated for the post-transition corrosion rate of all the 
alloys with heat treatments a, b, c, d and f® The apparent acti
vation energy characteristic of heat treatment e was close to zero.

At the end of the experiment the average oxide thickness was 
measured* It was assumed that no oxygen was dissolved in the 
metal, and the specific gravity of the oxide was calculated on 
the basis of the weight gain. This value was 5>,5» approximately 
the same as that of monoclinic ZrC^.

Heat treatment e resulted in extensive spalling of the oxide 
at 3l6°C, but no evidence of spalling was found at the two higher 
temperatures. The type of spalling observed was unusual for 
zirconium alloys in that the oxide appeared to peel off as 
coherent flakes rather than non-coherent powder particles,

Results of the two in-pile tests are shown in Table III.
The seeond test (with six specimens of each alloy) shows less 
scatter than the first, considering the respective lengths of the 
exposures.

Gaseous Media - The time to transition, weight gain at 
transition and post-transition corrosion rates in carbon dioxide 
and in air are listed in Table IV together with that of Zircaloy-2 
for comparison.

It was noted that the corrosion rate in air was high compared 
to that in water or steam at the same temperature. It is known 
(7) that a layer of zirconium nitride forms at the metal/oxide 
interface when sponge zirconium is oxidized in air, and it is
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suggested that this accounts for the high corrosion rate of sponge. 
Attempts were made to identify a similar layer in the Zr 2.5 wt%
Mb alloy, but failed®
Hydrogen Pickup:

i
The out-pile exposure in water or steam was extended well into 

the post-transition period. At the end of the exposure the samples 
were analyzed for hydrogen together with the control samples•

The net pickup of hydrogen was determined in \ig/dm^. The 
percentage pickup of corrosion hydrogen is listed in Table II and 
the daily average pickup was calculated. Arrhenius plots of the 
hydriding rates are shown in Figures 21 - 24 together with those 
of Zircaloy-2 (assuming 30fo pickup) .

Heat treatment e resulted in low resistance to hydriding as 
compared to the other heat treatments, but the activation energy 
characteristic of heat treatment e was similar to that of the 
others, although this was not the case for the apparent activation 
energy of the oxidation process (see Figures 17 and 21).

In-pile results of hydriding are listed in Table III. The 
results of the first test using only two specimens and a rather 
short exposure cannot be considered sufficiently accurate, because 
the amount of hydrogen picked up was very small and because the 
hydrogen content of the control samples varied greatly. None of 
these objections apply to the second test.
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DISCUSSION
Because most of the Zr-Nb alloys go through transition at 

a higher weight gain and after a shorter exposure than does 
Zircaloy-2, it is clear that the surfaces of coolant tubes and 
fuel sheaths of these alloys would be in the post-transition 
condition for a major part of their service life.- For this reason 
most attention has been devoted to this condition.

The effect of alloying elements on corrosion of metals has 
been investigated by Wagner (8), Hauffe (9) and Porte et al (10). 
Their work suggests that a beneficial alloying element must have 
an ionic radius approximately similar to that of the parent metal| 
it must be soluble in the parent metal and/or in the oxide and It 
must have a valency higher than that of the parent metal so as to 
decrease the concentration of anion vacancies in the oxide with a 
resultant lowering of reaction rate.

Cox (11) has pointed to the importance of size and distribu
tion of second phase particles in the metal; he suggests that 
large particles could give rise to stress and poor corrosion 
resistance.

The mechanisms suggested by Wagner (8) and Hauffe (9) apply 
essentially to the pre-transition period. Little is known about 
the mechanism of transition and the post-transition conditions; 
it is therefore difficult to explain the effect of alloying elements 
on the post-transition behaviour.
Mechanism of Transition:

It is generally agreed that oxidation in the pre-transition 
period takes place as a result of diffusion of anion vacancies
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from the metal oxide interface to the surface of the oxide® The 
anion vacancies are generated by diffusion of oxygen ions from 
the oxide lattice into the metal and by formation of n e w  oxide 
at the surface of the metal,, Hauffe has suggested (9) that the 
cubic rate of zirconium alloys is a result of diffusion of oxygen 
into the metale The pre-transition oxide is consequently sub- 
stoichiometric, and apparently protective while the bulk of the 
post-transition oxide is known to be stoichiometric and apparently 
non-protective.

Initially the pre-transition rate is high resulting in a 
large number of vacancies arriving at the oxide surface per time 
unit. On extended exposure the pre-transition rate decreases 
indicating that the rate of arrival of vacancies at the surface 
of the oxide decreasesa This strongly suggests that, at a certain 
point, the rate of entry of oxygen into the oxide exceeds the rate 
of arrival of vacancies from the metal/oxide Interface0 At this 
point the surface oxide attains stoichiometry, protection is lost, 
and transition takes place„ Thus, transition is merely the onset 
of a second corrosion process, namely: oxidation of sub-stoichio
metric oxide. On this model, black sub-stoichiometric oxide would 
be expected to persist between the outer stoichiometric layer and 
the metal. The activation energy of the chemical conversion of 
zirconium and oxygen to oxide is probably very low, while that of 
the post-transition rate is usually between 20,000 and 25*000 

cal/mole, indicating that only part of the post-transition oxide 
Is non-protective. The presence of a black oxide at the metal/
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oxide interface is shown in Figure 16. 'Vanklyn (1 2) observed 
similar black or dark oxides on a variety of zirconium alloys 
in the post-transition period,, Oxidation of this oxide is 
nrobably the rate controlling factor in the post-transition 
period and the effect of alloying elements on post-transition 
corrosion is interpreted on the basis of this model0 

Effect of Alloying Elements on Oxidation:
Porte et al (10) suggested that since copper is almost 

insoluble in the metal it does not participate in the oxide as 
required by the Wagner-Hauffe rules. Examination of the oxide 
formed on the Zr 2.5 wt/» Nb 0.5 wt/£ Gu alloy (see Figure 16) did 
not reveal the presence of particles of copper or inter-metallics 
and no evidence was found of a layer of copper at the metal/oxide 
interface. Furthermore, Cheadle (16) carried out an X-ray 
examination of oxides removed from the Zr 2*5 wt$ Nb and Zr 2.5 
wt% Nb 0.5 wt% Gu. This investigation showed that the oxides had 
identical monoclihic structures., There was no evidence of other 
structures in the oxide from the alloy containing copper. This 
work has shown that copper significantly improves the corrosion 
resistance of the Zr 2.5 wt$ Nb alloy; it is therefore suggested 
that copper does participate in the oxide in cation positions, 
provided that the alloy is heat treated in such a way that the 
copper inter-metallic is finely dispersed in the matrix.

The valency of niobium in the oxide is not known, but since 
the black protective oxide is sub-stoichiometric it is probable 
that the valency is three or less. According to Wagner (8) and
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Hauffe (9), the effect of copper and possibly also niobium 
should be to increase the number of vacancies in the black oxide 
and therefore the oxidation rate0 However, Soviet work (2) has 
shown that increasing niobium in zirconium from zero to 0*2,5 - 1.0$ 
improves the corrosion resistance significantly (depending on the 
temperature of the corrodent), and our work has shown that copper 
has the same effect. It is therefore not possible to explain the 
effect of these alloying elements on the basis of the Wagner and 
Hauffe theorieso

It is suggested instead that ionic size and standard free 
energy factors may account for the beneficial effects of the 
alloying elements. Zirconium has an ionic radius of 0.$ 2 and 
the standard free energy of ZrO^ is 124 kcal/g atom0 Copper has 
an ionic radius of 0.96 ^ and the standard free energy of C ^ O  
and GuO is 34.98 and 30.4 kcal/g atom respectively. The larger 
copper ion could exert elastic stress on vacancies in the 
surroundings so that the size of the vacancies was decreased,
i.e. the activation energy for entry of oxygen into the vacancy 
would be increased» In addition, copper oxides would not be 
stable in the presence of zirconium ions. Both considerations 
indicate that vacancies would be trapped in the neighbourhood of 
copper. This could affect the oxidation behaviour in two ways:
1) The diffusion rate of vacancies from the metal/oxide inter

face to the surface of the oxide would be decreased, with 
the result that the reaction rate would decrease.
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2) The trapping of vacancies in the oxide would help prevent 
stoichiometry (and therefore loss of protection) from 
occurring,,
On the basis of this models the beneficial effects of copper 

as an alloying element can only be achieved If copper is dis
tributed evenly in the oxide in cation positions» Figure 20 shows 
the post-transitIon corrosion rate of the Zr-2 , 5 wt$ Nb-0#5 wt$
Cu alloy as a function of heat treatment, (3 solution treatment 
and rapid cooling (which resulted in the formation of large 
particles of inter-metallic compounds, see Figure 11) gave a high 
corrosion rate as compared to p solution treatment, quenching 
and tempering (which resulted in the formation of fine particles 
of inter-metallic compounds, see Figure 9).

Although Cox has suggested (11) that even distribution of 
fine Inter-metallic compounds is necessary to avoid excessive 
stress and cracking of the oxide, It appears equally possible 
that this metallurgical condition is required to facilitate 
homogeneous distribution of alloying elements in the oxide0

The effect of niobium on the corrosion resistance of sponge 
zirconium is difficult to evaluate because the valency and
therefore the ionic size is not known. If niobium were present

oin the tri-valent state the ionic radius would be 0,79 A or 
approximately the same as that of zirconium. In that case the 
size factor could have no effect. The free energy of formation 
of Nt^O^ is approximately 85 kcal/g atom, vacancies would therefore 
be trapped in the oxide by niobium ions as in the case of copper
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ions, and niobium should be a beneficial alloying element*
Soviet work (2) has confirmed that 0.5 - 1,0 wtf0 niobium improves 
the corrosion resistance of zirconium.

The corrosion behaviour of the Zr-2.5> wt$ Nb alloy in the 
fi solution treated and quenched condition indicates the role 
of niobium in the oxidation resistance.

After corrosion at ij.00°C electron microscopy revealed that
a small amount of second phase had precipitated (see Figure li|.),

obut no such precipitation was evident after corrosion at 316 G 
(see Figure 13). Arrhenius plots of the post-transition behaviour 
of the quenched alloy (see Figure 1?) indicate improvement in 
corrosion resistance at lj.00°C# This improvement may be ascribed 
to the change in the metallurgical condition. It appears that 
either the increased amount of second phase formed during corrosion 
or the dilution of niobium in the alpha phase can account for the 
improvement, Soviet work (2) has shown that increasing niobium 
content in zirconium from 0 .5 wt$ to 7 wt$ had little effect on 
the corrosion rate when the alloys were tested at 5>00°C. Since 
the Soviet alloys undoubtedly contained the same concentration of 
niobium in alpha solid solution but a varying amount of second 
phase (depending on the amount of niobium added), it is apparent 
that the niobium concentration in the alpha matrix controls the 
corrosion rate and that the amount, size and distribution of 
second phase has little effect. This is also borne out by this 
work which shows that heat treatments producing different sizes
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and distributions of second phase particles exhibit the same
post-transition rate (see Figure 17).
Effects of Alloying Elements on Hydriding;

It is difficult to interpret the effect of niobium and copper
on hydriding because the state of the hydrogen ion in the oxide is
not known. It was previously suggested (I).) that hydrogen entered
anion vacancies in the oxide as a negative ion. If this were the
case, however, the diffusion rate of hydrogen would not exceed

othat of oxygen because of the large size of H“ (r: 2.08 A) and the
oxide would therefore contain a very large amount of hydrogen*
while very little would be present in the metal. This is obviously
not the case. Diffusion of hydrogen as OH" can be disregarded on
the same basis. Assuming hydrogen present as an ion in the oxide,
the proton appears to be the most probable.

If protons entered cation positions in the oxide, the
diffusion rate could be expected to be very low, since the oxide
does not have cation vacancies. It is suggested that the proton
enters positions between oxygen atoms and that hydrogen bonds are
formed s imilar to those known from organic chemistry. The
distance between neighbouring oxygen atoms in the oxide is 2® 5 -

o3.0 A. This is characteristic of the distances between oxygen 
atoms in most hydrogen bonds. The activation energy for diffusion 
of protons in the hydrogen bond is normally 2000 - 6000 eal/mole* 
which is sufficiently low to account for the high diffusion rate 
in the oxide,
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During oxidation in pure dry oxygen or air it has been shown 
(13) that a potential of 1*3 volt may form across the oxide, It 
was also shown that oxidation in moist air resulted in a consid
erable reduction of the potential. This suggests that entry of 
protons from the moist air into the surface oxide accounts for 
the decrease in potential. The potential gradient could thus 
control the direction and the rate of diffusion of protons into 
the metal„

If I is the rate of flow of electrons across the oxide and 
R the resistance of the oxide, the potential 7 would be

V = IR
The effect of copper on the Zr 205 wt^ Mb alloy would be to in
crease the resistance R of the oxide (U4.) but the corrosion current
I is decreased by a factor of four (see Figure 19)® Assuming that 
the resistance is increased by a factor less than four, the effect 
of copper would be to decrease the mass of hydrogen picked up per 
surface area in unit time, but to increase the proportion of 
hydrogen to oxygen picked up0 The experimental results (see 
Table II and Figure 23) are consistent with this mechanism.

The results of this work show that the corros ion rate in air 
and carbon dioxide was significantly higher than that in water 
and steam and are consistent with others (15>) obtained with 
Zircaloy-2 exposed to oxygen or steam at 6£0°G, 1 atm.
Specifically:
1) The time to transition in steam was six hours compared to 

one half hour in oxygen.
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2) The post-transition rate in oxygen was higher than that 
in steam by a factor of four.

3) The amount of oxygen dissolved in the metal under the 
oxygen-formed oxide was considerably higher than that 
dissolved under the steam-formed oxide0

To explain these facts it is suggested that the hydrogen 
bond established in the H^O-formed oxide increases the activation 
energy for diffusion of an oxygen ion from a hydrogen-bonded 
position into a vacancy, or from the innermost part of the oxide 
into the metal„ The sharing of an electron between the negative 
oxygen ion, the proton, and the positive zirconium ion could 
account for the higher activation energy.

CONCLUSIONS
The sponge Zr 2e5 wt$ Nb alloy, solution treated in the p 

range, quenched in water and tempered at 5>00°C for 2ij, hours 
exhibits a corrosion rate at 300°C, in water, of approximately

-  n
2 ,5 x 10“3 cm/year and a hydriding rate of 2 - g/dm /day.
The addition of 0.5 wt$ Cu to this alloy results in a four-fold 
decrease in the corrosion rate in steam at lj.00oG and water at 
360°G, and some decrease in the hydriding rate in steam at lj.00°G® 
(Work is continuing in water at 3l6°C to further check on the 
benefit of copper additions to the base alloy.) The addition of 
tin or iron and chromium to the base alloy does not improve the 
corrosion resistance.

The corrosion resistance of the Zr 2.5 Nb alloy to air 
or carbon dioxide is low. Addition of tin or iron and chromium



does not improve the corrosion resistance, but 0.5 wtcfo cooper 
results in significant improvement of the 3 quenched and tempered 
Zr 2a 5 Nb alloy0

Results show that a thermal flux of 1 - 3 x 10^ n/cm^/sec 
has little effect on oxidation and hydriding. Tests are in 
progress at a higher flux to examine this further.

FUTURE WORK
Work is planned to investigate the optimum concentration

of copper in the Zr 205 wt% Nb alloy0
A series of alloys containing 0.1 - $ wt% Nb in sponge 

zirconium are under preparation to check on the effect of niobium 
in alpha solid solution and the effect of size, distribution and
concentration of second nhase„ A test is in preparation to
investigate oxidation and hydriding in air and carbon dioxide 
having a dew point of 10°G.
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TABLE I
CHEMICAL ANALYSES OF THE Zr-2.g wt# Kb ALLOYS

Z r  2.5 w t ^  N b Z r - 2.5  w t $  N b -  
0.5 w t $  S n

Z r - 2.5  w t #  N b -  
105  w t ^  S n

Z r - 2.5  w t $  N b -  
0.2 w t $  Fe- 
0.1  vrtfo C r

Z r - 2 . 5  w ty 'o  m  
0 . 5  Cu

N b 2 . 55 /S 2 . 35^ 2 . 5^ 2 . 75^ 2 . 55#

Pe 300  p p m 300  p p m 300  p p m 2065  p p m Lf.20 p p m

B < 0 . 5  " < 0 . 5 ^  0 . 5 •0V

< 0.5

Hf < 5 0  " < 5 0 < 5 0 <75 <75
C d < 0 . 5  " < o «5 < o a5 < 0 o5 < 0 . 5
M n < 1 0  !! < 1 0 < 1 0 ^ 2 5 < 2 5
A 1 < 3 0  " < 3 0 - C 3 0 <  1 0 C I O
M g < 1 5  " <15 <15 < 1 0 <10
Z n < 1 0  " < 1 0 < 1 0 -
S n 6 0  ,f 0  aSb% l . W o - =.
P b < 1 5  ” <15  p p m <15  p p m <  1 0 <10
C r {30 n <27 <27 995 < 1 0
S i <30 ” <30 <30 14-9 68
T I 50  " 135 51 39 3 8
N i <25 " <25 <25 18 14.0
M o <20 f* <20 <20 <  10 <10
V <20  " <20 <20 <10 <10
C o <  5  " <  5 <  5 <  10 < 1 0
C 218 " 1 9 6 2 2 2 151}- 165
n 2 65 " 56 65 33 33
°2 1220  " 1 3 6 0 1350 1170 1250
h 2 k S  " 6 0 55 I I I . 19



SFFECT OF HEAT TREATMENT AND ALLOYING ELEMENTS ON TRANSITION Aim HYDRIDING - WATER AND STEAM

Time to Transition Weight Gain at Transition 
Alloy__________ Heat Treatment - Pays_________  mg/dm̂  % Hydrogen Pickup

316°C 360°c  IlOO°c 3l 6°c  36q°C 1^00°G 3 l6 °c  360°G l|.00oC

TABLE II

Zr 2.5 wt$ Nb a 160 - 25 58 _ lll .̂ _ - 9.1

Zr 2.5 wt/o Nb b - Lj.6 31 - k$ 59 13«6 16„5 17.7

Zr 2.5 wt% Nb c - - il-0 - - Ik 8.8 12. Ij. 15 ol

Zr 2„5 wt% Nb d - 160 ko - 120 75 „ 1 1 02 12.9

Zr 2.5 wt/b Nb e 20 12 1-2 5o 85 J4.0 - 6 31.6

Zr 2.5 wtf0 Nb f li|0 5o 2k k-2 Uk 5^ - 19^ 22.3

Zr 2.5 wt % Nb 
0.5 wt/o Sn d 155 37 2k 58 k3 53 7.6 9.7 11.3

Zr 2.5 wt$ Nb 
1.5 wt$ Sn d 90, ]+6 21 36 52 53 16®3 10,9 9 ôj-

Zr 2»5 wt^ Nb 
0,2 wt$ Fe 
0o1 wt$ cr f 110 hQ 21 27 32 ko li+o3

Zr 2,5 wt$ Nb 
0o5 wt$ Cu f 155 80 I4.8 66 35 0 2

Zr 2.5 wt# Nb 
0.5 wt# Cu d 23 38 33 23 56 70 25® 6

!V



Alloy: Zr 2.5 wt$ Mb
In-Pile
In-Pile
Out-Pile
Out-Pile
Second Experiment

EFFECT OF NEUTRON FLUX ON OXIDATION AND HYDRIDING OF ZIRCONIUM-NIOBIUM ALLOYS 
Heat Treatment: p solution treatment, quench in water and temper at 500°C for 24 hours. 

First Experiment (40 Days): — 2 Hydrogen Pickup, yig/dm
15 706 33
11 550 40

14 379 22
10 408 33

TABLE III

% Hydrogen Pickup

Loop Exposure 125 Days. Autoclave Exposure 55 Days:
IN-PILE OUT-PILE

Alloy
Zircaloy-2

Weight Hydrogen Percent
Gain? Pickup Hydrogen

mg/dm ng/drn̂  Pickup
3 7 3 !

Weight Hydrogen Percent 
Gain Pickup Hydrogen 

mg/dm2 ug/dm2 Pickup

10*8-llS 896-192 67-20 
I3.°+i:0 125^3 *3Zr 2.5 wt# Nb 13.2+J‘f 216+262 13+14—2®2 —125 —o

Zr 2.5 wtfo Nb0.2 wt% Fe 
0.1 wt% Or

11 8 77+70 £+6
11 -1 .1  " - 3 1  -6

Zr 2.5 wt# Nb n ^ ?ni0.5 wt % Cu 13„2+°\8 442+201
- 1 . 1

27+13 
-269 -15

14 5+^°5 13 7+6
14^ - 2 05 -119 -6

X T ? ™  16-g3

Weight Gain 
at 55 days mg/dm2

9
11

12

10

AUTOCLAVE
Weight Gain
e x t r a p o l a t e d  
t o  125 d a y s  

mr./ din̂
11 
14

17

13
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POST-TRANSITTOM’ CORROSION OF ZIRCONIUM-NIOBIUM ALLOYS

TABLE IV

IN AIR AND CARBON DIOXIDE AT ATMOSPHERIC PRESSURE.

to
4̂

Alloy Va > o o o o I4.00 C 5oo°c 300°c ]+oo°c 5oo°c 300°c \o o ° c 5oo°c

Z r-2.5 wt# Kb 36 8 <1 19 1 6 100 2.3 2.2 13

Zr-2.5 wt% Nb 
1.5 wt# Sn 18 <1 <10 15 3 1.9 13
Zr-2.5 wt# Nb
0.2 wt# Fe- 
0.1 wt# Or 58 k < 1 <10 11 2 1.3 9.4-

Z r-2.5 wt$ Nb
0,5 Wt# Gu 30 1 5 0.1 0.6 k * 3
Zircaloy -2 — - - - - - o.i* 11

Zr 2.5 wt# Nb 58 2 < 1 19 82 65 1,2 13 37
Zr 2.5 wt# Nb 1,5 wt# sn k6 <3 < 1 15 38 6 0 0.7 3 2 lf.6

Zr 2o5 wt# Nb 
0.2 wt# Fe 
0.1 wt # Cr H4.0 2 < 1 < 1 0 33 90 0.5 14.0 6 0

Zr 2.5 wt# Nb 
0.5 wt# Cu 8 < 1 <10 I4.0 27 — 7 8

Zircaloy-2 - - _ - _ - 0oX lolj. 21

Heat Treatment; |S Solution treatment, quench in water and temper at 500°C for 21}. hours.
Time to Transition Weight Gain at ~ Post-Transition Corrosion

Days Transition igg/dm Rate, mg/dm2/day



Fig. 1 1000X
Sponge Z r -2 . 5 wt % Nb.
Heat treated at 650 °C for 2 h . 
Corroded in water at 360 °C for 163 d. 

M e t-C 375 -M l

F ig . 2 1000X
Sponge Z r-2 . 5 wt % Nb. Cold worked. 
Heat treated at 700 °C for 6  h. 
Corroded in water at 360°C for 153 d. 

M et-C 375-H l

Fig. 3 1000X
Sponge Z r-2 . 5 wt % Nb. Cold worked. 
Heat treated at 800°C for 1/2 h. 
Corroded in water at 360°C for 269 d. 

M et-C 375-D l

Fig. 4 1000X
Sponge Z r-2 . 5 wt % Nb.
P solution treated and rap id  cool. 
Corroded in water at 360°C for 153 d. 

M et-C 375 -C l



Fig. 5 1000X
Sponge Z r-2 . 5 wt % Nb.
(3 solution, treated and quenched. 
Corroded at 360 °C in water fo r  163 d.

M et-C 3 7 5 -A l

Fig. 6  1000X
Sponge Z r-2 . 5 wt % Nb.
P solution treated and quenched. 
Tem pered  at 500°C for 24 h. 
Corroded in steam at 400°C for 85 d. 

M et-C 390-D l

Fig. 7 1000X Fig. 8  100X
Sponge Zr -2 .5  wt % Nb-0. 2 Fe -0. 1 Cr . Sponge Z r-2 . 5 wt % Nb-0. 2 Fe - 0. 1 C r .
(3 solution treated and quenched. (3 solution treated and quenched.
Tem pered  at 500°C for  24 h. Tem pered  at 500°C for 24 h.
Corroded  in steam at 400°C for 145 d. Corroded in steam at 600°C for 145 d.

M et-D191-C3 Met-D191-C2



Fig. 9 2000X
Sponge Z r-2 . 5 wt % N b - 0. 5 Cu.
P solution treated and quenched. 
Tem pered  at 500 ° C for 24 h.
Corroded in steam at 400 °C for 258 d.

Met - E69-A2

Fig. 10 50 X
Sponge Z r-2 . 5 wt % Nb-0. 5 Cu.
(3 solution treated  and quenched. 
Tem pered  at 500 °C for 24 h.
Corroded in steam at 400°C for  258 d 
Hydride distribution.

M e t-E 6 9 -A l

Fig. 11 1000X
Sponge Z r-2 . 5 wt % Nb-0. 5 Cu.
(3 solution treated and rapid cooled. 
Corroded in steam at 400 °C for 145 d.

Met-D191-B4

Fig. 12 100X
Sponge Zr-2 . 5 wt % Nb-0. 5 Cu.
(3 solution treated and rapid cooled. 
Corroded  in steam at 400 °C for 145 d 
Hydride distribution.

M et-D 191-B3



Fig . 13 20, 000X
Sponge Z r-2 . 5 wt % Nb.
P solution treated and quenched. 
Corroded  in 316°C water for 163 d. 

EM  -83 -B - 1

Fig. 14 20, OOOX
Sponge Z r-2 . 5 wt % Nb.
(3 solution treated and quenched. 
Corroded in 400 °C steam for 164 d, 

E M -83 -C -3

Fig . 15 2 0 ,OOOX
Sponge Zr-2 . 5 wt % Nb.
[3 solution treated and quenched.
Tem pered  at 500 °C for 24 h.
Corroded in 400 °C steam for 85 d.

EM -83-D -1

E lec tron  M icrographs o f Z r-2 . 5 wt % Nb A lloys . Two stage carbon replicas,
chromium shadowed.



m eta l

in terface

oxide

Fig. 16 1000X

M eta l' Oxide Interface 
Z r-2 . 5 wt % Nb-0. 5 Cu. (3 solution treated, quenched 
and tem pered. Corroded  in CO 2  at 500 °C for 42 days 
and in CO 2  at 300°C for 271 days.

P late  2
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FIG. 17

EFFECT OF HEAT TR EATM EN T ON POST -  TR AN SITIO N  
CORROSION OF Z r  2 .5  WT. %  Nb .
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