
 

 

This is a preprint of a paper intended for publication in a journal or 
proceedings. Since changes may be made before publication, this 
preprint should not be cited or reproduced without permission of the 
author. This document was prepared as an account of work 
sponsored by an agency of the United States Government. Neither 
the United States Government nor any agency thereof, or any of 
their employees, makes any warranty, expressed or implied, or 
assumes any legal liability or responsibility for any third party’s use, 
or the results of such use, of any information, apparatus, product or 
process disclosed in this report, or represents that its use by such 
third party would not infringe privately owned rights. The views 
expressed in this paper are not necessarily those of the United 
States Government or the sponsoring agency. 

INL/CON-13-28181
PREPRINT

A Novel Zr-1Nb Alloy and 
a New Look at Hydriding
 

Top Fuels 2013 
 

Robert D. Mariani 
James I. Cole 
Assel Aitkaliyeva 

 

September 2013 
 



A NOVEL Zr-1Nb ALLOY AND A NEW LOOK AT HYDRIDING

Robert D. Mariani, James I. Cole, Assel Aitkaliyeva

Idaho National Laboratory:P.O. Box 1625, Idaho Falls, Idaho, 83415, robert.mariani@inl.gov

A novel Zr-1Nb alloy has begun development based 
on a working model that takes into account the hydrogen 
permeabilities for zirconium and niobium metals. The 
-Nb secondary phase particles (SPPs) in Zr-1Nb are 

believed to promote more rapid hydrogen dynamics in the 
alloy in comparison to other zirconium alloys. 
Furthermore, in the case of the Zr-1Nb alloys, some 
hydrogen release is possible at the lower temperatures 
corresponding to outages when the partial pressure of H2
in the coolant is less. These characteristics lessen the 
negative synergism between corrosion and hydriding that 
is otherwise observed in cladding alloys without niobium. 
In accord with the working model, development of 
nanoscale precursors was initiated to enhance the 
performance of existing Zr-1Nb alloys. Their 
characteristics and properties can be compared to oxide-
dispersion strengthened alloys, and material additions 
have been proposed to zirconium-based LWR cladding to 
guard further against hydriding and to fix the size of the 
SPPs for microstructure stability enhancements. A 
preparative route is being investigated that does not 
require mechanical alloying, and 10 nanometer 
molybdenum particles have been prepared which are part 
of the nanoscale precursors. If successful, the approach 
has implications for long term dry storage of used fuel 
and for new routes to nanoferritic and ODS alloys.

I. INTRODUCTION

In some respects, there is no strong motivation for 
new alloy development for cladding materials in LWRs. 
The costs to introduce a lead test assembly are high, so 
that substantial cost benefits must be realizable for such 
an investment to be undertaken. Furthermore, some 
economic analyses indicate there is little or no incentive 
for extending burnups beyond 60-70 GWD/MT, and an 
average burnup of this magnitude appears achievable with 
existing Zr-1Nb alloys coupled to advanced fuel 
management methods. 1 , 2 Enrichments greater than 5% 
will be needed to extend burnup beyond 70 GWD/MT, 
and the cost will be great to equip and license all 
operations to handle the higher enrichments. Other 

reasons, however, can motivate new alloy development 
for cladding. 

Uprates are always appealing for existing capital 
investment, but uprates bring higher temperatures, faster 
corrosion, and can bring increased hydriding rates that 
exacerbate the hydride rim structure. A potential 
drawback is increased cladding failure. Cladding alloy 
improvements may help in this aspect. Cladding alloy 
improvements may help with fretting failure, which has 
been a leading cause;3 and they can still help, with lesser 
incentive, with raising the average burnup to 60-70
GWD/MT. Lastly, for non-recycle fuel operations, such 
as in the U.S., cladding alloy improvements may benefit 
long-term dry storage of used fuel, especially with regard 
to radial versus circumferential hydride deposits, if the 
alloy improvements are founded in a model that can be 
leveraged to develop and optimize processes for 
extracting hydrogen from the assemblies going into dry 
storage.

A working model is here described for cladding alloy 
improvements that recognizes cladding improvements 
already reported in the literature. While the common 
perception for the role of niobium in the Zr-1Nb alloys is 
improved performance against corrosion, this working 
model takes into account the permeability of hydrogen in 
zirconium and niobium. A key feature of the working 
model is the capacity for the alloy to release some of the 
hydrogen as H2 into the coolant at the lower temperatures 
occurring during outages. Since both metals have a 
decreasing enthalpy of solution (for hydrogen) with 
increasing temperature, hydrogen can diffuse down a 
temperature gradient toward a higher hydrogen 
concentration (the coolant side). 4 However, the 
H-permeability for niobium is more sensitive toward 
temperature than it is for zirconium (Figure 1).5, 6 As a 
result, some of the dissolved H atoms can recombine as 
H2 and be released into the coolant, at the lower partial 
pressures of H2 corresponding to the lower temperatures 
for an outage (e.g., with less corrosion occurring).  Thus 
this working model holds that Zr- -Nb 

-Zr 
matrix, support the release of H2 to a greater extent than
other zirconium alloys without niobium, because of 
differences in the permeability. The stability of the entire 



system can thereby be enhanced with a slower overall 
growth of hydrogen content and oxide thickness, as will 
be discussed in the context of various reports.

Based on the above observations, a new alloy can be 
proposed that seeks several key properties:7

a uniform dispersion of niobium within the alloy 
having even smaller dimensions than existing Zr-
1Nb alloys (targeting dimensions as small as 10-
20 nm as fabricated)
stabilizing agents that help reduce alloy 
processing such as heat treatments and cold 
working
stabilizing agents that promote high niobium 
contents in the -Nb SPPs (second, or secondary
phase particles) to enhance hydrogen 
permeability
stabilizing agents that pin the niobium, 
preventing SPP growth under irradiation
stabilizing agents that also may increase the 
stability of the ZrO2 corrosion layer.

These features may be achievable with a zirconium 
alloy that includes minor amounts of tin, niobium, and 
molybdenum along with trace amounts of an oxide such 
as Y2O3 or Nd2O3. Since molybdenum is not soluble in 

-Zr, 8 and since niobium forms a fairly ideal solid 
solution with molybdenum, 9 it is expected that the 
niobium will more readily precipitate out of the zirconium 
as compared to zirconium alloys without molybdenum. 
This characteristic is intended to promote the 
H- -Nb 
SPPs in the cladding alloy. Trace level additions of yttria 
(or other suitable oxides) are intended for their association 
with niobium because niobium is oxophilic, and because 
its chemistry supports the formation of suboxides such as 
NbO and NbO2. The desired uniform nanodispersion may 
therefore consist of particles containing niobium, 
molybdenum, niobium suboxides, yttria, and possibly 
complex oxides; and the alloy overall will present 
properties and microstructural characteristics of oxide-
dispersion strengthened type (ODS-type) alloys such as 
those involving Cr, Ti, TiOx, and Y2O3, and complex 
oxides. 10 The incorporation of molybdenum, niobium, 
their oxides and suboxides, and yttria in the alloy is 
directed toward facilitating hydrogen transport through 
the oxide layer, stabilizing the alloy microstructure, and 
stabilizing the ZrO2 corrosion layer to some extent.

ODS-type alloy production has been largely 
empirical for the last 100 years, and typically it is costly 
compared to traditional alloy fabrication methods. 11

Mechanical alloying is often employed to mill the ODS 
agents (such as Y2O3) with the metals for long periods of 
time, and development efforts are practically entirely 

Edisonian. Scale-up requires extensive development to 
reproduce the desired properties discovered at laboratory 
scale. In addition, the inherent nature of the uniformly 
distributed ODS particles have precluded conventional 
fusion welding and joining due to agglomeration in the 
weld zone during liquefaction. A primary interest then is 
to develop nanoscale precursor agents that can be 
processed in a way that either allows their dispersive 
characteristics to be preserved during handling or allows 
for the dispersive characteristic to be recovered during 
melting and freezing. With this aim, a few nanoscale 
precursor agents have been identified, such as yttria-
coated molybdenum, and early achievements are here 
reported for the production of 10-nm sized particles of 
molybdenum.

In what follows, the background for the working 
model is discussed, then proposed alloy constitutions, 
proposed alloy fabrication, progress to date, and finally 
some conclusions.

Fig. 1. Permeability of Hydrogen in Selected Metals. 
Redrawn from Refs 5, 6.

II. BACKGROUND FOR WORKING MODEL

While the success of Zr-1Nb alloys is related to their 
improved performance against corrosion, improved 
performance is also observed for hydriding, dimensional 
stability, and creep in Zirlo™, E110, and M5®

alloys.12,13,14,15,16,17,18 As H2 is generated by the reaction 
of water with zirconium, a fraction of the H2 is picked up 



by the cladding. The hydrogen dissolves, and upon 
exceeding its low solubility, the -phase precipitates as 
platelets. In the simplest model, more extensive corrosion 
produces more hydrogen and a greater uptake, although 
the hydrogen pickup fraction may not be constant over 
time.

Some authors have noted the potential for a negative, 
synergistic interaction between the accumulation of 
hydrogen and the growth of the oxide layer.19,20,21 High 
oxidation rates, and even differential rates of oxidation 
with temperature variations, can produce non-uniform 
hydrogen distributions in the cladding. The pickup of 
hydrogen will therefore be incommensurate with the 
growth of the oxide layer at the metal oxide interface. 
Subsequent migration of hydrogen during outages (see 
below) can produce volumetric changes in the metal 
incommensurate with the oxide layer, thereby introducing 
cracks and defects in the oxide that can spur further 
corrosion, especially on return to power.

Clearly the Zr-1Nb alloys are exceptional performers, 
and their improved properties may be related not only to 
corrosion, but also to the physicochemical properties of 
the alloys. It is possible that one cladding alloy can 
respond more quickly than another in its drive toward a 
steady-state dynamic for the hydrogen concentration 
gradient dictated by the thermal gradient. Then any 
volumetric changes in the alloy resulting from hydrogen 
pickup are more readily manifest at the same tempo as 
changes in the oxide layer, eliminating some fraction of 
the negative, synergistic interaction. Likewise, a fraction 
of hydrogen may be released from the cladding as H2
during outages when the temperature is lowered, less 
corrosion is occurring, and the partial pressure of H2 in 
the coolant is less. Here again, one cladding alloy may be 
more facile than another in releasing H2 under such 
conditions.   In fact, the permeability of hydrogen in 
niobium is higher than it is for zirconium, and the 
permeability is more sensitive to temperature in the case 
of niobium. This property may be responsible in part for 
the improved performance of Zr-1Nb alloys, together with
the improved corrosion performance. 

Permeability of a solute is influenced by the product 
of coefficients of solubility and diffusivity. The hydrogen 
permeabilities in niobium and zirconium are both 
increasing with decreasing temperature. This property 
results from the increasing enthalpy of solution with 
decreasing temperature, and it can drive hydrogen 
diffusion toward a region with a greater hydrogen 
concentration when the temperature is lower. The 
permeability of hydrogen in niobium however is 
significantly higher than it is in zirconium at reactor 
temperatures, a factor of two at approximately 400 ºC 
with an increasing margin toward lower temperatures 
(Fig. 1). This difference can support a more rapid 
dynamic in the Zr-1Nb alloys because of the uniform

-Nb SPPs, and possibly to a lesser extent 

because of the low levels of niobium dissolved in the 
zirconium.

Two significant thermal excursions occur for the 
cladding over its lifetime: outages and restarts. During an 
outage, the cladding should be expected to give up some 

-phase hydrogen to the coolant as 
H2, because the hydrogen content is high at the metal-
oxide interface and because the temperature is lower so 
that less H2 is being produced (giving a lower partial 
pressure of H2). This behavior should be expected for 
both zirconium and niobium, because of their hydrogen 
solution enthalpies. However, the zirconium will respond 
more slowly than niobium because of its lower 
permeability, and consequently zirconium will better 
retain hydrogen. More dissolved hydrogen can also 
migrate toward the fuel side in the case of zirconium, 
because its permeability is less sensitive to temperature. 
Now even though the cladding is not pure niobium and 

-Nb can have a range of zirconium concentrations,22

the hydrogen transport dynamics are improved because 
-Nb does not sit interior to 

grains and hydrogen transport along grain boundaries 
should be more rapid than across grains. 

These arguments suggest that some hydrogen may be
released from cladding during outages; this possibility 
follows from Le Chatelier’s principle. In the case of 
niobium-free alloys, perhaps only a small amount of 
hydrogen, if any, is released, with activation energy 
provided by decay processes. The Zr-1Nb alloys however 
may be expected to have a more effective release of 
hydrogen (a higher release fraction) than the zircaloys
because of the higher permeability arisiong from the 
niobium.  While SPPs in the cladding possibly act as 
hydrogen traps for the zircaloys, -Nb in the Zr-1Nb 
alloys can act to convey hydrogen with its increased 
permeability and grain boundary location. 23 These 
arguments are also consistent with hydrogen transport in 
the oxide films, especially along pathways including 
oxides of the SPPs in the oxide because of their increased 
uniform content.24,25 It is not clear if the hydrogen would 
be transported as hydrogen atoms or protons in the oxide 
layer. The step-wise characteristics associated with 
behaviors described in this report, i.e., between surface 
oxidation and volumetric cladding changes, also appear to 
be consistent with the cyclical (on-off) oxidation behavior 
that has been reported.26

II.A. Proposed Alloy Compositions and Preparation

A report by Sabol et al. for simple binary systems 
indicates there is a critical size range and critical 
concentration for the SPPs.27 They investigated multiple 
alloys within the Zr-Mo, Zr-Nb, and Zr-V systems and 
compared their corrosion behaviors of heat treated alloys 
to the corrosion of Zircaloy-4. They found superior 
performance for corrosion in steam at 427 C, and they 



found the performance was related to a critical 
concentration and critical size range for the SPPs as 
boundary precipitates. These observations support the 
working model described above, and the pursuit of further 
improvements to SPP characteristics somewhere in the 
size range of 10-80 nm.

The alloy compositions being studied include minor 
amounts (on the order of 1 wt%) of tin, niobium, 
molybdenum along with trace to low amounts of yttria or 
rare earth oxides (on the order of 0.25%). Other alloy 
additives such as iron and chromium can be added at a 
later time, if the progress warrants it. As indicated, 

-Zr,28 and the molybdenum 
can be expected to precipitate as uniform fine dispersion 
with heat treatment. Niobium forms an ideal solid 
solution with molybdenum, 29 -Nb can be 
expected to be composed primarily of niobium and 
molybdenum with low levels of zirconium. These initial 
compositions are directed toward improving the hydrogen 

-Nb and facilitating more rapid 
hydrogen transport.30 It may be mentioned that the Excel 
alloy (Zr-3.5Sn-0.3Mo-0.8Nb) 31 has been observed to 
give higher terminal solid solubilities for hydrogen in 
comparison to all zirconium alloys in use (which give 
rather similar hydrogen solubilities),32 and this difference 
could instead be detrimental.

Nanoscale precursors are being formulated from 
molybdenum cores, and the cores will be coated with a 
suitable oxide such as yttria. The Y2O3-Mo particles may 
then be contacted with molten tin in proportions 
conducive to downstream processing. Some concern 
exists whether the tin will wet the oxide-coated particles; 
however, both temperature and alternate oxides can be 
varied in the attempt to produce a usable intermediate 
material. The tin encapsulated mixture may then be 
subjected to one or more extrusions through the ECAP 
(equal channel angular pressing) process in the interest to 
produce a more uniform mixture, if necessary. After this, 
the tin mixture can be reacted with niobium at low to 
moderate temperature to produce a brittle Nb-Sn 
intermetallic intimately mixed with the oxides,33 similar 
to a cermet. This final intermediate material may then be 
pulverized and mixed with sponge zirconium and any 
additional niobium and tin in accord with established arc 
melting procedures.

In an alternative scenario, the use of molybdenum 
may be omitted, and the nanoscale precursor structure can 
be inverted. In this case, the cores are made of yttria (or 
another suitable oxide) and niobium is used to coat the 
yttria cores. These particles can then be reacted directly 
with tin at low temperature to moderate temperature to 
produce the brittle Nb-Sn intermetallic phase for 
pulverizing. In both scenarios, the oxide is expected to 
remain associated with the niobium because it is 
oxophilic, and the tin is expected to be associated with the 
niobium at least until arc melting with zirconium. This 

alternative scenario is very appealing because minor 
amounts of molybdenum in niobium have been found to 
lower the hydrogen permeability, while minor amounts of 
zirconium in niobium have been found to increase the 
hydrogen permeability.34 Likewise, as mentioned above, 
the Excel alloy contains some molybdenum and exhibits a 
higher solid solubility for hydrogen, which may be 
undesirable. Other process variations can be envisaged 
and attempted in an effort to optimize the alloy. In any 
case, the oxophilic character of niobium and the stability 
of its suboxides are expected to cause the niobium to 
associate with the rare earth oxides particulates, thereby 
preventing or inhibiting the dissolution, migration, and re-
precipitation of niobium during irradiation and outages.

II.B. Early Progress Results

Molybdenum nanoparticles were produced under 
contract with Nanomaterials Company (Malvern, 
Pennsylvania). The characterization results obtained by 
the vendor gave two different average sizes by using two 
methods. Particle size analysis indicated the average size 
to be approximately 20 nm (Figure 2), while line-
broadening X-ray diffraction indicated the average size to 
be approximately 10 nm (Figure 3). The vendor indicated 
the particle size analysis results could have been caused 
by some agglomeration of the primary particles. It may be 
mentioned that their characterization was performed soon 
after production of the nano-molybdenum.

Fig. 2. Distribution of molybdenum particle sizes.

The vendor subsequently prepared a sample of the 
nano-molybdenum in epoxy, and this sample was 
examined at the Idaho National Laboratory the TEM (FEI 
Tecnai F30) at CAES (Center for Advanced Energy 
Studies). For a large number of particles examined, the 
primary particle size averaged on the order of 12 nm, and 
agglomerates were evident (Figures 4a and 4b). These 



results show that the nanoscale molybdenum cores can be 
produced.

It may be mentioned that there was a difference in the 
solution characteristics for the nanoparticles. The 
molybdenum nanoparticles were stored under degassed, 
dry toluene, and when the solution was first prepared, a 
swirled solution became inky and opaque, and required 
some time before settling. On the other hand, the sample 
prepared in epoxy and examined in CAES was aged for 
approximately two months. This solution when swirled 
settled much more rapidly, the top of the liquid becoming 
clear in less than a minute. As a result of these 
observations, some agglomeration is attributed to the 
aging time in solution, which is consistent with the TEM 
images observed.

Fig. 3. Line-broadening X-ray diffraction pattern. Brown: 
experimental and fitted peaks for Mo at approximately 
40.56 2

. Data reduction led to an estimated 
primary particle size of 10 nm.

Some difficulties were encountered in the production 
of the nano-molybdenum such that the yield decreased 
over time. These difficulties are being addressed by the 
vendor.

II.C. Discussion

Many uncertainties still exist regarding the method 
described here, and doubts can be easily raised because 
the 100 year-old ODS-type materials are still in their 
infancy as to predictive process knowledge. Even so, the 
approach described here does rely on thermodynamic and 
transport data as its springboard. The approach then relies 
on recent advances in nanomaterials and in metal 
processing for its accomplishment.

Since molybdenum is known to depress the H-
permeability of niobium, and zirconium is known to 
enhance it, it will be interesting to evaluate the two kinds 
of precursor agents described above: one with and one 
without molybdenum. It is difficult to predict the behavior 

Fig. 4. Figure 4a (top) and 4b. TEM images for 
molybdenum nanoparticles mounted in epoxy.

-Nb SPPs if they contain both molybdenum and 
zirconium; however, the Excel alloy (Zr-3.5Sn-0.3Mo-
0.8Nb) was noted to have a higher hydrogen solubility 
compared to other zirconium alloys, which is possibly 
detrimental to long-term cladding performance. This 
research should also be directed at producing nanoscales 
precursors at two or three different median sizes between 
10 to and 70 so that the effect of size can be evaluated.

Since the inverse temperature relationship with 
H-permeability is not common for most metals, it seems 
reasonable that SPPs in zircaloys may act as hydrogen 
traps while -Nb SPPs in Zr-1Nb alloys may act as 
conduits. The rapid H-transport is not necessarily 
detrimental for hydriding; the rapid transport could 
enhance the approach to steady state and mitigate step-
wise production of mismatches at interfaces. The presence 
of niobium may allow for the release (equilibration) of 
some hydrogen with the coolant during outages. 
Furthermore, the H-permeabilities of other metals are not 
only correlated with temperature, they are quite low in 
comparison to that for niobium. 35 These features along 
with other considerations for the working model suggest 
the ongoing experiments described here are warranted for 
cladding improvements.

Whether or not a new alloy is successfully developed 
for cladding applications, the physicochemical properties 
cited here are interesting also for evaluating issues related 
to used fuel disposition. Long-term storage of used fuel 
assemblies can benefit from research along these lines, if 
the working model holds up for niobium-bearing alloys.



In particular, experimental data from these types of alloys 
can be assessed to build models that identify additional 
experiments needed, and finally that identify alloy-
specific conditions for removing hydrogen or rearranging 
hydride deposits prior to dry storage. It may be noted that 
test alloys do not need to be prepared by this method in 
order for this type of evaluation to proceed. Lastly, this 
approach is general enough that it may find application in 
the development of nanoferritic alloys and other ODS-
type materials, which have broad technological interest. 
In fact, one alloy composition has been identified that 
holds promise for allowing conventional fusion welding.

III. CONCLUSIONS

It is believed that predictive, purposeful, alloy 
development with a nanodispersion of stabilizing agents 
is possible, and an approach to a zirconium cladding alloy 
has been developed. Nanoscale precursor agents are being 
developed with the intent of processing the alloy using 
conventional methods. The approach makes use of the 
differential solubility of alloying components and the 
oxophilic characteristics of the alloying components to 
force precipitation of metal alloying agents along with 
oxides on the grain boundaries. While much remains to be 
demonstrated, the method outlined has a sound basis in 
thermodynamic and transport theory, it is consistent with 
the extant literature, and early progress has demonstrated 
that 12 nm-sized molybdenum precursors can be 
produced.

Immediate future efforts will be directed toward 
obtaining the oxide-coated molybdenum and downstream 
processing to produce small alloy buttons by arc melting 
as funding permits. Of course, a strong interest exists to 
characterize the alloys with regard to heat treatments, etc., 
and to extrude these materials as warranted by the 
microstructures of the as-cast and heat treated ingots. It is 
worth noting that, even if a zirconium alloy such as this is 
never adopted, the approach may be perfectly general and 
suitable for adaption with other materials such as steels.

ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support 
from the Laboratory Directed Research and Development 
Office of the Idaho National Laboratory. This submitted 
manuscript was authored by a contractor of the US 
Government under DOE Contract No. DE-AC07-
05ID14517. Accordingly, the US Government retains and 
the publisher, by accepting the article for publication, 
acknowledges that the US Government retains a 
nonexclusive, paid-up, irrevocable, worldwide license to 
publish or reproduce the published form of this
manuscript, or allow others to do so, for US Government 
purposes.

US Department of Energy Disclaimer: This 
information was prepared as an account of work 
sponsored by an agency of the US Government. Neither 
the US Government nor any agency thereof, nor any of 
their employees, makes any warranty, express or implied, 
or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. 
References herein to any specific commercial product, 
process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or 
favoring by the US Government or any agency thereof.
The views and opinions of authors expressed herein do 
not necessarily state or reflect those of the US 
Government or any agency thereof.

REFERENCES

1.  A. STRASSER, R. ADAMSON, B. COX, F. 
GARZAROLLI, P. RUDLING, and G. SABOL,
ZIRAT12 Annual Report 2007, p. 2-4, A.N.T. 
International, Skultuna, Sweden (2007). 

2.   A. STRASSER, R. ADAMSON, B. COX, F. 
GARZAROLLI, and P. RUDLING, ZIRAT13 Annual 
Report 2008, p. 2-2, A.N.T. International, Skultuna, 
Sweden (2008). 

3. A. STRASSER, R. ADAMSON, B. COX, F.
GARZAROLLI, P. RUDLING, and G. SABOL,
ZIRAT12 Annual Report 2007, p. 2-34, A.N.T. 
International, Skultuna, Sweden (2007).

4. A. STRASSER, R. ADAMSON, and F. 
GARZAROLLI, ZIRAT13 Special Topic Report, The 
Effect of Hydrogen on Zirconium Alloy Properties, 
Vol. I, p. 2-22, A.N.T. International, Skultuna, 
Sweden (2008).

5.  R. E. BUXBAUM and P. C. HSU, “Measurement of 
diffusive and surface transport resistances for 
deuterium in palladium-coated zirconium 
membranes,” Journal of Nuclear Materials, 189, 183
(1992). 

6. R. E. BUXBAUM and T. L. MARKER, “Hydrogen 
transport through non-porous membranes of 
palladium-coated niobium, tantalum and vanadium,” 
Journal of Membrane Science, 85, 29, (1993). 

7. R. D. MARIANI, “Zirconium-based Alloys, Nuclear 
Fuel Rods and Nuclear Reactors Including Such 
Alloys and Related Methods,” U.S. Patent 
Application No. 13/021,480, published August 9, 
2012.

8.  H. OKAMOTO, “Mo-Zr (Molybdenum-Zirconium),” 
J. Phase Equilib., 24, 270 (2003). 

9. L. BREWER and R. H. LAMOREAUX, “Mo-Nb 
(Molybdenum-Niobium),” Binary Alloy Phase 



Diagrams, 2nd ed., T.B. MASSALSKI, Ed., 3, 2631 
(1990).

10. G. R. ODETTE, M. J. ALINGER, and B. D. WIRTH,
“Recent developments in irradiation-resistant steels,” 
Annu. Rev. Mater. Res. 38, 471 (2008).

11. A. R. JONES, “Historical perspective- ODS alloy 
development,” http://www.netl.doe.gov/publications/
proceedings/10/ods/Andy_Jones_Historical_perspecti
ve.pdf  (a very useful and informative summary).

12. V. N. SHISHOV, et al., “Structure-phase state, 
corrosion and irradiation properties of Zr-Nb-Fe-Sn 
system alloys,” Journal of ASTM International, 5,
724 (2008).

13. G. P. SABOL, et al., “In reactor corrosion 
performance of ZIRLO and zircaloy-4.” Zirconium in 
the Nuclear Industry: Tenth International 
Symposium, ASTM STP 1245, pp. 724-744, A.M. 
GARDE and E.R. BRADLEY, Eds., American 
Society for Testing and Materials, Philadelphia, 
(1994).

14. G. P. SABOL, et al., “Development of a cladding 
alloy for high burnup,” Zirconium in the Nuclear 
Industry: Eighth International Symposium, ASTM 
STP 1023, pp. 227-244, L.F.P. VANSWAM AND 
C.M. EUCKEN, Eds., American Society for Testing 
and Materials, Philadelphia, (1989).

15. P. BOSSIS, et al., “In PWR comprehensive study of 
high burn-up corrosion and growth behavior of M5 
and recrystallized low-tin zircaloy-4,” Journal of 
ASTM International, 6, 430 (2009).

16. L. CASTALDELLI, C. FIZZOTTI, and L. LUNDE,
“Long-term test results of promising new zirconium 
alloys,” Zirconium in the Nuclear Industry: Fifth 
Conference, ASTM STP 754, pp. 105-126, D.G. 
FRANKLIN, Ed., American Society for Testing and 
Materials, (1982).

17. T. ISOBE and Y. MATSUO, “Development of 
highly corrosion resistant zirconium-base alloys,” 
Zirconium in the Nuclear Industry: Ninth 
International Symposium, ASTM STP 1132, pp.346-
367, C.M. EUCKEN and A.M. GARDE, Eds., 
American Society for Testing and Materials, 
Philadelphia (1991).

18. B. F. KAMMENZIND, et al., “Hydrogen pickup and 
redistribution in alpha-annealed zircaloy-4,” 
Zirconium in the Nuclear Industry:  Twelfth 
Symposium, ASTM STP 1295, pp. 338-370, E. R. 
BRADLEY AND G .P. SABOL, Eds., American 
Society for Testing and Materials (1996).

19. P. BOSSIS, et al., “In PWR comprehensive study of 
high burn-up corrosion and growth behavior of M5 
and recrystallized low-tin zircaloy-4,” Journal of 
ASTM International, 6, 430 (2009).

20. A. M. GARDE, “Enhancement of aqueous corrosion 
of zircaloy-4 due to hydride precipitation at the 

metal-oxide interface,” Zirconium in the Nuclear 
Industry: Ninth International Symposium,  ASTM 
STP 1132, pp. 566-594, C. M. EUCKEN and A. M. 
GARDE, Eds., American Society for Testing and 
Materials, Philadelphia (1991).

21. M. BLAT and D. NOEL, “Detrimental role of 
hydrogen on the corrosion rate of zirconium alloys,” 
Zirconium in the Nuclear Industry: Eleventh 
International Symposium, ASTM STP 1295, pp. 319-
337, E.R. BRADLEY and G.P. SABOL, Eds., 
American Society for Testing and Materials (1996).

22. K. KOMIYA, Y. SHINZATO, H. YUKAWA, M. 
MORINAGA, and I. YASUDA, “Measurement of 
hydrogen permeability of pure Nb and its alloys by 
electrochemical method,” Journal of Alloys and 
Compounds, 404–406, 257 (2005).

23. G. P. SABOL, R. J. COMSTOCK, and U. P. 
NAYAK, “Effect of dilute alloy additions of 
molybdenum, niobium, and vanadium on zirconium 
corrosion,” Zirconium in the Nuclear Industry: 
Twelfth International Symposium, ASTM STP 1354,
pp. 525-544, G.P. SABOL and G.D. MOAN, Eds., 
American Society for Testing and Materials, West 
Conshohocken, PA (2000).

24. Y. HATANO, et al., “Role of intermetallic 
precipitates in hydrogen transport through oxide 
films of zircaloy,” Zirconium in the Nuclear 
Industry: Twelfth International Symposium, ASTM 
STP 1354, pp. 901-917, G. P. SABOL and G. D. 
MOAN, Eds., American Society for Testing and 
Materials, West Conshohocken, PA (2000).

25. N. RAMASUBRAMANIAN, V. PEROVIC, and M. 
LEGER, “Hydrogen transport in the oxide and 
hydrogen pickup by the metal during out- and in-
reactor corrosion of Zr-2.5Nb pressure tube 
material,” Zirconium in the Nuclear Industry: Twelfth 
International Symposium,  ASTM STP 1354, pp. 853-
867, G.P. SABOL and G.D. MOAN, Eds., American 
Society for Testing and Materials, West 
Conshohoken, PA (2000).

26. M. HARADA and R. WAKAMATSU, “The effect of 
hydrogen on the transition behavior of the corrosion 
rate of zirconium alloys,” Journal of ASTM 
International, 5, 384 (2008).

27. G. P. SABOL, R. J. COMSTOCK, and U. P. 
NAYAK, “Effect of dilute alloy additions of 
molybdenum, niobium, and vanadium on zirconium 
corrosion,” Zirconium in the Nuclear Industry: 
Twelfth International Symposium, ASTM STP 1354,
pp. 525-544, G. P. SABOL and G. D. MOAN, Eds., 
American Society for Testing and Materials, West 
Conshohocken, PA (2000).

28. H. OKAMOTO, “Mo-Zr (Molybdenum-Zirconium),” 
J. Phase Equilib., 24, 279 (2003).



29. L. BREWER and R. H. LAMOREAUX, “Mo-Nb 
(Molybdenum-Niobium),”  Binary Alloy Phase 
Diagrams, 2nd ed., Ed. T. B. MASSALSKI, 3, 1990, 
pp. 2631-2634.

30. K. KOMIYA, Y. SHINZATO, H. YUKAWA, M. 
MORINAGA, I. YASUDA, “Measurement of 
hydrogen permeability of pure Nb and its alloys by 
electrochemical method,” Journal of Alloys and 
Compounds, 404–406, 257 (2005).

31. D. KHATAMIAN, Z. L. PAN, M. P. PULS, and C.
D. CANN, “Hydrogen solubility limits in Excel, an 
experimental zirconium-based alloy,” J. of Alloys and 
Compounds, 231, 488 (1995).

32. A. SAWATZKY and C. E. ELLS, “Understanding 
hydrogen in zirconium,” Zirconium in the Nuclear 
Industry: Twelfth International Symposium, ASTM 
STP 1354, pp. 32-48, G. P. SABOL and G. D. 
MOAN, Eds., American Society for Testing and 
Materials, West Conshohocken, PA (2000).

33. H. OKAMOTO, “Nb-Sn (Niobium-Tin),” J. Phase 
Equilib., 24, 380 (2003).

34. K. KOMIYA, Y. SHINZATO, H. YUKAWA, M. 
MORINAGA, and I. YASUDA, “Measurement of 
hydrogen permeability of pure Nb and its alloys by 
electrochemical method,” Journal of Alloys and 
Compounds, 404–406, 257 (2005).

35. R. E. BUXBAUM and T. L. MARKER, “Hydrogen 
transport through non-porous membranes of 
palladium-coated niobium, tantalum and vanadium,” 
Journal of Membrane Science, 85, 29 (1993).


