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TITLE: MECHANICALLY-ASSISTED GASEOUS ADDITION OF
HYDROGEN TO METAL ALLOYS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Application No.
62/522,773 filed on June 21, 2017, the entire contents of which are hereby incorporated

herein by reference.
FIELD

[0002] The present disclosure relates to materials science and nuclear
technology. The present disclosure more particularly relates to apparatuses for and

methods of adding hydrogen to metal alloys.
INTRODUCTION

[0003] The following paragraphs are not an admission that anything discussed in

them is prior art or part of the knowledge of persons skilled in the art.

[0004] Fracture toughness of zirconium components can change because of
hydrogen ingress, and neutron irradiation. Ingress of hydrogen isotopes can lead to
Delayed Hydride Cracking (DHC) if hydrogen concentrations exceed critical levels at
flaws under tension. DHC has been responsible for a number of failures of zirconium
components in chemical plants, fuel sheaths in Pressurized Water Reactors (PWRs)
reactors, and pressure tubes in CANDU and RBMK reactors. Support for continuing safe
operations makes it desirable for testing at expected end-of-life hydrogen concentrations.
In addition, for nuclear applications, it is preferable for testing to be performed under
representative irradiation damage conditions. Thus, methods are being developed to add
hydrogen to ex-service pressure tubes in a manner that does not eliminate irradiation
damage. Fitness for Service Guidelines (FFSG) for CANDU reactors require no hydrides
to be present in the body of Zr-2.5Nb pressure tubes during operation, which corresponds
to hydrogen concentrations less than 60 ppm (by weight of equivalent protium) at the
inlet and 80 ppm at the outlet. Initial hydrogen concentrations of up to 25 ppm in as-
received pressure tubes currently in service limits the end-of-life hydrogen ingress to less
than 70 ppm. Ingress in the body of the tube can be mainly the result of corrosion between

the zirconium alloy and the heavy water coolant, with a fraction of the released deuterium
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absorbed at 1 ppm per year, which is equivalent to 2 ppm by weight of deuterium per
year. Higher hydrogen concentrations can be tolerated at the inlet and outlet compressive
regions of the pressure tube rolled joint. In this region, hydrogen concentrations can be
higher because of ingress through the stainless-steel end fitting. Hydrogen can diffuse
from the compressive regions of the rolled joint to the body of the tube, which
experiences a hoop stress exerted by pressure of the coolant (e.g., 10 MPa). This
transition region can be characterized by the burnish mark associated with the rolling of
the zirconium pressure tube into the stainless-steel end fitting. Currently, CANDU
reactors are being considered for operation beyond the original design life. Operating
CANDU reactors in Ontario into the late 2020s would double their design life, and a
corresponding increase in hydrogen concentrations would be expected. For an operating
life of 50 years, utilities need to demonstrate continued safe operations with hydrogen
concentrations in Zr-2.5Nb pressure tubes up to 150 ppm. Pressure tubes can be operated
safely with hydrides present if it can be demonstrated that they still conform to CSA
N285.8. Burst tests of pressure tubes removed from reactor can be performed to ensure
continued safe operation. These tests require addition of hydrogen to end-of-life
concentrations while maintaining the changes to the mechanical properties because of
irradiation while in-service, which can introduce defect clusters in the metal, increase

yield strength, and lower fracture toughness.

[0005] Known techniques of adding hydrogen to zirconium are electrolytic
hydriding, and gaseous hydrogen addition. A third technique, aqueous lithium hydroxide
corrosion, has been used to increase the hydrogen concentration in Zircaloy-2 pressure
tubes. This technique operates at temperatures and pressures comparable with those in
CANDU reactors, except with much higher lithium hydroxide concentrations. Although
the process can be relatively inexpensive, it can be complicated by lithium ingress
changing oxide chemistry at the surface, uneven hydrogen uptake, and uncertainties in
final hydrogen concentration. In addition, the corrosion process can introduce activity
into the lithium hydroxide solution, which can be problematic should the pressure

boundary be lost during the hydriding process.

[0006] Electrolytic hydriding involves an electrochemical cell in which the

zirconium is the cathode, and the anode is typically made of lead. A direct current is used
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to deposit a zirconium hydride layer on the zirconium sample. Then, the sample is heated
to allow the hydrogen to diffuse from the surface hydride to the bulk of the metal. The
remaining hydride layer is removed from the surface of the sample. The rates of
electrolytic hydriding can be predictable, and the process can be simple and inexpensive
for small samples, however, the current required to add hydride to large objects
necessitates cooling of the electrolyte to avoid evaporation. In addition, uneven oxide
layers on the sample may result in uneven hydrogen uptake. Forming a deuteride layer
can be expensive because of the requirement for deuterated sulfuric acid in addition to
heavy water. The main objection to using electrolytic hydriding to add hydrogen to
pressure tubes is the large volume of electrolyte, which includes corrosive sulfuric acid
that would have to be contained within a hot cell. The time required to deposit the hydride
layer can be a week, and at 350 °C, a further 12 hours heat treatment would be required
for hydrogen diffusing from the hydride layer to reach 98% of the final equilibrium

hydrogen concentration throughout a 4 mm pressure tube.

[0007] Gaseous hydrogen addition takes advantage of the equilibrium that can be
established between hydrogen as a gas and atomic hydrogen in solid solution in
zirconium. Hydrogen gas at a known pressure P, or a known amount of hydrogen in a
calibrated volume from which the pressure can be determined with the gas law, is at

equilibrium with hydrogen in solid solution at concentration, Cr, according to Sievert’s
Law (Cy, zKﬁ ; where K is Sievert’s constant, which is dependent on the metal and

the temperature). By changing the partial pressure and temperature, different hydrogen
concentrations can be obtained in the metal. Practice of this technique can require a
sensitive pressure gauge calibrated for hydrogen if hydrogen gas is used directly, and a
well calibrated volume. The advantages of gaseous hydriding can include: capability to
hydride using any combination of protium, and deuterium; and, unlike electrolytic
hydriding, gaseous hydrogen addition can be a dry process. The disadvantages can
include: large volumes of high-temperature high-pressure hydrogen gas, about 7 MPa,
can be required for large components such as pressure tubes, which poses a potential
explosion and fire hazard in a hot cell; and the hydrogen-addition apparatus needs to be

leak tight to confirm equilibrium has been reached.
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[0008] A variant of gaseous hydrogen addition is done at atmospheric pressures
and uses Coulometric titration by difference to determine the amount of hydrogen added
(as disclosed in United States Publication No. 2016/0273090 Al to He et al). The
advantages of this technique are that it can be done at atmospheric pressure and that the
hydrogen concentration can be inferred during the procedure. The disadvantages are that
the process may require specialized equipment that can require constant adjustments and

calibration with standards, and the reproducibility of addition may be only 17%.
SUMMARY

[0009] The following is intended to introduce the reader to the detailed

description that follows and not to define or limit the claimed subject matter.

[0010] In an aspect of the present disclosure, a method of adding hydrogen to a
metal alloy is disclosed. The method can include: providing an article formed of the metal
alloy; providing a metal hydride; covering at least a portion of the article and the metal
hydride with a shell metal to form an assembly; applying load to the assembly; and
heating the assembly. The shell metal can deform around the portion of the article and
the metal hydride and can form a gas proof seal. The metal hydride can thermally
decompose to form hydrogen gas. At least a portion of the hydrogen gas can dissociate

and can move as monoatomic hydrogen into the article.

[0011] The article can be in the form of a sheet, and the step of covering can
include arranging the article and the metal hydride between two plates of the shell metal.
The article can be in the form of a tube, and the step of covering can include inserting
the metal hydride and a plug of the shell metal in the tube. The metal hydride can be in
the form of a powder, and the method can include dispersing the powder onto a surface

of the article.

[0012] In the step of applying, the load can be below a yield strength of the metal
alloy and can be greater than a yield strength of the shell metal. In the step of applying,
the load can apply a pressure that is maintained between about 10 MPa and 320 MPa. In
the step of heating, the temperature can be maintained between about 20 °C and 500 °C,
or between about 200 °C and 350 °C. The method can include maintaining the assembly

in generally isothermal and isobaric conditions between about 3 h and 7 days.
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[0013] The method can include selecting an amount of the powder based on a
desired amount of the hydrogen to be added to the article. The method can include
calculating the amount of the powder based on at least one of a mass balance and an

empirical relation determined by experiment.

[0014] The metal alloy can be a zirconium alloy, and the zirconium alloy can be
Zr-2.5Nb or Zircaloy-2. The metal hydride can be a zirconium hydride, and the zirconium
hydride can be ZrH2. Internal surfaces of the shell metal can include a barrier oxide layer
that fails and permits hydrogen ingress. External surfaces of the shell metal can include
an oxide layer that is a barrier to hydrogen egress. The shell metal can be substantially

copper.

[0015] An article can be manufactured in accordance with the methods disclosed
herein. After the steps of adding hydrogen, the article can have a hydrogen concentration
of at least 100 ppm. Prior to the steps of adding hydrogen, the article can be irradiated in

a nuclear reactor.

[0016] In an aspect of the present disclosure, an assembly for adding hydrogen
to a metal alloy is disclosed. The assembly can include: an article formed of the metal
alloy; a powder formed of a metal hydride; and a shell metal covering at least a portion
of the article and the powder. The shell metal can form a gas proof seal around the portion

of the article and the powder.

[0017] The article can be in the form of a sheet, the shell metal can be in the form
of two plates, and the sheet can be arranged between the two plates. The article can be in
the form of a tube, the shell metal can be in the form of a plug, and the powder and the
plug can be inserted into the tube. The powder can be dispersed onto a surface of the

article.

[0018] The metal alloy can be a zirconium alloy, and the zirconium alloy can be
Zr-2.5Nb or Zircaloy-2. The metal hydride can be a zirconium hydride, and the zirconium
hydride can be ZrH2. Internal surfaces of the shell metal can exclude a barrier oxide layer
so that hydrogen ingress is permitted. External surfaces of the shell metal can include an
oxide layer that is a barrier to hydrogen egress. The shell metal can be substantially

copper.
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[0019] The assemblies disclosed herein can be combined with a load frame for
applying load to the assembly to apply a pressure between about 10 MPa and 320 MPa.
The assemblies disclosed herein can be combined with an oven for heating the assembly

to a temperature between about 20 °C and 500 °C, or between about 200 °C and 350 °C.

[0020] In an aspect of the present disclosure, a method of adding hydrogen to a
zirconium metal alloy is disclosed. The method can include: providing an article formed
of the zirconium metal alloy; providing a powder formed of a zirconium metal hydride;
enveloping the article and the powder with a shell metal to form an assembly, wherein
the shell metal is substantially copper; applying load to the assembly to apply a pressure
that is maintained between about 10 MPa and 320 MPa; and heating the assembly to a
temperature that is maintained between about 200 °C and 350 °C. The shell metal can
deform around the article and the powder and can form a gas proof seal. The powder can
thermally decompose to form hydrogen gas. At least a portion of the hydrogen gas can

dissociate and can move as monoatomic hydrogen into the article.

[0021] In an aspect of the present disclosure, a method can include: providing a
metal alloy; providing a hydrogen-containing compound; contacting the metal alloy with
the hydrogen-containing compound; applying load to the metal alloy and the hydrogen-
containing compound; and heating the metal alloy and the hydrogen-containing
compound. The hydrogen-containing compound can thermally decompose to form
hydrogen gas. At least a portion of the hydrogen gas can dissociate and can move as

monoatomic hydrogen into the metal alloy.

[0022] Other aspects and features of the teachings disclosed herein will become
apparent, to those ordinarily skilled in the art, upon review of the following description

of the specific examples of the present disclosure.
BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The drawings included herewith are for illustrating various examples of
apparatuses and methods of the present disclosure and are not intended to limit the scope

of what is taught in any way. In the drawings:

Figure 1 shows a graphical representation of mechanical hydrogen ingress

using a copper shell;
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Figure 2 shows a pressure tube and a copper plug before assembly;

Figure 3 is a graph showing observed hydrogen concentrations and

predicted hydrogen concentrations;

Figure 4 is a graph showing temperatures and predicted hydrogen
concentrations in a zirconium alloy measured with Differential Scanning Calorimetry
(MS: maximum slope; OS: onset temperature, for TSSD and TSSP: terminal solid

solubility for dissolution and precipitation, respectively);

Figures 5 and 6 show the pressure tube and the copper plug as a test

assembly after removal from an oven;

Figure 7 shows the pressure tube and the copper plug after removing a

flange and deformed end;

Figure 8 shows the pressure tube with remnants of the copper plug after

boring; and

Figure 9 is a light metallographic image of a room temperature cross-
section of the pressure tube showing hydrides as black indications following

mechanically-assisted hydrogen-addition.
DETAILED DESCRIPTION

[0024] Various apparatuses or methods will be described below to provide an
example of an embodiment of each claimed invention. No embodiment described below
limits any claimed invention and any claimed invention may cover apparatuses and
methods that differ from those described below. The claimed inventions are not limited
to apparatuses and methods having all of the features of any one apparatus or method
described below, or to features common to multiple or all of the apparatuses or methods
described below. It is possible that an apparatus or method described below is not an
embodiment of any claimed invention. Any invention disclosed in an apparatus or
method described below that is not claimed in this document may be the subject matter
of another protective instrument, for example, a continuing patent application, and the
applicant(s), inventor(s) and/or owner(s) do not intend to abandon, disclaim or dedicate

to the public any such invention by its disclosure in this document.
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[0025] A ‘mechanically-assisted” gaseous technique is disclosed herein for
quantitative homogeneous addition of hydrogen to ex-service Zr-2.5Nb pressure tubes
removed from reactors to projected end-of-life concentrations for times and temperatures
that maintain sufficient irradiation damage for subsequent burst testing. The
concentration of hydrogen that can be added with current techniques is generally thought
to be limited by the Terminal Solid Solubility Dissolution (TSSD) concentration, which
occurs at the temperature, called the TSSD temperature, defined by the maximum slope
of the endothermic heat flow curve during Differential Scanning Calorimetry (DSC). For
Zr-2.5Nb, concentrations of approximately 100 ppm correspond to TSSD temperatures
of 350 °C. At this temperature, irradiation damage from service is removed at 6.6%/day,
which was determined from measurements of changes in yield strength of irradiated
pressure tube material with time. Thus, hydrogen addition at 350 °C should take less than
a week to preserve at least 50% of the irradiation damage. TSSD temperatures of 385 °C
correspond to end-of-life concentrations, ~150 ppm,; at these temperatures irradiation
damage is removed in hours. Thus, hydrogen addition techniques that rely on TSSD
cannot be used to add hydrogen to end-of-life concentrations without significant loss in
irradiation damage. At temperatures below 300 °C, irradiation damage can be removed
at less than 1%/week, and at 200 °C irradiation damage can be stable for practical

purposes.

[0026] Alternatively, techniques that exceed TSSD can be adopted. Adding
hydrogen above the TSSD concentration limit requires supersaturation or hydride
formation. Hydrogen concentrations beyond TSSD limits have been reported for
hydrogen overpressures of up to 17 MPa. The mechanically-assisted technique uses
external pressures that are much higher than pressures used in typical gaseous addition
to drive hydrogen to concentrations beyond the solubility limit allowing significantly
higher hydrogen concentrations to be achieved. The precision of mechanically-assisted
hydrogen addition can be high because it depends on a mass measurement made with a
standard analytical balance, instead of a pressure, volume or Coulometric-difference
measurement. The precision of the technique has been demonstrated by adding hydrogen
to Zircaloy-2 (Z1-2) fuel sheath. The Zr-2 is used instead of Zr-2.5Nb for demonstration

because it does not contain metastable beta-phase that decomposes with time at
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temperature and changes the concentration of hydrogen in the alpha-phase. It will be

appreciated that the same technique can work with zirconium alloys in general.

[0027] Figure 1 shows a step-by-step graphical representation of mechanical
hydrogen ingress in a copper shell. In step a) the zirconium article in the form of a sheet
is placed on top of a copper plate, and hydride powder (e.g., ZrH>) is spread over the
zirconium. A second copper plate is placed over top of the zirconium hydride to cover
and envelop the zirconium sheet and zirconium hydride powder in an assembly. In step
b) a small load is applied to the copper shell, and zirconium. At this point the oven is set
to the desired temperature. The load is increased to a value between the yield stress of
the shell material, and the zirconium. As the load and temperature increase the shell will
deform around the zirconium, forming the seal seen in c). In the example depicted in
Figure 1, the shell deforms around the zirconium, but a seal can also be made just on the
surface of the zirconium with similar effectiveness. For the examples described herein,
the zirconium hydride powder thermally decomposes at the desired temperature into
hydrogen gas and zirconium metal powder, or hydrogen gas and zirconium hydride
powder with lower stoichiometry. The hydrogen forms the gas pocket seen in d). The
internal barrier oxides fail, as shown in e), exposing the metal to the hydrogen gas pocket.
Finally, in f) the hydrogen gas pocket collapses as the load pushes the hydrogen into the

zirconium and copper.

[0028] Copper makes a good shell metal because of a favourable combination of
yield strength, hydrogen permeability, hydrogen solubility, melting temperature,
formation of oxide on external surfaces, and cost when compared with other potential

shell metals such as steel, nickel, gold, and aluminium.

[0029] Two techniques for mechanically-assisted gaseous-hydrogen addition
were developed. The first technique demonstrates quantitative homogeneous addition of
hydrogen into flat sheets of Zircaloy-2. Quantitative hydrogen addition tests were
performed using an MTS-810 500 kN load frame. A clamshell oven and thermal control
unit were built and certified to heat samples in sifu at temperatures between room
temperature and 500 °C. Zircaloy-2 fuel sheath material (with as received hydrogen
concentration 14 ppm) in the form of squares (Zr-2, 25 mm x 25 mm x 0.9 mm) or circles

(1 cm diameter x 0.9 mm thick), and zirconium hydride powder (ZrHz Sigma Aldrich),
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were placed between copper sheets. Two types of copper were used for the sheets: C110
or C101. The copper sheets were typically 28.6 mm x 28.6 mm x 3.2 mm for the square
sheets, and 1 cm diameter and 0.9 mm thick for the circular Zr-2 material. The copper
and zirconium metal surfaces were made shiny with Scotch-Brite pads and their masses
determined, along with the masses of the calculated amount of zirconium hydride
powder, using an Acculab ALC-210.4 balance with a precision of + 0.0001 g. The Cu-
(ZrH2)-(Z1-2)-Cu sandwich assemblies were situated between steel platens (M42,
hardened to Rockwell C 60) fitted to the load frame. Compressive loads corresponding
to pressures between 60 MPa and 320 MPa were used. These loads were selected to be
greater than the yield strength of the copper, and below the yield strength of Zircaloy-2
at the test temperature. The clamshell oven was closed around the platens and set to the
test temperature. The temperature was controlled by a thermocouple attached to the
assembly. Upon completion the assembly was removed from the load frame and

quenched in room temperature water.

[0030] The second procedure for mechanically-assisted gaseous-hydrogen
addition was devised to add hydrogen into a tube-shaped article in the form of a Zr-2.5Nb
micro pressure tube that was fabricated from an octagon ingot beta-quenched from 1015
°C. The octagon ingot was 35 cm long and 5 cm in diameter. Approximately 13 ¢m was
extruded at 815 °C with an extrusion ratio of 10:1. Extrusion conditions were maintained
close to constant for each micro tube so that microstructural variations would be
minimized. The tube chemical composition was: 2.5 wt% Nb, 2940 wt.ppm Fe, 37
wt.ppm C, 10 wt.% Si, 460 wt.ppm Cr, balance Zr.

[0031] The pressure tube used was a smaller version of the CANDU pressure
tube: the micro pressure tube had an internal diameter (ID) of 8.7 mm and an outer
diameter (OD) of 13.7 mm, while pressure tubes used in CANDU reactors have an ID of
103.4 mm and a wall thickness of 4.6 mm. The challenge was to apply a constant, uniform
normal force at the curved surface of the tube. The solution was to machine a flanged
copper plug (grade C110), with the flange the same outer diameter as the micro pressure
tube and a long cylindrical section with the same internal volume as the micro pressure
tube, but with an external diameter 0.060° smaller than the internal diameter of the micro

pressure tube. The plug and pressure tube are shown in Figure 2. The copper plug used
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for this test was machined with a flange at one end to aid assembly, and prevent the loss
of any zirconium hydride powder when the test assembly was placed in the hydraulic

press.

[0032] A measured mass of zirconium hydride was spread on a fine copper mesh
to distribute the powder evenly before being wrapped around the copper plug. The copper
plug, with mesh and zirconium hydride, was then inserted into the micro pressure tube.
The assembly was inserted into a hydraulic hand jack and the copper plug pressed (with
approximately 175 kN) until it was flush with the top of the micro pressure tube. The
assembled test was then placed in an oven at 350 °C for one week before being removed
and quenched in room temperature water. The copper plug was machined out of the micro

pressure tube.

[0033] The hydrogen concentrations in the zirconium alloys were determined
with Differential Scanning Calorimetry (DSC) using two instruments. Specimens were
cut from the centre of the Zr-2 sample using a slow speed diamond saw and analysed for
hydrogen dissolution temperatures using a TI Q20 Power Compensation DSC. Samples
of Zr-2 were punched and annealed at 500 °C for two hours before being analysed for
hydrogen dissolution temperatures using a Netzsch Pegasus 404C Heat Flux DSC with a
6.235.4-63.9.00+S measurement head. The micro pressure tube was sectioned and
analyzed using a TT Q20 Power Compensation DSC. In all cases, the DSC maximum-
slope temperatures were determined from the average of the second and third
measurements of the point of maximum change of endothermic heat flow with
temperature. These temperatures were converted to hydrogen concentrations using
calibration curves determined with hot vacuum extraction mass spectroscopy for
Zircaloy-2 and Zr-2.5Nb that included thermal lag corrections for the scan rate of 10

°C/min.

[0034] In the mechanically-assisted technique to add hydrogen to zirconium, the
source of hydrogen can be zirconium hydride powder, which thermally decomposes
forming hydrogen gas at the temperatures and pressures used in these examples. Under
the anoxic reducing conditions between the copper and zirconium, the barrier oxides on

the internal metal surfaces are not regenerated when they are lost at the bottom of cracks
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and pores because of oxygen diffusion into the metal. When the barrier oxides fail,

hydrogen ingress can occur into both the copper and the zirconium.

[0035] When the oxides fail, hydrogen partitions as atomic hydrogen in copper
and zirconium, and hydrogen gas in the compressed region between the copper and
zirconium; the gas will be at the pressure corresponding to the load. At equilibrium, the
concentration of atomic hydrogen in the copper is given by Sievert’s Law for the pressure
and temperature. Hydrogen goes into interstitial sites in the zirconium matrix if the
concentration there is less than a limiting value, C_, which can be determined empirically

from experiments and is approximately given by:

—1.8aV 1
C- = Crggexp [— M

RT
for temperatures greater than 200 °C and less than 350 °C, where o is the yield strength
of zirconium and ¥ the partial molar volume of hydrogen in zirconium. The concentration
Crss is the terminal solid solubility (TSS) for hydrogen at the temperature. The TSS
temperature is given by the first indication of exothermic heat flow on cooling the
zirconium metal, which contains hydrogen at the TSS concentration, from a temperature
where all the hydrogen is in solution. If C_ is reached in the zirconium during the
hydrogen addition process, any further hydrogen addition will cause hydrides to

precipitate in the zirconium. Similar equations and techniques can be used to

determine C_ for temperatures above 350 °C and below 200 °C.

[0036] The mechanically-assisted hydrogen-addition technique can be supported
by mass balance, which can be used to determine the amount of added hydrogen. The
mass-balance equation that is presented herein relies generally on three conditions being
present: hydrogen is found in the copper at the Sievert’s concentration; the initial
hydrogen concentration in copper is negligible; and, the metal hydride, in this example,
ZrH,, dissociates into hydrogen gas that is available to enter the metals when the
protective oxides fail. The initial total mass of hydrogen before pressure and temperature

are applied is given by:

My, = MzCo + Fymz,p, (2
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where (g is the initial concentration of hydrogen in zirconium; my, is the mass of
zZirconium; My, y, is the mass of zirconium hydride powder; and F is the mass fraction

of hydrogen (protium) in zirconium hydride: 0.02162.

[0037] After temperature and pressure are applied and the internal metal oxides
fail, hydrogen is partitioned into the components of the assembly. The amount of
hydrogen that partitions to the zirconium alloy is calculated with mass-balance equations.
There are two cases depending on whether the desired hydrogen concentration is above
or below C_. When the desired concentration of hydrogen in the zirconium alloy is below
the C_ value, the hydrogen partitions to the zirconium alloy, the remaining zirconium
metal after the complete decomposition of the hydride, and the copper in accordance

with:

My s = Czp(FzyMzpp, +Mzp) + MeySey (3)
where Iz is the mass fraction of zirconium in zirconium hydride, equal to 1 — Fy. The
mass of copper is mg,. Sc. is the solubility of hydrogen in copper given by Sieverts’

Law:

E 4
Scu = S, exp [R_;"] p1/2 @

where the value of S, is 72080 [mol Ho m>MPa'?] and E; is 42.0+0.6 [k)/mol]; T'is the
temperature in Kelvin; R is the ideal gas constant 8.314 [J/mol K]; and P is the fugacity
of the hydrogen gas. The fugacity is calculated from the force exerted by the load frame
divided by the area of the copper above the zirconium sample, which gives a pressure,
and hydrogen fugacity constants that relate pressure to gas fugacity. The applied loads
were greater than the yield strength of the copper but less than the yield strength of the
zirconium. Thus, the copper deformed onto or around the zirconium sample upon loading
making a seal, and the fugacity of the hydrogen gas formed by the decomposition of the

zirconium hydride was derived from the pressure on the copper.

[0038] Equating Equations 2, and 3, and solving for Cz yields the equation used

to predict hydrogen concentrations below C_ in the zirconium alloy:

_ Fymgyy, + mgCo —meySey )]

Mz + FzrMzyy,

zZr
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[0039] When the desired hydrogen concentrations are above the C_ values, the
hydrogen partitions to the zirconium alloy, and the copper, but now not all the zirconium
hydride powder decomposes. In this case, mass balance provides

_ Eymg,y, + mz.Co — MeyScy — My in 2, ©)

Mz,

CZr
Where my iy, zru, 15 the mass of hydrogen in the residual zirconium hydride powder

remaining after applying the method described herein. The stoichiometry x in ZrHy

depends on temperature with values that are approximately given by

B 1.8 O'V] (7
X = exp

RT
for temperatures greater than 200 °C and less than 350 °C. When high precision and

accuracy are required, the stoichiometry and the mass of residual zirconium hydride
powder remaining is determined empirically from a series of additional measurements at
the desired temperature. Similar equations and techniques can be used to determine x for

temperatures above 350 °C and below 200 °C.

[0040] The second technique demonstrates hydrogen addition to a micro pressure
tube. The gas fugacity in Equation 4 was that applied by the copper plug to the inside
diameter of the micro pressure tube, resulting from the difference in the thermal
expansion of the copper and zirconium. Copper has a higher coefficient of thermal
expansion than zirconium and will exert a force on the zirconium micro pressure tube
when the assembly is heated. The pressure of the hydrogen gas was calculated from the
strain and Young’s Modulus for copper and the assumption that the zirconium micro
pressure tube did not deform. The stress applied to the zirconium micro pressure tube,

and in turn the hydrogen gas pressure, was approximated using:

DCu - DZr (8)
o =—7—"Exn
DZr

where D¢y, and Dy are the unconstrained outside and inside diameters, respectively, for
the copper plug and the zirconium micro pressure tube at the test temperature. Ecy is

Young’s Modulus for copper at the test temperature.

[0041] Figure 3 shows that hydrogen can be added in quantitative measures to

flat sheets of Zr-2 fuel sheath surrounded by copper. The observed hydrogen
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concentrations matched those predicted by the mass-balance equations. The predicted
values were made with pressures between 60 MPa, and 320 MPa, oven temperatures
between 200 °C and 425 °C, zirconium hydride masses between 1 mg and 120 mg, copper
masses between 2 g and 200 g, and zirconium masses between 0.4 ¢ and 4 g. These
various initial conditions all resulted in predictions with Equations 5 and 6 that were

validated by the observations as shown in Figure 3. See also Tables 1, 2 and 3 below.

[0042] The accuracy and precision of the mechanically-assisted hydrogen-
addition technique is demonstrated by the linear relation in Figure 3. The equation for

the line in Figure 3 is:

Crneasured = (099 t O-OB)CPredicted (9)

where the uncertainty is a 1-sigma value.

[0043] The slope of the line is unity within the 95% confidence interval. The line
can thus be considered a one-to-one plot showing that the mechanically-assisted gaseous-
hydrogen addition technique can be used to add hydrogen to zirconium with 99%

accuracy and 3% precision.

[0044] The uncertainty of the measurement is comparable to that of hot vacuum
extraction mass spectrometry (HVEMS), against which the DSC method used is
ultimately calibrated. The predictions rely on the relationship for hydrogen solubility in
copper; improving this relationship will improve the accuracy, and precision of the

predictions.

[0045] The homogeneity of the hydrogen was determined with DSC using
specimens cut from the side, and the centre of a sample. The maximum-slope
endothermic dissolution temperatures were 404 °C + 4 °C for the side-cut specimen and
405 °C + 4 °C for the centre-cut specimen; these temperatures correspond to 168 ppm.
These measurements support the conclusion that hydrogen was dispersed homogenously
throughout the sample. Good homogeneity is also inferred from the agreement of the

predicted and measured dissolution temperatures.

[0046] Figure 4 shows results for hydrogen addition tests conducted with oven
temperatures of 350 °C. Temperatures of DSC heat flow features associated with the

predicted concentrations are shown for endothermic (TSSP) and exothermic (TSSD)
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conditions. MS is the maximum-slope temperature and OS is the onset temperature. The
maximum concentration of hydrogen in solution calculated with the TSSD maximum-
slope equation for Zircaloy-2 is 100 ppm, which is represented by the intersection of the
TSSD curve and the horizontal line at 350 °C. If TSSP were the limit, then the maximum
concentration would be 175 ppm. Values as high as 212 ppm were observed with test
times of 4 days. The data in Figure 4 show that hydrogen can be added quantitatively to

concentrations above the limits inferred from TSSD and TSSP.

[0047] The concept of adding hydrogen beyond TSS enables the addition of
relatively large amounts of hydrogen at relatively low temperatures and short times. For
instance, a mechanically-assisted addition of hydrogen to a concentration of over 200
ppm has been demonstrated at 280 °C in 20 hours; see Table 2 below. In another test, a
mechanically-assisted addition of hydrogen to a concentration of 100 ppm has been
demonstrated at 200 °C in 22 hours, see Table 1. For these temperatures and times, no
significant irradiation damage is lost. The mechanically-assisted hydrogen technique can
be repeated by replenishing the zirconium hydride powder; thus, higher concentrations

can be achieved.

[0048] In practice, to add hydrogen to irradiated material removed from a reactor,
a preliminary test can be carried out on an article of similar geometry to the irradiated
article. Once the conditions for hydrogen addition are known for a specific geometry, the
desired concentrations can be reproduced. However, for many applications, it can be less
important to know a priori how much hydrogen is being added, and more important that

the value be high, achieved in a short period of time and at a low temperature.

[0049] Referring now to Figures 5 and 6, a black oxide formed over the surface
of the micro pressure tube while in the oven, but otherwise the assembly was unchanged.
The flange and deformed end of the copper plug, shown in Figure 2 before assembly,
were removed using a lathe; the result is shown in Figure 7. An attempt to remove the
copper plug with a 5-tonne press proved unsuccessful, suggesting there was a strong
metal-to-metal contact between the copper plug and the micro pressure tube. The copper
plug was removed from the micro pressure tube using a lathe and a boring bar. Figure 8
shows the micro pressure tube with the copper plug removed. Figure 8 also shows the

copper plug when it finally released after boring.
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[0050] The pressure tube was sectioned for metallography examination and
hydrogen analysis. Based on the exothermic DSC heat-flow profile, the temperature at
the onset of precipitation was 325 °C, which demonstrates that the micro pressure tube
did not reach TSS. The corresponding TSS hydrogen concentration inferred from the
DSC TSSD profiles was 146 ppm. Metallographic examination showed hydrides evenly

distributed through the thickness of the micro pressure tube wall, shown in Figure 9.

[0051] For the copper plug design, the forces were inferred from an estimate of
hoop stress generated by thermal expansion of the plug after it was deformed into the
micro pressure tube. The deformation process of the copper plug was not well
characterized, so the pressure was not accurately known. The pressure of the hydrogen
gas at 350 °C was estimated to be 250 MPa using Equation 8. Enough zirconium hydride
was added to the test assembly to achieve 215 ppm in the micro pressure tube if the

pressure was 140 MPa.

[0052] Possible reasons for why the hydrogen concentration was lower than
expected include: hydrogen leaking from the test assembly; higher pressure being
generated by the copper cylinder resulting in higher solubility of hydrogen in the copper;
and lower pressures limiting the amount of hydrogen that can be dissolved into the
zirconium. Significant leakage of hydrogen from the test assembly is unlikely because of
the copper-to-zirconium metal bond formed when the assembly was loaded. Under a
16,300 kg load on the test assembly, the copper plug deformed into the micro pressure
tube and extruded to cover both ends forming a strong copper-to-zirconium bond that

required machining to separate at the end of the test.

[0053] It is unlikely that the pressure generated by the copper plug exceeded the
calculated value, which would result in more hydrogen going into the copper and
therefore less into the zirconium. If the pressure was double the calculated value, the
solubility of hydrogen in copper would increase from 0.81 ppm to 1.15 ppm, which

would only account for a 0.43 ppm reduction in hydrogen concentration in the zirconium.

[0054] The most likely reason for the hydrogen concentration being lower than
expected is that the hydrogen gas pressure was lower than calculated. The assumptions
that led to the calculated pressure were: the zirconium micro pressure tube was a rigid

body; and the copper plug only deformed radially when heated. If the zirconium pressure
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tube was not rigid, or if the plug deformed axially, the pressures would be lower than

calculated.

[0055] The rapidity of mechanically-assisted gaseous-hydrogen addition is a
result of high-pressures permeation. Previous gaseous hydrogen addition techniques use
low pressures (=100 kPa to a few hundred kPa) because hydride blisters were found to
form at higher pressures; once blisters form the process becomes diffusion limited and
hydrogen addition is slow like in electrolytic hydriding. It is believed that these blisters
may have dissuaded practitioners from investigating the use of higher pressures. The
inventors have discovered that when very high pressures (10 MPa to a few hundred MPa)
are used blisters do not form, presumably because the permeation rate is faster than the

rate of stable hydride formation.

[0056] A description of the underlying science for the mechanically-assisted
gaseous-hydrogen addition process can provide useful practical insights into the
mechanism. However, teachings of the present disclosure can be practiced regardless of

the veracity of the proposed explanation of the mechanism.

[0057] For hydrogen addition below C_, hydrogen gas is continuously produced
by the decomposing zirconium hydride until it is all but depleted. At this point the volume
of hydrogen decreases as the copper deforms under the applied load. Eventually the gas
volume goes to zero, and the movement of hydrogen in the shell, and the zirconium no
longer depends on permeability (i.e., there is no gas pressure). The movement of
hydrogen in the metals is now diffusion limited. The implication is that when the gas
volume goes to zero the rate of change of hydrogen concentrations in the metals will be
reduced because the diffusivity rate is much lower than the permeability rate at high
pressure. In the current method, the gas volume goes to zero, which distinguishes it from
standard gaseous hydrogen addition where equilibrium is established between hydrogen

in the metal and the gas phase which is at constant volume.

[0058] For hydrogen addition above C_, and temperatures above about 180 °C,
the zirconium hydride powder (ZrH2) decomposes forming hydrogen gas and a zirconium
hydride powder with reduced stoichiometry called delta hydride, ZrHy, where x is less

than 2 but greater than 1. Gamma hydrides (ZrH) are the first hydrides to form in the
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metal. The mechanically-assisted gaseous-hydrogen addition process is limited and stops
when the entire periphery of the delta hydride powder becomes gamma hydride, at which
point Gibbs’ Phase Rule is satisfied and equilibrium occurs. For temperature below =180
°C, delta hydrides are not included in the description of the mechanism. In this case, the
process is limited and stops when the entire periphery of the ZrH; hydride becomes
gamma hydride. It will be appreciated that a different metal hydride (e.g., LiAlH4), and/or
other compound that decomposes to hydrogen gas (e.g., N2H4), may not be subject to the
limitations described above and could be used instead of zirconium hydride, ZrH», and

can permit hydrogen addition below 180 °C.

[0059] The mechanically-assisted gaseous-hydrogen addition technique can
eliminate the disadvantages of traditional gaseous hydriding. For example, by reducing
the amount of hydrogen to only what is required to reach the desired concentrations in
the sample, and by using a hydride powder to produce the hydrogen gas, the explosion
risk can be eliminated or substantially reduced. The process can also eliminate the
requirement for large pressure vessels if large components are to be hydrided, by

generating the pressure mechanically.

[0060] The mechanically-assisted gaseous-hydrogen addition technique can
maintain the advantages of traditional gaseous hydrogen addition techniques, including:
the capability to hydride using any combination of protium, and deuterium; and it can be
a dry process unlike electrolytic hydriding. In addition, the mechanically-assisted
technique may not be constrained by the TSS equilibrium between concentration and
temperature. In the techniques of the present disclosure, the final hydrogen concentration
can be determined by the mass of zirconium hydride added, and the temperature can be

chosen independently.

[0061] The copper plug mechanically-assisted gaseous-hydrogen addition
technique does not require any precise machining to match the internal profile of the
pressure tube, so any ovality present in the ex-service pressure tubes can be
accommodated. The technique used to add zirconium hydride to the assembly by
spreading the powder by hand and carefully wrapping the copper mesh around the copper
plug was performed successfully. This technique requires dexterity that may not be

possible in the confines of a hot cell while using manipulators. Instead, hydride powder
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could be added by cold spraying of the copper plug. Cold spraying can be performed
outside of the hot cell and is not limited to the geometry of the piece. A copper plug was

successfully cold sprayed with zirconium hydride.

[0062] Adapting the current copper plug to add hydrogen to a full-size pressure
tube could prove to be impractical. The mechanically-assisted technique could be
modified for full size applications by using a thin copper tube cold sprayed with
zirconium hydride that is expanded into the internal diameter of a pressure tube using a
method similar to the production of a rolled joint. A plug of a material stronger than
copper, and with a coefficient of thermal expansion greater than zirconium, could be
machined to fit within the copper tube, which would have a consistent and precisely
known inner diameter after the rolling process. An internal plug tube can also be pumped
up to form a seal with a hydraulic fluid inside it (or water), not just with the apparatus

used to make a rolled joint.

[0063] In conclusion, a mechanically-assisted technique was demonstrated to add
hydrogen to zirconium alloys that incorporates gaseous hydrogen formation from
zirconium hydride powder decomposition under isothermal and isobaric conditions.
Quantitative hydrogen addition has been demonstrated, with added hydrogen to
concentrations above the solubility limit and matching predicted values determined using
mass balance, to 3% precision and 99% accuracy, which is within the error of the
measurement techniques. The hydrogen in this technique can be confirmed to be a gas as
it partitioned into the copper according to Sievert’s law with a square-root pressure
dependency. Hydrogen was added to flat sheets of Zircaloy-2 beyond standard solubility
limits to concentrations that included 100 ppm at 200 °C in 22 h, and over 200 ppm at
280 °C in 20 hours, which are suitable concentrations and times at temperature so that
irradiation damage is conserved. End-of-life hydrogen concentrations of ~150 ppm were
reached in pressure tubes without exceeding 350 °C. Hydrogen was added to a Zr-2.5Nb
micro pressure tube fabricated to CANDU specifications to raise the concentration from
as-received values to 146 ppm at 350 °C in seven days. Hydrides were seen to be

uniformly distributed throughout the pressure tube cross-section.

[0064] Although the present disclosure describes two particular approaches for
providing a shell assembly, namely, flat copper plates and a copper plug design, it should
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be appreciated that other structures and arrangements are possible for covering a metal
alloy article and a metal hydride with a shell metal, to achieve mechanically-assisted

gaseous-hydrogen addition.

[0065] Furthermore, it should be appreciated that, although the present disclosure
focuses on the use of zirconium metal alloys and zirconium metal hydrides, the
techniques described herein may work for all hydride-forming metals, namely, titanium,

hafnium, vanadium, tantalum and niobium.

[0066] Tables 1, 2 and 3 below provide test data for the mechanically-assisted
gaseous-hydrogen addition techniques. Examples of tests demonstrate a mechanically-
assisted addition of hydrogen to a concentration of more than 200 ppm at 280 °C in 20

hours, and 100 ppm at 200 °C in 22 hours.

[0067] While the above description provides examples of one or more
apparatuses or methods, it will be appreciated that other apparatuses or methods may be

within the scope of the accompanying claims.
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CLAIMS

We claim:

1. A method of adding hydrogen to a metal alloy, comprising;

providing an article formed of the metal alloy;

providing a metal hydride;

covering at least a portion of the article and the metal hydride with a shell metal
to form an assembly;

applying load to the assembly; and

heating the assembly,

wherein the shell metal deforms around the portion of the article and the metal
hydride and forms a gas proof seal,

wherein the metal hydride thermally decomposes to form hydrogen gas, and

wherein at least a portion of the hydrogen gas dissociates and moves as

monoatomic hydrogen into the article.

2. The method of claim 1, wherein the article is in the form of a sheet, and the step
of covering comprises arranging the article and the metal hydride between two plates of

the shell metal.

3. The method of claim 1, wherein the article is in the form of a tube, and the step
of covering comprises inserting the metal hydride and a plug of the shell metal in the

tube.

4. The method of any one of claims 1 to 3, wherein the metal hydride is in the form

of a powder, and comprising dispersing the powder onto a surface of the article.

5. The method of any one of claims 1 to 4, wherein, in the step of applying, the load
is below a yield strength of the metal alloy and greater than a yield strength of the shell

metal.

6. The method of any one of claims 1 to 5, wherein, in the step of applying, the load

applies a pressure that is maintained between about 10 MPa and 320 MPa.
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7. The method of any one of claims 1 to 6, wherein, in the step of heating, the

temperature is maintained between about 20 °C and 500 °C.

8. The method of any one of claims 1 to 7, wherein, in the step of heating, the

temperature is maintained between about 200 °C and 350 °C.

9. The method of any one of claims 1 to 8, comprising maintaining the assembly in

generally isothermal and isobaric conditions between about 3 h and 7 days.

10. The method of any one of claims 1 to 9, comprising selecting an amount of the

powder based on a desired amount of the hydrogen to be added to the article.

11. The method of claim 10, comprising calculating the amount of the powder based

on at least one of a mass balance and an empirical relation determined by experiment.

12, The method of any one of claims 1 to 11, wherein the metal alloy is a zirconium

alloy.

13. The method of claim 12, wherein the zirconium alloy is Zr-2.5Nb or Zircaloy-2.

14, The method of any one of claims 1 to 13, wherein the metal hydride is a zirconium
hydride.

15. The method of claim 14, wherein the zirconium hydride is ZrHo>.

16.  The method of any one of claims 1 to 15, wherein internal surfaces of the shell

metal comprise a barrier oxide layer that fails and permits hydrogen ingress.

17.  The method of any one of claims 1 to 16, wherein external surfaces of the shell

metal comprise an oxide layer that is a barrier to hydrogen egress.

18.  The method of any one of claims 1 to 17, wherein the shell metal is substantially
copper.
19. An article manufactured in accordance with the method of any one of claims 1 to

18.
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20. The article of claim 19, wherein, after the steps of adding hydrogen, the article

has a hydrogen concentration of at least 100 ppm.

21. The article of claim 19 or 20, wherein, prior to the steps of adding hydrogen, the

article was irradiated in a nuclear reactor.

22. An assembly for adding hydrogen to a metal alloy, the assembly comprising:
an article formed of the metal alloy;
a powder formed of a metal hydride; and

a shell metal covering at least a portion of the article and the powder.

23. The assembly of claim 22, wherein the shell metal forms a gas proof seal around

the portion of the article and the powder.

24.  The assembly of claim 22 or 23, wherein the article is in the form of a sheet, the

shell metal is in the form of two plates, and the sheet is arranged between the two plates.

25.  The assembly of claim 22 or 23, wherein the article is in the form of a tube, the
shell metal is in the form of a plug, and the powder and the plug are inserted into the

tube.

26.  The assembly of any one of claims 22 to 25, wherein the powder is dispersed onto

a surface of the article.

27.  The assembly of any one of claims 22 to 26, wherein the metal alloy is a

zirconium alloy.

28. The assembly of claim 27, wherein the zirconium alloy is Zr-2.5Nb or Zircaloy-
2.
29.  The assembly of any one of claims 22 to 28, wherein the metal hydride is a

zirconium hydride.

30. The assembly of claim 29, wherein the zirconium hydride is ZrHa.
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31.  The assembly of any one of claims 22 to 30, wherein internal surfaces of the shell

metal exclude a barrier oxide layer so that hydrogen ingress is permitted.

32.  The assembly of any one of claims 22 to 31, wherein external surfaces of the shell

metal comprise an oxide layer that is a barrier to hydrogen egress.

33.  The assembly of any one of claims 22 to 32, wherein the shell metal is

substantially copper.

34.  In combination, the assembly of any one of claims 22 to 33, and a load frame for

applying load to the assembly to apply a pressure between about 10 MPa and 320 MPa.

35. In combination, the assembly of any one of claims 22 to 33, and an oven for

heating the assembly to a temperature between about 20 °C and 500 °C.

36. In combination, the assembly of any one of claims 22 to 33, and an oven for

heating the assembly to a temperature between about 200 °C and 350 °C.

37. A method of adding hydrogen to a zirconium metal alloy, comprising:

providing an article formed of the zirconium metal alloy;

providing a powder formed of a zirconium metal hydride;

enveloping the article and the powder with a shell metal to form an assembly,
wherein the shell metal is substantially copper;

applying load to the assembly to apply a pressure that is maintained between
about 10 MPa and 320 MPa; and

heating the assembly to a temperature that is maintained between about 200 °C
and 350 °C,

wherein the shell metal deforms around the article and the powder and forms a
gas proof seal,

wherein the powder thermally decomposes to form hydrogen gas, and

wherein at least a portion of the hydrogen gas dissociates and moves as

monoatomic hydrogen into the article.

38. A method, comprising:

providing a metal alloy:;
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providing a hydrogen-containing compound;

contacting the metal alloy with the hydrogen-containing compound;

applying load to the metal alloy and the hydrogen-containing compound; and

heating the metal alloy and the hydrogen-containing compound,

wherein the hydrogen-containing compound thermally decomposes to form
hydrogen gas, and

wherein at least a portion of the hydrogen gas dissociates and moves as

monoatomic hydrogen into the metal alloy.
39. An article manufactured in accordance with the method of claim 37 or 38.

40. An apparatus or a method comprising any combination of one or more of the

features described above and/or claimed above and/or illustrated in the drawings.
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