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cal technique for controlled
dissolution of zirconium based components of light
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Zircaloy-4 (Zr-4) based liners and getters are the principle functional components of Tritium-Producing

Burnable Absorber Rods (TPBARs) in light water nuclear reactors where they reduce tritiated water into

tritium gas. Upon tritium exposure, zirconium tritide is formed, which changes the chemical

composition, structure and morphology of these materials. Their thermodynamic properties are affected

by (i) the hydride phase identity, (ii) radial and spatial tritide/hydride (T/H) distribution, and (iii) the

changes in structure and morphology of the material upon T/H-migration, and their comprehensive

knowledge is needed to predict performance of these materials. This work demonstrates that controlled

potential electrochemistry techniques to be highly efficient for controlled oxidative radial dissolution of

Zr-4 based liners (both unloaded and loaded with hydride/deuteride as chemical surrogates for tritium).

The electrodissolution is further combined with microscopic techniques to accurately determine the

distribution of hydride phases. This work demonstrates a reliable technique for radially etching the liners

after irradiation to provide insight into the radial and spatial distribution of tritium within the TPBAR,

improving the fundamental understanding of tritium transport and providing a basis for validating

predictive models.
Introduction

Controlled and uniform dissolution of metallic surfaces is
relevant in numerous applications ranging from metal diges-
tion, electropolishing, anisotropic etching and batteries.1

However, despite decades of research in this chemistry, the
knowledge on the controlled dissolution of zirconium is
limited. Gaining this understanding is particularly relevant for
the zircaloy-4 based functional components of Tritium-
Producing Burnable Absorber Rods (TPBARs) in light water
nuclear reactors (LWRs). To put it in context, tritium gas is a key
component of nuclear weapons in the United States and across
the globe, where it is contained in limited-life reservoirs. The
half-life of tritium gas is 12.3 years, and therefore it needs to be
refreshed periodically. One of the missions of United States'
National Nuclear Security Administration is to provide freshly
lled reservoirs for the stockpile to replace reservoirs whose
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tritium has decayed below specied levels.2 The gas is generated
in commercial LWRs upon irradiation of the TPBARs. The
TPBARs hold �132 inches of LiAlO2 pellets, and the reaction of
6Li with thermal neutron ux generates tritium under eqn (1).3–7

6Li + 1n / 4He + 3H (or T) (1)

The generated tritium is released from the LiAlO2 pellets as
both T2 and T2O. The migration of T2 and T2O is controlled by
two key functional components of the TPBAR, namely liners
and getters (the components are shown in Fig. 1), both of which
are made of zircaloy-4 (Zr-4). The getters are coated with nickel
electroplated on top of the Zr-4 layer; this nickel layer prevents
the penetration of T2O into the getter and directs it towards the
liners, which reduce the tritiated water to tritium gas. The
tritium gas can now penetrate into the getters, and is captured
by the zirconium which changes the chemical composition,
structure and morphology of the zirconium phases in both the
liners and getters through formation of zirconium tritide (or
hydride).8–10 The thermodynamic properties of the zirconium
phase are affected by (i) the tritide/hydride phase identity, (ii)
radial and spatial tritide/hydride (T/H) distribution as well as
the size of the tritide/hydride, and (iii) the changes in structure
and morphology of the material upon T/H-migration, and their
comprehensive knowledge is needed to predict performance of
RSC Adv., 2019, 9, 1869–1881 | 1869
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Fig. 1 A schematic representation of the TPBAR with its various components. Adapted from Tritium Readiness Subprogram Project Execution
Plan 2006.2
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the liner or getter.11 Furthermore, evaluation of the properties
also depends on knowledge of the identity of hydride/tritide
phase (delta, gamma or epsilon). It has been demonstrated
that the phase distribution and particle size of hydrides may
vary depending on the method of generation. Development of
a reliable method for radially etching the liners and getters aer
irradiation will provide insight into the spatial distribution of
tritium within the TPBAR, improving the fundamental under-
standing of tritium transport and providing a basis for vali-
dating predictive models.

A convenient way to determine the spatial and radial T/H-
distribution within the Zr-4 materials can be through the
controlled and uniform dissolution of the hydride-loaded getter
surface, followed by analysis of the newly exposed surfaces.
Previous work done by other researchers to evaluate circum-
ferential or radial zirconium hydride distribution involved
etching cross-sections by chemical dissolution techniques
1870 | RSC Adv., 2019, 9, 1869–1881
using harsh corrosives (representative examples being mixtures
of nitric acid (HNO3) and hydrouoric acid (HF) or that of nitric
acid (HNO3), hydrouoric acid (HF) and oxalic acid under
elevated temperatures12). However, the drastic nature of these
chemical conditions have proven to be ineffective and not very
desirable for uniform radial Zr-4 dissolution due to (a) the
inability to control the dissolution rate, (b) presence of the
harsh corrosives further contributing to the nonuniformity, and
(c) their tendency to be affected by surface cracks/chemical
heterogeneities/passivation.

To overcome the challenging prospect of uniform and
controlled radial dissolution, non-destructive evaluation (NDE)
and testing methods like ultrasound, eddy current, magnetic
Barkhausen emission, and the likes had been proposed.13–18

These are promising techniques for probing macroscopic
properties and have been used for an accurate and reproducible
real-time detection of macrostructural aws such as weld
This journal is © The Royal Society of Chemistry 2019
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corrosion, fatigue cracks, thermal creep damage, and so on.19,20

These NDE techniques have also been demonstrated to be
sensitive to changes in microstructural environment of mate-
rials. Recently, nonlinear ultrasound based NDE measurements
have showed promising results to characterize microstructural
changes in a material.21 Literature studies reveal that the
nonlinear parameter is sensitive to both changes in dislocation
density, and amount of precipitate formation during solution
annealing of M250 grade maraging steels.22 Attempts have also
been made in using these techniques to study hydrogen loading
into zircaloy, and there is an existing body of literature that
attempted to assess the hydrogen levels in zircaloy (up to
100 mg kg�1 or ppm) using combinations of ultrasound and
eddy current based NDE techniques.23 However, the large scale
practical applicability of ultrasonic or analogous NDE for Zr–H
characterizations has been fairly limited due to the lack of
a reference library to interpret an obtained ultrasound signal.

Electrochemical dissolution techniques can address the
larger deciencies of chemical dissolution through

(a) The intrinsic ability to control and/or moderate the
dissolution rate through modulating the applied voltage,
applied current and/or through changes in electrode material,
its area of contact with the active surface and the electrode
conguration;

(b) The drawbacks due to electrode passivation and surface
heterogeneities can be addressed by more effective electrical
contact or by slightly altering the electrochemical conditions to
give the reaction enough “thrust” to override these resistances;
and

(c) The ability to use less harsh, non-corrosive reactants
signicantly adds to the level of control, which can signicantly
enhance uniformity of the resulting process.

This provides enough motivation to pursue electrochemical
dissolution of the Zr-4 surfaces, and follow up with microscopic
and spectroscopic analyses of exposed surfaces to assess the
uniformity of the technique. There have been limited previous
studies on the electrochemical dissolution studies of Zr-4,
though these studies have been mainly sporadic and limited
to highly corrosive acidic solutions24 or highly drastic molten
salt conditions involving elevated temperatures (>400 �C).25

Over the years, several reports have also been published on the
electrochemical behavior of Zr mostly in aqueous solutions of
sulphuric, nitric and phosphoric acids and potassium carbon-
ates.26 Yet, a method for controlled dissolution of Zr-4 has not
been reported. This may primarily be due to the tendency of Zr
to get passivated under strong acidic conditions due to the
formation of a layer of zirconium oxide. The standard reduction
potential of zirconium is highly negative in aqueous solutions,
and therefore the bare metallic surface can hardly exist under
ambient conditions and is highly prone to oxidation under
acidic environments.27 This necessitates either using drastic
conditions to overcome the “overpotential” due to the oxide
layer. Gill and coworkers conducted electrodissolution of Zr in
NH4BF4 solution in liquid NH3 at a temperature of �77 �C.28

Martin and coworkers summarized the various efforts at
dissolution of zircaloy-2 alloys loaded with U fuel in various
harsh media comprising of HNO3/uoride media, H2SO4/Fe

3+/
This journal is © The Royal Society of Chemistry 2019
O2 media and N2O4/TBP media.29 More recent works have
focused on dissolution of Zr-4 in high temperature (400 �C),
LiCl–KCl–ZrCl4 molten salt matrices.25 These conditions still
involve drastic conditions, and therefore pose similar issues as
chemical dissolution, albeit at a lesser extent.

Our objective is to utilize signicantly less corrosive solutions
such as common salts (NaCl, NaBr), to be able to adequately
control the dissolution rates. Our initial proof-of-concept for
controlled and uniform electrochemical dissolution is demon-
strated on the “liner tubes”. Both pristine liners as well as liners
loaded with specied amounts of hydride were chosen to
demonstrate the validity of the technique. Further, select liners
were also loaded with specied amounts of deuterium gas to
compare the behavior of the hydride loaded liners, with the
motivation that a comparison of the properties of the hydride
and the deuteride loaded liners will allow us to give a predictive
insight into the behavior of tritiated liners. Liners with different
levels of hydride and deuteride are also studied to get an
understanding on the effects of their different on the rate and
control of dissolution. Taking advantage of the level of maturity
reached by microscopic techniques to accurately determine the
distribution of hydride phases, we combine electrodissolution
processes with these techniques to accurately determine the H-
distribution in hydride exposed phases.
Materials

The liners used for the electrolytic experiments were made of
zircaloy-4 (Zr-4). They were inserted into quartz tube in the tube
furnace as shown in Fig. S1,† which were subsequently vacuum
leak-checked to <0.001 torr min�1. The furnace heated to
500 �C. Hydrogen/deuterium standard leak ow was started
under vacuum. Liner sections slid into heated zone by magnets.
Once liners reached temperature, the valve to the vacuum pump
was shut. Loading at 500 �C continued until desired loading
level was achieved by calculating time required for certain
number of moles of gas to ow from the calibrated leaks.
Approximate loading was conrmed by change in liner weights.
The target loadings were (a) Zr : H in the molar ratios of 1 : 0.2,
1 : 05 and 1 : 1 (to be referred to as 1 : 02 mol Zr : H, 1 : 05 mol
Zr : H and 1 : 1 mol Zr : H), and (b) Zr : D in the molar ratios of
1 : 0.2, 1 : 05 and 1 : 1 (to be referred to as 1 : 02 mol Zr : D,
1 : 05 mol Zr : D and 1 : 1 mol Zr : D).

Potassium chloride (KCl), potassium bromide (KBr), potas-
sium iodide (KI), potassium hydroxide (KOH) pellets and
sodium acetate (NaOAc) were obtained from Sigma-Aldrich and
used without further purication. Hydrochloric acid (HCl,
95%), nitric acid (HNO3, 70%) and ethanol (EtOH) were
purchased from Fischer Scientic, and used as obtained.
Instrumentation

Electrochemistry. Linear sweep voltammetry (LSV) and
controlled potential electrolysis (CPE) experiments were per-
formed using an Epsilon Potentiostat (Bioanalytical Systems)
with a standard three-electrode cell stand from Bioanalytical
Systems. For LSV measurements, all scans were recorded on Zr-
RSC Adv., 2019, 9, 1869–1881 | 1871
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4 tubes of similar dimensions. Different kinds of working
electrodes were used in contact with the Zr-4 liner to optimize
electrochemical contact and reproducibility as described in the
result section. The voltammogram scans were recorded in the
presence of a Pt-wire auxiliary electrode and an Ag/AgCl refer-
ence electrode. Before running LSV on the Zr-4 liner tubes,
blank voltammograms were run in the electrolyte media using
the working electrode (platinum wire) in absence of the Zr-4
tube as the working electrode, to determine the electro-
chemical window for each electrolyte media. For CPE runs, an
exact set-up was used, the only modication being a larger
surface area of the Zr-4 tube. For CPE experiments, platinum
wire, mesh and foil were tested as multi-electrode system to
maximize contact with Zr-4 surface as described later in the
results.

X-ray diffraction (XRD). XRD patterns of the samples were
recorded on a Philips X'pert Multi-Purpose Diffractometer
(MPD) (PANAlytical, Almelo, The Netherlands) equipped with
a xed Cu anode operating at 45 kV and 40 mA. XRD patterns
were collected in the 5–100� 2q-range with 0.04� steps at a rate of
5 s per step. Phase identication was performed using JADE
9.5.1 from Materials Data Inc., and the 2012 PDF4+ database
from ICSD. The lattice parameters and volume-averaged crys-
tallite sizes were calculated from whole-pattern tting TOPAS v5
(Bruker AXS GmbH, Germany).

Scanning electron microscopy (SEM). SEM analysis was
performed using the FEI Quanta 3DFEG Dual Beammicroscope
operated at 10–20 kV. The samples were prepared by two inde-
pendent methods; in the rst method, the pieces of the liners
were dispersed onto carbon tape and coated with �5 nm of
carbon to minimize charge effects. In the second method,
samples were mounted on the tape and polished using typical
metallographic techniques to avoid colloidal silica for polish-
ing. Compositional analysis was performed with Oxford 80mm2

SDD energy dispersive spectrometry (EDS) detector. No correc-
tion for absorption within the specimen was performed. Both
Fig. 2 Linear sweep voltammetry curves of a Zr-4 liner tube vs. Ag/AgC
green), 1.0 M KBr/water ( , red), 1.0 M KI/water ( , purple), 1.0 M KO
90% EtOH (v/v) ( , dark green), 1.0 MHNO3/water ( , dark blue), con
blanks.

1872 | RSC Adv., 2019, 9, 1869–1881
secondary electron images (SE) and electron backscatter
diffraction images (EBSD) were recorded.
Results and discussions
Electrochemistry

Polarization curves obtained from linear sweep voltamme-
try. Linear sweep voltammetry studies were conducted at
ambient room temperature on Zr-4 tubes of similar mass and
dimensions in a series of different electrolytic media to gain
insight into the electrochemical dissolution of zirconium in
different electrochemical environments: 1.0 M KCl in DI water,
1.0 M KBr in DI water, 1.0 M KI in DI water, 1.0 M KOH in DI
water, 1.0 M NaOAc in DI water, 1.0 M HNO3 in DI water, 10%
HCl/90% EtOH (v/v) and conc. HCl (11.38 M). The electrolytes
were chosen with varying acidity and alkalinity, chemical
harshness and chemical properties (e.g.: both organic and
inorganic salts) to evaluate and compare their respective effects
and inuence on Zr-4 dissolution. Of particular importance
were the studies on simple, benign salts such as KCl, KBr, KI
and NaOAc as these chemicals marked a clear difference from
the harsh conditions that are required for chemical dissolution
(e.g.: strong acids or strong bases at high temperature condi-
tions). The electrochemical experiments were conducted on
liner materials in the presence of electrolyte solutions con-
tained within glass vials (20 mL capacity). Under identical
chemical and ionic environments, tubes of similar dimensions
and mass produced reproducible polarization curves. The
representative curves obtained at a scan rate of 50 mV s�1 are
shown in Fig. 2.

Amongst the range of electrolytes chosen, it is observed that
at electrochemical potentials below 0.4 V (vs. Pt), Zr-4 shows
signicantly more pronounced electroactivity in presence of the
halide solutions and in the presence of base. The voltammo-
gram of Zr-4 in 1.0 M KCl in water shows that a gradual change
of the potential to values more positive than�0.6 V results in an
l reference electrode (n ¼ 50 mV s�1) in 1.0 M KCl/water ( , light
H/water ( , light blue), 1.0 M NaOAc/water ( , orange), 10% HCl/
c. HCl (11.38M) ( , black). The dashed lines represent the respective

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Comparison of the LSV behavior in 1 M KOH: (blue trace)
unloaded Zr-4 liner that accumulates small amounts of hydride upon
contact with aqueous solutions, (red trace) Zr-4 experimentally loaded
with small quantities of H (1 : 0.2 mol Zr : H).
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associated drop in the current. This trend continues up to
�0.10 V, aer which the drop in current with the increase in
potential partially levels off up to 0.10 V. On further increasing
the potential, the current undergoes a sharp drop almost
parallel to the ordinate axis. Such big changes in the current
that accompany small changes in potential are indicative of big
changes on the surface of the working electrode usually related
to electrodissolution. The current for the dissolution process is
negative which is expected for an oxidative dissolution process
due to the zirconium metal in Zr-4 getting converted to a zirco-
nium compound, resulting in its dissolution from the electrode
surface. The absence of this huge drop in the blank is suggestive
that this is due to big changes in the surface of the Zr-4 tube,
and the redox potential and the value of the current indicate the
process to be an oxidative electrodissolution, resulting in the
formation of zirconium chloride.

A comparison of the voltammograms of Zr-4 in chloride
environment to that in presence of the other two halides (i.e.
1.0 M KBr in water, 1.0 M KI in water) show that the currents are
comparable at potentials lower than or z �0.45 V; however, as
the potentials are gradually increased, the magnitude of the
currents for the electrochemical processes in presence of
bromide or iodide drops less prominently than those in pres-
ence of 1.0 M KCl. Furthermore, unlike the process in presence
of the chloride, where the voltammogram levels off between
�0.10 V and 0.10 V, before proceeding on to a sharp drop in
current, the voltammograms in presence of bromide or iodide
take a gentle curve down before dropping sharply. In presence
of bromide, the gradual curving down with the application of
more positive potentials continues up to�0.30 V, beyond which
it drops sharply. (The electrochemical window for I2/I

� pre-
vented us from scanning potentials at higher than that 0.23 V in
presence of iodide.)

The voltammograms of the sample measured in 10% HCl/
90% EtOH are stable with respect to increase in potential, and
the currents remain invariant up to 0.45 V before curving into
a steep drop. On the other hand, the voltammogram of the
sample in 1.0 M HNO3 is even more stable, with the currents
starting a gradual drop at 1.10 V. The behavior of Zr-4 in 1.0 M
NaOAc/water is also similar, with big drops in current with
changes in potential occurring at potentials >1.0 V. On the other
hand, the voltammogram of Zr-4 shows the most pronounced
effect in HCl with the current undergoing a steep drop at
�0.00 V even as the potential is slightly shied to more positive
values.

The voltammograms of Zr-4 in 1.0 M KOH/water show
a distinctive behavior compared to that observed in other
electrolytes. Here the voltammogram is represented by a two
step-drop. The voltammograms start showing an immediate
drop in the currents along a curvature as potentials are scanned
to positive directions, starting at �0.60 V. The curvature
becomes much steeper beyond�0.40 V and continues down the
steep slope upto�0.15 V, beyond which the current levels off up
to 0.65 V. Scanning to more positive potential results in a steep
drop in the current. Based on literature reports on metal
hydride alloys, the rst drop is attributed to the discharging of
hydrides that are formed on the surface of Zr-4 due to its contact
This journal is © The Royal Society of Chemistry 2019
with water in hydroxylated media.30,31 To support this hypoth-
esis, the linear sweep voltammogram of an experimentally
generated sample loaded with small quantities of H (1 : 0.2 mol
Z : H) was carried out under identical conditions. It is observed
that the sample which was intentionally loaded with hydride,
shows a redox process at the same regions as shown by the
unloaded Zr-4 liner. However, the current intensities for the H-
discharge step for the 1 : 0.2 mol Z : H is signicantly higher as
expected for a material that is expected to have signicantly
higher H-content. (The comparison of the LSVs are shown in
Fig. 3.) The second drop corresponds to the oxidative electro-
dissolution of Zr-4. The reaction for the H-discharge and the
reverse charging process is given by eqn (2):31

MHxþ xOH� ,discharge
Mþ xH2Oþ xe� (2)

To summarize, the studied Zr-4 voltammograms are char-
acterized by an initial at region at lower potentials, followed by
a sharp drop in current at more positive potential (with the
exception in 1 M HCl which shows a constant sharp drop).
Comparison with the respective solvent blanks demonstrate
that the sharp current decrease observed for the Zr-4 samples
occur at much lower voltages and is indicative of Zr-4 electro-
dissolution. Importantly, electrochemical behavior monitored
under variety of electrolytes suggests dissolution to be possible
in non-harsh chemical conditions. While electrodissolution is
observed in a variety of electrolytic media ranging from acids to
bases to salts, alkyl halides are particularly attractive as they
offer a benign media, and allow electrodissolution at a voltage
low enough that does not result in any interfering electro-
chemical reactions/processes. The dissolution in 1 M KCl is
particularly attractive as it not only allows for a highly benign
reaction condition, but also due to sharper and more
pronounced current drop at the onset of dissolution voltage
compared to other electrolytes (as observed in the LSV in Fig. 3).
Therefore, 1 M KCl was adapted as the chosen electrolyte
medium for subsequent electrodissolution studies.
RSC Adv., 2019, 9, 1869–1881 | 1873
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Fig. 4 Representative LSVs of Zr-4 liners loaded with different amounts of hydride (left panel) or deuteride (right panel) compared with unloaded
pristine Zr-4 liner in 1 M aqueous KCl: (green trace) unloaded pristine liner, (yellow trace) 1 : 0.2mol Zr : H/D, (red trace) 1 : 0.5 mol Zr : H/D, (blue
trace) 1 : 1 mol Zr : H/D.
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Subsequent studies involved exploring the electrochemical
behavior and oxidative dissolution potential of Zr-4 liners
loaded with three different amounts of H (1 : 0.2 mol Zr : H;
1 : 0.5 mol Zr : H and 1 : 1 mol Zr : H). The linear sweep vol-
tammograms were studied in 1 M aqueous KCl based on
previous results. It is observed that in the LSVs for the same
Fig. 5 (Top panel) Schematic representation of (A) a Zr-4 tube used fo
wrapped around the Zr-4 tube for electrical contact, (C) the working elec
tubing, (D) a metal foil to be wrapped around the Zr-4 tube for electrical
50% dissolution by weight: (a) chemical dissolution using conc. HNO3 and
AgCl using (b) Pt wire electrode, (c) Pt mesh electrode and (d) Pt foil ele

1874 | RSC Adv., 2019, 9, 1869–1881
scan rate the dissolution potentials, which are a measured by
the sharp drop in current as a function of applied voltage,
progressively shi to more positive voltages as the H loading is
increased, as seen in Fig. 5, le panel. This is a consequence of
the zirconiummetal center being more electron decient in the
hydrides and requiring a higher voltage kick to get oxidized. A
r electrolytic dissolution, (B) a Pt mesh tubing/Pt wire assembly to be
trode assembly obtained by inserting the Zr-4 tube within the Pt-mesh
contact. (Bottom panel) Representative dissolution of Zr-4 liners up to
H2CrO4, (b–d) electrochemical dissolution in 1 M KCl at 225mV vs. Ag/
ctrode.

This journal is © The Royal Society of Chemistry 2019
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set of similar studies were done for Zr-4 liners loaded with three
different amounts of D (1 : 0.2 mol Zr : D; 1 : 0.5 mol Zr : D and
1 : 1 mol Zr : D), with the goal that a comparison between the
electrochemical behaviors of unloaded liners with those loaded
with H or D, will allow for extrapolation to those loaded with T,
and allow us to get predictive insight into T behavior. It is
observed that the behavior of D loaded materials is similar to
that of H loaded materials, progressively shiing to more
positive voltages as the D loading in increased as seen in Fig. 4,
right panel, due to similar requirement of higher voltage by
a more electron decient Zr center in the deuterides. The values
for the D loaded materials are slightly higher than those for the
analogous H loaded materials, presumably due to a kinetic
isotopic effect.

Optimization of controlled dissolution conditions. A range
of working electrode materials (e.g.: glassy carbon, Pt, Au) were
tested for effective electrodissolution. Glassy carbon was elim-
inated based on the inability to formulate it in the shape, size or
orientation needed for effective electrical contact between the
electrode and the liner surfaces with convenient ease. Platinum
based working electrodes were observed to produce more
reproducible voltammograms compared to Ni and Au as
observed before,32–34 and were adapted as working electrode for
subsequent studies.

Different working electrode geometry and congurations
were used in contact with the Zr-4 liner to optimize
Fig. 6 (Left panel) Schematic representation of working electrode assem
a liner. (Right panel) Schematic representation of 3-component electroc

This journal is © The Royal Society of Chemistry 2019
electrochemical contact. Platinum wire, mesh and foil were
used as multi-electrode system to maximize contact with Zr-4
surface. (The foil and mesh congurations are shown in Fig. 6
(top panel).) Dissolution was conducted for upto 50% liner
dissolution by weight in 1 M KCl at a stationary oxidative
potential of 225 mV versus Ag/AgCl. The oxidative potential was
based on the LSV values observed in Fig. 2. The uniformity of
dissolution process was qualitatively assessed through visual
changes in the liner and quantitatively measured either by the
change in mass or the change in thickness of the liner. A
comparative chemical dissolution was also attempted on the Zr-
4 liner using a 1 : 1 mixture of conc. HNO3 and conc. H2CrO4 as
has been used in previous chemical dissolution studies of Zr-4
based materials. A qualitative representation of the control in
dissolution under various conditions for 50% dissolution of the
respective materials by weight is shown in Fig. 5 (bottom panel).
Compared with chemical conditions, it was observed that
electrochemical dissolution affords signicantly greater control
compared to chemical methods. Further, among electro-
chemical methods, the order of control based on visual
uniformity of dissolution was observed to follow the trend: wire
electrode < mesh electrode < foil electrode. Based on this, foil
electrode was selected for further electrochemical studies. The
electrode design and the schematics of the electrode set-up are
shown in Fig. 6. In this set-up, a platinum foil was taken with
length equal to or greater than the length of the getter to ensure
bly for the dissolution process proceeding from the internal surface of
hemical cell.

RSC Adv., 2019, 9, 1869–1881 | 1875
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that any part in the inside of the getter is not devoid of electrical
contact. The foil was wrapped around a cylindrical support
whose diameter matched the internal diameter of the getter. A
platinum wire was also kept in contact with the foil for effective
electrical contact. The getter was slipped around the foil and
secured using a rubber stopper at the end.
Dissolution kinetics of unloaded and H/D-loaded liners

To measure the dissolution kinetics, CPE was conducted on the
liners (unloaded, H-loaded and D-loaded) with comparable
dimensions at a stationary voltage of 225 mV vs. Ag/AgCl using
platinum foil as working electrode supports, and the rate of
dissolution wasmeasured by intermittently recording (a) either the
weight fraction dissolved, or (b) the reduction in the wall thickness.

For the rst method, the plot of weight fraction dissolved
versus time for the unloaded liner showed an initial dormancy
period, followed by a steady near-linear dissolution kinetics.
The initial dormancy period is presumably attributed to
a resisting oxide layer formed on the surface. The dissolution
studies for each of these H and D-loaded liner materials also
showed a steady near-linear dissolution kinetics when
measured as a function of weight fraction dissolved with time,
as shown in Fig. 7. Testing the dissolution kinetics of select
liners at a slightly higher applied potential of 275 mV vs. Ag/
AgCl showed that the dissolution was still linear with time,
though the rate of dissolution was signicantly enhanced. The
cumulative results indicate that by carefully choosing the
dissolution potential and by ensuring adequate electrical
contact between the working electrode and the liner, it is
possible to control the rate of electrodissolution, as demon-
strated by the near linear dissolution kinetics as measured by
the dissolution as a function of weight dissolved.

The second method involved measuring the thicknesses of
the liners subjected to progressive dissolution viamicroscopy. A
representative set of thickness measurements on a H-loaded
liner (1 : 0.5 mol Zr : H) prior to dissolution as well aer
�20%,�40% and�60% dissolution by weight in 1M KCl under
an applied dissolution potential of 225 mV vs. Ag/AgCl are
shown in Fig. S2.† The liner thicknesses, plotted as a function of
electrolysis time, show a linear drop, suggesting uniform
Fig. 7 Dissolution kinetics of liners loadedwith varying amounts of H (left
time in 1 M aqueous KCl at a constant applied potential of 225mV vs. Ag/A
trace: unloaded liner; blue symbols and line: 1 : 0.2 mol Zr : H/D; red sy
Zr : H/D. The symbols represent the experimental data points and the lin

1876 | RSC Adv., 2019, 9, 1869–1881
control. However, an important consideration that has to be
taken in account is that an identical region for measuring the
cross section of the liner may not possible which reduces the
reliability for this method. Furthermore, in instances, the actual
liners were observed to have non-uniform cross sections, which
further add to the unreliability component. Irrespective of these
considerations, the set of measurements shown below does
reect the ability to control the dissolution rate under proper
modulation of electrochemical conditions, irrespective of the
analytical method applied to quantify the dissolution rates.

In summary, the combined CPE results indicate that
uniform and controlled dissolution is possible by electro-
chemical methods through carefully selecting the potentials,
irrespective of amount of dissolution, or the isotope or the
Zr : H/D molar ratio.
X-ray diffraction (XRD) on the dissolved phases

In order to analyze the crystallinity and phases generated
during the electrodissolution process, XRD studies were con-
ducted on the generated products. During the electro-
dissolution studies, the materials etched from the surface of the
liners precipitated out of the solution. To identify the phases
associated with the precipitate, they were collected, washed
repeatedly with water to dissolve off any residual supporting
electrolyte salt that might have been le with the solid residue,
and dried. The diffractograms of the residues generated from
the pristine unloaded liner show highly amorphous phases
shown in Fig. S3.† Diffractogram of the dissolved phases of H
loaded liner (1 : 1 mol Zr : H) shows similar patterns with
further loss in crystallinity, and that of the dissolved phases of D
loaded liner (1 : 1 mol Zr : D) is near identical to the H-loaded
one. The samples were observed to be mostly amorphous;
however the humps may indicate some long-range order that
resembles one or more ZrO2 phases.35–40 It is worth mentioning
that the list is by no means exhaustive and represents a select
set of zirconia phases that can be used to t the data.
SEM studies

A representative set of SEM images taken in the secondary
electron mode show notable differences between the grains for
panel) and D (right panel) as a function of weight fraction dissolved with
gCl using platinum foil working electrode support. Yellow symbols and
mbols and line: 1 : 0.5 mol Zr : H/D; green symbols and line: 1 : 1 mol
es represent the linear fits.

This journal is © The Royal Society of Chemistry 2019
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the unloaded materials versus the H-loaded or D-loaded mate-
rials (representative images of the unloaded Zr-4 materials,
1 : 1 mol Zr : H and 1 : 0.5 mol Zr : D shown in Fig. S4†). These
images show prominent morphological as well as phase
changes in the materials upon H/D loading.

SEM images in secondary electron mode were also collected
on the surfaces aer varying stages of electrodissolution to see
effects of the dissolution process on the uniformity of the
surface, as illustrated in the set of images shown in Fig. 8 and 9.
The general features on the surfaces exposed aer dissolution
were observed to be similar to those on undissolved surfaces.

An interesting feature emerged on comparing the surface
images of the H/D loaded liners (1 : 1 mol Zr : H or 1 : 1 mol
Zr : D) before dissolution to the images of the exposed surfaces
aer dissolution. The surfaces of the undissolved liners showed
general uniformity for both the H and D loaded materials at
varying stages of magnication. The low magnication
Fig. 8 Representative secondary electron SEM images of H-loaded line
various magnifications: (A–C) 150� magnification, (D–F) 750� magnific

This journal is © The Royal Society of Chemistry 2019
secondary electron images of the surfaces prior to dissolution
showed uniformity in phase distribution (Fig. 8A–C and 9A–C),
while the high magnication images showed uniformity in
grain sizes and distinctive grain boundaries (Fig. 8G–L and 9G–
L). The darker regions in the gures represent hydrides/
deuteride loaded materials while the lighter spots represent
the Zr metallic phases as conrmed by EBSD measurements.
Post various stages of dissolution, the low magnication
secondary electron images showed distinct patches revealing
islets of hydride or deuteride formation (particularly noteworthy
are the dark patches in Fig. 8(B and C) and 9(B and E) represent
the hydrides and deuterides respectively as conrmed by EBSD).
The higher magnication images revealed that the grain sizes
became more non-uniform and the grain boundaries became
less distinct showing dispersed patches of hydride or deuteride.
This lowering of uniformity in grain sizes and loss of distinctive
grain boundaries progressively increased with higher and
rs 1 : 1 mol Zr : H at three different stages of dissolution examined at
ation, (G–I) 5000� magnification, (J–L) 10 000� magnification.

RSC Adv., 2019, 9, 1869–1881 | 1877
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Fig. 9 Representative secondary electron SEM images of D-loaded liners 1 : 1 mol Zr : D at three different stages of dissolution examined at
various magnifications: (A–C) 150� magnification, (D–F) 750� magnification, (G–I) 5000� magnification, (J–L) 10 000� magnification.
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higher amounts of dissolution, suggesting that the hydride and
deuteride formation is less uniform in the core of the liners at
micron levels. Based on the combination of images, and in
particular, images in Fig. 8A–C, a really simplied scheme for
the penetration of hydrogen/deuterium into the material may
be in a conical manner as shown in the schematic representa-
tion in Fig. 10. A similar trend can be observed when Fig. 9A–C
are compared. However, it should be pointed out that the
regions chosen for the microscopic images in the case of
Fig. 8A–C or in the case of Fig. 9A–C are different.

We have to keep in mind that interpreting the migration
of H2/D2 from microscopic images is not trivial due to (a)
possibility of the gases migrating in both from the outer and
the inner surfaces of the liner, and (b) the region looked at
under the microscope is different every time. This warrants
examination of a library of images and more careful
1878 | RSC Adv., 2019, 9, 1869–1881
analyses. Looking at multiple sets of images actually support
this trend. More notably, the fact that electrochemical
dissolution under controlled potential affords us the luxury
of carefully exposing the surfaces with such uniformity
which makes these subsequent microscopic studies
possible, and demonstrates the power of these technique in
probing the microstructure of these materials. It is note-
worthy that we are able to clearly expose and observe the
fragile H/D loaded pockets through controlled electro-
chemical dissolution, and control the uniformity of disso-
lution without being noticeably affected by the porosities
and cracks on the hydride phases. This level of control would
presumably have been challenging under any other tech-
niques, and our ability to use highly benign salt solutions at
moderate to low concentrations allows us to control this
uniformity appreciably.
This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Schematic representation of H/D migration into the liner material. The three sections represent Fig. 8A, B and C respectively.
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Conclusions

Our adapted controlled potential electrochemical technique
demonstrated controlled and uniform radial stripping of both
unloaded and H/D loaded Zr-4 liners. Particularly noteworthy is
the ability to control the dissolution rate in every single liner
unit studied, irrespective of the liner material and amount of H/
D loading. It is also signicant that we were able to carefully
expose and observe the fragile H/D loaded pockets through
controlled electrochemical dissolution, and control the unifor-
mity of dissolution without being noticeably affected by the
porosities and cracks on the hydride phases. The fact that we
were able to conduct this process in highly benign salt solution
at moderate concentrations and get away from even mildly
corrosive reagents, allowed us to effectively keep the dissolution
uniformity and rate under control, without having to particu-
larly worry about the solutions sneaking in through the cracks
and causing non-uniform damage. Further, the use of a highly
conductive but malleable enough foil electrodes in the CPE
experiments made it possible to maintain an effective electrical
contact with the entire surface of the liner. This allowed us to
control the uniformity of dissolution and also allowed for the
applied voltages to be maintained at values not high enough to
get out of control. Our studies proved that this technique can be
powerful in the radial T-distribution tritiated liners generated
under irradiated environments, as well as for exploring H-
distribution of Zr-4 hydrides and other alloys as well. The
uniformity of dissolution demonstrated by the linearity of the
liner dissolution rates illustrate that it is possible control the
exact dissolution amount by accurately setting the dissolution
This journal is © The Royal Society of Chemistry 2019
potential and the electrolysis time. Our studies also demon-
strated that complementing microscopy with electrochemical
dissolution techniques can be a powerful technique in under-
standing and evaluating material microstructure at the core,
providing rich information that has not been gained thus far.
The work also provides a methodology for radially etching the
various TPBAR components (liners and getters) post irradiation
to get insight into (i) the hydride phase identity, (ii) radial and
spatial tritide/hydride (T/H) distribution, and (iii) the changes
in structure and morphology of the material upon T/H-
migration, improving the fundamental understanding of
tritium transport and providing a basis for validating predictive
models. The understanding gained through these studies
combined with the demonstration of the proof-of-concept also
provides the strategy for exploring H-distribution of other alloys
as well.
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