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The electrochemical and corrosion behavior of a stainless-steel-based alloy made as a prototype metallic
nuclear wasteform to immobilize °°Tc, has been studied in a number of reference solutions ranging in pH
from 4 to 10. The results showed the 475S(304)-9Zr-23Mo prototype alloy contained at least five distinct
phases with the majority of the Re, used as a Tc surrogate, contained within a Fe;Mo intermetallic phase.
Polarization studies showed this alloy exhibited generally passive behavior in a range of dilute aqueous
environments. Impedance measurements indicated passivity breakdown events can occur and lead to
localized corrosion, especially in slightly alkaline conditions.
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1. Introduction

To meet the need for economic and sustainable nuclear energy
production and to satisfy the requirements for controlled,
proliferation-resistant nuclear materials management, fuel cycle
technologies are under development to deal with the increasing
inventory of spent nuclear fuel from commercial nuclear power
plants [1-3]. The Department of Energy (DOE) in the USA is evalu-
ating spent nuclear fuel processing options employing a range of
aqueous-based and electrochemical processes [4]. Some of these
waste streams could be efficiently accommodated in metal alloy
waste forms. As part of the Fuel Cycle Research and Development
(FCRD) program [5], Fe-based alloys are being developed and eval-
uated as potential waste forms [4,6-8].

A radionuclide of particular concern under waste disposal con-
ditions is %°Tc, a long-lived beta emitter produced by U fission in
the fuel. This radionuclide potentially has a high mobility in oxidiz-
ing environments as pertechnetate (TcO4™). In the advanced UREX
(Uranium Recovery by Extraction) separations process, a portion of
the Tc inventory is extracted into the uranium recovery stream
during fuel dissolution, in which it occurs as pertechnetate
[9-11]. It is proposed that TcO,~ can be separated from this
stream, and reduced to be processed and immobilized as Tc metal,
along with other transition metal fission product elements in an
Fe-based [12,13] alloy. The development of an Fe-based waste
form is being considered since the key high-melting temperature
metallic elements (activation products like Tc, Mo, Ru, Pd, and Rh
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that form the epsilon particles in the fuel [5,14]) present in various
waste streams can be dissolved in molten Fe at a processing tem-
perature of 1600 °C and then incorporated in durable intermetallic
phases. Initial alloys were made to evaluate the approach by pro-
cessing a surrogate waste mixture with reagent iron to identify
(1) the phases that formed, (2) the distribution of Re (as an initial
material for the alloy testing and development of the experimental
techniques), and (3) the amount of iron that was required to
accommodate the waste metals in durable intermetallics.

Previous studies have attempted to characterize the properties
of metallic wasteforms based on stainless steel-zirconium formula-
tions and their ability to act as hosts for Tc, noble metal fission
products (e.g., Ru and Pd) and actinides (primarily U but also Pu
and Np) [15-17]. Generally, corrosion evaluations were based on
short term electrochemical and corrosion exposure tests [18-20].
In this paper the corrosion performance of stainless steel-based
alloys has been assessed based on a combination of electrochemi-
cal and longer term corrosion experiments in order to assess their
capacity to retain Tc and other radionuclides. The waste form un-
der development is composed of several intermetallic phases with
a minor amount of an iron solid solution phase. Prototype alloys
have been made with Type 304L and Type 316L stainless steels.
The results of tests and analyses conducted with the alloy made
with Type 304L stainless steel are presented in this paper.

The primary goal of this work is to understand the degradation
mechanisms of the component waste form alloy phases and how
they influence the radionuclide release behavior under a wide
range of exposure conditions. The larger program goal is to develop
a model to predict the long term release of radionuclides (most
importantly °°Tc) under the range of environmental conditions
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Fig. 2. Element distribution on the surface of Alloy 1 analyzed using EDS mapping (Fig. 1(b) shows the SEM image of this area on the same scale as the EDS maps).
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Fig. 3. EDS analyses of the marks in Fig. 2: (a) mark 1; (b) mark 2; (¢) mark 3; (d) mark 4; and (e) mark 5.

which can provide source terms for waste disposal performance
assessment models. This study concentrates on the development
of an understanding of the general corrosion behavior of the mul-
ti-phase alloy in aqueous solutions with a range of pH and chloride
concentrations, including the generation of passive layers and
oxide films. Since the alloys contain multiple phases, it is likely
that these films will differ from phase to phase leading to complex
corrosion behavior.

2. Experimental
2.1. Sample preparation

Samples of the metal alloy were provided by Savannah River
National Laboratory (SRNL). The preparation procedure has been
described elsewhere [5]. The chemical composition of the
475S(304)-9Zr-23Mo alloy (Alloy 1) (in wt.%) is Fe 32.79%, Cr
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Fig. 4. Potentiodynamic curves of Alloy 1 in: 0.1 mM H,SO, solution and 0.1 mM
H,S04 + 10 mM Nacl solution.

8.90%, Ni 5.15%, Zr 8.71%, Mo 22.25%, Re 10.18%, Ru 7.68%, Rh 1.12%
and Pd 3.20%. The working electrodes were as-received cylinders,
0.5 cm by 0.2 cm in dimensions. The specimens were soldered to
stainless steel, and a non-conductive lacquer painted on the sam-
ple to prevent contact of the stainless steel with the aqueous elec-
trolyte. Once the paint was dry, the samples were put in an oven
and heated at 60 °C for 12 h to promote the adhesion of the paint
to the sample. The specimens were then ground successively with
240, 600, 800, 1000, 1200 grade SiC paper and then polished to a
mirror finish using 1, 0.3, and 0.05 pm Al,O5 suspensions. The geo-
metric area of the exposed surface was 0.196 cm?. Prior to experi-
ments, electrodes were washed with Type 1 water (obtained from
a Milli-Q Academic system, with a resistivity of 18.2 MQ cm),
cleaned using methanol (reagent grade), washed again with Type
1 water, and finally dried using argon gas (ultra-pure grade).

2.2. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) analysis

The morphologies of the surfaces were observed using a Hitachi
S-4500 field emission scanning electron microscope (SEM) with a
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Fig. 5. Potentiodynamic curves of Alloy 1 in: 10 mM NacCl solution and 10 mM
N,B,407 solution.
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Fig. 6. Potentiodynamic curves of Alloy 1 in: 0.1 mM NaOH solution and 0.1 mM
NaOH + 10 mM NacCl solution.

Quartz XOne energy dispersive X-ray spectroscopy (EDS) system.
EDS analysis was used to characterize the elemental distribution
within the metal waste alloys. To clearly identify the individual
intermetallic phases, the surface was investigated using back scat-
tered electron detection (BSE).

2.3. Electrochemical experiments

Experiments were conducted in a number of electrolytes cover-
ing a wide pH range with and without added sodium chloride:
0.1 mM H,SO;, 0.1 mM H,SO4+10mM NaCl, 10 mM NaCl,
10 mM Na,B407, 0.1 mM NaOH, and 0.1 mM NaOH + 10 mM NacCl.
Solutions were prepared using Type 1 water, and reagent grade
reagents: sulfuric acid (H;SO4, 18.4 M), sodium chloride (NaCl,
99.0% assay), sodium borate decahydrate (Na;B407-10H,0, 99.5%
assay), and sodium hydroxide (NaOH). All experiments were per-
formed at ambient temperature, 22 + 2 °C. Unless otherwise stated,
the solutions were naturally aerated. This suite of solutions is
being used to compare the durabilities of various materials under
a wide range of conditions to ensure that the final waste forms will
be suitable for use in various disposal environments.
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Fig. 7. Evolution of corrosion potential for Alloy 1 in 0.1 mM H,SO, solution and
0.1 mM H,SO4 + 10 mM NaCl solution with immersion time.
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Fig. 8. Nyquist (a) and Bode (b) and (c) diagrams for Alloy 1 in 0.1 mM H,SO,4 solution.

A standard three-electrode electrochemical cell was employed
with the metal waste alloys as the working electrode, a Pt plate
as the auxiliary electrode and a saturated calomel reference elec-
trode (SCE) (—0.242 V/SHE). Electrodes were immersed in one of
the six solutions for a sufficient period of time to establish a stable
corrosion potential (Ecogrr). The specimens were then cathodically
cleaned at a potential 300 mV lower than Ecogg for 2 min, and then
at a potential 150 mV lower than Ecorg for 2 min. Subsequently,
potentiodynamic polarization curves were measured from Ecogrg
to 1.5 V/SCE at a scan rate of 0.167 mV/s.

To monitor the natural corrosion process, Ecorg Was measured
over a longer exposure period, and electrochemical impedance
spectroscopy (EIS) measurements performed intermittently.
Experiments were conducted in all six solutions using a Solarton
1287 electrochemical interface and a Solarton 1255B frequency
response analyzer. EIS measurements were performed at Ecorg
using a sinusoidal input potential with an amplitude of 10 mV
at individual frequencies over the range 10°-10~> Hz. Kramers-
Kronig transformations of the experimental data were performed
to ensure their validity.

3. Results and discussion
3.1. Microstructure

The microstructure observed using BSE and EDS analyses is
shown in Fig. 1. A dendritic multiphase structure with an average

dendrite size of ~200 um (Fig. 1(a)) was observed. Amplification
of the image suggests the presence of at least five phases
(Fig. 1(b)). EDS analyses of the area detected all the alloying ele-
ments (shown below) including some aluminum oxide polishing
residue, Fig. 1(c). EDS maps for the individual elements are shown
in Fig. 2 and clearly demonstrate their segregation into distinct
phases. Analysis of the EDS maps and spot analysis of different
phases (Fig. 3) show the following: Phase 1, the black phase, is
indistinguishable in the Fe map but deficient in the other main
alloying elements, Mo, Cr, Zr and Re, with respect to the bulk com-
position; Phase 2, the white phase, is high in Zr, and the noble met-
als such as Pd and Rh, but deficient in Fe, Mo, Cr and Re; Phase 3
(the light grey phase) and Phase 4 (the grey phase) are dominated
by Zr; Phase 5, the light phase, is dominated by the stainless steel
elements Fe, Mo and Cr and rich in Re. The Ru and Ni appear quite
generally distributed, although there is some suggestion the Ni is
associated with the Zr dominated Phase 3. These observations indi-
cate the material is predominantly a Fe-Mo-Cr-based Phase 5 con-
taining the Re with lesser amounts of other phases, including the
Fe-rich Phase 1, the Zr-based Phases 2 and 3 containing the noble
metals Pd and Rh, and Phase 4, which is pure Zr.

Comparison of the microstructures and compositions of individ-
ual phases shows Alloy 1 is similar to the next generation proto-
type waste form alloy, the SS316 stainless-steel-based waste
alloy RAW-1(Re) [21]. TEM results on RAW-1(Re) show the phase
that is similar to Phase 1 in Alloy 1 to be an iron solid solution with
a bcc structure [21]. EDS analyses of Phase 3 indicates that it is
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Fig. 9. Nyquist (a) and Bode (b) and (c) diagrams for Alloy 1 in 0.1 mM H,SO4 + 10 mM NacCl solution.

probably a Fe-Zr-Ni phase. Based on the microstructural analyses
using TEM on RAW-1(Re), Phase 2 is probably a (Ni,Fe),Zr interme-
tallic phase with a C15 cubic symmetry [21]. As indicated by the
EDS spectrum in Fig. 3(e), Phase 5 is likely an Fe,Mo intermetallic
phase [21] and is the dominant host for Re.

3.2. Polarization behavior

The potentiodynamic polarization curves recorded in the six
different naturally- aerated solutions are shown in Figs. 4-6. The
curves exhibit similar features, with a passive potential range
extending from the corrosion potential (Ecorr) to the onset of
transpassivity, which usually occurs for potentials >0.5 V/SCE.
Generally, the passive currents are in the range 1 to 50 uA cm2,
with currents up to one order of magnitude greater in acidic than
in alkaline solutions, which is consistent with the generally ob-
served behavior for stainless steels.

In the presence of chloride the current increases markedly at
positive potentials. Usually this increase occurs at potentials
>0.5 V/SCE suggesting the onset of transpassivity rather than local-
ized film breakdown. In chloride-containing neutral solution,
breakdown appears to occur at 0.2 V/SCE, Fig. 5, although the cur-
rent increase is relatively minor. It is possible that uniform passiv-
ity is never achieved and the slow increases in current throughout
the “passive” regions in acidic and alkaline solutions suggest this
may be the case irrespective of solution pH.
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Fig. 10. Evolution of corrosion potential for Alloy 1 in 10 mM NaCl solution and
10 mM Na;B407 solution with immersion time (we missed some data for a short
period of time during Ecogrg measurement in 10 mM NaCl solution).

3.3. Corrosion behavior

The longer-term corrosion process was followed for exposure
periods up to 168 h and the reactivity of the surface monitored
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Fig. 11. Nyquist (a) and Bode (b) and (c) diagrams for Alloy 1 in 10 mM Nacl solution.

by EIS. EIS spectra recorded on such multiphase interfaces can only
provide a general indication of surface behavior. This precludes any
detailed interpretation of the spectra. Also, it is noted that the
spectra (shown below) are inevitably distorted by frequency dis-
persion. This is not surprising given that the response of individual
phase locations is unlikely to be the same.

Fig. 7 shows the evolution of Ecorg With immersion time in
0.1 mM H,SO, solution and in 0.1 mM H,SO4+ 10 mM NaCl
solution. In 0.1 mM H,SO4 solution, Ecogrg increased to around
0.22 V/SCE over the first 10 h before subsequently increasing more
slowly to ~0.25 V/SCE. Comparison of Ecorg to the polarization
curve, Fig. 4, shows Ecogg is in the passive region. A series of EIS
spectra recorded over the exposure period from 12 to 132 h is
shown in Fig. 8. The Nyquist plot (Fig. 8(a)) exhibits only one capa-
citative loop indicating a single time constant response, Fig. 8(b),
although it should be noted that the capacitative semicircle is
flattened especially towards the low frequency limit. Irrespective
of the complications introduced by this last feature, it is clear
that the overall interfacial impedance is large (>10° Q cm? as the
d.c. limit is approached) and increases with immersion time
(Fig. 8(c)); i.e., the alloy interface is becoming generally more resis-
tive suggesting a slow improvement in passive film properties. For
immersion times >84 h the impedance spectra become effectively
independent of time indicating that a condition of steady-state
passivity was achieved.

The addition of chloride to the acidic solution does not lead to
major changes in the Ecorr and EIS behavior, Figs. 7 and 9. Ecorr
rises rapidly to the final steady-state value of ~0.26 V/SCE. Com-
parison to the polarization curve, Fig. 4, shows the potential to
be marginally into the passive region. The EIS response at low fre-
quencies, Fig. 9, confirms that, as in the absence of chloride, passiv-
ity develops steadily with increasing exposure time, eventually
achieving a condition close to steady-state. There is some indica-
tion in the phase angle (0) vs. log (frequency) plot at low frequen-
cies (1072 to 103 Hz) of a second feature in the impedance data. A
possibility is the diffusion of chloride within tight phase bound-
aries. Whether or not this could eventually lead to localized
corrosion behavior remains undetermined.

In borate buffer, Ecorg initially rises to ~0.05 V/SCE before
subsequently decreasing towards a lower steady-state value
around 0 V/SCE (Fig. 10). By contrast, in the chloride solution,
Ecorr rises rapidly to ~0.08 V/SCE and then slowly continues to
increase to ~0.1 V/SCE, Fig. 10. According to the polarization curve,
Fig. 5, this value is approaching the breakdown potential. However,
EIS recorded in the chloride solution, Fig. 11, show a steady
increase in interfacial impedance accompanies this long term
increase in Ecorr and there is no evidence of film breakdown
leading to localized corrosion. At longer times when Ecogrgr achieves
a steady-state value the interfacial resistance (i.e., the interfa-
cial impedance at the low frequency limit) is leveling out at a
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Fig. 13. Evolution of corrosion potential for Alloy 1 in 0.1 mM NaOH solution and
0.1 mM NaOH + 10 mM Nacl solution with immersion time.

value approaching ~10°Qcm? indicating a generally passive
surface.

suggest that the high frequency time constant is associated with
more active behavior in fault sites within the generally passive ma-
trix. The overall generally high impedance around 10 Hz indicates
these fault locations are not particularly active, at least on the time
scale of these experiments (up to ~100-120 h). Given the multi-
phase nature of the alloy and the complicated interlacing of phases,



150 J. Chen et al./Corrosion Science 66 (2013) 142-152

-50

(b)

—a—1h

theta (degree)

L Rl IUER LR AL | LR AL, : LA LLLL T
10° 10’ 10° 10 10

frequency (Hz)

-1000
—n—1h a
—e—12h ( )
-800 —A— 24h
—v—36h
—e—48h
& -600-f —4—60h
E
(5]
G
X -400
N
-200
04
T v T T T T T v T
0 200 400 600 800 1000
Z' (k@ cm?)
1000
1004
— 3
z ]
£
(5]
e
4
S
N 105 _—a—2sn
] —v—36h
—e—48h
—<4—60h
1 T T T T
10° 10 10" 10

T T
10 10° 10°  10* 3

10

frequency (Hz)

Fig. 14. Nyquist (a) and Bode (b) and (c) diagrams for Alloy 1 in 0.1 mM NaOH solution.

fault sites within phase boundaries would not be unexpected. That
these sites appear to be more readily observed in neutral borate
rather than neutral chloride solutions suggests they develop as a
consequence of the alloy phase microstructure and are not primar-
ily associated with chloride-induced breakdown processes.

In alkaline solution (0.1 mM NaOH), Ecorg rises initially to
~—0.04 V/SCE before relaxing to ~—0.1V/SCE (Fig. 13). Such
behavior, and a comparison to the polarization curve in Fig. 6 sug-
gests this alloy may not be completely passive. Ecorg is noisy with a
number of negative potential excursions suggesting possible meta-
stable passive film breakdown events. The EIS behavior (Fig. 14) is
also distinctly different to that observed in neutral and acidic solu-
tions. Despite high frequency distortions of the impedance spectra
at frequencies >10>Hz, two distinct impedance responses are
observed, one at high frequencies (~10°Hz) and a second at
similar frequencies (10~' to 1072 Hz) to the responses observed
in neutral and acidic solutions.

The overall impedance does not change much with time sug-
gesting that there is no significant change in corrosion behavior
with time and the high impedance observed as the low frequency
limit is approached indicates a very low general corrosion rate.
This suggests that the low Ecogrr value and the high frequency
response may be attributed to localized corrosion in exposed loca-
tions on an otherwise passive surface. According to the Pourbaix
diagrams for the Mo-H,0 and Zr-H,O systems [22], Mo and Zr
tend to dissolve in alkaline solution. However, EDS analyses of

Alloy 1, Fig. 2, show that Mo always co-exists with Cr, which would
preferentially be oxidized and form a stable oxide film [23] to pro-
tect Mo against oxidation. If so, these active locations may be asso-
ciated with Zr-containing phases (Phases 2, 3 and 4, Fig. 2),
probably at the boundaries with other phases [24], since Zr is con-
siderably more soluble at pH =10 than at pH=4 or ~7 [25], and
hence the passive film would be more likely to dissolve.

Fig. 13 also shows the change in Ecorg With exposure time under
deaerated (Ar-purged) conditions. The initial increase to positive
potentials suggests an attempt to passivate before Ecorr relaxes
to ~—0.04 V/SCE. The difference in Ecorg between aerated and
deaerated solutions indicates that whatever corrosion process is
occurring is significantly polarized by the cathodic reduction of
dissolved O,. Whether or not this indicates that, due to the multi-
phase structure of the alloys, O, reduction at one location can stim-
ulate localized dissolution at other remains to be investigated.

When chloride is present in the alkaline solution, Ecorg rapidly
achieves a slightly more positive potential than in NaOH solution
alone and shows only a very small relaxation to more negative val-
ues with time, Fig. 13. Some small negative-going transients are
observed but are of minor amplitude compared to those observed
in the absence of chloride. The EIS spectra, Fig. 15 shows almost no
change with exposure time suggesting stable surface conditions.
The absence of the high frequency response indicates the general
absence of active behavior at local fault sites. As observed in the
absence of chloride, the impedance, as the low frequency limit is
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Fig. 15. Nyquist (a) and Bode (b) and (c) diagrams for Alloy 1 in 0.1 mM NaOH + 10 mM Nacl solution.

approached, is high indicating a low general corrosion rate. As con-
cluded for neutral solutions these observations suggest that the
presence of locally active sites is related more to microstructural
features than chloride-induced breakdown.

4. Summary and conclusions

The electrochemical and corrosion behavior of a prototype
stainless steel-based metallic nuclear waste form being designed
to immobilize the radionuclide °°Tc, has been studied in solutions
ranging in pH from 4 to 10 with and without added NaCl. Scanning
electron microscopy and dispersive X-ray spectroscopy showed
that the 475S5(304)-9Zr-23Mo alloy contained at least five distinct
phases, with the Re content primarily contained within an Fe,Mo
intermetallic phase. Polarization studies showed the alloy
exhibited generally passive behavior in all solutions. Impedance
measurements indicated potential passivity breakdown events
leading to localized corrosion processes, especially in slightly
alkaline conditions.
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