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Abstract

The impedance properties of the oxide on the martensitic—ferritic steel HT-9 were characterized during proton irra-
diation at the LANSCE WNR facility. Prior to the irradiation experiment, samples were pre-oxidized in moist air
resulting in an oxide scale that was on the order of 3um thick. Samples were then irradiated during immersion in
473K lead-bismuth eutectic at a proton current of approximately 63nA. To assess corrosion rate in real-time, a sinu-
soidal voltage perturbation was applied across the oxide surface as a function of frequency and the corresponding cur-
rent response was measured. This method yielded values of oxide impedance which were used in conjunction with
Wagner’s oxidation theory to calculate corrosion rate. In general, proton irradiation was associated with an increase

in corrosion rate.
© 2004 Elsevier B.V. All rights reserved.

PACS: 81.65.Mq; 61.80.—x; 73.40.Vz; 72.20.—1

1. Introduction

The structural components proposed for liquid lead—
bismuth eutectic (LBE) based reactor coolant systems
include austenitic and martensitic/ferritic steels. These
materials, such as HT-9 (martensitic/ferritic) and SS
316L (austenitic), suffer from degradation in the form
of dissolution owing to the relative high solubilities of
Fe, Ni, and Cr in Pb, as well as oxidation. Traditionally,
investigators have used immersion testing to character-
ize oxidation rate in LBE [1-3]. In these studies, post
immersion oxide thicknesses have been used to calcu-
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lated oxidation rate. While immersion studies may pro-
vide useful information on oxide scale formation,
corrosion rates calculated from immersion experiments
may be misleading for any number of reasons including
non-linear oxidation rates (the Parabolic Rate Law) and
metal dissolution at the oxide/LBE interface that is lat-
tice conservative, i.e. no oxide thinning is apparent.

In a previous study we have examined the oxidation
of martensitic/ferritic and austenitic steels in static LBE
[4]. In that investigation samples were pre-oxidized in an
air/H,O vapor mixture prior to immersion. Pre-oxida-
tion has been suggested as a means to passivate the steel
surface prior to LBE exposure. This pre-passivation did
not result in microstructural or hardness changes as pre-
viously reported [4]. Immersion of pre-oxidized HT-9
samples in LBE for 24h resulted in the growth of an
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additional oxide layer on top of the film formed during
pre-oxidation. This oxide layer was columnar in nature.
EDS maps of post immersion cross sections revealed
that the inner (pre-oxidation) portion of the scale re-
mained unchanged while the outer portion of the oxide
formed during immersion in LBE grew in thickness
and was Fe rich in comparison to the inner pre-oxida-
tion scale. The observation that, during immersion in
LBE a columnar Fe rich scaled formed on top of the
pre-oxidation layer is evidence that the dominant
growth mechanism involves Fe*** cation transport
from the metal/oxide interface to the oxide/LBE inter-
face. The formation of an outer Fe rich oxide during
immersion in LBE also indicates that Cr mobility in
the pre-oxidation scale is considerably lower than that
of Fe (kinetic demixing). Analysis of the post immersion
oxide using glancing angle X-ray diffraction found that
two distinct structures were present: Fe,1Cr,_,O4 (cu-
bic, spinel) and (Cr,Fe),03 (rhombohedral, corundum).
Angle resolved diffraction determined that the
Fe,+1Cr,_,O4 concentration increased with distance
from the metal oxide interface while (Cr,Fe),03 re-
mained fairly constant throughout. The conclusion that
oxide growth occurs via cation transport from the metal/
oxide interface is consistent with the O'® marker work
on Fe-Cr high temperature scales by Barnes et al. [5]
as well as the oxidation mechanism for Fe-Cr steels
proposed by Benard [6,7].

In this paper we present data from real-time corro-
sion rate measurements during proton irradiation with
a technique similar to electrochemical impedance spectr-
oscopy. Electrochemical impedance spectroscopy has
been demonstrate to produce accurate measurements
of corrosion rate during proton irradiation in multiple
studies [8-10]. In this paper, samples of HT-9 were
pre-oxidized in moist air resulting in an oxide scale that
was on the order of 3 um in thickness. Samples were then
irradiated during immersion in 473K LBE at a proton
current of approximately 63nA. Impedance measure-
ments were conducted with a 10mV peak-to-peak sinu-
soidal voltage perturbation over the frequency range of
0.005-10°Hz. Oxide impedance and capacitance were
determined by measuring the real and imaginary current
response to this voltage perturbation.

Impedance properties of oxide films on HT-9 during
immersion in LBE have been studied previously [11].
Both oxide impedance and capacitance were measured
as a function of pre-oxidation parameters as well as
immersion time in LBE. For HT-9 in LBE at 473K
(oxygen saturated) oxide resistance (R,x) was used to
calculate ionic transport through the film (i.e. corrosion
rate) using Wagner’s oxidation theory. Corrosion rates
for HT-9 in LBE at 473K decreased with increasing
pre-oxidation time in moist air at 1073K. In a separate
set of experiments, corrosion rate decreased as a func-
tion of immersion time in LBE for any given set of

pre-oxidation parameters. It was shown for HT-9 that
oxidation in LBE at 473K (oxygen saturated) appeared
to follow a linear rate law over immersion periods of
approximately 200h. Oxide thickness, calculated from
impedance data, increased from approximately 10—
35um over a 180h immersion period consistent with
post-immersion cross sections of the scale.

2. Experimental

Samples of HT-9: Fe — 12 at.% Cr, 1 Mo, 0.6 Mn,
0.5W (martensite + 25% nom. J-ferrite) were made by
first heat treating the as received material in the follow-
ing manner: samples were wrap in Nb foil, encapsulate
in argon at —17.2psig with a Ti ampoule. anneal at
1273K for 20h, then air cool, heated to 1373K for
30min. followed by an air cool to dissolve tungsten car-
bide particles, heated at 1131 K for 15min. followed by
an air cool to check grain size, then heated at 1053 K
for 2.5h. followed by a final air cool. Samples were then
sheared from the heat treated plate stock to a final size
approximately 7.6cm x 0.64cm x 0.080cm.  Samples
were abraded with SiC paper to 1200 grit followed by
cleaning in successive baths of acetone, ethanol, and
DI water in an ultrasonic cleaner. This was followed
by oxidation in moist air at 1073 K for 48 h. Following
grinding, cleaning, and pre-oxidation the samples were
subsequently immersed in LBE (no irradiation) for up
to 72h.

In situ LBE corrosion experiments were carried out
in a furnace (Fig. 1) that was constructed from 3.8cm
o.d. 304L tubing (ultra high vacuum tubing). Heating
was supplied by a 700W band heater and regulated to
within 3K of the set point with an Omega controller
and a type K thermocouple. Prior to introduction to
the furnace, LBE ingots (55.5wt% Bi, Table 1) were
melted down and the slag was removed. The total vol-
ume of LBE introduced into the furnace was approxi-
mately 0.50kg. The furnace was open to air unless
otherwise indicated. As such, the LBE oxygen concen-
tration was presumed to be saturated, approximately
1.0x 10~°wt% O, or 1.3 x 10~ mole fraction [11]. Fu-
ture configurations will employ a YSZ/Pt-air reference
electrode to determine oxygen concentration [12,13].

Impedance measurements were conducted with a
10mV peak-to-peak sinusoidal voltage perturbation
over the frequency range of 0.005-10°Hz. No applied
dc potential was employed, that is, all measurements
were conducted at the open circuit potential (OCP).
To eliminate the effects of ground loops, a floating
ground EIS system was used. In these measurements,
the traditional three electrode set-up was employed. A
three electrode set up was used to eliminate voltage drop
associated with oxide formation on the counter elec-
trode. In the present configuration, oxidized SS 304L
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Fig. 1. A diagram of the LBE furnace used for oxide

impedance measurements.

tubing (0.64cm o.d.) was used as a reference electrode.
Future configurations will take advantage of the YSZ
electrode mentioned above. For constant LBE oxygen
concentration as was used here, the steady state oxide
formation for 304 SS in LBE reaction provides a suita-
bly stable reference potential. Samples were welded to
the end of a piece of SS 304 tubing (8.25cm o.d.,
7.9cm i.d.) such that the sample could be suspended in
the LBE furnace. At the opposite end the tubing was
welded to a KF-type electrical feed-through that electri-
cally isolated the sample from the SS furnace. The fur-
nace wall was used as the counter electrode. To
precisely center the sample in the proton beam, the
furnace assembly was mount on translation stages which
allowed horizontal and vertical positioning relative to
the beam center line.

Experiments were conducted at the Weapons Neu-
tron Research facility (WNR) of LANSCE. This facility
provided access to the proton beam such that the fur-
nace assembly discussed above could be used for real-
time irradiation experiments and it allowed samples
to be changed out routinely and safely. The flux of the
incident proton beam had a Gaussian distribution of
g~ 0.7cm. The energy of this particle beam was
800MeV. The pulsed beam was characterized by a gate
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length (macropulse) of 100ps, a macropulse repetition
rate of 100Hz, and a fixed peak current 16 mA. These
duty cycle parameters yielded an average proton beam
current of 63nA. The proton beam was centered on
the sample using a phosphorous target which was low-
ered remotely during our EIS experiments.

3. Results and discussion

Typical Bode magnitude and phase data from HT-9
after 24h of immersion in LBE are presented in Fig. 2
(not irradiated). The data are typical of an RC circuit
with a high frequency time constant as anticipated for
thin semiconducting oxide films as presented in Fig. 3.
In this equivalent R, represents the oxide impedance,
Cox the oxide capacitance, and Rpgg is the geometric
resistance associated with the volume of LBE and fur-
nace configuration. Although the data may appear
incomplete, C,x and R,y are readily obtainable from
these data using a complex non-linear least squares fit-
ting routine (CNLS). The corresponding fit of the elec-
trical equivalent circuit in Fig. 3 to the data is also
presented in Fig. 2.

The influence of proton irradiation on HT-9 oxide
impedance is shown in Fig. 4(a). Prior to irradiation,
oxide impedance was monitored for approximately
230min. During this period a logarithmic increase in
impedance was observed with immersion time. After
220min the impedance appeared to be reaching a pla-
teau on the order of 1Qm?. These data are consistent
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Fig. 2. Bode magnitude and phase data from a pre-oxidized
(48h at 1073K) HT-9 sample after 24h of immersion in LBE.

Table 1

Composition of LBE used in this investigation (wt%)

Pb Bi As B Cu Nb P Sb Sn v Zr
47.7 55.8 0.01 0.01 0.03 0.02 0.02 0.03 0.03 0.01 0.02
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Fig. 3. Electrical equivalent circuit representing the oxide/LBE
interface.

unirradiated samples, corrosion rate reached a steady
state and did not diverge from that value for experiment
times up to 200h [11]. Upon turning the beam on to a
value of 63nA after approximately 240min of immer-
sion in LBE a sharp fall in impedance was observed.
This decline in impedance continued throughout the
30min irradiation period. After turning the beam off,
oxide impedance was monitored for an additional
640min (not all data shown). This period was character-
ized by widely fluctuating oxide impedance values. Sim-
ilar results were observed in duplicate samples. This type
of behavior was not observed in un-irradiated samples
as discussed above and indicates an inability of the sam-
ple to repassivate.

Corrosion rate calculations have been preformed
using experimental values of R,y and Wagner’s oxida-
tion theory. This method has been discussed in detail
elsewhere [11]. To summarize, the number of ions (i.e.
Fe*™, Cr'**, ...) being transported across the scale
as a function of time (dn/d¢, equivalent to corrosion rate)
was calculated using the relationship:
dn _ kTout;
di  8be’L
where L is oxide thickness in m, b is the number of oxy-
gen atoms in one M,O,, unit, k is the Boltzman constant
and is equal to 1.381 x 1072*J/K, e is elementary charge
and is equal to 1.602 x 107 C, ap and q; are the activi-
ties of oxygen in the LBE and at the metal oxide inter-
face (the oxide decomposition pressure at the
temperature of the experiment) in mole fraction, ! Gox
is the total conductivity of the oxide in (Qm)~!, and ¢
and 7. is the ionic transport number. With knowledge
of the transport number, oxygen activity, the corrosion
rate can be calculated from Eq. (2) using the relationship
for oxide conductivity:

L
RxA’

(Inap — Ing;), (1)

(2)

Oox =

where A is the surface area of material exposed to LBE
in m?, L is the oxide thickness in m, and Ry is the dc

! Here we have chosen to use oxygen activity as opposed to
oxygen partial pressure.

resistance of the oxide in Q. Note that the substitution
of Eq. (2) in to Eq. (1) results in cancellation of L, there-
fore, no measure of oxide thickness is required.

To calculate corrosion rate the following values were
used in Eq. (1): ao = 1.3 x 10" mole (from 107 to 10~7) frac-
tion, a; (decomposition pressure at 473K)~ 10*°Pa
(=107* mole (from 10*° to 107*) fraction), # = 0.5, and
b = 3. From these values and the data in Fig. 4(a) values
of dn/dt (corrosion rate) were calculated. The resulting
data are presented in Fig. 4(b). As seen in Fig. 4(b), trans-
port across the scale is on the order of 10'® ions/m?s. Upon
reaching the oxide/LBE interface, the ion (presumably
Fe™** [4]) may remain in the lattice to form new scale or
be dissolved into the LBE. Here, values of dn/df were used
to calculate an approximate oxide formation rate assum-
ing no Fe™** dissolution. In this calculation it was also as-
sumed that only Fe,O5 was formed 2 where p = 5.24 x 10°
kg/m?® (fully dense) and an equivalent weight of 0.1597kg/
mol. It has been demonstrated for this system that immer-
sion of HT-9 in LBE at 473K results in the growth of an
iron rich outer scale [4]. Using these values for Fe,O5 the
resulting oxide formation rates in um/h are presented in
Fig. 4(b). While these oxide growth rates are high, they
are consistent with thickness measurements from unirradi-
ated samples immersed in LBE at the same temperature
for similar times [4].

The observed increase in corrosion rate during proton
irradiation may be explained by local or global changes in
oxide film properties. Changes such as a pinhole that al-
lows LBE to come in direct contact with the metal sub-
strate are ruled out. The contact impedance for bare
metal in LBE (as measured by scratching) is on the order
of 0.3Q. This impedance acts in parallel with the oxide
impedance. Thus, if a pinhole were present, one might
anticipate measured impedances less than 0.3Q. This
was not observed. Global changes such as structural,
electrical, or chemical changes in the oxide seem more
feasible. Electrical changes include metallization of the
oxide film that may owe to Cr(III) dissolution into the
melt. In addition, it is well know that proton irradiation
of insulating oxides (ceramics) results in transient radia-
tion induced conductivity (RIC) by promoting electrons
from the valence band to the conduction band [14-16].
Therefore, it may be anticipated that the impedance
properties of the semiconducting oxide formed on HT-9
will change during proton irradiation. Analysis of data
from Mott-Schottky experiments on tungsten (W) found
that the oxygen vacancy concentration in W films formed
during proton irradiation were lower than those films

2 We have used Fe,O5 as Fe™ " is the species transported
across film. As noted in the Introduction, the outer layers
formed during LBE immersion have been determine to
consisted of Fe,,;Cr, O, (suggesting a mixed oxidation state).
Our assumption has little impact on the conclusions in this
paper.
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Fig. 4. (a) Oxide impedance as a function of LBE immersion time for a pre-oxidized HT-9 sample (48h at 1073 K). Plot shows pre-
irradiation, irradiation and post-irradiation data. (b) Corrosion rate data (dn/dz, calculated from Fig. 4(a) and Egs. (1) and (2)) as a
function of LBE immersion time for a pre-oxidized (48h at 1073K) HT-9 sample. Plot shows pre-irradiation, irradiation and post-
irradiation data. Oxide formation rate assumes no Fe*™" dissolution and only fully Fe,O3 formation.

formed in the absence of irradiation [17]. The observed
decrease in the oxygen vacancy concentration was also
associated with higher W corrosion rates during proton
irradiation. A decrease in the oxygen vacancy concentra-
tion indicates proton irradiation alters the passive film by
either decreasing the oxygen vacancy flux or increasing
oxygen vacancy diffusion. As it applies to the scale
formed on HT-9, one might conclude that proton irradi-
ation results in a similar change in donor concentration in
the film which, ultimately, increases oxidation rate.
While the behavior observed in Fig. 4(a) was dupli-
cated in multiple pre-oxidized HT-9 samples, it was
not always observed. In a separate HT-9 experiment, a
pre-oxidized sample with a higher initial impedance va-
lue maintained passivity during its initial exposure to the
proton beam. The data are shown in Fig. 5. Although
this sample of HT-9 was pre-oxidized in the same batch
run as the sample in Fig. 4(a) (48h at 1073K), it had a
higher initial value of oxide impedance which remained
constant throughout the pre-irradiation period. Upon
turning the beam on to 63nA at approximately
160min, no change in oxide impedance was observed.
The post-irradiation period was characterized by stable,
impedances that did not differ from the pre-irradiation
values. While this behavior was only observed in one
sample, it is possible that initial values of the oxide
impedance are an indicator of irradiation properties.
Further, it may be possible to optimize oxide properties
to avoid the observed increases in corrosion rate during
proton irradiation. As seen in Fig. 5, after removal of
the sample from the LBE bath and re-immersion the
oxide impedance decreased from approximately 6.0—
1.8Qm?. This value was closer to the steady state value
of impedance observed in the sample that failed during
irradiation in Fig. 4(a). Upon turning the beam on to
a current of 63nA at approximately 400 min a sharp de-
crease in oxide impedance was observed (Fig. 5). After

A run #1, beam off
10° O run #1, beam on
T T m  run #l, post-irrad.
® run #2, beam off
. VvV  run#2, beam on
10 AMAA AT Orgm mE v run#2, post-irrad.
L) ]
v
o 10° v 3
% E E
Ms G 10° remove/re-immerse 1
10° 4
v U 3
10 USSR S (N SR S ST S SN ST S S S NS S S S SN S ST S B ST ST ST ]
0 100 200 300 400 500 600

Immersion Time in LBE (min)

Fig. 5. Oxide impedance at 1.0kHz as a function of immersion
time in LBE. After approximately 360min of immersion the
sample was removed from the LBE furnace for several hours.
The sample was then re-introduced into the furnace and
measurements were continued.

turning the beam off, the impedance values remained
low indicating that the irradiation induced changes in
dielectric  properties were irreversible.  Similar
observations were made for the sample tested in
Fig. 4(a).

Finally, while there is a wealth of corrosion rate data
from coupon studies (unirradiated) for steels in LBE,
both flow loop and static immersion data, it is not clear
how to relate corrosion rates from immersion data with
from impedance methods. The problem arises from the
method used to determining corrosion rate from a cou-
pon. Coupon studies rely on weight change or oxide
thickness changes over an immersion period that may
last 100s to 1000s of hours. Therefore, the rates reflect
the average behavior over the entire immersion period.
Further, the oxide thickness calculations assume no
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dissolution and weight change calculations assume no
gain from melt (i.e. LBE migration along grain bounda-
ries. Thus an instantaneous corrosion rate, as measured
with an impedance technique is always preferable. How-
ever, we have demonstrated in previous work for short
immersion times (24 h) that corrosion rates from imped-
ance and coupon immersion studies are comparable [11].

4. Conclusions

The oxide dielectric properties of the martensitic—
ferritic steel HT-9 were characterized during proton
irradiation at the LANSCE WNR facility. Samples were
pre-oxidized in moist air at 1073 K prior to the irradia-
tion. To characterize the real-time oxide dielectric prop-
erties a sinusoidal voltage perturbation was applied
across the sample surface and the corresponding current
response from the sample was measured. In general, pro-
ton irradiation was associated with a increase in corro-
sion rate. The observed increase in corrosion during
irradiation was attributed to global changes in chemical,
structural, or electronic properties of the oxide. Unfor-
tunately, beam-time restraints did not permit further
investigation of this phenomena. However, similar in-
creases in corrosion rate during proton irradiation of
tungsten have been shown to be related to changes in
the donor concentration of the within surface oxide.
As it applies to the scale formed on HT-9, one might
conclude that proton irradiation results in a similar
change in donor concentration in the film which, ulti-
mately, increases oxidation rate.
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