i3

3

ELSEVIER

Journal of Nuclear Materials 294 (2001) 141-147

journal of
nuclear
materials

www.elsevier.nl/locate/jnucmat

The corrosion of Alloy 690 in high-temperature aqueous
media — thermodynamic considerations

R.J. Lemire *, G.A. McRae

AECL, Chalk River Laboratories, Chalk River, Ont., Canada K0J 1J0

Abstract

Alloy 690 (N06690) is a technologically important material that contains a minimum of 58 wt% nickel, 27.0-31.0
wt% chromium and 7.0-11.0 wt% iron. A thermodynamic analysis of the expected behaviour of Alloy 690 in high-
temperature (573 K) aqueous media has been carried out. The stabilization or destabilization of chromium, iron and
nickel in the alloy has been taken into account using a variation of regular solution theory. Formation of polymetallic
corrosion products, such as spinels, has also been considered. Reaction path calculations were performed for Alloy 690
at 573 K. The results are similar to those found from comparable calculations for the more widely used Alloy 600.
Comparisons are made with available experimental observations. Crown Copyright © 2001 Published by Elsevier

Science B.V. All rights reserved.

1. Introduction

Alloy 690 (Inconel-690, N06690) is a technologically
important material which contains a minimum of 58
wt% nickel, 27.0-31.0 wt% chromium and 7.0-11.0
wt% iron (Ni 55-64 at.%; Cr 29-34 at.%; Fe 7-11
at.%), with maximum limits of 0.5% for copper, man-
ganese and silicon, 0.05 wt% for carbon and 0.015 wt%
for sulfur. It has recently been put to use as a steam
generator tube material in water-cooled nuclear power
reactors as an alternative to Alloy 600 (Inconel-600)
[1]. A typical steam generator at a nuclear electric
power station contains several thousand thin-walled
tubes operating in water at temperatures near 570 K.
Steam generators are the main boundary between the
pressurized, radioactive, primary cooling system and
the lower-pressure secondary steam/condensate system.
Significant corrosion of steam generator tubing has
occurred at nuclear stations world-wide. In some cases
this has required expensive replacement of complete
units. Most of the failures have occurred with Alloy
600, and have been caused by various forms of envi-
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ronmental degradation including pitting, stress corro-
sion cracking and intergranular attack [2]. The
performance of tubes made of Alloy 800 has been
better. If a defective steam generator tube at a nuclear
electric power station requires the unit to be shut down
for repairs, the cost (primarily the cost of the reactor
being unavailable) can be high. Replacing a complete
steam generator can costs tens of millions of dollars.
Thus, there are considerable economic and safety in-
centives to improve the corrosion performance of
steam generators at water-cooled nuclear power reac-
tors, by using Alloy 690 rather than Alloy 600.

Extensive research has been performed by the nuclear
industry to better understand corrosion processes in
steam generators and develop preventive measures. A
comprehensive study of corrosion requires, as part of an
interdisciplinary approach, a thermodynamic analysis of
the system under consideration. Thermodynamic calcu-
lations can indicate whether or not chemical and elec-
trochemical reactions causing corrosion are possible for
various environments. Various authors have performed
such calculations in the past, mainly in the form of po-
tential-pH diagrams, for the nickel/water, iron/water,
chromium/water and chromium/iron/water systems [3—
6]. Few of these past analyses have considered the for-
mation of polymetallic corrosion products or the effects
of alloying.
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Calculations of the thermodynamic behaviour of
several alloys are being done at AECL. In this paper a
thermodynamic analysis is done of the behaviour of
Alloy 690 in high-temperature (573 K (300°C)) aqueous
media. The stabilization or destabilization of nickel, iron
and chromium in the alloys has been taken into account
using a variation of regular solution theory. The for-
mation of polymetallic corrosion products, such as spi-
nels, has also been considered.

2. Thermodynamics of formation of Alloy 690

For the purposes of the present study, a single, simple
composition of 60.5% Ni, 30.0% Cr and 9.5% Fe (at.%)
has been assumed. The dissolution of an alloy in contact
with an aqueous phase can be studied using thermody-
namic calculations. The thermodynamic behaviour of
the alloy will depend on the Gibbs energy of formation
of the alloy. In turn, the Gibbs energy of formation is
related to the activity coefficient of the constituent ele-
ments in the alloy. Thus, activity coefficient data are
required for accurate thermodynamic calculations.

Dissolution of alloys takes place through oxidation
processes. There is ample experimental evidence that the
constituting elements of iron—nickel-chromium alloys
retain their individual characteristics toward oxidation.
For example, the cyclic voltammogram for type 316 L
stainless steel is a composite of the voltammograms of
its constituting elements [7]. Double layer capacity-po-
tential curves, charge transfer resistance-potential curves
and current—potential curves for type 304 L stainless
steel show features typical of iron, nickel and chromium
[8]. Iron and nickel are known to dissolve selectively
from stainless steels during anodic polarization [9]. In-
deed, it is now a widely held view that in low tempera-
ture aqueous solutions, passive films grow on stainless
steels by the selective dissolution of components of the
steel (see [10] and references therein). Iron-nickel—
chromium alloy surfaces such as those of Alloy 690 can
thus be assumed to oxidize (without oxidation of the
bulk alloy), and then dissolve incongruently.

Alloy 690 is a fully austenitic alloy (probably only
metastable at the temperatures below 600 K discussed
here [11]). It is a single-phase solid solution of iron,
nickel and chromium with a face-centred cubic crystal-
line structure (y-phase) over a wide temperature range
[12]. Thermodynamic data for three-component alloys
are not usually available and must be calculated using
various approximations. One such approximation is
based on the formalism of regular solution theory. Al-
loying can be considered a mixing process where the
stabilization or destabilization of the alloyed elements
relative to their pure metallic states is due to the enth-
alpy and entropy of mixing. Regular solution theory

assumes that the entropy of mixing of a regular solution
is the same as for an ideal solution and is given by

ApS = —RZx,-lnx,-, (1)

where A,,,S is the entropy of mixing, R is the gas constant
and x; is the atom fraction of component i. Thus, for
regular solutions, only the enthalpy of mixing needs to
be calculated. Hertzman and Sundman [11,13] have
presented a thermodynamic model of the Fe-Ni-Cr
system. Their model is based on a modification of reg-
ular solution theory and uses binary interaction coeffi-
cients to describe the enthalpy of mixing. Although this
model is based on measured high-temperature (>1100
K) thermodynamic data, we assume the model can also
be applied for lower temperatures.

According to their model, the standard Gibbs energy
of formation of austenitic Fe-Ni—Cr solid solutions is
given by

G7(alloy) = Z xA¢Gr

I e

3
(i, fec) + RTZx,- Inx;

i=1

where A;G(alloy) is the standard Gibbs energy of for-
mation of the alloy, A;G(i, fcc) is the standard Gibbs
energy of formation of component 7 in the face-centred
cubic structure of the alloy, T is the temperature in K,
EG is the excess Gibbs energy and MG is the contri-
bution to the standard Gibbs energy due to magnetic
ordering. The latter can be significant below the Curie
temperature of the alloy. According to Hertzman and
Sundman’s model [11,13], the excess Gibbs energy is
given by

EG% = Z Z Zx,xj X; — X;) b bLU, (3)

i=l j>i b=

where ?L;; are temperature-dependent binary interaction
parameters. The contribution to the standard Gibbs
energy due to magnetic ordering is given by

"8Gy = RTIn(B + 1)/ (x,p)

t=T/T,, p=0.28, (4)
where t is T/T;, T, is the critical temperature for mag-
netic ordering in K and f is the average magnetic

moment per atom for the alloy, in Bohr magneton [13].
The function f(z,p) is

f(t,p) =1—1[79t7"/140p +474/497(1/p — 1)

x (/6 4 1° /135 4+ 119 /600)] /4
(if t<1) (5)

f(t) = —{t7°/10 + 7% /315 + 7% /1500} /4
(if T > 1), (6)
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where

A =518/1125 + 11692/15975(1/p — 1) (7)

and the value of p depends on the structure of the alloy.
According to Hertzman and Sundman [13], p has a value
of 0.28 for face-centred cubic alloys. The composition
dependence of T, and f are given by equations similar in
form to Eq. (3),

3 2 3 3
TC = Z.X,TC(I) + Z Z Z'xl

i=l j>i b=0

+ x1x2x371 2.3, (8)

b b
—x;)" Ty

3

23
+ZZZx,x,- -—x,b bB,/

=1 j>i b=0

3

p=> b
1

+ x1xx3B1 23, 9)

where 7.(i) and (i) are the critical temperature for
magnetic ordering and the average magnetic moment
per atom for the pure components, respectively, *7; ; and
bB;; are temperature-dependent binary interaction pa-
rameters and 7j,3 and Bj,; are the only ternary inter-
action terms required [14].

Using the parameters given by Chin et al. [14], Eq. (8)
yields =370 K as the critical temperature for magnetic
ordering for Alloy 690, and this corresponds to a Néel
temperature of 123 K. The activity of component i in
ternary solid solutions, a;, can be calculated from the
following expressions:

w;(alloy) = A¢G(i, fcc) + RT In a;, (10)
w, (alloy) = ArG(alloy) — x,{0[A¢G(alloy)]/0x, }

— x3{0[A¢G(alloy)]/0x3 }, (11)
W (alloy) = ArG(alloy) + (1 — x2){0[AcG(alloy)]/Ox2 }

— x3{0[ArG(alloy)]/0x3 }, (12)
us(alloy) = ArG(alloy) — x,{0[A;G(alloy)]/0x, }

+ (1 — x3){0[A¢G(alloy)]/Ox3 }, (13)

where g, (alloy) is the chemical potential of component i
in the alloy, and the partial derivatives are calculated
using

xp=1-x—x3 (14)

in the expression for A;G(alloy) (Eq. (2)). The standard
Gibbs energy of formation of iron in the face-centred
cubic structure of the alloys, A;G (Fe, fcc), is assumed to
be the same as that of y-Fe, which has an identical
crystal structure for temperatures above 900 K. The
values given by Agren [15] for (A;G (Fe, fcc) —A;G (Fe,
bee)) were used for lower temperatures, where the stable

Table 1

Calculated activities of Fe, Ni and Cr in Alloy 690 with respect
to the standard states of the elements at the specified temper-
ature

Component Atom Activity

fraction 298 K 573 K
Fe 0.095 0.0097 0.027
Ni 0.605 0.091 0.282
Cr 0.300 156.7 5.063

phase of iron is the body-centred cubic crystal structure
(a-phase). The standard Gibbs energies of formation of
chromium in the face-centred cubic structure as a
function of temperature are available from the estimate
of Kaufman and Nesor [16]. Elemental nickel has a face-
centred cubic structure at temperatures up to its melting
point. Its standard Gibbs energy of formation in the
face-centred cubic structure of the alloys can thus be
assumed to be the same as that of the element. Table 1
shows the activities of Fe, Ni and Cr in Alloy 690 at
298.15 and 573.15 K, as calculated from Eqgs. (10)—(13).
With respect to the pure metals, iron and nickel are
strongly stabilized. Chromium is strongly destabilized.
The activity values reported in Table 1 were used for all
of the thermodynamic calculations described below.

3. Thermodynamic data
3.1. Data for metals in Alloy 690

The standard state for nickel at 298.15 K refers to the
fce-structure, while for iron and chromium the standard
states refer to the bcc-phases. Although the bec-phases
are stable for both iron and chromium from 298 to 573
K, the calculations below were performed using values
for the fcc-phases of iron, nickel and chromium (i.e., the
phases consistent with the structures in the alloys). The
Gibbs energies for the fcc forms for the three metals are
given in Table 2, as are the values of the Gibbs energies
for Fe, Ni and Cr in Alloy 690 with respect to the pure
metals in their standard states at 298.15 K (i.e., the fcc-
phase of Ni and the bce-phases of Cr and Fe).

Table 2
Gibbs energies of formation for metals in Alloy 690 with respect
to the metals in their standard states at 298.15 K

Metal A GSog ArGSos ArGos
(kJ mol™") (kJ mol™") (kJ mol™")
(pure fce) (in Alloy 690) (in Alloy 690)
Cr 10.65 12.52 -1.34
Ni 0.0 —4.94 -16.84
Fe 54 —6.08 —24.38
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3.2. Other chemical thermodynamic data

The full chemical thermodynamic database, aside
from the values for the metals in the alloy (Table 2), will
be reported elsewhere. Most of the chemical thermody-
namic quantities for 298.15 K are from standard sources
[17-21] or a previously published report [22]. Most high-
temperature Gibbs energy values are estimated using
literature heat capacity functions and extrapolation
procedures discussed elsewhere [22-24]. Values for the
transition metal hydrolysis species in basic solutions are
based primarily on the work of Tremaine and LeBlanc
[25,26] for iron and nickel and of Ziemniak et al. [27]
and Hovey and Hepler [28] for chromium. Values for the
mixed oxide phases are also from standard sources
[17,19-21], though the value of A;G° adopted for
NiCr,04 (from [17]) likely overestimates the stability of
that compound [29].

Values for y-CrOOH(cr) and Cr(OH), - 3H,O are
from Ziemniak et al. [27]. However, in assembling the
database, we realized that if the thermodynamic quan-
tities proposed by Ziemniak et al. [27] for y-CrOOH (cr)
are used with those for Cr,O; (cr) [17,18,27] and H,O(g),
it should be possible to calculate the temperature at
which the chromium hydroxide is dehydrated at a
specified partial pressure of H,O(g).

2y-CrOOH(cr) = Cr,05(cr) + H,O(g) (15)

In fact, the calculation leads to a positive Gibbs energy
of reaction even for temperatures well above that re-
quired for conversion of the solids in contact with fluid
water [30]. Thus, the thermodynamic quantities of
Ziemniak et al. [27] for y-CrOOH(cr) should probably
not be used for calculations for systems that do not in-
clude liquid water. We have not adjusted the thermo-
dynamic quantities for y-CrOOH for our present
calculations. However, comparison with values for the
corresponding aluminium solids suggests the estimated
[27] value of S° (y-CrOOH(cr)) is probably too large.
Conversion of CrOOH(cr) to Cr,O; (cr) (or more oxy-
gen rich solids) is likely to occur at a temperature not
much greater than 600 K for P(H,O) =1 bar, but only at
considerably higher temperatures in contact with water
at higher pressures [30].

4. Calculations

Potential-pH diagrams for iron, nickel and chromi-
um in Alloy 690 (Figs. 1-3) were calculated using the
computer program POTPH [31] for 298.15 and 573.15
K. The calculations allowed for formation of various
stoichiometric mixed oxides, but not for their solid so-
lution behaviour. In the diagrams, the aqueous solution
species boundaries are those for dissolved species ac-

T T T T T T T T T
NiOOH
0.5 |-
Ni**
w oof
5 T NiFe,0,
2 \
~ = AT~
w 05
. TSI~ Ni(A-690)/NiO
Ni(s, A-690) s
10 N
1 1 1 1 1 1 1 1 O \ N
1 2 3 4 5 6 7 8 9 10 1
PH.

Fig. 1. Potential-pH diagram showing nickel solution species
for the Alloy 690 Cr/Ni/Fe system at 573 K. The dotted lines
represent the stability limits for water. The solid/dissolved
species boundaries correspond to a dissolved species activity of
10-¢ mol kg~'. The dashed line shows the potential at which Ni
(A-690) would be in equilibrium with NiO if NiFe,0,4 did not
form.

T T T T T T T T T
HCro,
cro”
i oof Tl i
T
[ CrOOH
2
w 05 Tl -
Cr2+
1.0 B
1 1 1 1 1 n 1 1 1 1
1 2 3 4 5 6 7 8 9 10 N
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Fig. 2. Potential-pH diagram showing chromium solution
species for the Alloy 690 Cr/Ni/Fe system at 573 K. The dotted
lines represent the stability limits for water. The solid/dissolved
species boundaries correspond to a dissolved species activity of
10-° mol kg™".

tivities of 10~® m. Reaction-path calculations were per-
formed to describe the oxidative dissolution (corrosion)
of Alloy 690. These were performed using the computer
code CHEMP described by Garisto and Garisto [32],
which is a modification of the Gibbs energy minimiza-
tion code of Smith and Missen [33].

5. Discussion

For near-neutral and mildly basic conditions, chro-
mium metal is readily oxidized. Iron, and especially
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E/ (vs. SHE)

Fig. 3. Potential-pH diagram showing iron solution species for
the Alloy 690 Cr/Ni/Fe system at 573 K. The dotted lines rep-
resent the stability limits for water. The solid/dissolved species
boundaries correspond to a dissolved species activity of
10-° mol kg™".

nickel, are more resistant to oxidation. Figs. 1-3 show
that for mildly basic oxidizing conditions (pH8-10) the
equilibrium solution concentrations of chromium spe-
cies are greater than those for nickel or iron. Thus,
preferential leaching of chromium could occur at 573 K.
Such behaviour might be expected for a wide pH range
for oxidizing conditions, due to the stability of the
chromate and protonated chromate ions. The surface of
the alloys would then be covered by nickel and iron
oxides (NiO + Fe,O; or NiFe,0,). Conversely, for re-
ducing conditions, the chromium solids are less suscep-
tible to dissolution than those of iron or nickel. No
evidence of preferential leaching of chromium from
stainless steel components is found in nuclear reactor
coolant, in which the concentration of chromium is
much lower than 10~ mol dm™ (reducing conditions,
573 K - see, for example, [6]).

The stable solid phases that would be produced by
progressive homogeneous oxidation of Alloy 690 are
shown superimposed on the potential-pH diagrams in
Figs. 4 and 5. The stability field of water is the region
between the two dotted lines. Again, nickel ferrite is
shown to have fairly large ranges of stability in water at
573 K.

Reaction path calculations were performed for fixed
pH values of 10 at 298 K and 7, 8 and 9 at 573 K. These
pH values at 573 K correspond approximately to solu-
tions having the same aqueous hydroxide ion concen-
trations as room temperature solutions with pH values
of 9.6, 10.6 and 11.6, respectively. For 298 K, at a pH
value of 10, there are three potentials within the stability
field of water at which four solids can coexist (in ac-
cordance with the phase rule) in equilibrium with
aqueous solution. The sets of solids are (a) Ni(Alloy

T
__NiCr,0,(NIOOH, Cr(OH),31,0)

10 F < —NiFe,0,/(NIOOH, Fe(OH),)

B-Ni(OH}NIOOH >~
05|

w

I

@) ) "

% (Ni(A-690), Fe,0,)/NiFe,0,

S

= 00

-

1] N Ni(A-690)/NiCr,0,

Ni(A-690)/3-Ni(OH),

Fig. 4. A potential-pH diagram showing the equilibrium solids
from aqueous oxidation of Alloy 690 at 298 K. No solution
species are shown, but dotted lines representing the stability
limits for water are shown for comparison.

T T T <~ T T T T T

-~ "~ _NiFe,0,/(NiOOH, Fe,0,)

o T~ NIO/NIOOH ™~ _

E/ (vs. SHE)
o
T

Fig. 5. A potential-pH diagram showing the equilibrium solids
from hydrothermal oxidation of Alloy 690 at 573 K. No solu-
tion species are shown, but dotted lines representing the sta-
bility limits for water are shown for comparison.

690)/Fe;04/NiCr,0,/Cr(OH); - 3H,0, (b) Ni(Alloy
690)/Fe;04/NiCr,04/NiFe,O, and (c) Ni(Alloy 690)/
B-Ni(OH), /NiCr,04/NiFe;0,4. In the sequential oxi-
dation of Alloy 690 at 573 K and for pH values between
7 and 9, there are two potentials within the stability field
of water at which four solids can coexist — (d) Ni(Alloy
690)/Fe;0,/y-CrOOH/NiFe,0, and (e) Ni(Alloy 690)/
NiO/y-CrOOH/NiFe,04. If any of these sets of solids is
present on the alloy surface, the equilibrium concen-
trations of the solution species (and therefore the total
equilibrium concentration of the metal in the water) are
fixed. At constant temperature, these concentrations will
remain constant until enough oxygen or hydrogen has
been added to completely oxidize or reduce one of the



146 R.J. Lemire, G.A. McRae | Journal of Nuclear Materials 294 (2001) 141-147

Table 3

Equilibrium aqueous concentrations for solutions buffered by sets of iron—nickel-chromium solids derived from Alloy 690

Alloy 690 solid set log,, [Fe] log,, [Cr] log,, [Ni] 10210 Pr, o)
298.15 K, pHy =10

Ni(Alloy 690)/Fe;04/Cr(OH), - 3H,O -8.5 -9.9 —-11.1 >0.014
Ni(Alloy 690)/Fe;04/NiCr,0,/Cr(OH), - 3H,0 -8.5 -9.9 —-11.1 0.014
Ni(Alloy 690)/Fe;04/NiCr,04/NiFe,0, -8.9 -10.6 -9.7 0.00052
Ni(Alloy 690)/B-Ni(OH), /NiCr,0,/NiFe,0, -9.6 -10.9 -9.0 0.00012
B-Ni(OH),/NiCr,0,/NiFe,0, -9.6 -10.9 -9.0 <0.00012
573.15K,pHy =7

Ni(Alloy 690)/Fe;04/y-CrOOH -7.7 -10.2 -9.3 >0.31
Ni(Alloy 690)/Fe;O4/NiFe,0,/y-CrOOH -7.7 -10.2 -9.3 0.31
Ni(Alloy 690)/NiO/ NiFe,04/y-CrOOH -8.3 -10.2 -85 0.044
NiO/NiFe,04/y-CrOOH -8.3 -10.2 -8.5 <0.044
pHr =8

Ni(Alloy 690)/Fe;O4/vy-CrOOH -7.6 -10.0 -9.3 >0.31
Ni(Alloy 690)/Fe;04/NiFe,0,/y-CrOOH -7.6 -10.0 -9.3 0.31
Ni(Alloy 690)/NiO/NiFe,04/y-CrOOH -8.2 -10.0 -8.5 0.044
NiO/NiFe,04/y-CrOOH -8.2 -10.0 -85 <0.044
pHy =9

Ni(Alloy 690)/Fe;0, /y-CrOOH -7.1 -9.5 -9.0 >0.31
Ni(Alloy 690)/Fe;04/NiFe,0,/y-CrOOH -7.1 -9.5 -9.0 0.31
Ni(Alloy 690)/NiO/NiFe,0,/y-CrOOH -7.6 -9.5 -8.2 0.044
NiO/NiFe,0;/y-CrOOH -7.6 -95 -8.2 <0.044

four solids on the surface. In effect, the solution con-
centrations are buffered by the set of solids. Because of
the high nickel content of Alloy 690, elemental nickel
and/or nickel oxide or hydroxide are dominant during
the oxidation, and substantial buffering should occur
only for sets (c) or (e). The solution concentrations of
nickel-, iron- and chromium-containing solution species
at the buffered potentials for pH values of 10 at 298.15 K
and 7, 8 and 9 at 573.15 K are listed in Table 3.

As discussed above, it is probable that dehydration in
air of y-CrOOH at temperatures well above 298.15 K
would result in formation of Cr,O;(cr) or the oxyhy-
droxide could be oxidized to form more oxygen-rich
anhydrous chromium oxides. However, reaction path
calculations suggest that air-oxidation of an Alloy 690
surface in the absence of water would, at equilibrium,
result in formation of NiCr,Qy, rather than Cr,Os(cr).

Several generalizations may be made from the cal-
culated values reported in Table 3. The total solution
concentration of iron species is generally greater than
the total concentration of nickel or chromium species.
Therefore, if metal is leached from the surface, the re-
sidual material should be depleted in iron. For reducing
conditions within the stability field of water, the total
solution concentrations of chromium species is less than
the total solution concentrations of iron or nickel spe-
cies, and this may generate a chromium-rich surface
layer. A two-layer oxide is often observed on austenitic
stainless steels exposed to high-temperature alkaline
water [34]; a chromium-rich inner layer and an outer

layer containing iron-rich spinels of the type NiFe,;Oy.
However, under strongly oxidizing conditions chromi-
um is substantially more soluble than iron or nickel.
Therefore, phases precipitated under oxidizing condi-
tions are likely to contain little chromium. The final
products of oxidation are NiO, a small amount of
NiFe, 04, and dissolved chromium species.

6. Conclusions

The reaction path calculations done in the present
work cannot provide direct information on the mecha-
nisms and kinetics of reaction at alloy surfaces. For
example, thermodynamic arguments cannot be used to
determine whether oxidized solids are formed from al-
loys by dissolution and precipitation, or by solid state
transformation. The results of the thermodynamic cal-
culations can be used, however, to rule out some
mechanisms, and to provide some guidelines to the
equilibrium behaviour at the Alloy 690 surface.

e Ni and Fe are stabilized in Alloy 690 relative to the
pure metals; Cr is destabilized.

e Neither NiCr,0, nor FeCr,0, is expected to form as a
stable surface phase at 573 K. It is possible NiCr,0,
might be an equilibrium solid phase at lower temper-
atures.

e At 573 K, in contact with basic reducing aqueous so-
lutions, Ni, Fe;O4, and NiO are more soluble than v-
CrOOH.
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e Thus, y-CrOOH is expected to form as a surface film
on Alloy 690 under those conditions.

e Under more oxidizing conditions y-CrOOH can be
oxidized to aqueous Cr(VI) species, and the stable sur-
face phases would be expected to be a mixture of NiO
and NiFe, O, after leaching of the chromium from the
alloy.

e NiFe,O, is more stable than a mixture of an iron ox-
ide or hydroxide (Fe;O4, Fe,O5; or Fe(OH),) with
NiO or B-Ni(OH), (except under extremely oxidizing
conditions where nickel can be oxidized to NiOOH).

e If y-CrOOH on a surface is heated in contact with wa-
ter at temperatures above 560 K, conversion to other
forms of CrOOH will occur [27], but the dehydration
behaviour of these solids in air is not well established.

e Based on comparisons with values for other solids, the
entropy of y-CrOOH is probably considerably smaller
than the value estimated by Ziemniak et al. [27]; thus,
conversion of CrOOH to Cr,0; is likely at a tempera-
ture not much greater than 600 K for P(H,O) =1
bar, but only at a considerably higher temperature in
contact with water at higher pressures.

e Oxidation of the alloy surface in the absence of water
could result in the formation of NiCr,Oy4 rather than
CI'2034
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