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Abstract

The corrosion behavior of Alloy 800 and Type 3116 stainless steel in
aolten NaMNO,.-KNO. vas studied at temperatures from 605°C to 630°C.
Corrosion bauwiar vas significantly different from that previoualy reported
in nitraty melts at temperaturas up to 600°C and involved a combination of
oxidation, internal nitridation and sodius metallate formation. Corrosion
kinetics, determined metallographically, svitched from a perabolic to a
linear rate equation as temperature increased. Corrosion was unifora and
resulted in metal losses on the order of 100 microns/year at 630°C. Among
the alloying elements, chromium vas depleted from the alloy as the result of
s basic fluxing process. The kinetic equations describing chromium
deplation also changed from parabolic to linear vith increasing temperature.
The effect of the equilibrium chemisi:ry of the melt on the corrosion
behavior of the alloys is analyzed and possible corrosion mechanisas are
discussed.
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Solar Thersal Technology Foreword

The research and developsent des~ribed in this document vere conducted
vithin the Solar Thermal Technology Program of the U. 3. Department of
Energy (DOE). The goal of the Solar Thermal Technology Program is to
advance the engineering and scientific understanding of solar thermal
technology and to sstablish the technology base from vhich private industry
can aeavelop solar thermal pover production options for introduction into the
compatitive energy market.

Solar thermal technology concentrates solar radiation by means of
tracking mirrors or lenses onto a receiver vhere the solar energy is
absorbed as heat and converted into electricity or incorporated into
products as process heat. The tvo primary solir thermal technologies,
central receivers and distributed receivers, employ various point and line-
focus optics to concentrate sunlight. Current central receiver systems use
fields of heliostats (tvo-axis tracking mirrors) to focus the sun’s radiant
energy onto a single tover-mounted receiver. Parabolic dishes up to 17
seters in diameter track the sun in tvo axes and use mirrors or Presnel
lenses to focus radiant energy onto a receiver. Troughs and bovls are line-
tocus tracking reflectors that concentrate sunlight onto receiver tubes
along their focal lines. Concentrating collector modules can be used alone
or in a multi-sodule system. The concentrateu radiant energy absorbed by
the solar thermal recelver is transported to the conversion process by a
circulating vorking fluid. Receiver temperatures range from 100°C in low-
temperature troughs to cver 1500°C in dish and central receiver systeas.

The Solar Thermal Technology Program is directing efiorts to advance
and improve promising system concepts through the research and development
of solar thermal materials, components, and subsystems, and the testing and
performance evaluation of subsystems and systems. These efforts are carried
out through the technical direction of DOE and its netvork of national
laboratories vho vork vith private industry. Together they have established
a comprehensive goal directed program to improve performance and provide
technically proven options for eventual incorporation into the nation’s
energy supply.

To be successful in contributing to an adequate national energy supply
at reasonable cost, solar thermal energy must eventually be economically
competitive vith a variety of other energy sources. Coamponents and system-
level parformance targets have been developed as quantitative program goals.
The performance targets are usad in planning research and developeent
activities, measuring progress, assessing alternative technology options,
and making optimal component developments. These targets vill be pursued
vigorously to ensure a successful program.

The vork described in this report concerns a study of the corrosion
behavior of high-temperature alloys by molten salts and addresses the
program sub-slesent concerning molten salt solar central receiver technology
development. These alloys are intended as materials of construction of
several major subsyastems of solar central receivers, such as the receiver
tubes, superheater and high-temperature salt transfer lines. The main
objective of the vork vas to determine the temperature limitations imposed
by corrosion on metallic containment materigls, such as Alloy 800 and 316SS,
and to analyse the corrosion mechanisas.
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OXIDATION AND CHROMIUN DEPLETION OF ALLOY BOO AMD 316SS

BY MOLTEN l.l03-1l03 AT TENPERATURES ABOVE 600mC

Introduction

The use of a molten alkali nitrate salt mixture as a heat transfer and
storage fluid in solar central receiver (SCR) systems has created an
interest in the corrosion behavior »f containment alloys at temperatures
significantly higher than those encountered in vell established industrial
uses of such salts (1]. In SCR systems, teamperatures are expected to reach
600°C at come locations on the absorber tubes (2] snd might possibly exceed
this value. Previous studies of corrosion in this laboratory, using thermal
convection loops, demonstrated an apparent transition from slov to rapid
corrosion at about 6§00°C for several iron-nickel-chromiua alloys {3]. In
viev of these preliminary results, more information concerning corrosion of
these alloys in molten salt at high temperatures vas desirable to predict
reliability.

Relatively little data have been reported concerning corrosion of Pe-
Ni-Cr alloys in molten nitrates at temperatures above 600°C. Tortorelli and
DeVan conducted thermal convection loop experiments vith Alloy 800 and
31688, using argon as a cover gas, and reported a sharp increase in the
concentration of a soluble chromium species in the melts vhen the maximum
tempersture vas increased from 600°C to 625°C [4]. X-ray diffraction of
Alloy 800 and 316SS immersed in melts at 630°C indicated the formation of
sodium ferrate, among several other products (5]. Slusser and co-workers
recently examined a number of alloys in molten nitrates at temperatures from
650°C to 700°C and observed rapid corrosion [6]. Inspection of some
metallic components from a reactor using molten nitrate salt at various
temperatures above 650°C also revealed rather severe corrosion [7].

Above 600°C, the thermodynamic equilibria of several decomposition
resctions intrinaic to alkali nitrates favor the formation of significant
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amounts of other ionic species. The dissociation reaction of nitrate ion,
to form nitrite ion and oxygen,

-1 -1

1) NO - No, + 1720

3 2

favors the formation of nitrite as temperature increases (8]). At 630°C, the
molar ratio of nitrite to nitrate in a melt equilibrated vith one atmosphere
of oxygen is approximately 0.1 [B]). Other reactions involving nitrate or
nitrite ions can produce several oxide ion species, of vhich peroxide, 02'2.
is the most stable [9]. Thermodynamic calculations have indicated that the
peroxide ion content could reach one mole percent at 630°C [9]). Since oxide
ions are particularily aggressive in a variety of molten salt environments
{10], 1t seems likely that chemical changes in nitrate selts could
accelerate corrosion at temperatures above 600°C.

The purpose of this study vas to examine the corrosion behavior of
Alloy 800 and 31688 in molten n.no3-mo3 over the teaperature range of 605°C
to 630°C. The approsch vas to conduct long-term exposure tests and apply
metallographic, electron optic and X-ray analyses to identify the corrosion
products. The depletion of chromium from the alloy as s soluble corrosion
product vas also studied to provide additional insight inco the corrosion
process. Particular emphasis vas placed on determining the kinetics of
alloy oxidation and elemental depletion and applying thermochemical analysis
to understand the behavior of alloys in this environment.

Experimantal Methods

Corrosion tests vere conducted by immersing alloy coupons in melts of
reagent grade m3m3. 1:1 molar ratio, at temperatures of 603°C, 615°C,
and 630°C for several thousand hours. The melts for each type of alloy vere
contained in high-purity alumina tubes ( McDanel Refractory Co., Beaver
Palls, PA ) that wvere heated in crucible furnaces. The tubes vere not
sealed, vhich alloved the salt to equilibrate vith the atmosphere. Coupons
vere vithdravn periodically, veighed after rescval of residual salt by
ultrasonic rinsing in hot wvater, and retuined to the crucibles. Dissolved



alloying elements vere determined by periodically wvithdraving salt samples
from each melt, cuenching them and analyzing for transition msetal content
by atoamic absorption spectroscopy.

The elemental compositions of the Alloy 800 and 316SS specimens used
in these experiments are given in Table I. Coupons (25am x 9mm x 1.5mm)
vere fabricated froa sheet stock (Metal Samples, Inc., Munford, AL) and vere
ground vith 180 SiC paper and rinsed in isopropancl before immersion. At
various intervals, samples vare prepared for setallographic examination by
optical and scanning electron microscopy. Corrosion product phases vere
identified by eleactron microprobe analysis and X-ray diffraction, using
sequential sectioning to obtain depth profiles in seversl cases {5].
Electron microprobe analysis vas used to supplement X-ray diffraction by
determining the thickness of the oxide and depletion layers and identifying
solid solution phases. Electrca microprobe analyses vere performed vith a
JEOL Superproba 733 using Pczo3 as an oxygen standard and pure alesents as
the setallic standards.

Results and Discussion

Bffect of Temperature on Solid Oxidation Products

Both alloys corroded uniformly at the three temperatures studied and
the corrosion products vere generally adherent, vhich permitted them to be
examined by standard metallographic methods. The corresion product
morphologies observed on Alloy 800 at the end of each experiment are shown
in the micrographs of cross-sectioned coupons in Figure 1. The corrosion
products identified by X-ray diffraction and electron microprobe analyses
at each temperature are indicated.

At 605°C, the corrosion products formed on Alloy 800 (see Figure la)
consisted of an outer layer of magnetite ("306) and sublayers of several
mixed oxides. These included an H30‘-:p1nc1, composed mostly of Fe, but
containing significant amounts of Cr and Ni, and a Hzos-typo oxide enriched
in Cr, but containing Ni and Fe as vell. After 4111 hours, approximately 15
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Pigure 1. Photomicrographs of corrosion products on Alloy 800 after
immersion in molten NaNO,-KNO.. The temperature and duration
of each test are noted afd tb§ phase identifications are given.



microns of oxide scale had formed. The elemental concentration profiles of
the surface layers obtained by elactron microprobe analysis (EMPA) a': shown
in Pigure 2. The correspondence betveen position in the aicroprobe scan and
the product layers identified in Pigure la are indicated at the top.

Several features are vorth noting. First, chromium vas absent from the outer
oxide layer, vhich vas in contact vith the melt. Since Cr vas found as a
solute in the melt, as discussed later, it must diffuse through the outer
70304 layer readily. Second, an oxide layer composed solely of Cr did not
form, vhich reduced the ability of the alloy to protect itself. Lastly, a
metallic segregation zone formed beneath the oxidation products, in which Fe
and Cr vere depleted and Ni vas enriched.

At 615°C and 630°C, scaling vas much more rapid and the composition of
the oxidation products changed substantially. Alloy 800 formed corrosion
product layers which were 32 microns thick after 2008 hours at 630°C and 43
microns thick after 3226 hours at 615°C. Corrosion product morphclogies at
these temperatures vere rather complex, as showvn in Figure 1b and c.
Starting at the interface in contact vith the melt and proceeding invard,
the oxidation products on Alloy BOO consisted of layers of sodium ferrate
(NaPoOz), iron-chromium spinels (H30‘ type) and chroaium-rich n203 oxides.
Belov the oxide layers, internal nitridation had precipitated a band of
chromium nitride, along vith some titanium nitride, and a metallic layer
enriched in nickel and depleted in iron and chromium. Isolated crystallites
of Ni0, vhich appear as small vhite particles in the micrographs, wvere
observed at the salt-contacting interface of the Nal’co2 layer. More NiO may
have been deposited at the surface of the Nafcoz layer than vas retained
during the metallographic preparation procedure.

The concentration profiles determined by EMPA (see Figure 3) illustrate
the distribution of alloying (Pe, Ni, Cr) and environmental (0, Na, N)
elements in the corrosion products on Alloy 800 after exposure at 630°C.
The correspondence betveen position in the microprobe scan and the product
layers noted in Figure lc are indicated at the top. It is evident that the
layers in the scale are solid solution oxidas, rather than the pure
compounds, except for NaFe0
in contact vith the molten salt (see Pigure lc) vas confirmed by the abrupt

2° The presence of Ni0 crystals at the surface
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Pigure 2. Blectron microprobe analysis of Alloy 800 after 4111 hours in s
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rise in the nickel profile at the position, 48 microns. The presence of a
metallic segregation zone, vhere Ni vas substantially enriched, can be
discerned as can s band of internal nitrides formed beneath the oxide
layers.

The efisct of temperature on both the identity of tha corrosion
products and the extent of corrosion of 3165S vas analogous to Alloy 800;
although some qualitative differences vere observed. The structure of the
oxide scales on 3165S vere less complicated than Alloy 800 and vere not as
vell differentiated, particularly after long periods of immersion at 615°C
and 630°C. The micrographs of cross-sectioned coupons and the corresponding
oxidation products identifications at various temperatures are shown in
Pigure 4. The formation of Na?ccz at 615°C and 630°C is evidant from
Pigures 4b and 4c. It vas also observed that the scale on 316SS tended to
form voids and blisters, vhich vere not observed on Alloy 800, and was also
less adherent. Internal nitrides vere found, but these vere less obvious in
31688 at 615°C and 630°C. Morphological features related to the Ni content
of the alloy, including the Ni enrichment zone beneath the surface scale and
the NiQ crystallites in the Narcoz layer, vere less pronounced than vith
Alloy 800.

Soluble Corrosion Products

Chromium vas lost from the alloy by dissolution in the melt, as vell
as by oxide scale formation. The presence of dissolved Cr vas visually
evident from the increasingly bright yellowv color of the melts as the tests
progressed. Chemical analysis of quenched samples of the melt for alloying
elements revealed only chromium in detectable quantities; neither iron nor
nickel appeared to be soluble. This agrees vith other observations at
comparable temperatures [3,4,5].

Although the identity of the chromium-containing species vas not
determined in the molten salt, a number of observations suggest that
chromate ion, c:o“z, vas the most abundant form. The yellov color is

consistent vith the presence of chromate, rather than dichromate, vhich
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Pigure 4. Photomicrographs of corrosion products on 316SS after
immersion in molten NaNO,-KNO,.. The tempersture and duration
of each test are noted aﬁd thd phase identifi-ations sre given.
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yields an orange color [11]. Also, polarographic analysis of samples
dissolved in vater identified chromate ion.

That chromate vas the soluble Cr species in these tests is also
supported by other investigations. Chemical analysis of aqueous solutionsg
of quenched salt samples from a thermal convection loop identified
primarily hexavalent Cr and a minor amount of the trivalent form [4].
Trivalent chromium and chromium metal vere reported to oxidize to
hexavalent chicomium in L1N03-KN03 at 300°C [12]. Upon heating above 350°C,
dichromate, Cr207'2, vas oxidized to chromate [12]. Several other studies
have reported that dichromate vas converted to chrionate in equimolar N‘NO3-
KN03 at temperatures from 250°C to 300°C [13-15]. At 550°C, an equimolar
NnNOa-KNO3 melt initially containing dichronate produced the yellow color
associated vwith chromate after several hours [11].

Based upon the above results and previous observations, it is almaost
certain that chromium dissolves in moiten nitrate salt as chromate. Since
the sciubility of Cr, as chromate (or dichromate), would exceed 10 mole
percent at all temperatures of interest in central solar receiver systems
[16]), the kinetics and mechznisas vhich influence Cr depletion are of
obvious interest. Some aspects of the thermochemistry and corrosion
kinetics which influence chromium depletion are discussed below.

Thermochemical Analysis

Thermochemical stability calculations can be quite helpful for
understanding corrosion behavior in high temperature environments in vhich
many oxidation products are formed. Thermodynamic analysis can clarify some
of the observations described in the two preceding sections, including the
morphology of oxidation product= observed on the alloys. The phase
stability behavior of Pe-Ni-Cr alloys in molten nitrate salt can be
described by considering tvo limiting cases, the stability of the metallic
oxidation products of the alloys in a sodium-free envircnment of oxygen and
nitrogen and the equilibria betwveen the relevant metal oxides and molten
nitrate salt.
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The phase stability diagrams for Fe, Ni and Cr in oxygen and nitrogen
sctivity coordinates vere constructed for a temperature of 627°C (900 K),
using free energy data from Barin and Knacke (17]. The metallic elements
and their oxidation products vere assumed to be at unit activity and the
resulting diagrams vere superimposed on one another as shown in Pigure 5.
The corrosion products of interest are those vhich are stablie in the region
belov and to the left of the cross vhich marks the therzodynamic activity
of air, the cover gas used in these experiments. CrN vas the orly stable
nitride phase and forms only at very lov oxygen activity, as might be
en-ountered beneath surface oxide layers. The shift in the phase stability
boundary of CrN as temperature decreases cannot account for its absence at
605°C (see Figure 1). The absence of CrN at 605°C must be due to a kinetic
effect resulting from the formation of protective surface layers.

Por alloys vhich form solid solution oxides, simplified diagrams such
as Pigure 5 may not necessarily represent the correct ordering of the
possible phases. This point has been discussed by Whittle [18) and others.
This appears to be :he case here, with respect to the position of the H203
oxide layer. Hovever, since sufficient data are not available to construct
a rigorous diagram, the simplified diagram is still useful as a convenient
means to enumerate some of the possible oxidation products.

The calculations supporting Figure 5 assumed that no alkali nitrate
vas present. At the surface of the corrosion layer, and vithin if the scale
is microscopically porous, the equilibria betveen the oxide phases in
Figure 5 and the molten salt must also be considered. Before discussing
that point, briefly consider the equilibria of molten alkali nitrate salt
and its decomposition products. The intrinsic equilibria of the molten salt
depends on the local oxygen and nitrogen activities and temperature.
Calculations of this equilibria have been made by Nagelberg and Mar, using
the simplifying assusption that the melt vas solely NaNO3 {9]. Their
approach vas used here to compute the phase stability boundaries of sodium
nitrate and its decomposition products at 900K (627°C), sodium nitrite,
peroxide and oxide, using available free energy data [9,17]. Ideal behavior
and complete miscibility wvere assumed. The calculated phase boundaries,
vhich represent equal activities of each compound, are given by the solid
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lines in Pigure 6. The phases of interest again lie belov and to the left
of the cross vhich marks the coordinates of the cover gas, air. It is
apparent that, vhile nitrate is stable in air, the boundary vith peroxide
lies quite close. As Nagelberg and Mar have calculated, the concentration
of peroxide increases rapidly as temperature incrveases in the range of
interest here [9]).

The interaction betveen the molten sal: and oxides of alloying
elements can form several sodium-setal-oxides, according to the reactions
vritten belov.

(2) Fe,0, + 2 NaNO, = 2 NaFe0

+5/20 N

273 3 2 2 N2
(3) NiOQ + 2 NtNO3 - NaZNiOZ + 572 02 + Nz
(4) Cry0, + 2 NaNO, = 2 NaCr0, + 5/2 0, + N,

Sodium chromite (Eqn. 4) is a metastable product in this environsent,
hovever, and is superseded by formation of sodium chromate,
(3 Crzo3 + 4 NaNO

-2 "‘2°‘°4 +7/20, + 2N

3 2 2

The phase stability boundaries of the metal oxides and sodium metallates in
Equations (2)-(S) wvere calculated using published data on free energy
changes [17,19], assuming that the solid products and N|N03 vere at unit
activity. The boundaries are shovn by the dotted lines in FPigure 6 and are
superimposed on the equilibrium diagram of the molten salt. Note that the
phase stability field for sodium chromate encompasses virtually the entire
diagram.

It is evident from Pigure 6 that the stable phases of the alloying
elemants in contact with the melt in equilibrium vith air are NQPCOZ, NiO
and lazcro‘. The successive layering of metallic oxides and internal
nitride determined by metallographic analysis at 615°C and 630°C is
consistent vith paths on the stability diagrams vhich proceed froam the
activity of air to the very lov activity of oxygen and nitrogen vhich must
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Pigure 6. Phase stability disgram for the Na-0-N system at 900K (solid
lines). The phase stability boundaries betveen the oxides of Fe,
Ni and Cr and their respective compound oxides vith sodium are
given by the dotted lines.
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obtain vithin the unaffected alloy. Such a path vould start on Fig. 6, then
trar.afer to Fig. 5 at a point beneath the Na?ooz layer vhere the activity of
NaNO3 mst become very low,

All of the phase stability boundaries shown in Figs. 5 and 6 shift to
lover values of oxygen activity as temperature decresases. Hovever, the
nagnitude of this shift is not sufficient to account for the absence of
Nar¢02 at 605°C. A likely cause is that the kinetics of the conversion of
magnetite and hematite to N-PoOz is slov, due to the lov concentration of
peroxide ion in the melt at this temperature.

Oxidation Kinetics

Although gravimetric measurements are commonly used to determine the
kinetics of corrosion, this approach vas unsuitable here. Veight change
vas not stoichiometrically related to the amount of metal consumed because
of the type of corrosion products formed. This is evident from the results
on corrosion products described above, vhich incorporate O, Na and N from
the environment. Additional factors vhich complicated the interpretation of
veight change data vere chromium depletion and oxide spallation.

Since Alloy 800 and 316SS corroded by unifors scale formation, kinetic
drta vere obtained by measuring scale thickness. This method assumes that
scale thickness is directly proportional to the amount of metal vhich
roaacted vith the environment. MNinor errors vill arise vhen multiple
products are formed, particularly if the density of the alloying elements
differs significantly among the corrosion products, as betveen u.rooz and
the various transition metal oxides. The presence of a dispersed corrosion
product, CrN, creates another difficulty in quantification.

The thicknesses of surface scales vere measured from photomicrographs
of metallographically-prepared coupons after various periods of immersion
in the melt3. Although the number of data points vas limited by practical
considerations, trends in corrosion kinetics vere revealed clearly and
consistently. The data relating oxide thickness to time are shown in the
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log-log plots in Pigure 7 for Alloy 800 (a) and 316SS (b). At 615°C and
630°C, a slope of one provided the best fit for both alloys, indicating
linesr scale grovth vith time. Linear metal loss kinetics have also been
observed by Slusser, et al, at temperatures above 650°C [6]. At 605°C,
Alloy 800 displayed parabolic kinetics (slope = 0.5), while 316S8S folluved
parabolic kinetics for about 2000 hours and then shoved a systematically
increasing slope as time increased.

The data given in Pigure 7 vere used to calculate annual metal losses
by extrapolating to 8760 hours (1 year) and converting from scale thickness
to equivalent metal loss. These values appear in Table II, along vith data
from other studies conducted at temperatures vhich bracket those reported
here. The values of metal losses belov 615°C vere calculated using a
parabolic rate lav, vhile a linear equation vas used at higher temperature.
To provide a common basis for comparison, losses for the first year are
given for temperatures belov 615°C. Metal losses corresponding to the
lifetime of an SCR vould have to be extrapolated appropriately.

At temperatures of 600°C and below, corrosion rates vere nominally
less than 10 microns/year. The data obtained here shoved a substantial
incresse in the corrosion rate as temperature increased above 600°C, as
shown in Table II. Based on scale thickness measuresents, metal losses of
75-100 microns/yesr (3-4 mils/year) are expected for Alloy 800 and 316SS at
630°C. The metal loss of 316SS at 630°C vas also determined by chesical
descaling, using a sethod described previously [20], and a value of 86
microns/year vas obtained, vhich compares vell vith the value estimatad
from scale thickness. The data at 650°C reported by Slusser [6] agree vell
vith the trend observed in this study. The extremely high corrosion rates
reported at 677°C vere probably caused by substantial decomposition of the
salt, vhich vould yield high oxide ion concentrations.

Chroaius Depletion Kinetics

The solubility of chromium in the melt alloved measuremsents to be made
of the cumulative flux of Cr through the corrosion product layer. Although
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Pigure 7. The grovth of oxide scales vith time, plotted in log-log
coordinates, for (a) Alloy 800 and (D) 3&658 in eo%tcn u.uo3-nlo3.
The trends in the data are linsnr at 615°C and 630°C and
approximately parabolic at 605°C.
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TABLE I.

ELEMENTAL COMPOSITION OF ALLOYS TESTED

3 e

Alloy Cr Ni C Other
Alloy 800 20.7 31.0 .02 .44 A)
(by analysis) .45 T1

.57 Cu
31688 16-18 10-14 .08max 2-3 Mo
(.aominal)
TABLR II
METAL LOSS RATES OF ALLOY 800 AND 316SS IN MOLTEN NITRATE SALT
OVEX A JARCE OF TENPERATURES

T rature Source of Data Alloy 800 316SS

! =Ci (alcrons/yr) (nIcrons/yr)

565+ Ref. 18 5.4 -

595+ " 7.5 -

595+ Ref. & 5.7 3.6

600* . 5. 7 7.2

605+ This study 17 26

615 . . 66 82

630 d . 75 106

630+ bt » - 86

650 Ref. 6 107 165

677 . 1040 2060

* The values of metal losses above 605°C are based on linear kinetics. A
parabolic rate lav vas used at temperatures up to 605°C, for vhich losses
during the first year are given for comparison.

#* Determined by measuring descaled veight loss.
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mneasurements of this kind do not appear to have been made previously in
molten salt zorrosion experiments, they provide very useful information on
the kinetics of chromium depletion, as vell as insight into the corrosion
process. The concentration of chromium in the malts containing Alloy 800
and 31€SS vas measured periodically and the data vere converted to the
equivalent coupon veight loss, in units of mg/cm2, given the surface area

of the coupons and the mass of molten salt in the crucible. Chromium veight
loss can be related to the affected depth in an alloy by noting that a loss
of 1 ng/cm2 corresponds to depletion of a band about 6 microns thick for an
alloy containing 20 v:.X Cr. The Cr vaight loss results are plotted versus
time in Pigure 8. The veight losses shovn in these plots can be treated in
the same manner as veight gains in corrosion experiments vhen analyzing the
kinetics of chromium depletion. A qualitative interpretation is appropriate
given the amount of data available.

The general features of the kinetics of chromius depletion of Alloy
800 and 316SS vere similar, although the Cr loss from Alloy 800 vas
somavhat less than from 316SS, despite the lover Cr content of the latter.
Chromium losses increased monotonically vith time, suggesting a pover-lav
interpretation typically applied to oxidation kinetics. At 605°C, the
equation providirg the best fit for both Alloy B0O and 3165S vas a square
root dependence on time (parabolic). At 615°C and 630°C, a linear equation
vas best for 316SS. Alloy 800 vas also linear at 630°C, but a slight
deviation from a slope of unity vas apparent at 615°C. The net amount of
chromium lost at 605°C was substantially less than at higher temperatures,
vhere chromium losses approaching 2 mg/cm2 vere observed.

The ability to acquire quantitative data on Cr depletion provided a
novel means of investigating the corrosion behavior of these alloys in
molten nitrate salt. The transition from perabolic to linear kinetics of Cr
depletion with increasing temperature mimiced that observed in the grovwth
of surface oxide layers and suggests a common basis for the tvo processes.
In the next section, several aspects of the corrosion mechanism will be
discussed in viev of the kinetic results and the thermochemical analysis.
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Pigure 8. Kinetic trends of Cr depletion from (a) Alloy B00 and (b) 316SS,
as determined from Cr dissolved in the melt, plottxd in log-log
coordinates. The data imply l.&nur kinetics at 615°C and 630°C
and parsbolic kinetics at 605°C.
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Corrosion and Mass Transport Mechanisas

The most straightforvard interpretation of the parabolic rate
equations determined for both alloys at 605°C is that a protective layer
vas formed, vhose grovth rate vas limited by diffusion [21]. Linear
corrosion kinetics are typically ascribed to a rate-controlling process
occurring at a phase boundary [21]. The transition from parabolic to
linear kinetics at 615°C implies that a protective layer vas not formed or
vas disrupted as temperature increased. Although a detailed analysis of
kinetic models is beyond the scope of this report, some reasonable
speculations can be made concerning the underlying causes.

In the case of parabolic kine:ics, it seems likely that the inner,
mixed spinel layer (see Figs. la and 4a) is the protective layer. The
composition and microstructure of the oxide layers formed in nitrate melts
resesmble the duplex oxide layer formed on 316SS and other austenitic
Fe-Ni-Cr alloys in steam at similar temperatures {22,23]. A comparison of
the oxide scale grovth measured in molten nitrate salt vith the extensive
data concerning oxidation in steam revieved by Armitt, et al, [22]
indicates a somevhat slover corrosion rate in salt. A similar comparison
betveen the oxidation rate of 304SS in molten salt and steam has been made
by Tortorelli and DeVan [4]. In the case of steam, diffusion in the inner
spinel layer is thought to be rate-controlling [22], although it is
uncertain if diffusion of oxygen or iron controls. A similar conclusion
seems varranted for molten salt. The outer spinel layer is apparently
unprotective and likely contains microscopic porosity vhich is filled with
salt. Cr obviously diffuses through the layer, but vas not detected in the
EMPA scans shovn in Pig. 2. The aqueous polishing process used to prepare
metallographic samples vould remove any evidence of salt however.

The fact that Cr depletion kinetics vere parabolic at 605°C suggests
that a diffusional process related to that for oxide grovth vas rate-
controlling. One possibility would be diffusion of Cr*3 through the mixed
spinel layer. Hovever, diffusion control in the spinel layer would be
expected to yield a uniform gradient of Cr concentration vhich decreased
in the outvard direction, assuming a steady state vas attaired. The EMPA



plot for Alloy 800, shown in Pigure 2, does not indicate such a gradient
across the entire inner spinel layer. Other possible rate-contrelling
processes, such as diffusion of Cr through micropores in the outer spinel
layer, cannot be excluded by the EMPA and metallographic analyses.

The occurrence of linear kinetics at 615°C and 630°C implies that both
corrosion and depletion rates are controlled by reactions at a phase
boundary. It is apparent from the distribution of alloying elements that
several oxidation reactions must occur within the corrosion product layer to
yield the ccmplex morphology observed. A likely site for several of these
reactions to occur is at the boundary betveen the mixed spinel layer and
the sodium ferrate layer since this interface separates phases vhich
contain Cr and Ni from those that do not.

An observation that appears to be significant in understanding the
change in corrosion behavior as temperature increases is that NiO vas
detected at the outer surface of the scale layer at high temperature, but
not at 605°C. Like Cr, Ni vas not found in the NnPcOz layer by EMPA (see
Figure 4), vhich means that it must be removed from the spinel layer,
transported through the ferrate layer and precipitated at the outer
surface. Such a sequence of events is consistent vith the phase diagram for
Nazﬂioz and Ni0 shown in Figure 6 since the stability boundary lies close
to the equilibrium point of the bulk melt. Given that the ferrate layer is
microscopically porous, a reduction in the oxygen activity at the inner
surface of the ferrate layer, due to its consumption by a variety of
reactions, would stabilize sodium nickelate. The nickelate ion, Nioz'z.
could diffuse outwvard through the salt-filled micropores. At the outer
surface, replenishment of oxygen by (he atmosphere in contact vith the melt
vould establish an oxygen activity at vhich Ni0 is stable, and the oxide
vould precipitate due to its insolublity.

Similarily, changes in the equilibria of molten salt vhich penetrated
into the scale layer could increase the activity of nitrogen sufficiently to
enable internal CrN to form. The process by vhich CrN could form is
analogous to that described for hot corrosion phenomena in molten sulfate
deposits, vhich produce internal sulfides. This topic has been thoroughly
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revieved in the literature [24]. In a molten nitrate salt, a decrease in
oxygen activity belov the atmospheric value could result in formation of
nitrite from nitrate, vhich could subsequently yield nitrogen according to

(6) ZNINOZ-NAO+HZ+3/20

2 2

The nitrogen would then have to diffuse through the H203 layer to a region
of the alloy vhere CrN is stable according to Figure 5.

Depletion of Cr from the alloy likely occurs by a process similar to
that described above for Ni. At the interface betveen the spinel and
ferrate layers, a reaction of trivalent Cr in the oxide layer vith oxide or
peroxide ions from the salt present locally vould result in a basic fluxing
process yielding chromate ion. As the phase diagram in Figure 6 shovs,
sodium chromate is stable over a broad range of oxygen activities, and
since it is soluble in the bulk melt [16], it would continuously diffuse
through the microchannels in the ferrate layer.

In viev of the preceding discussion, the observation that chromiuas
depletion kinetics and oxidation kinetics are linear at 615°C and 630°C
suggests that interfacial reactions of the alloy constituents vith oxide
ion species present in sub-surface molten salt are the rate-controlling
processes. This argument is supported by calculations vhich shov a rapid
increase of the equilibrium concentration of peroxide in wmolten nitrate
salt as the temperature increases in the range studied here. In the case of
Cr depletion, it is quite reasonable to envision linear kinetics associated
vith the continuous recession into the alloy of a plane at vhich the Cr
concentration in the corrosion products is essentially zero. The effect of
the reactions postulated above on the protective nature of the sub-surface
oxide layers is not directly evident from the results of microstructural
analysis. It is quite possible that the defects created in the sub-surface
metal oxide layers by oxide ions from the melt may be too subtle to be
resolved by the techniques available. The situation appears analogous to
that of molten sulfate-induced hot corrosion.
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Summary

The corrosion behavior of tvo iron-nickel-chromium alloys, Alloy 800
and 316SS, vas studied in a molten sodium nitrate-potassium nitrate mixture
at temperatures of 605°C to 630°C. A transition in the type of oxidation
products formed and the kinstic equations which governed grovth of surface
oxide layers vas observed as temperature increased. At 605°C, oxidation
proceeded by parabolic kinetics with the formation of protective spinel
oxide layers. At higher temperatures, oxidation displayed linear kinetics
and corrosion morphologies vere quite complicated, consisting of sodium
ferrate, several oxide layers and internal nitridation. At 630°C, the metal
loss rate observed for Alloy 800 was 75 microns/year (about 3 mils/year),
wvhile that for 316SS vas sbout 100 microns/year. The dependence of
corrosion behavior on temperature established that 600°C should be regardad
as the upper temperature limit for operating solar central receivers using
these alloys.

Chromium vas oxidized to form chromate and dissolved in the melt. The
presence of dissolved Cr provided a useful diagnostic tool for detecting
the transition in corrosion behavior vith increasing temperature, since"
chromium depletion kinetics also changed from a parabolic to a linear rate
lav as the temps-ature increased. Depletion of chromium occurred via a
basic fluxing process that vas accelerated at the higher temperatures at
vhich peroxide ion content increased substantially.

Thermochemical equilibrium calculations have shovn that peroxide ion
is stable in the molten nitrate salt and that its concentration increases
rapidly above 600°C. This report demonstrated that thermochemical analysis
of the interactions of metal oxides, derived from the alloying elements,
and the molten salt could explain many features of the corrosion process,
including the complex organiszation of oxidation products observed at
temperatures above 615°C.
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