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ABSTRACT 

The corrosion behavior of Type 304 stainless steel in molten NaN03-KN03 
was studied at temperatures between 600°C and 350°C using thermal convection 
loops. Corrosion rates were somewhat less than 2.5 x 10-2 mm/year (1 mill 
year) at the maximum temperature. Two corrosion processes were observed, 
formation of oxide scales and depletion of chromium from the alloy. Oxidation 
products generally consisted of at least two layers, a layer of Fe3040ver 
an iron-chromium spinel. In addition, a complex oxide was detected which 
appeared to be a double oxide of iron and, a salt impurity, magnesium. 
Chromium accumulated as a soluble product in the melt but thermal gradient 
mass transfer was not observed. Chromium depletion kinetics were approxi­
mately parabolic with time suggesting a diffusion controlled process. Auto­
genous weldments experienced somewhat more corrosion in the heat-affected zone 
than either the fusion zone or the parent alloy • 
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CORROSION OF 304SS BY MOLTEN NaN03-KN03 
IN A THERMAL CONVECTION LOOP 

Introduction 

Molten nitrate salts are potentially attractive as working fluids in 

central solar receivers and as thermal energy storage media in sensible heat 

systems [1,2]. These applications may be viewed as extensions of industrial 

uses of molten salts for heat transfer, which have been practiced for many 

years [3]. A mixture of particular interest ;s 60 NaN03-40 KN03 (w/o), 

which offers chemical stability at high temperature, desirable physical 

properties and low cost and which is the basis for a prototype central solar 

receiver design [4]. 

The choice of containment materials for a molten salt system is based on 

a variety of factors including corrosion resistance, mechanical properties and 

cost. In a central solar receiver, the maximum temperature expected is 600°C 

(1110°F) and the working environment is a complex one involving daily cycling 

of temperature and stress. Alloys which are commonly used in this temperature 

range include the 300-series stainless steels and Incoloy 800. 

Relatively little data has been published concerning corrosion of high 

temperature alloys in molten nitrates at the temperatures of interest" in solar 

applications. 1800 and 316SS have been reported to undergo relatively slow 

scaling in a molten nitrate mixture at 595°C, resulting in weight gains of a 

few mg/cm2 after several thousand hours [4]. In another study, an analysis 
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of Inconel 600 after 700 hours at 550°C revealed about 5 microns of scaling 

and about 20 microns of intergranular oxidation [5]. 

Additional results have been reported concerning corrosion of stainless 

steels in a related salt mixture consisting of 40 NaN02-53 KN03-7NaN03 

commonly referred to as heat transfer salt (HTS) or HITEC. These studies were 

limited to 550°C because of decomposition of the salt. At temperatures of 

500°C, stainless steels appear to provide good corrosion resistance [6], 

although an unquantified amount of intergranular oxidation has been reported 

[7,8]. Some experiments with 316SS and 310SS at 550°C showed corrosion rates 

less than 1 mil/year and indicated that corrosion produces primarily iron 

oxides [9]. Intergranular oxidation was not observed in the latter study. 

316SS was reported to experience rapid weight reduction at 550°C in convection 

loop tests with HITEC, resulting in as much as 140 Mm/year of metal loss [10]. 

The data reviewed above are not adequate for the purposes of designing 

central solar receivers and thermal energy storage systems using molten 

NaN03-KN03 at 600°C. The work reported here is part of a program to 

develop the necessary data base concerning the corrosion behavior of high 

temperature alloys in molten nitrates This report describes the results of 

corrosion experiments of a representative stainless steel, 304SS, and considers 

their implications with respect to receiver performance. 

Experimental 

A thermal convection loop was used as the experimental system in order to 

simulate the range of temperatures expected in a central solar receiver heat 

exchanger circuit in a single apparatus. The key feature of a thermal convection 

loop is that a mass flow can be induced by a thermosiphon which is created by 

heating one vertical leg and dissipating heat from the other legs of the loop. 
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The existence of a temperature gradient and mass flow enables the experimenter to 

observe tendencies for thermal gradient mass transfer as well as study corrosion 

as a function of temperature. The design and operation of the loop have been 

described in detail elsewhere [11]. 

The temperature profile obtained in the loop is plotted in Figure 1. The 

maximum temperature was 600°C and the minimum was 350°C with gradient of 

approximately 3°C/em in the heated leg. Temperature variations were + 5°C at 

a given location although short term variations were occasionally twice that 

value. The loop operates at steady-state conditions and thus the thermal 

cycles intrinsic to central solar receivers were not simulated in these 

experiments. 

The chemical compositions of the materials used to fabricate the loop and 

the removeable coupons are given in Table I. Coupons were polished with 180 

grit SiC paper and then cleaned ultrasonically in isopropyl alcohol. No 

surface preparation was used for the tubing. Autogeneous weldments of coupon 

stock were produced by gas-tungsten arc welding and contained sections of the 

parent alloy and fusion and heat-affected zones. 

Inserted coupons were suspended from a sample tree at various locations 

to cover a range of temperatures. They were periodically removed for weighing 

and metallographic analysis. Specimens were quenched in air, rinsed in an 

ultrasonically agitated hot water bath, dried and weighed. At the termina­

tion of the experiment, the loop was sectioned for metallographic analysis. 

Metallographic specimens were electroplated with nickel before polishing 

in order to maintain the integrity of surface scales [12]. 

In addition to examination of metallic coupons, the melt within the loop 

was periodically sampled and chemically analyzed. The salt initially charged 

was a commercially pure mixture of 60 NaN03-40 KN03 (w/o), (Partherm 430 
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Park Chemical Co., Detroit, MI). Since the loop was allowed to breathe to the 

atmosphere, some decomposition of N03-to N02- was observed as well as absorp­

tion of C02 from the atmosphere. Concentrations of N02-, C03-2 

and oxide ion (as OH-) were determined by titrimetic methods after dissolving 

quenched melt samples in water [13]. Metallic content was determined by 

atomic absorption spectroscopy. Additional salt was added only as needed to 

compensate for periodic withdrawals of 10 gm samples for chemical analysis. 

The results of chemical analyses for N02- and C03= appear in Table III. 

No oxide could be detected by the analytical technique which was sensitive to 

5 x 10-4 moles/kg [13]. The N02- concentration was generally constant after 

attaining a steady value of about 3 w/o, which is somewhat less than the value 

for the N03- = N02- + 1/2 02 equilibrium in air at the maximum temperature 

of the loop, based on a value for the equilibrium constant of 18.5 atm-1/ 2 

[14]. The C03= concentration appears to increase about linearly with time 

from the initial value. 

Results 

The information obtained concerning the chemical and physical processes 

which affect 304SS in molten nitrates were derived from an analysis of the 

extent and composition of surface oxidation products, weight changes, micro­

structural changes and accumulation of metallic elements in the salt. The 

results which follow are categorized according to these general classifications. 
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Corrosion Extent and Morphology 

Molten nitrate salts are strong oxidizing agents, although the identity 

of the active oxidant species is uncertain [15]. In this study, all the 

corrosion products identified were oxides. Their structures will be discussed 

shortly, but initially, the extent of scaling is of greatest interest since it 

indicates directly the suitability of a material for a particular application. 

An Arrhenius-type plot of total oxide scale thicknesses measured on 304SS 

coupons immersed at various temperatures is shown in Figure 2, where the error 

bars indicate observed variations in scale thicknesses on each specimen and 

uncertainties in the temperature measurements. The plot indicates that 

approximately 12 ~m (0.5 mil) of scaling occurred after 4200 hours at 595°C. 

Extrapolating linearly, about 25 ~m (1 mil) of scaling would be expected after 

one year of isothermal immersion in molten nitrate salt. At temperatures below 

550°C, the corrosion rate decreases to insignificant values. 

The log (oxide thickness) versus liT data does not appear to be linear 

for the range of temperature shown. The temperature sensitivity of the 

aggregate oxidation rate increases as the temperature increases from 550°C. 

This increase in the activation energy of the corrosion process is probably 

related to the complex structure of the oxidation products formed, which are 

described below, and to a shift in the rate-controlling oxidation step. 

Identification of oxidation products was emphasized for the coupons 

immersed at the highest temperatures where corrosion was most prominent. The 

general morphology of corroded specimens is indicated by the photomicrograph 

in Figure 3, which shows 304SS in cross-section after 4200 hours, at 595°C. 

Three layers were differentiated by cathodic etching in aqueous Na2Cr04 [16]. 
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The light gray layer in the middle was Fe304 (magnetite) which was 

identified by Oebye-Scherrer x-ray diffraction patterns (XRO). In addition, 

scale fragments were observed to be magnetic. The layer between the Fe304 layer 

and the alloy was a mixed oxide spinel, (Fe,Cr)304, where Fe is the most 

abundant metallic element. Energy dispersive x-ray (EOX) spectra obtained on 

the scanning electron microscope indicated that the mixed oxide spinel was 

depleted in Cr relative to the Cr/Fe ratio in the alloy. The mixed oxide 

spinel was approximately the same thickness as the Fe304 layer. 

The thin outer layer could not be identified unambigously. EOX analysis 

of polished cross-sections established only Fe and a minor amount of Ni as 

metallic constituents. EOX spectra of the surfaces of unmounted specimens 

indicated the presence of Mg, however, which is present as an impurity in the 

commercial grade salt used. Auger electron spectroscopy (AES) of surface 

layers on oxidized coupons demonstrated that Mg was present as illustrated in 

the AES scan in Figure 4. Since XRO did not indicate the presence of oxide 

phases, other than those discussed above, it seems likely that the outer 

layer was Fe304 which contained some double oxide of the type, M9Fe204. The 

absence of a Mg signal in the EOX of polished specimens may be due to hydrolysis 

of the double oxide from prolonged aqueous contact during polishing [16]. 

The presence of Ni was indicated by EOX analysis in all three oxide 

layers. In addition, AES analysis of the oxide scale surface indicated the 

presence of Ni. The amount of Ni relative to Fe in each layer was somewhat 

less than the proportions in the alloy. It is probable that Ni was incorpor­

ated into the major oxide, Fe304, to yield a mixed spinel oxide of the type, 

Nix Fe3-x 04 [17], where the value of x has the upper limit of about 0.3 

set by the alloy composition. 
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Weight Changes 

Weight changes of coupons at various locations were determined as a 

function of time to supplement post-mortem meta110graphic analysis 

and were measured with the surface scales intact. Weight changes versus 

time for several 304SS coupons immersed at different temperatures are plotted 

in Figure 5. 

The net weight changes observed at all temperatures were quite small 

although some general trends are discernab1e. The maximum positive weight 

changes were observed for coupons at a temperature less than the maximum 

temperature of the loop. Higher temperatures tended to cause a decrease in 

weight after long periods of time. In one specimen which was immersed at 

595°C, reversals of the sign of weight changes versus time were observed. The 

interpretation of these weight change data will be considered in the discussion 

section to follow. 

Weldments 

Since salt containment structures will be assembled by welding, the 

corrosion behavior of we1dments was studied briefly using autogenous we1dments. 

Weight change vs. time curves for 304SS we1dments, as a whole, behave similari1y 

to the parent alloy. The weight changes recorded were quite small, not 

exceeding 0.5 mg/cm2 after several thousand hours. The maximum weight 

gain did not occur at the highest temperature but rather at 540°C. At the 

highest temperature studied, 595°C, weight losses were observed. 

We1dments were examined meta110graphically to determine if corrosion 

occurred preferentially in the fusion or heat-affected zones. As indicated by 

Table III, where data on the scale thicknesses above the three zones are 

collected, virtually the same amount of oxidation was found in the parent 
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alloy and fusion zone, while the heat-affected zone seemed to oxidize more. 

The structure of the oxide scale in the heat-affected zone has the same 

general appearance as that shown in Figure 3. No intergranular oxidation was 

observed in either the fusion or heat-affected zones. 

Discussion 

The data presented in the preceding sections show that alloy coupons 

display little or no weight gain despite the presence of surface oxide scales. 

For instance, at the highest temperatures where scaling is greatest (see 

Figure 2), weight changes are negligible (see Figure 5) compared to calculated 

weight gains of 1 mg/cm2 for 7 ~m of scale, based on an oxide density of 5.7 

gm/cm3• To account for the net weight changes, processes other than just 

oxidation must be considered. 

Spalling of oxide layers is one possibility and could be important in 

view of the relatively small weight changes observed here. Although the 

scales on 304SS were found to be generally adherent from visual inspection, 

spalling of oxides at corners and edges of specimens could distort the results. 

Another weight loss mechanism which was observed was depletion of chromium 

from the alloy matrix. This phenomenon is discussed in greater detail in the 

following section. 

Chromium Depletion 

Chemical analyses of salt samples withdrawn periodically from the loop 

revealed that chromium was accumulating in the salt. A plot of Cr concentra­

tion as a function of time, in Figure 7, illustrates the accumulation of Cr. 

Although the absolute values of Cr concentration depend on the surface areal 

salt volume ratio of the loop, as well as physiochemical processes, the slope 
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of the data can shed some light on the controlling kinetic process. A least­

squares fit of the data using a function of the type, log Cr = constant + n 

log t , yields a value for the slope, n, of 0.40. (Open circle points were not 

included in the regression analysis since these include contributions arising 

from the placement of additional coupons at 4200 hours.) This value is close 

to 0.5, which would arise if Cr loss from the alloy was controlled by diffusion 

in either the surface oxide layer or the alloy [18]. 

The identity of the Cr species in the melt has not been determined. 

However, due to the oxidizing nature of molten nitrates, it is likely 

that it is some type of chromate, either the Cr+3 oxidation state, Cr04-5 

or Cr03-3, or the Cr+6 oxidation state, Cr04-2 or Cr207-2. Although 

the trivalent form was found to oxidize to the hexavalent form, Cr04-2, at 250°C 

[19], a trivalent form was reported to consititute the majority of chromium 

when 316SS was immersed in molten HITEC for several thousand hours at 550°C 

[10]. 

The loss of Cr from the alloy was also evident from microstructural 

changes observed in cross-sectioned coupons. EDX analysis of the sublayer of 

alloy adjacent to the oxide scale demonstrated that this region was depleted 

in Cr compared to the initial bulk concentration. The depleted subsurface 

alloy phase is identified in the photomicrograph in Figure 8 after suitable 

etching. As noted previously, the oxide scales also contained proportionately 

more Fe than Cr relative to the alloy. It is therefore clear that the alloy 

experienced a net loss of Cr which has accumulated as a soluble ion in the 

melt. 

Mass Transfer 

As discussed in the previous section, the concentration of Cr in the salt 

increased continuously. If an asymptotic value of Cr concentration had been 
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reached, it would imply that Cr precipitated in the cold part of the loop, 

balancing inputs arising from depletion in the hot section. Furthermore, Fe 

and Ni were not detected at levels significantly above a few ppm, the sensitivity 

limits of the atomic absorption spectrometer. Thus, any mass transfer process 

involving Fe or Ni would be extremely slow. Finally, given the relatively low 

coupon weight losses observed here, it is evident that thermal gradient mass 

transfer will not be significant. 

An AES examination of the surface of a tube section at the 350°C part of 

the loop revealed no enrichment of the alloying elements. AES did indicate 

that the thin (~1 Mm) deposit observed was primarily Mg, Ca, Si, C and 0 as 

shown in the spectra in Figure 9. The elements in the deposit derive primarily 

from impurities in the salt except for 0 and C, which may be provided by the 

atmosphere. The deposit appears to be a mixture of alkaline earth silicates 

and carbonates which are insoluble in the melt. Deposits of this type 

appear to present no operational problems since they are limited by the low 

initial concentrations of these elements in the salt. 

Practical Considerations 

The results described above must be interpreted with respect to several 

factors to develop a clearer idea of how materials will perform in operating 

systems. Some of these factors are discussed briefly in this section, including 

the effects of surface finish, thermal cycling and the atmosphere in contact 

with the sal t. 

Metallographic analysis of sections of tubing removed from the loop 
• 

provided information on the effect of surface finish on corrosion. The tubing 

was used in the as-received condition in contrast to the 180 grit polish given 

coupons. The amount of scaling of several sections from the heated leg is 

given in Table IV. These data can be compared directly with the amount of 
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scaling observed on polished coupons given in Figure 2. The data are not 

sufficiently precise to support the conclusion that a parabolic rate law is 

valid for extrapolating scaling rates found on polished coupons, at 4200 hours, 

to yield rates for as-received tubes, at 8500 hours. However, even if corrosion 

kinetics were linear, Table IV indicates that tubes did not differ drastically 

from polished surfaces and establishes a worst-case scaling rate of about 1 

mil/yr. 

A photomicrograph of a cross-sectioned tube removed from the part 

of the loop at 600°C appears in Figure 8 and can be compared with the scale 

morphology observed on polished coupons shown in Figure 3. The oxides compos­

ing the scale are the same as those on polished coupons, Fe304 and (Fe,Cr)304; 

but, the ordered layered structure seen in Figure 3 has been replaced by 

a relatively disordered structure. This feature is indicated by the vaguely 

defined boundary (revealed by an aqueous Na2Cr04 etch) between the light 

gray phase, Fe304, and the dark phase, (Fe,Cr)304, which is generally 

adjacent to the oxide-alloy interface. 

The effect of thermal cycling, which is inherent in central solar receiver 

operation, on corrosion behavior will tend to increase rates as the protective 

oxide layers are fractured by thermal and growth stresses. This effect cannot 

be predicted reliably except by experiment. The scales observed on 304SS in 

this study were generally quite adherent. In particular, the adherence of 

scales formed on the inner diameter of tubes may benefit from the compressive 

stresses due to scale growth which tend to ensure contact of the scale and the 

tube. 

Finally, it can be argued that the effect of operating the loop in a 

breathing mode, where the salt is not sealed from the atmosphere, does not 

create any special problems concerning corrosion behavior. Since C02 
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neutralizes oxide ions formed by decomposition of N03- or absorption of 

water vapor and thereby reduces alkalinity, C02 may reduce corrosion rates 

[7,8]. However, if it is necessary to prevent absorption of C02 by the 

melt, to avoid raising the melting point [20], exclusion of water vapor might 

also be necessary. 

Conclusions 

In molten NaN03-KN03, 304SS experienced about 25 ~m/yr (1 mil/yr) of 

corrosion at 600°C (1110°F). Based on general corrosion considerations, these 

results imply that 304SS is a suitable containment material for long-term 

applications in central solar receivers or thermal energy storage. However, it 

is recognized that other factors, such as high temperature mechanical behavior, 

must be included when selecting alloys. 

Corrosion occurred by formation of oxide scales which were multilayer 

structures composed of predominantly iron-rich rather than chromium-rich 

oxides. The temperature sensitivity of the oxidation rate increased as the 

temperature increased. Unpolished tube surfaces did not corrode at a significantly 

different rate than polished coupons although the scale morphology differed. 

The formation of chromium-deficient oxides may be related to the tendency 

of chromium to dissolve in the melt. The concentration of chromium in the 

melt increased continuously with time according to parabolic kinetics. 

Chromium depletion resulted in a sub-surface alloy layer which was reduced in 

chromium. 
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TABLE I 

CHEMICAL COMPOSITIONS OF ALLOYS 
Alloy Coupons Tubing 

Cr 18-20 18.3 

Ni 8-12 9.30 

Mn 2 max 1.62 

Si 1 max 0.52 

Ti 

C 0.08 max 0.06 

other Mo 0.06 

Cu 0.05 

TABLE II 

NITRITE AND CARBONATE CONTENT OF THE MELT DURING OPERATION OF THE LOOP 

Start 0.08 0.19 

574 2.6 0.27 

1102 3.0 0.37 

2045 3.1 0.33 

4321 3.6 0.40 

6361 3.0 0.42 

8502 3.6 0.57 
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TABLE II I 

COMPARISON OF OXIDATION OF 304SS WELDMENT ZONES AFTER 4200 HOURS NaN03-KN03 
Temperature 

(OC) 

595 

590 

540 

Parent 

7 

9 

4 

Total Scale Thickness* (~m) 
Fusi on Heat-affected 

9 

9 

5 

11 

12 

7 

*The uncertainties in the data are + 1 ~m at 540°C and + 2 ~m at the 
other temperatures. - -
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TABLE IV 

SCALING OF 304SS TUBING AFTER 8500 HOURS 

Temperature 
(OC) 

600 

575 

550 

Scale Thickness 
Mean (~m ) Range 

16 

11 

9 

9-25 

6-15 

5-13 
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