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ABSTRACT

An experimental technique has been developed to examine the interaction
between deformation and the exposure of certain high temperature structural
alloys to oxidizing molten salt environments. The experimental program in-
volved performing a series of long-term tensile tests over a wide range of
strain rates. Fracture strain reduction in area and ultimate strength (UTS)
were monitored as parameters indicative of an alloy's susceptibility to en-
viornmental degradation.

For Incoloy Alloy 800 tested at 600°C in the salt medium and at initial
strain rates between 2 x 10-7 sec-1 and 1 x 1079 sec-1 no appreciable loss of
ductility, as measured by reduction in area, was observed relative to control
specimens tested in air at the same temperature and strain rates. Similarly,
fracture strain and UTS were essentially unaffected by exposure to the oxidizing
enyironment.

The structure of the oxide film formed by contact of the specimens to the
molten salt was affected by the imposed continuous deformation. Deformation
resulted in an oxide which was thicker than that formed on undeformed salt-
exposed surfaces. While this difference in oxide thickness was a measurable
phenomenon, the increased rate of oxidation was not great enough to appreci-
ably alter alloy mechanical behavior in the salt compared to that measured in
air. In addition, fine subsurface cracks were observed in those oxides formed
on deformed surfaces.
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ILLUSTRATIONS

Schematic representation of the effect of strain rate on
material ductility as measured in a SSRT experiment for a
material which suffers from an environmentally induced
embrittlement.

The SSRT facility consists of two identical load frames
each with an 18 kN maximum load rating. Load vs time
data is acquired on low speed strip chart recorders.

Stress-strain curves for Alloy 800 tested at 600°C in
air at the strain rates indicated. Deformation at high
strains remains uniform with 1ittle tendency for local-
ized necking to occur.

Stress-strain curves for Alloy 800 tested at 600°C in the
nitrate salt environment. The curves show the same
general features as for those specimens tested in air.

Comparison of two typical specimens, one tested in salt
(so1id curve), the other tested in air (broken curve).
The superposition of the curves indicates the absence
of any major environmental effect.

Effect of strain rate on total elongation (strain to
fracture) for Alloy 800.

Effect of strain rate on reduction in area (RA) for
Alloy 800.

Comparison of air exposed, deformed gage section to a

salt exposed, deformed gage section tested at the same
initial strain rate and at 600°C. Total test time and
therefore total time at temperature in the two environ-

menta are indicated in the parentheses (optical microscopy).

Effect of surface finish on oxide morphology. Both
micrographs are taken from the opposite sides of the same
gage section and therefore the total salt exposure times
were the same. Surface finish had little effect on the
structure of the oxide (optical microscopy).

Effect of deformation on oxide thickness and morphology.
Deformation increases the rate of oxide formation and
results in a damaged surfage scale (SEM).

Effect of deformation on oxide thickness as a function of
salt exposure time. For the testing performed, deforma-
tion results in an oxide which is uniformly thicker than
those formed on the undeformed surfaces.
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Figure
11
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Evolution of oxide scales for all SSRT specimens.
Intrusion of the oxides within the base metal was the
result of the extensive grain boundary cracking which
occurred at the high strain levels imposed on the
specimens (optical microscopy).

EDX characterization of the surface oxide formed after
exposure to the molten salt for 960 hours at 600°C.
Fe and Cr preferentially segregate within the oxide

while Ni concentrates within the near oxide base metal.
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INTRODUCTION

Advanced designs of Solar Central Receivers (SCR) call for the use of a
condensed phase fluid as the coolant or heat transfer medium. The choice of
that fluid is largely one of economics based upon a combination of factors
including its costs and optimal thermophysical characteristics (1,2). For
current receiver designs, the choice of this fluid has been narrowed to the
nitrate based salts. These mixtures of sodium nitrate and potassium nitrate
have melting points which vary between 200°C and 350°C depending upon their
specific composition and have been used for some time in a variety of indus-
trial applications including both process heat and heat treating operations.
The major concern regarding their use in SCR applications has been the rela-
tive lack of information concerning their intrinsic thermochemical and thermo-
physical properties and stability at temperatures above those of normal indus-
trial experience. Additional concerns involve their influence on the long-
term behavior of containment materials at the elevated temperatures repre-
senEative of receiver panel operating conditions (peak temperatures near
600°C).

While the stability and thermophysical properties of these salts have
been addressed elsewhere (3-5), this report details the results of an experi-
mental program in which the effects of long-term salt exposure on the mechani-
cal properties of Incoloy Alloy 800 have been evaluated. This austenitic
stainless steel was chosen as it represents the most likely material to be
used in the fabrication of the receiver tube panel array. Because of its
high alloy content, it has superior strength to that of 316SS or 304SS at
the anticipated maximum operating temperatures.

APPLICABILITY OF THE SLOW STRAIN RATE TEST TO SCR ENVIRONMENTS

During sunlight hours, complex thermal strains will develop in receiver
tube panels due to their one-sided heating by redirected sunlight. Diurnal
cycling as well as intermittent cloud cover will induce in the receiver
tubes a high strain amplitude thermal fatigue cycle with Tong hold periods
at maximum temperatures. At peak stress levels, the temperatures will be well
into the creep regime of 1800. While the effects of the resulting plastic re-
laxation processes and creep-fatigue interaction on bulk mechanical properties
must eventually be considered, the present work deals with the combined effects
of molten salt induced surface attack and continuous monotonic deformation;
the egfects are studies through a series of slow strain rate tensile tests
(SSRT).



Previous work utilizing the SSRT technique has been confined largely
to the study of stress corrosion cracking and hydrogen embrittlement in
aqueous media (6). However, the technique is valid for the study of material
compatibility in molten salt environments as well. Earlier studies have
shown that both the austenitic and ferritic stainless steels suffer a uniform
surface attack when immersed in these nitrate salts for extended periods of
time (7,8) in the absence of deformation. It is necessary therefore to per-
form the mechanical testing at rates slow enough to allow the test alloy to
interact with the corrosive environment.

The slow strain rate test consists of the application of a constant
extension rate imposed on a smooth tensile specimen which in turn is exposed
to the environment of interest. Because of the somewhat arbitrary test
conditions, the results are usually compared to the results of tests performed
on specimens exposed to an inert or reference environment (in the present
case, air) under identical conditions of strain rate and temperature.
Typically, reduction in area (RA), strain to fracture and ultimate tensile
strength (UTS) are measured as parameters which determine the susceptibility
of an alloy to environmental degradation. The test is thus a versatile
method for both the detection of the presence of an environmental or stress
corrosion cracking phenomenon as well as for the analysis of the critical
variables which may contribute to the observed material degradation. The
variables which may be screened include the test or environmental exposure
temperature, the particular nitrate salt chemistry or impurity content as
well as the metallurgical condition of the alloy under investigation.

Strain rate is a critical variable in the detection of a localized
cracking phenomenon in a material which undergoes uniform surface attack in
an aggressive medium. Figure 1 schematically illustrates the expected strain
rate dependence of a material which suffers from an environmentally induced
loss of ductility. In Region I the strain rate is so rapid and the resulting
test time is so short that a specimen can deform and fracture before it can
interact with the environment. Failure therefore occurs in a normal ductile
mode. In Region II environmentally induced embrittlement occurs and the
loss of ductility can be due to any of several factors. The continuous
deformation results in a porous or cracked oxide scale and thus allows for
an increased rate of corrosion. The concomitant loss of load bearing cross-
sectional area may result in the earlier onset of necking and fracture.
Alternatively, the buildup of residual stresses within the surface scale as
it forms can, when coupled to the imposed deformation, allow the oxide to
scale or flake off the specimen surface and expose fresh base metal. This
would also tend to increase the overall rate of scale formation and increase
the rate of metal loss. Finally, deformation-induced cracking of near sur-
face grain boundaries can allow the aggressive environment to penetrate to
regions deep within the specimen thereby leading to earlier fracture.

EXPERIMENTAL PROCEDURE

Tensile tests were performed on Incoloy Alloy 800 (heat no. HH8579) bar
stock supplied by Huntington Alloys. The alloy was tested in the mill
annealed condition and had the composition given in Table 1 below. Sheet
tensile specimens were machined from the stock using EDM techniques and had
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Figure 1.

STRAIN RATE

Schematic representation of the effect of strain rate on material ductility
as measured in a SSRT experiment for a material which suffers from an
environmentally induced embrittlement




TABLE 1
Incoloy Alloy 800 Composition (wt. pct.)
ce N Fe  C T M Si N M

19.8 32.9 44.6 0.08 0.47 0.42 0.12 0.02 N.A.

reduced gage sections with 1.27mm x 6.35mm cross-section. In order to test
for the effect of surface finish on oxidation characteristics, one side of
the specimen was ground and polished to a 600 grit finish on s111con carb1de
papers prior to immersion in the salt and mechanical testing.

The slow strain rate test facility shown in Figure 2 consisted of two
jdentical load frames each with an 18 kN maximum load rating. The frames
are geared to allow uniform extension rates of from 2.54 x 107° mm/sec to
2.54 x 104 mm/sec. Initial strain rates were computed on the basis of the
specimen gage length and the chosen extension rate. Specimens were fixtured
in the rigid 4 column cage suspended below the upper cross-head. The furnace
body was then raised up around the specimen. To contain the molten salt,
a 316SS salt pot with a water cooled collar was placed in the furnace cavity.
The particular salt composition used was a 60 wt. % NaNO3 -40 wt.% KNO3
mixture. The water cooling was necessary to contain the salt within the
container at the high test temperature (7). Temperature was controlled and
monitored via type K thermocouples positioned along the specimen gage length.
Using a Eurotherm temperature controller and power supply, temperature could
be maintained to within + 0.5°C of set point. The furnace was a Lindberg
203mm diameter crucible furnace. Load vs time data was recorded continuously
on a low speed Honeywell strip-chart recorder.

Scanning electron microscopy (SEM) was used to observe fracture surfaces
on both the air and salt exposed specimens. Oxide structures were observed
using both SEM and optical microscopy.

RESULTS AND DISCUSSION

Figure 3 shows the stress-strain curves generated for Alloy 800 tested
in air at 600°C and at the strain rates indicated. While the ultimate
strength of this alloy was clearly strongly rate dependent, the engineering
fracture strain was only very weakly so. The gradual and continuous unloading
of the specimen after UTS at the test temperature reflects the great resistance
of the alloy to localized necking at these low strain rates. Even at very
large strains deformation remained uniform and fracture occured as the result
of extensive grain boundary cracking rather than being due to the onset of
plastic instability.

Figure 4 shows the stress-strain curves generated for Alloy 800 tested
in salt at 600°C and at the same strain rates as in the previous figure. Thus
for tests done at the same strain rate, total test time and therefore total
salt exposure times were roughly equivalent, varying from nearly 1000 hours
for the slowest tests to less than 24 hours for the test run at the fastest
initial strain rates. The tensile curves for all specimens tested in salt
exhibited the same characteristic shape as those tested in air.

12
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Figure 2. The SSRT facility consists of two identical load frames each with an 18
kN maximum load rating. Load vs, time data is acquired on low speed strip
chart recorders.
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Figure 5 compares directly the tensile curves for Alloy 800 at 600?0_ )
tested in salt (the solid curve) and in air (broken curve)‘at the same initial
strain rate of 1 x 10~6 sec-1. The curves virtually superimpose, thereby
indicating the absence of any measurable environmental effect. The small
difference in strain-to-fracture is clearly within the expegted scatter for
this quantity and not indicative of a change material behavior. The data
for all the mechanical testing is summarized in Table 2. From this table it
can be seen that there was no appreciable degradation in material behagior
as the result of prolonged salt exposure. This is more clearly shown in
Figure 6 which shows the influence of initial strain rate on total elongation
(Figure 6a) and reduction in area (Figure 6b). Measured in this way, the
ductility in both salt and air was comparable. As the strain rate was
decreased the ductility of the salt exposed samples did not margedly decrease
as would be expected if environmental or stress corrosion cracking was occurring.

The salt environment did not degrade the mechanical properties of Alloy
800 even though surface oxide scales formed rapidly. Figure 7 compares the
deformed gage sections from two specimens, one tested in air and the other
tested in salt at the same initial strain rate. The total environmental
exposure times were thus nearly equivalent. The air exposed surface was
free of surface oxides while the salt exposed surface exhibits an approxi-
mately 9um thick surface scale. The intrusion ofithe oxide below the speci-
men surface visible in Figure 7b is the result of the extensive grain
boundary cracking which occurs at the high imposed strains and slow strain
rates. Although not apparent in Figure 7a, this cracking is ubiquitous,
occurring at these temperatures and strains regardliess of the environment.
The cracking generally extends only one or two grain diameters below the
surface and thus even though it allows the oxidizing environment to penetrate
below the metal surface, it does not result in accelerated fracture.

Surface finish did not appear to plan an important role in either the
kinetics of oxidation or in the resulting oxide morphology. Figure 8 compares
the oxides formed on opposite sides of the deformed gage section of a single
tensile specimen. In Figure 8a, the specimen surface was exposed to the salt
in the as-machined condition while the oxide in Figure 8b was formed on a
surface polished to a 600 grit finish. In both cases the oxides are equally
thick and the oxide-base metal interfaces appear to be equivalent. This is
contrary to the results of general corrosion (immersion) experiments (8)
where the rate of oxide growth was found to be faster on rough surfaces than
on polished surfaces. In addition, it had been found that the oxide-metal
interface formed on the rough surfaces was considerably more irregular than
the interface formed on a smooth surface. The discrepancy between current
and previous findings may be simply one of degree. That is, the EDM surfaces
may not be sufficiently different from the polished surfaces to yield a
substantial effect either in growth rate or oxide-base metal interface
morphology.

While the oxidizing environment does not result in a measurable ductility
loss at the temperature and strain rates of these tests, deformation does
affect the kinetics of oxidation and the oxide morphology. Figure 9 compares
the oxide formed on the salt-exposed, deformed gage section to that formed
on the exposed grip end which did not deform during the test. The oxide

16
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TABLE 2

TENSILE PROPERTIES OF 1800 AT 600°C

EXTENS [ON TOTAL
RATE(mm/sec) CONDITION UTS (MPa)  ELONG. (%) RA (%)
2.54x10”™ Air 33| 58.3 6l.1
Salt 319 68.7 53.5
5.08xI0" Air 284 58,9 63.]
Salt 270 57.0 60.9
2.54x10~ Air 264 53. 53.2
Salt 266 58.9 52.7
1.27x10~ Air 253 53.2 53.3
Salt %51 49.5 53.8
5.08x10 ™ Air 2 48.2 57,5

Salt 223 56.9 45.0
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Figure 7.

20

j Deformed Gage Section

| 20pm |
a. Air Exposed (170 hours)

b. Salt Exposed (188 hours)

Comparison of air exposed, deformed gage section to a salt exposed,
deformed gage section tested at the same initial strain rate and at
600°C. Total test time and therefore total time at temperature in
the two environments are indicated in the parentheses (optical

microscopy).



Figure 8.

Salt Exposed Gage Sections

| 20 um |
a. As Machined (88 hours)

b. Polished (88 hours)

Effect of surface finish on oxide morphology. Both micrographs are
taken from the opposite sides of the same gage section and therefore
the total salt exposure times were the same. Surface finish had
little effect on the structure of the oxide (optical microscopy).
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Salt Exposed Surfaces
(960 hours)

|10#I'n|

a. Deformed Section

b. Undeformed Section

Figure 9. Effect of deformation on oxide thickness and morphology. Deformation
increases the rate of oxide formation and results in a damaged
surface scale (SEM).
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£ilm formed on the gage sections was ~11um in average thickness while the
oxide formed on the undeformed surface section was only ~70% as thick. In
addition, the figure indicates that deformation results in more extensive
microcracking of the surface scale than that present in the undeformed oxide.
The oxide remains tenacious to the base metal. Flaking or spaI]at1on was not
found to occur even at the high strains involved in the testing. The in-
creased rate of oxidation on the deformed surfaces was observed at all strain
rates for tests of all durations, as summarized in Figure 10. Note that in
both cases the rate of oxide formation is rapid at first but then drops off
dramatically with increased exposure time.

The evolution of the surface oxides formed on the alloy in the molten
salt environment is shown in Figure 11. As stated above, surface scales
form rapidly after short exposure times but the rate of formation decreases
rapidly with increasing exposure times. Figure 11 indicates that for all
exposure times, the oxide-base metal interface was generally well defined
and uniform. Both the large and small intrusions of oxides into the alloy
were the result of the extensive deformation-induced grain boundary cracking.
The deepest intrusion observed was on the order of 40um. This intrusion is
small in extend compared to the specimen thickness of 1.27mm. The resulting
loss of load bearing area resulting from this cracking never exceeded approxi-
mately 3% of the uniform cross-sectional area.

The surface oxides which form have a complex multiphase composition as
evidenced by the miltiple contrast features visible in the oxides shown
in Figures 9 and 11. The multiphase regions within the oxides are apparent
in the micrographs taken from the specimens exposed for short times (Figure
11d, e) as well as within the oxides formed on those specimens exposed for
the longest times. Figure 12 illustrates the complexity of the oxide and
near-oxide interface region of the base metal obtained via EDX analysis of
the region corresponding to the electron image shown in Figure 12a. The
near-surface oxide was found to be iron-rich and iron-poor. Nickel appears
to be relatively immobile at this temperature, not occurring in the oxide
at any significant concentration. The exact stiochiometry of the oxide
phases is dependent on both the exposure temperature and exposure time.

CONCLUSIONS

The results of the mechanical testing in molten salt did not reveal
an environmentally-induced degradation in structural properties. Strain to
fracture, reduction in area and ultimate strength were not appreciably
affected by exposure of Alloy 800 to the nitrate environment. Deformation
resulted in the cracking of the surface oxide and acceleration of the oxide
growth rate. That acceleration, while measurable, was not significant enough
to affect the mechanical properties of the alloy measured in the SSRT experi-
ments. Deformation did not affect the oxidation mode, that is, it remained
one of relatively uniform surface attack. None of the microstructural evi-
denced revealed a propensity for environmental cracking to occur. The
observed intrusions of the oxide into the base metal were the result of de-
formation-induced grain boundary cracking and not the result of exposure
to the molten salt.
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Figure 11.

Salt Exposed Gage Sections

20 um |
a. 960 hours

b. 316 hours

c. 188 hours

d. 88 hours

e. 22 hours

Evolution of oxide scales for all SSRT specimens. Intrusion of the
oxides within the base metal was the result of the extensive grain

boundary cracking which occurred at the high strain levels imposed

on the specimens (optical microscopy).
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Salt Exposed Gage Section
Deformed 960 hours, 600°C

a) Electron

C),Ni. b . é) -

Figure 12. EDX characterization of the surface oxide formed after exposure to
the molten salt for 960 hours at 600°C. Fe and Cr preferentially
segregate within the oxide while Ni concentrates within the near

oxide base metal.
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In summary, the results of this experimental program reveal that nitrate
salts appear to be a good choice for use as a thermal storage or heat transfer
fluid from a materials compatibility standpo1nt, in that:

1. Corrosion does occur, but it is not a significant problem at 600°C.
2. Mechanical properties as measured in SSRT experiments are not

significantly affected by exposure of Alloy 800 to the salt
environment.
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