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ABSTRACT

The influence of an oxidizing molten nitrate salt (60% NaNO3-
40% KNO;) on the mechanical properties of 2.25Cr-1Mo has been
examined through a series of slow strain rate tests at 4509C and
5250C. By comparing fracture strain, reduction in area and the
ultimate strength of air exposed specimens to these same parameters for
specimens tested in the binary salt mixture, the susceptibility of the
alloy to environmental degradation could be ascertained.

Exposure to the nitrate resulted in a loss of ductility as measured
by either the engineering fracture strain or reduction in area at both
temperatures studied. At these temperatures, the duct{]ity loss was
most pronounced at the lowest strain rates (1x10"7sec™1). In general,
for all strain rates examined, the degree of ductility loss was greater
at 525°C than at 450°cC.

Metallographic observations revealed that severe surface oxidation
occurred as the result of exposure to the molten salt. These surface
scales were found to be non-adherent and easily spalled. The rapid
formation of these corrosion products and the inability of the material
to form a protective barrier against further oxidation is consistent
with the ductility loss observed in the salt-exposed specimens.
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SLOW STRAIN RATE TESTING OF 2.25Cr-1Mo IN
MOLTEN NITRATE SALT

Introduction

2.25Cr-1Mo has been proposed for use as a high temperature
fluid containment material in advanced solar central receivers (SCR).
These proposed designs call for the use of a condensed phase fluid as
either the coolant (heat transport fluid) or as the sensible heat
storage medium. The choice of this fluid is largely one of economics
based upon a combination of factors including cost and optimal
thermophysical characteristics. For current receiver designs, this
choice has been narrowed to the nitrate based salts. Within an SCR, the
containment alloy could be used in the construction of a variety of
components which would be required to withstand cont1nuous exposure to
the salt at peak temperatures on the order of 400- 500°C (i.e., low
temperature thermal storage or evaporator assemblies). While nitrate
salts have been used for some time at these temperatures in a variety of
applications including heat transfer and metal heat treating
applications, they are generally contained in austenitic stainless steel
crucibles (1). There are, therefore, a number of questions regarding
the compatibility of a Tower alloy material, such as 2.25Cr-1Mo, in
these molten nitrate salt environments.

This report details the results of an experimental program in which
the effect of long-term salt exposure on the mechanical properties of
2.25Cr-1Mo has been evaluated through a series of slow strain rate tests
(SSRT). These tests consist of the application of a constant extension
rate imposed on a tensile specimen which has a uniform cross-section
exposed to the environment of interest. The behavior of the specimens
in salt is compared to the behavior of specimens exposed to an inert or
reference environment (in the present case, air) under identical
conditions of strain rate and temperature. Fracture strain, reduction
in area (RA), and ultimate tensile strength (UTS) are measured as
parameters which determine the susceptibility of an alloy to
environmental degradation. The test is a versatile method for both the
detection of the presence of an environmental embrittlement or stress
corrosion cracking phenomenon as well as for analysis of the critical
variables which may contribute to the observed material degradation. The
variables which may be screened include temperature, strain rate, the
particular nitrate salt chemistry or impurity content and the
metallurgical condition of the alloy under investigation.

Previous studies have shown that both austenitic and ferritic
stainless steels suffer uniform surface attack when immersed in these
nitrate salts for extended periods of time (2-4). In order to examine
the effect of continuous deformation on the corrosion characteristics of
materials in these salts, therefore, it is necessary to perform the
mechanical testing at rates slow enough to allow the corrosive environment
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to act upon the test alloy before purely mechanical failure occurs.
Figure 1 schematically illustrates the expected strain rate dependence
of the ductility for a material which suffers from an environmentally
induced loss of ductility. In Region I the strain rate is rapid and the
resulting test time is short so that a specimen can deform and fracture
before the environment can induce a measureable effect. Fracture
therefore occurs by the normal process of ductile rupture. In Region II
environmentally induced embrittiement occurs and the loss of ductility
can be due to any of several factors. Continuous deformation may result
in a porous or cracked oxide scale and thus allow for an increased rate
of corrosion. When coupled to the imposed deformation, buildup of
stresses within the surface scale as it forms can induce or accelerate a
spalling or flaking-off process, and expose fresh base metal. This would
tend to increase the overall rate of oxide formation and increase the
rate of metal loss. Alternatively, deformation-induced cracking of
near-surface grain boundaries can allow the aggressive environment to
penetrate to regions deep within the specimen. The concomitant loss of
load bearing cross-sectional area may result in the earlier onset of
necking and fracture. In the extreme case, grain boundary brittle
fracture will occur due to attack of the environment on the specimen.

- Gm— S G -

REFERENCE //
ENVIRONMENT /

__ ____ AGGRESSIVE /
ENVIRONMENT

DUCTILITY
~

STRAIN RATE

Figure 1. Schematic representation of the effect of strain rate on .
material ductility as measured in a SSRT experiment for
a material which suffers from environmentally induced
embrittiement.




Experimental Procedure

Tensile tests were performed at 4500C and 5250C on a
2.25Cr-1Mo alloy with the composition as shown in Table 1. Sheet

TABLE 1
Composition of 2.25Cr-1Mo Alloy (wt%)
Cr Mo c Mn Si Cu Fe
2.31 1.01 0.15 0.57 0.41 0.11 Bal.

tensile specimens were machined from the stock using EDM techniques.

The gage length of the specimens was 25.4 mm while the specimen
cross-section measured 1.27 mm x 6.35 mm. Prior to machining, the stock
was heat treated according to the following schedule:

Austenitize at 927°C for 1 hour, slow cool to 7049C (1.5°C/min)
then hold at 7049C for 2 hours and then cool to room temperature
at 69C/min.

The SSRT test facility consists of two identical load frames with
an 18 KN maximum load rating. The frames are geared to 2110w uniform
extension rates of from 2.54 x 10-8 mm/sec to 2.54 x 10~% mm/sec.
Initial strain rates were computed on the basis of the specimen gage
length and the chosen extension rate. The particular salt composition
was a commercially available 60% NaNO3 - 40% KNO3 mixture. To contain
the molten salt, a 316 stainless steel salt pot with a water cooled
collar was placed in the furnace cavity. The furnace was a wide bore
crucible type. Specimens were fixtured in a rigid four-column cage
suspended from the crosshead and the furnace body containing the salt
pot was then raised up around the specimen. Salt temperature was
controlled and monitored using type K thermocouples positioned along the
specimen gage length. Using a Eurotherm temperature contro]]er and
power supply, temperature could be maintained to within + 0.50C
of set point. Load vs. time data were recorded continuously on a low
speed strip-chart recorder.

After tensile testing, specimens were metallographically prepared
and examined using optical microscopy and electron-optical methods.
Fracture surfaces were examined using scanning electron microscopy
(SEM). Surface oxide chemistry was analyzed in an electron microprobe
using energy dispersive x-ray spectroscopy (EDS).
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Results and Discussion

Mechanical Properties - 4500C

Figure 2 shows the stress-strain curves generated for the alloy
tested in air at 4509C and at the strain rates indicated. The
curves reveal that the ultimate strength of the alloy is somewhat rate
sensitive, increasing by approximately 60 MPa over the two orders of
magnitude increase in initial strain rate. These tests also reveal that
the engineering fracture strain tends to decrease slightly with
increasing strain rate.

Figure 3 shows the stress-strain curves generated for the alloy
tested in salt at 4500C at the same strain rates as in Figure 2.
Except for the specimen tested at the lowest strain rate, there is less
variation in ultimate strength for these specimens than for those shown
in the previous figure. Additionally, specimens tested in salt exhibited
a greater UTS than those tested in air. An example of this is shown in
Figure 4a which directly compares the stress-strain curves for salt and
air_exposed specimens tested at an initial strain rate 1 x
10-7sec=l. This behavior was observed at all strain rates
tested as illustrated by Appendix Figure [1].

It is difficult to rationalize this environmentally induced
increase in strength for this alloy. Dohle et al. (5) have discussed
this type of phenomena in general and indicate that an increase in high
temperature strength may occur by the precipitation of oxide corrosion
products in a material. This, they reason, may lead to a decrease in
grain boundary sliding (if precipitation occurs intergranularly) or to
precipitate strengthening (if precipitation occurs homogenously).
However, in the present case, detailed metallographic observations do
not reveal the presence of any environmentally induced "internal"
oxidation. Alternatively, they suggest that alloys which develop
surface scales as a corrosion product may act as a composite. If the
strength of the surface scale is high, the overall material
strength will increase. Figure 4b, however, shows that this
streggthefing occurred even for the highest strain rates studied
(107%sec™*) where, as will be shown, the degree of salt and air
induced surface corrosion was comparable. Since these surface scales
were of similar thickness it seems unlikely that they can result in an
increased strength for the salt exposed specimen over that determined
for an air exposed specimen. It will also be shown that
the scales which do form spall easily and do not adhere well to the
alloy. It is hard then to justify the observed strengthening according
to the latter argument.
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Figure 2. Stress-strain curves for 2.25Cr-2Mo tested at 450°C in air.
Strain rates indicated are in sec-l.
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“Figure 3. Stress-strain curves for 2.25Cr-1Mo tested at 450°C in
molten nitrate salt. Strain rates indicated are in sec-l.

15




| ! | !
TENSILE TESTS

400 |- —
7N TEMPERATURE = 450°C
L/ \\ 2.25 Cr-1 Mo
/ SALT VS AIR T -

300

g

AIR —

- STRESS (MPa)

100

€,=1X107 sec! |
0 1 ! | 1

2) 0 10 20 30 40 50
STRAIN (%)
T |
400 —
= 300 —
i =
| w
[72)
x
| H; 200 TENSILE TESTS
TEMPERATURE = 450°C
2.25 Cr—1 Mo
SALT VS. AIR
100 —
é.=1x109 sec’
0 1 | L !
0 10 20 30 40 50
b) STRAIN (%)

Figure 4. a) Comparison of the tensile 9ehavior of the alloy in salt vs.
air at 450°C ( e = 1 x 107/ sec-1).
b) Comparison of the tensile behavior of the alloy in salt vs.

air at 450°C ( € = 1 x 10-5sec~1)
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The data for all the mechanical testing is summarized in Table 2.
From this table it can be seen that there was a progressive degradation

TABLE 2

Tensile Properties of 2.25Cr-1Mo at 4500C

Strain Rate uTsS Elongation RA
(sec-1) Environment  (MPa) (%) (%)
1 x 10-5 Air 398 22.9 70.3
Salt 421 21.0 63.2
1 x 10-6 Air 367 25.9 78.5
Salt 425 23.0 56.5
5 x 10~/ Air 348 29.8 79.3
Salt 418 25.2 55.0
2 x 10-7 Air 344 34.6 78.8
Salt 421 24.9 51.0
1 x 107 Air 330 28.3 79.2
Salt 390 18.3 54.1

in ductility with decreasing strain rate (i.e., increasing salt exposure
time). Figure 4 also illustrates the ductility loss exhibited by the
salt exposed specimens as measured by the strain to fracture. This
result is more clearly displayed in Figure 5, which shows the influence
of initial strain rate on total elongation (Fig. 5a) and reduction in
area (Fig. 5b). At high strain rates, the ductility of the alloy was
essentially unaffected by environment as measured by the engineering
fracture strain. At the lowest strain rates and therefore the longest
salt exposure time, engineering fracture strain was significantly
reduced. Reduction in area appears to be a more sensitive measure of
environmental susceptibility being measurably lower for the salt exposed
specimens at all strain rates tested. Figure 6 shows the fracture
surfaces for the specimens tested in salt and in air at both the highest
and lowest strain rates. While they do not reveal any obvious
environmentally induced fracture mode change, they do indicate that in
all cases fracture was transgranular. At the lowest strain rates,
however, the fracture surfaces appear quite featureless.
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Figure 5. a) Effect of strain rate on total elongation (fracture
strain) for 2.25Cr-1Mo at 450°C.

b) Effect of strain rate on reduction in area (R.A.)
at 450°C.

Oxide Structure - 4500¢C

2.25Cr-1Mo oxidizes at 4509C when exposed to either air or the
nitrate salt environments. The surfaces scales formed by exposure of the
alloy to either environment were generally non-adherent. Because of the
extensive oxide spallation which occurred during post-test handling of the
specimens and during metallographic preparation, quantitative analyses
of the kinetics of oxidation and scale formation were not possible. Figures
7 and 8 compare the surface scales formed on undeformed grip sections of
specimens tested in salt and air. In each micrograph "a" is from the
specimen tested at the slowest initial strain rate while micrograph "e"
is from the specimen tested at the fastest strain rate. The times
associated with each micrograph refer to the total test time and
therefore very nearly approximate the total environmental exposure time.
In most cases it can be seen that the surface scales shown in either
figure have separated from the base metal. Figure 7a, d and e show
clear evidence of spallation and blistering. The oxides formed on the
salt exposed surfaces were generally thicker than those formed on the
air exposed surfaces; however, their separation due to poor adhesion
precluded any detailed comparison between the oxidation kinetics in salt

vs. air.
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Evolution of surface oxides formed at 450°C on undeformed salt
exposed surfaces. Times indicate total test times and therefore
approximate the total time at temperature in the environment.
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Figure 8. Evolution of surface oxides formed at 450°C on undeformed
air exposed surfaces. The times indicate approximate
total exposure time at temperature.
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Figures 9 and 10 compare the surface scales formed on the salt and
air exposed gage surfaces respectively. Again, the times refer to the
total test times and therefore approximate the total environmental
exposure times. As before, the extent of spallation and oxide cracking
is such that quantitative conclusions are not possible. However, the
surface scales on the deformed surfaces seem to form more quickly when
the alloy is exposed to salt rather than air. In each instance,
regardless of strain rate, the oxide layers remaining on the salt
exposed surfaces are thicker than those remaining on the air exposed
surfaces. Unlike the earlier reported behavior for Alloy 800 (3),
deformation of the 2.25Cr-1Mo alloy at 4500C did not seem to
measurably increase the rate of scale formation. It is possible, of
course, than this observation is influenced by the discussed lack of
oxide adherence.

The observed surface oxides tend to be multiphase, as evidenced by
the multiple contrast features within the oxides shown in Figures 7-10.
EDS analysis revealed that the oxide structure formed in either
environment were of similar chemistry, consisting of multiple layers of
a chromium-free iron oxide surface scale above a Fe-Cr oxide in which
the chromium concentration exceeded that of the base metal. This is
illustrated in Figure 11 which indicates that the oxide immediately
adjacent to the base metal contained chromium at a level approximately
twice that present in the base metal. Molybdenum tends to partition in
a like manner as the chromium, being concentrated in the subsurface
scale in an amount higher than that present in the base metal.

Mechanical Properties - 5259C

Figure 12 shows the stress strain curves for the alloy tested in
air at 5259C and at the same initial strain rates as for the
specimens tested at 4500C. At the higher temperature, the ultimate
tensile strength of the alloy is more dependent on the initial strain
rate that it is at the lower temperature. Increasing the strain rate by
two orders of magnitude resulted in an increase of the UTS by
approximately 100 MPa. As with the findings at 450°C, the
engineering fracture strain tends to decrease with increasing strain
rate.

Figure 13 shows the stress strain curves generated for the alloy
tested in salt at 5259C and at the same strain rates as at
4500C., The UTS of these specimens exhibited nearly the same strain
rate dependence as for the air exposed specimen, increasing by nearly
100 MPa as the strain rate was increased by two orders of magnitude. As
for the specimens tested at 4500C, at 5259C the specimens
exposed to salt exhibited a higher UTS than those exposed to air. An
example of this is shown in Figure 14a which compares the stress-strain
curves for salt_and air exposed specimens tested at an initial strain
rate of 1 x 10-7sec-1,
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Figure 12. Stress-strain curves for 2.25Cr-1Mo tested in air at 525°C.
Strain-rates indicated are in sec-l.

| | | | |
TENSILE TESTS
TEMPERATURE = 525°C —
2.25 Cr-1 Mo
IN SALT

300 —

2

1X10

STRESS (MPa)

100

0 10 20 30 40 50 60
STRAIN (%)

Figure 13. Stress-strain curves for 2.250r-}Mo tested in molten salt at
525°C. Strain rates are in sec™i.
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It is again difficult to rationalize this strengthening in terms of
internal oxidation or environmentally induced precipitation of
corrosion products, because metallographic observations indicate that
the environmental interaction that occurs is purely one of surface
attack. The surface scales which form are porous, spall easily, and
appear to have very little strength. Thus, it seems unlikely that these
surface oxides can be responsible for the observed strengthening. In
addition, if the surface scales were responsible for the observed
strengthening, the degree of strengthening should be greatest for those
specimens tested at the lowest strain rates when the total salt exposure
time was longest. Figure 14b reveals that the strengthening increment
for specimens tested at 1 x 10-5sec-1 was comparable to the
increment observed in Figure 14a for specimens tested at the slowest
rate. This strengthening by the salt was ubiquitous, occurring at all
strain rates examined. Appendix Figure A[2] compares the salt vs. air
tensile curves for tests conducted at all other strain rates at this
temperature.

The data for all mechanical testing is summarized in Table 3. It
can be seen that decreasing the strain rate (increasing salt exposure

TABLE 3
Tensile Properties of 2.25Cr-1Mo at 5259C

Strain Rate uTsS Elongation RA

(sec-1) Environment (MPa) (%) (%)

1 x 10-° Air 283 36.0 82.2
Salt 329 28.4 44.3

1 x 106 Air 246 34.1 84.3
Salt . 291 31.6 38.6

5 x 107 Air 222 54.3 81.3
Salt 267 21.0 40.2

2 x 10°7 Air 214 37.9 78.6
Salt 256 20.2 41.4

1 x 10-7 Air 184 46.2 80.0
Salt 239 18.3 38.6

time) results in a decrease in the ductility of the salt exposed
specimens compared to the air exposed specimens. Figures 14a and 14b
illustrate this ductility loss as measured by the engineering fracture
strain. The effect of environment and strain rate on ductility is
summarized in Figure 15. As with the lower temperature results,
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reduction in area seems to be a more sensitive measure of environmental
effect. At the higher strain rates (10-2, 10-6sec-1), the

total elongation was essentially unaffected by the environment while the
R.A. measured for the salt exposed specimens was always lower than that
measured for specimens tested in air.

2
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Figure 15. a) Effect of strain rate on total elongation (fracture
strain) for 2.25Cr-1Mo at 525°C.

b) Effect of strain rate on reduction in area (R.A.)
at 525°C.

Oxide Structure - 525°C

Metallographic observations revealed that the alloy oxidized in
both air and salt at this temperature as it did at 4500C. Likewise,
the surface scales were generally non-adherent. The extensive
spallation which occurred during post-test handling of the specimens
again precluded any quantitative measure of the oxidation kinetics or
the rate of scale formation. Figure 16 and 17 compare the residual
surface scales observed on undeformed grip sections of specimens tested
in salt and air, respectively. As in Figures 7 and 8, the times
associated with each micrograph represent total test times and therefore
approximate the total environmental exposure times at temperature. The
surface scales increased in thickness with increasing exposure times.
The scales formed during salt exposure were generally thicker than those
formed on specimens exposed to air. In many cases there was evidence of
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extensive oxide cracking and blistering (Fig. 16c). The surface scales
which form have a complex structure as indicated by the multiple
contrast features visible in the micrographs. These different phase
regions are often separated by bands of porosity. It is likely that the
observed spallation is the result of the condensation of this porosity.

Figures 18 and 19 compare the surface scales which form on deformed
gage sections of salt and air exposed specimens at 5250C. Once
again, longer exposure times result in the formation of thicker oxides
in both environments. By comparing Figures 16 and 18 or 17 and 19 it
can be seen that at this temperature, deformation results in the
formation of thicker surface scales for comparable exposure times. For
the salt exposed specimens it can also be seen that deformation results
in an increased degree of porosity located at the interphase oxide
boundary.

Figure 20 shows an EDS analysis of the oxides formed by exposure of
the alloy to the molten salt for 560 hours at 5250C. As for the
scales formed at 4500C, at the higher temperature, the near-surface
iron oxides were Cr-free while the oxide formed adjacent to the base metal
contained Cr at levels nearly twice that present in the base metal.
Similar to the observations at 450°9C, molybdenum appeared to
co-segregate with the chromium.

As mentioned above, the rate of scale formation increased with
deformation of the base metal. In fact, near the fracture surface,
where the specimens have necked (and thus where the local surface
deformation is extremely high), the residual oxide scales were extremely
thick--as shown in Figure 21. The scale appeared as multiple lamellae
of different oxide phases. Such lamellar oxide scales have been
observed previously in low alloy ferritic steels (6). This oxide
morphology and its extremely rapid rate of growth undoubtedly occurred
because the intense local deformation produced repeated fracturing of
the oxide. The proposed process is shown schematically in Figure 22.
Initially, upon contact with the salt environment, the duplex oxide
structure forms (Fig 22B). With prolonged exposure the oxide thickens
everywhere along the gage surface (Fig. 22C). When deformation becomes
locally intense during necking, the oxide fractures, exposing fresh base
metal and providing a path for contact with the salt (Fig 22D). A new
generation of the dual phase scale then forms as shown in Figure 22E.
Because the salt is in direct contact with the base metal, diffusion of
the oxidizing species through the original scale is not required and so
the corrosion rate is high. Since this process is occurring in a region
of intense deformation the evolving surface scale continues to crack
frequently. New layers of oxide continue to form (Fig. 22F), rapidly
consuming the base metal. Thus, the alloy is most susceptible to
environmental degradation once a plastic instability has formed.
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Figure 18. Evolution of surface oxides formed at 525°C on salt exposed
deformed gage surfaces.
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Figure 21. Oxide formed on deformed gage section just below fracture
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LE

A)

D)

Figure 22.

UNOXIDED
ALLOY

PRIOR TO EXPOSURE

SALT

SCALE CRACKING

B)

SALT

DUPLEX STRUCTURE
FORMS

NEW GROWTH

C)

SCALE GROWTH

PROCESS REPEATS

Schematic representation of the process by which the laminar oxides evolve.




38

Conclusions

The results of the mechanical testing in molten salt have revealed
the presence of an environmentally-induced degradation of mechanical
properties. Strain to fracture, reduction in area and ultimate tensile
strength were appreciably affected by exposure of the alloy to the
nitrate salt environment at both 450°C and 525°C. At both
temperatures the engineering fracture strain of the salt exposed
specimens was 1gss than that of the air exposed specimens for strain
rates below 10~ sec'l, while reduction in area for the salt
exposed specimens was below that for the specimens tested in air at all
strain rates examined. Contact with the molten salt resulted in
increased tensile strength when compared to specimens tested in air at
comparable strain rates.

The fragility of the oxide and its lack of adherence precluded any
quantitative measure of the rate of oxide formation as a function of
time, or of the influence of deformation on the scale growth kinetics.
However, the residual oxides observed on surfaces in contact with salt
were always thicker than those formed on surfaces in contact
with air for comparable lengths of time.

Deformation apparently increases the rate of oxide formation on
uniformly deformed surfaces compared to unstrained surfaces, at least at
5259C. Upon necking, the increase in the rate of surface straining
results in a dramatic increase in the rate of scale formation which
appears as a multiple lamellar structure. This observation can be
understood as resulting from repeated strain induced oxide cracking,
which exposes unoxidized base metal. Upon contact with the molten salt
environment, the base metal then rapidly re-oxidizes. As the base metal
is consumed in the necked region due to the increase rate of corrosion,
the effective load bearing cross-section is reduced, accelerating the
rate of deformation and resulting in the measured overall ductility
loss.
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APPENDIX

A[1] Additional comparisons of the tensile behavior of 2.25Cr-1Mo
in salt vs. air at 4500C.

AL2] Additional comparisons of the tensile behavior of 2.25Cr-1Mo
in salt vs. air at 5250C.
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