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ABSTRACT

The effects of deformation on the corrosion resistance of Incoloy Alloy
800 in sodium nitrate and potassium nitrate salt mixtures have been studied."
Hollow tube specimens filled with the salt mixture (60%-NaN03-40% KNO3) were
tested in constant load tension creep at elevated temperatures (5500 < T <
6700C), Depending on the temperature and initial stress, fracture times (and
therefore salt exposure times) ranged between 300 and 1000 hours. While the
fracture strain of specimens tested to failure was only slightly reduced when
exposed to the salt environment, metallographic observations of polished
cross-sections revealed severe surface oxidation. In order to characterize
the effect of total imposed strain on oxide morphology a number of creep tests
were terminated prior to fracture. Increasing deformation resulted in a more
extensively damaged surface oxide as well as a more rapid rate of corrosion.
EDX analysis revealed that the oxide was multiphase, with a near surface iron
rich oxide above a chromium-rich oxide layer. Below 6300C the oxide-metal
interface was well defined (although irregular), Above 6300C the interface
was more diffuse with fine oxide intrusions growing into the base metal and
small particles of the alloy visible in the oxide near the base metal inter-
face.
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Figure

ILLUSTRATIONS

Creep specimen. The molten salt was contained within the . 18
hollow tube by an 1800 plug welded into the bottom end.

The long length of tubing above the gage section exited

through the top of the furnace chamber. The resulting
temperature gradient aided in containing the salt. Exposure

to the salt resulted in the formation of an inner wall oxide
scale at all temperatures of testing.

Constant load creep curve for Alloy 800 tested at 600°C and 19
at an initial stress of 317.25 MPa. Prior to mechanical

loading the specimen was brought to and held for 24 hours

at the test temperature.

Constant load creep curve for a salt exposed I800 specimen 20
tested at 6000C and at an initial stress of 317,25 MPa. The
specimen was mechanically loaded immediately upon reaching

the test temperature.

Scanning electron micrographs of polished and eteched cross- 2]
sections of 1800 tubing showing the evolution of the micro-
structure for different annealing times at 6000C. For Figure

4a - annealing time, 1 hour, Figure 4b - 5 hours, Figure 4c -

8 hours, Figure 4d - 12 hours.

Constant load creep curves for 1800 at 6300C and at an initial 22
stress of 275.85 MPa tested in salt ( ) and in air (-----).

Figure 6a. Scanning elactron micrograph of salt exposed and 23
deformed inner sidewall. The test was conducted at 5500C

for 1000 hours and terminated after approximately 1% strain.

The material above the oxide is a nickel plate applied to

protect the surface during polishing. Figures 6b~d. EDX
patterns showing the relative distribution of the principle
a110y1ng elements in the oxide and base metal for the sect1on
shown in Figure 6a.

Figure 7a. SEM of salt exposed and deformed inner sidewall. 24
The test was conducted at 570°C for 750 hours and terminated
after approximately 1% strain. Figure 7b-d. EDX patterns
showing the relative distribution of the principle alloying
elements in the oxide and base metal shown in Figure 7a.
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Figure 8a. SEM of salt exposed undeformed sidewall (670°C), 25
The flaring and irregular features above the oxide are an

artifact of the metallographic preparation and not part of

the microstructure. Figure 8b and 8c. EDX analysis showing

the distribution of iron and chromium in the oxide and base

metal.

Electron microprobe analysis of the spec1men shown in Figure 8a. 26
The results illustrate the Cr depleted region nearest

the the oxide-metal interface above which is a Cr rich ox1de.

The near-surface oxide is Cr free and is composed of only iron
oxide.

Surface oxide structure formed during exposure to molten nitrate 27
salt (SEM). Figure 10a. Oxide structure formed on salt

exposed gage surface (deformed inner tube wall), Figure 10b,.

Oxide structure formed on salt exposed, non-~deforming sidewall.
Figure 10c. Air exposed sidewall. Deformation results in a
thicker, more porous oxide.

Surface oxide structure formed during exposure to molten 28
nitrate salt (SEM), Figure 1la. Oxide structure on salt

exposed gage surface. Figure 11b. Oxide structure formed

on non-deforming sidewall. Figure 11c. Air exposed side-

wall. As deformation increases so does the degree of damage

in the oxide.



INTRODUCTION

Incoloy Alloy 800 (I800) has been proposed for use in the receiver tube
panel arrays in a number of advanced solar central receiver (SCR) c??septs.
Because of their high heat capacity and high thermal energy density\'/, several
designs require the use of molten sodium and potassium nitrate salt mixture
to act as the cooling or heat transfer fluid. While there is some industrial
experzence with the storage, handling, and containment of these molten
salts(2,3) and therefore some understanding of the behavior of alloy steels
used to contain them, the information available concerns situations involving
temperatures substantially below those proposed for SCR operation, that is at
temperature near 6000C. It therefore becomes important to examine the
corrosion compatibility of the fluid containment alloy with these nitrate
based salts at temperatures more representative of the operating conditions

of these facilities.

There have been a number of studies which have examined the corrosion of
iron, nickel, chromium and certain alloy steels in moiten salts. These tests,
however, have been for the most part short term(4-7), More rec?nt1¥ the longer
term (<1000 hr) behavior of iron based alloys has been examined 8,9), In-aln
of these studies however, the effects of continuous mechanical deformation on
the corrosion characteristics of these alloys was not addressed. During sun-
light hours, complex thermal strains will develop in the receiver tube panel
due to their one sided heating by redirected sunlight (sunlight is focussed
onto the receiver panel by a heliostat grid in the SCR concept). Diurnal
cycling, as well as intermittent cloud cover, will result in the receiver
tubes being subjected to low cycle, high strain amplitude fatigue with Tong
hold periods at maximum temperature. At peak stress levels, the temperature
will be well into the creep regime of I800. Thus, superimposed upon the
fatigue cycle will be creep or plastic relaxation processes. The effects of
the resulting creep fatigue interactions on the mechanical behavior and life-
time of thz?oa]13y (and other austenitic stainless steels) is a subject of
much study‘\'"> and will not be addressed here. Rather, a simple screen-
ing test has been devised to examine both the effects of exposure to the
molten salt on the creep lifetime of 1800 as well as to study the effects,
if any, of continuous deformation on the structure of the oxide  corrosion
products formed and the adherency of these oxides to the base metal.

Corrosion may occur in one of two ways. First, if oxidation occurs
via a general surface attack, a uniform surface oxide structure would be
expected to form. Creep deformation (either grain boundary sliding or bulk
deformation) could result in oxide cracking leading thereby to the exposure
of fresh base metal. This in turn could result in an increase in oxide growth
rate, This type of corrosion is generally a slow process, so in thick-



section specimens, short-time creep tests would reveal little degradation in
creep rupture lifetimes or in loss of ductility. However, if corrosion occurs
preferentially along grain boundaries, reduced rupture lifetime and loss of
creep ductility would be expected even in relatively short-time creep tests.

EXPERIMENTAL PROCEDURE
Tensile creep tests were performed on tube stock supplied by the Pacific

Tube Company. The tubing had an 0.D. of 1.27 cm and a 0.29 cm wall thickness.
The alloy composition is given in Table I below.

Table I
Incoloy Alloy 800 Composition (Wt.%)

Cr Ni Fe c Ti Al Cu Si Mn S
21.15 32.81 43.35 0.04 0.47 0.52 0.52 0.21 1.02 0.002

The as-received stock solution annealed at 10500C resulting in an ASTM grain
size of 8. Optical microscopy revealed a microstructure essentially free of
carbides (M23Cg) but containing a few Targe (v5um) titanium carbonitride
particles,

Test specimens were fabricated from 30-cm lengths of this stock by machin-
ing a 2.54 cm long gage section (0.13 cm wall thickness) near one end of each
length as shown in Figure 1. An I800 plug was then welded in the end of the
specimen. The tubes were then filled with the powdered salt mixture (60 per-
cent NaNO3, 40 percent KNO3 by weight) and mounted into a constant load ten-
sion creep frame, This specimen geometry was necessary to contain the salt
when it was in a molten state since its unique surface tension properties
result in its creeping out of any open container at elevated temperatures.
Deformation was measured by means of a linear variable differential trans-
former (LVDT) attached to a high temperature extensometer cage. Temperature
was maintained by using a three-zone resistance heated tube furnace controlled
by a Research Incorporated furnace controller and power supply. Temperatures
could be held to within 19C of the set point throughout the duration of each
test. All tests were conducted between 550 and 6700C. Scanning electron
microscopy (SEM) was used to observe both fracture surfaces and surface
oxide morphology, Oxide chemistry was determined by EDX, electron microprobe
analysis, and X-ray analysis.

The thick wall region outside the gage section did not deform plastically.
Thus, the structure of the surface oxides that form on the plastically deformed
gage section could be compared to those formed on the underformed sidewalls.

In addition, the exterior or air-exposed surfaces could be examined and com-
pared to the salt-exposed inner surfaces, as shown schematically in Figure 1.
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RESULTS

Creep Behavior

Figure 2 is a typical creep curve for 1800 tested in the as-received
condition at 6000C and at an initial stress of 317.25 MPa in air (the tube
specimen was not filled with salt). For this test, the specimen was held at
the test temperature for 24 hours prior to mechanical loading. Upon loading,
a small amount of instantaneous plastic strain (=0.6 percent? occurred but
little or no primary creep was observed. The particular heat treatment described
previously resulted in an extended teriary creep regime at all temperatures
and stresses of testing. In other tests at 600°C, when the Toad was applied
immediately upon reaching the test temperature a different type of creep be-
havior was observed as shown in Figure 3. Here, both the test temperature
and the initial stress were the same as for the test represented by Figure 2.
However, the instantaneous plastic strain was much greater (=6.5 percent)
than that induced in the specimens annealed prior to testing, The primary
creep region was also greatly exaggerated compared to the test shown in Figure
2 with the creep rate decreasing rapidly after several hours.*

This difference in initial creep behavior between the two tests shown can
be attributed to the effect of temperature on the carbide microstructure. . At
6000C Mp3Cg carbides form after several hours. Thus, the 24-hour hold at: the
test temperature prior to mechanical loading for the specimen shown in Figure
2 represents a grain boundary carbide forming and stabilizing heat treatment,
The evolution of the carbide strengthened microstructure is shown in Figure
4 and correlates quite closely with the creep behavior shown in Figure 3.

The carbides begin to decorate the grain boundaries heavily after about 8 hours
at temperature ?Figure 4c) corresponding to time when the creep rate begins

to rapidly decrease. The carbides that form resulted in a microstructure that
is strengthened against plastic deformation., For the specimen shown in Figure
3, this strengthening microstructure did not form prior to loading, thereby
resuiting in a greater initial offset. As the carbides precipitate, the speci-
men becomes more resistant to deformation and the creep rate falls off
dramatically.

The apparent strengthening attributed to the carbide microstructure can
be the result of the high stress sensitivity of the alloy at these tempera-
tures and fine grain size. Because of the fine grain size, the precipitate-
free grain boundaries are free to slide. As precipitation occurs the grain
boundaries are increasingly pinned and can support shear stresses. The re-
sulting decrease in grain boundary sliding and stress in the matrix can result
in a greatly reduced creep rate. ,

*That the test shown in Figure 3 was conducted as a salt-filled specimen,
while the specimen represented by Figure 2 was unfilled should have little
bearing on the initial creep behavior. Thus, the comparison drawn between
these two tests at the same temperature and initial stress remain valid.
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While the salt exposed creep specimen exhibited a shorter creep-rupture
lifetime than the air-exposed specimen, the difference is more likely the
result of test to test variation rather than to any large environmental
effect. Figure 5 compares the effect of salt and air exposure on the creep
behavior of the alloy at 6300C and at an initial stress of 275.85 MPa. The
longer l1ife of the test in salt is opposite to the results at 6750C. Compari-
sons at other temperatures show no clear trend with regard to salt induced
degradation of the mechanical properties of I800. Observation of the fracture
surfaces of all specimens tested revealed mixed mode failure with regions of
transgranular fracture adjacent to intergranular fracture. The presence of
salt within the tube during testing did not significantly influence the frac-
ture surface morphology in these creep tests.

Oxide Structurg

While mechanical testing alone did not reveal the presence of environmental
attack, metallographic observation of the salt-exposed tensile specimens clearly
demonstrated salt induced corrosion. Figure 6a is a scanning electron micro-
graph of a salt exposed tube sidewall. The section shown is from a deformed
gage section of a creep specimen tested at 550°C. For this specimen, the
test was terminated prior to fracture after approximately one percent creep
strain. The oxide is the darker region near the center of the micrograph.
Above the oxide is a protective nickel plate which was applied after creep
testing and sectioning in order to protect.the surface scale during metallo-
graphic preparation, Below the oxide layers is the base alloy. The lighter
and darker regions within the oxide scale indicate that it is multiphase. EDX
analysis (Figure 6b-d) was used in a qualitative way to map the iron, chromium
and nickel concentrations in the oxide phases and base material. The spot
density patterns shown reveal that the near surface oxide phase was iron-rich
and chromium and nickel poor. Chromijum concentration in the molten salt is
known to increase with exposure time(9). Thus the lack of chromium in the
near surface oxide can be explained as the dissolution of Cr into the melt
at the salt-metal interface, The concentration of nickel in solution however
does not increase with exposure time. The absence of nickel in the near
surface layer suggests that the surface oxide forms as the result of iron
diffusion to, and its subsequent oxidation at, the salt-metal interface. The
underlayer oxide was noticeably depleted in iron while chromium and nickel
are present in concentrations roughly equal to that found in the base alloy.

At higher exposure temperatures, salt induced corrosion continued at a
relatively rapid rate. Figure 7a shows that at 5700C a 20um oxide scale was
formed in 750 hrs. of exposure to the molten nitrate salt mixture. As in the
previous figure, the creep test was terminated after one percent strain. The
oxide was again multiphase with the surface oxide being iron rich and depleted
in chromium and nickel. At this higher temperature however, the subsurface
oxide was slightly enriched in chromium. The large blocky feature near the
bottom of the micrograph is a titanium carbonitride particle (revealed as
being depleted in all the major alloying constituents), As the temperatures
of testing was increased, the subsurface oxide became increasingly enriched
in chromium. Figure 8a is a scanning electron micrograph of the surface of
an undeformed tube sidewall exposed to the salt mixture at 670°C for 443 hours.
This specimen was not nickel plated and the flaring and very bright features
are aftifacts induced by the polishing procedure.
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Figure 8b shows that the surface oxide formed was iron rich while the sub-
surface oxide was depleted in Fe. Beneath this surface Tayer was an oxide
which was chromium rich and iron poor. The chromium analysis in Figure 8c
revealed a third reg1on within the oxide nearest the oxide-metal 1nterface
which was depleted in Cr. -

Figure 9c shows the results of an electron microprobe analysis performed
on the sidewall pictured in Figure 8a. The oxide-metal interface is shown as
the dashed vertical line corresponding to the observation of oxygen in the
specimen, While only semiequantitative (especially for Tight elements Tike
oxygen), these results confirm the presence of the different phases and their
positions relative to each other as described above. The near-surface layer
is clearly an iron oxide essentially free of chromium. As also shown in Figure
8b, the microprobe analysis revealed the chromium-rich subsurface layer to be
iron-poor. This depletion is not nearly so great, however, as in the depletion
of Cr in the surface layer. Nearest the oxide base metal interface the micro-
probe analysis also revealed the chromium depleted layer forming only at the
highest temperatures (650-6700C) studied, The oxide structure formed at these
temperatures on 1800 are similar to those formed on 304 stainless steel tubing
at 6000C after over 8000 hours exposure?g)

X-ray analysis using the Debye-Scherrer technique indicated the presence
of a-Fep03, y~Fep03 as well as a phase which might be Fe(FeCr)204 spinel. The
similarity of the Fe(FeCr)204 pattern to the pattern formed by Fe304 made posi-
tive identification of the spinel phase difficult. It is possible that at
these elevated temperatures increased chromium mobility resulted in a spinel
phase which was higher in Cr content than that formed at lTower temperatures.
This redistribution of chromium into the spinel phase can explain the observed
Cr enhanced mld-layer in the oxide while also accounting for the dep]et1on in
chrom1um in the region adJacent to it.

Flgures 6a and 7a are micrographs of surface oxides formed on tube side-
walls which were continuously deforming during exposure to moiten salt. In
both cases, the total creep strain imposed during the tests was approximately
one percent. These lTow strains had 1ittle effect on either oxide structure
or the rate of corrosion when compared to nondeformed tube sidewalls exposed
to the sait mixture under the same conditions. Increased levels of deformation
did affect oxide morphology significantly. Figure 10 shows the surface con-
dition of three different regions of a specimen creep tested at 6500C for 550
hours to a total creep strain of 10 percent. In Figure 10c the air exposed
or exterior sidewall of the specimen shows no observable oxidation. Exposure
to the undeformed sidewall surface to the molten salt resulted in a uniform
and adherent oxide approximately 10um thick (Figure 10b). The oxide formed
_on the salt exposed gage section (Figure 10a) exhibited a much thicker oxide
 (20-25um). The oxide can be seen to penetrate down grain boundary cracks °
formed during deformation,

Additionally, the ox1de itself was porous and cracked, unlike the oxide
formed on the undeformed surface. It can be seen that the cracking in the
oxide corresponds to the presence of subsurface grain boundary cracks. In-
creasing the impdsed strain resulted in an oxide which was more extensively
damaged, as shown in Figure 1la. The oxide shown in this figure formed on
the sidewall of a tube deformed to a total creep strain of 24 percent in 443
hours at 6709C. The oxide was more extensively cracked than that shown in the
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Figure 10a. The oxide on the deformed surface was, as in the previous figure,
thicker than that formed on the undeformed surface (Figure 11b).

The structure of the oxide-base metal interface also depends on the ex-
posure temperature. At the lowest temperature the interface, while irregular,
was well defined as is shown in Figure 6a. At the highest temperatures
(650-6700C), the interface was more diffuse as shown in Figures 8a and 10b.

At these high temperatures the interface formed on the undeformed sidewalls can
be characterized by the fine fingerlike growth of the oxide into the alloy.

It should be noted that the spacing of these fine intrusions into the alloy

was much smaller than the specimen grain size. The obsérved structure is
therefore not caused by grain boundary attack. In Figures 10a and 1la, the
oxides formed on the deformed sidewalls contain small isolated fragments of
base metal near the interface. The difference in the structure of the inter-
face between the undeformed and deformed sections is particularly clear in
Figure 11 and may be the result of the continuous creep strain deforming and
fracturing fine structure of the undisturbed oxide interface,

CONCLUSIONS

The results of this work indicate that in the high temperature region
of the SCR tube panel (near 6000C) I800 tubing in the solution annealed con-
dition is microstructurally unstable. M3Cq carbide precipitate rapidly along
grain boundaries resulting in an increased resistance to grain boundary sliding.
The high stress sensitivity of the alloy at these temperatures along with the
ability of the pinned grain boundaries to support the mechanical load can
explain the decrease in creep rate as the precipitation phenomenon occurs.
While these microstructural instabilities do not preclude the use of the alloy
in receiver tube application, stabilizing heat treatments may be necessary,
especially considering the cyclic nature of thermal and mechanical loading of
the system.

The results of the mechanical testing alone did not reveal a degredation
in structural properties. Deformation did not change the mode of corrosive
attack, The observed grain boundary penetration was the result of deformation
induced grain boundary cracking exposing fresh base metals to the molten salt.
At low levels of strain, deformation had 1ittle effect on oxide morphology or
growth kinetics. At higher strains (approximately 10 percent and greater)
the oxides formed on the deformed surfaces were cracked and more porous than
those formed on undeformed sidewalls. The oxide cracking caused by the imposed
creep strain resulted in the exposure of fresh base metal to the molten salt
with the net effect being an acceleration of the overall corrosion rate.

In addition at high temperature, deformation altered the fine structure of
the oxide metal interface which may also affect the growth rate of the surface
scale.

Exposure temperatures is an important variable in the structure and
chemistry of the oxide which form. At the Tower temperatures of this study
the oxide was multiphase with a surface layer rich in iron. X-ray analysis
indicates the presence of both a-Fep03 and y-Fe203. The subsurface oxide
containing both iron and chromium is possibly an Fe(FeCr)20, spinel phase.
At higher temperatures this subsurface oxide became increasingly rich in chromium
while the region nearest the base metal interface was depleted in Cr.
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The structure of the oxide-metal interface itself was sensitive to
temperature. At the lTower exposure temperatures the interface was irregular
but sharply defined. At higher temperature the interface was more diffuse,
consisting of fine intrusions of oxide into the base metal and in deformed
surfaces, of isolated fragments of alloy in the oxide near the interface.

The high alloy content of Incoloy Alloy 800 does not guarantee resistance
to corrosion in molten nitrate salt environments. The formation of oxide scales,
often in excess of 15um in these relatively short exposure times, indicate the
potential for severe surface corrosion in the context of long term service
application.

In summary, the results of the experiment program reveal that:

1. The salt environment did not significantly affect the high tempera-
ture mechanical properties of I800 in the short term tests performed.

2. Incoloy Alloy 800 is subject to oxidation in molten nitrate salts
at temperatures representative of receiver tube panel operation.

3. The oxides which form are multiphase and occur as the result of a
general surface attack.

4, The rate of oxidation may be significant in determining ultimate
lifetime of salt cooled receiver panels.
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Creep specimen. The molten salt was contained within the hollow tube
by an I800 plug welded into the bottom end. The long length of
tubing above the gage section exited through the top of the furnace
chamber. The resulting temperature gradient aided in containing the
salt. Exposure to the salt resulted in the formation of an inner wall
oxide scale at all temperatures of testing.
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Figure 2. Constant load creep curve for Alloy 800 tested at 600°C and at

an initial stress of 317.25 MPa. Prior to mechanical loading
the specimen was brought to and held for 24 hours at the test
temperature.
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at 600°C and at an initial stress of 317.25 MPa. The specimen
was mechanically loaded immediately upon reaching the test
temperature.
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Figure 4.
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Scanning electron micrographs of polished and etched cross-sections
of I800 tubing showing the evolution of the microstructure for
different annealing times at 600°C. For Figure 4a - annealing

time, 1 hour, Figure 4b - 5 hours, Figure 4c - 8 hours, Figure 4d,
12 hours.



275.85 MPa

|

600

Vp)
V)]
L
('t
I—
28 Vp)
O s
O o
o 9 =
00
-—-..._-_--. z
a |l -~ —
Ll M“\
2 g >N
e D
= N
=z =T
QO
— L
) o
=
Ll L
_ =
| I |
o <t 00 (g w
m N b s

(LN3O¥3d) NIVYLS O11SV1d 3Nyl

800

400
TIME (HRS)

200

WW1N2NKR

22

Figure 5. Constant load creep curves for I800 at 630°C and at an initial

stress of 275.85 MPa tested in salt (

) and in air (



SALT EXPOSED SIDEWALL
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550C, 1000 HR,

CHROMIUM
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Figure 6. Figure 6a. Scanning electron micrograph of salt exposed and deformed
inner sidewall. The test was conducted at 550°C for 1000 hours and
terminated after approximately 1% strain. The material above the
oxide is a nickel plate applied to protect the surface during polishing.
Figures 6b-3. EDX patterns showing the relative distribution of
the principle alloying elements in the oxide and base metal for the
section shown in Figure 6a. 23
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Figure 7.

SALT EXPOSED SIDEWALL
DEFORMED
570 C, 750 HR.

Figure 7a. SEM of salt exposed and deformed inner sidewall. The
test was conducted at 570°C for 750 hours and terminated after
approximately 1% strain. Figure 7b-d. EDX patterns showing the
relative distribution of the principle alloying elements in the oxide

and base metal shown in Figure 7a.



SALT EXPOSED SIDEWALL
UNDEFORMED
670 C, 443 HR.

CHROMIUM

Figure 8. Figure 8a. SEM of salt exposed undeformed sidewall (670°C), The
flaring and irregular features above the oxide are an artifact of
the metallographic preparation and not part of the microstructure.
Figure 8b and 8c. EDX analysis showing the distribution of iron and
chromium in the oxide and base metal.
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Electron microprobe analysis of the specimen shown in Figure 8a.
The results illustrate the Cr depleted region nearest the oxide-
metal interface above which is a Cr rich oxide. The near-surface
oxide is Cr free and is composed of only iron oxide.



SALT EXPOSED SICEWALL
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650 C, 550 HR.
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| [ |
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SALT EXPOSED SIDEWALL
UNDEFORMED

' AIR EXPOSED SIDEWALL
UNDEFORMED

Figure 10. Surface oxide structure formed during exposure to molten nitrate
salt (SEM). Figure 10a. Oxide structure formed on salt exposed
gage surface (deformed inner tube wall). Figure 10b. Oxide
structure formed on salt exposed, non-deforming sidewall. Figure 10c.
Air exposed sidewall. Deformation results in a thicker, more porous 27
oxide.



SALT EXPOSED SIDEWALL
24 % STRAIN
670 C, 43 HR.

e
20 um

SALT EXPOSED SIDEWALL
UNDEFORMED

AIR EXPOSED SIDEWALL
DEFORMED

Figure 11. Surface oxide structure formed during exposure to molten nitrate
salt (SEM). Figure 1la. Oxide structure on salt exposed gage surface.
Figure 11b. Oxide structure formed on non-deforming sidewall.
Figure 11c. Air exposed sidewall. As deformation increases so does
the degree of damage in the oxide.
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