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INTRODUCTION

Superalloy solidification procedures are now available whereby single crystal gas turbine
blades can be fabricated. Superalloys with such structures have certain mechamcal properties
that are superior to conventlonally cast and directionally solidified alloys.! Since the single
crystal alloys do not require alloying elements to provide grain boundary strengthening, their
compositions are different and somewhat less complicated than their polycrystalline counter-
parts. In a previous paper,? the oxidation resistances of several single crystal superalloys in
air at 2000°F (1093°C) were compared to a polycrystalline alloy, DS MAR M 200,* under
both isothermal and cyclic conditions. The oxidation resistances of all the single crystal alloys
were superior to the polycrystalline alloy. A significant difference between the oxidation of
the different single crystal alloys was not observed.

In this previous investigation, the cyclic oxidation tests were performed by using a tube
furnace in which the specimens were cycled to room temperature once every one-half hour of
exposure at 2000°F (1093°C). Another method of oxidation testing is to use a dynamic bur-
ner rig.3‘4 Burner rig testing often utilizes high gas velocities (200 to 300 m/sec) and, while
not reproducing the exact conditions in a gas turbine, it does simulate more closely such con-
ditions than does the tube furnace oxidation test. One of the objectives of this report is to
compare the oxidation behavior of the single crystal alloys and DS MAR M 200 by using dyna-
mic burner rig testing at 2000°F (1093°C), as well as tube furnace cyclic oxidation testing at
2000°F (1093°C) and 1650°F (900°C).

For some gas turbine operating conditions, deposits may accumulate upon the surfaces of
turbine hardware. The compositions of such deposits depend upon the operating conditions
(e.g., fuel impurities, air contaminants, and temperatures). Very often, the deposits are sul-
fates containing sodium and calcium. Such deposits can significantly affect the degradation of
superalloys at temperatures of 1300°F (704°C) and above. Another objective of this report is
to compare the Na;SOy-induced hot corrosion of the single crystal superalloys to DS MAR M
200 by using tube furnace tests at 1650°F (900°C) and 1300°F (704°C).

EXPERIMENTAL

Table 1 presents the nominal compositions of the alloys used in this study. To protect
the proprietary rights of the various alloy manufacturers that supplied material, the com-
positions are simply identified by a letter rather than by their commercial name. A state-of-
the-art directionally solidified alloy (DS MAR M 200 with hafnium) has been included for
comparison purposes.

* Registered trade name.

1. GELL, M., DUHL, D. N, and GIAMEI A. F. Sy geralloys 1980. TIEN, J. K, WLODEK, S. T. MORROW, I, H., GELL, M., MAURER. G.. ed.,
American Soc:ety for Metals, Metals Park Ohio, 1

LEVY, M., FARRELL P., and PETTIT, F. Odation of Some Advanced Single-Crystal Nickel-Base Superalloys in Air at 2000°F (1093°C).
Corrosion, v. 42, no. 12, 1986, p. 708.

2
3. DOERING, H. V., and BERGMAN, P. A. Mat. Res Stand, v. 9, 1969, p. 35.
4. DILS, R. R, and FOLLENSBEE, P. S. Corrosion, v. 33, 1977, p. 385.
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Table 1. NOMINAL COMPOSITIONS OF ALLOYS (WEIGHT PERCENT)

Designation Ni Cr Co . Mo w Ta Ti Al Cb Hf
Alloy A bal 10 S 4 12 1.5 5
Alloy B bal 7.5 4 0.5 75 6 0.9 55 0.1
Aloy C bal 8 5 05 8 6 1 55
DS MAR M 200 bal 8.75 10 12 2 5 1 3

All of the alloys were received as 1.3-cm to 1.6-cm (0.5-in. to 0.63-in.) diameter rods.
From these rods, specimen discs 1.3 cm (0.5 in.) in diameter and 3-mm (0.118 in.) thick were
fabricated. These discs were polished through 600 grit SiC paper, scrubbed with hot soapy
water, and rinsed with acetone before being used in the cyclic oxidation and hot corrosion
tests. The burner rig specimens were also machined from these rods. Their bases were
cylindrically shaped, 1.3 cm (0.5 in.) in diameter, and 2.4 cm (0.95 in.) long. The remainder
of these specimens were 8 cm (3.15 in.) long and wedge shaped. The leading edge of the
wedge had the curvature of the original cylinder, and an average length of 3 cm (1.2 in.).
The trailing edge had an average length 0.3 cm (0.12 in.) and the center was about 1.3 c¢m
(0.5 in.) from the center of the leading edge. The surfaces of the burner rig specimens were
not polished after final machining to a 90 RMS finish.

The laboratory tube furnace apparatus that was used for the cyclic oxidation and cyclic
hot corrosion tests has been described previously.2 It consists of an electrically heated verti-
cal tube furnace with the bottom sealed to inhibit convective flow. A suspension chain and
an electrically motorized arm are used to move the specimens cyclically into and out of the
hot zone of the furnace through the top end. The specimens remain in the hot zone for 30
minutes and then in the cool zone (just outside the furnace) for 5 minutes, where they cool
to 212°F (100°C). The cyclic oxidation tests were performed at 2000°F (1093°C) and 1650°F
(900°C) in air. The cyclic not corrosion tests employed temperatures of 1650°F (900°C) and
1300°F (704°C) in air. The specimens usually were examined after every 20 hours of expo-
sure; however, when the attack was not substantial, exposure and observation intervals of 150
hours were used. The specimens were examined using a low power microscope and weighed.
In the case of the hot corrosion tests, the specimens were coated with about 1 mg/cm2 of
Na,SO,. This deposit was applied by heating specimens to 250°F (121°C) and spraying them
with an aqueous mist saturated with Na,SO4. The specimens were coated with the deposit at
the beginning of the test. They were washed in hot water at each observation period prior to
weighing. A new deposit was applied just prior to the next exposure.

The burner rig was used only to assess the oxidation behavior of the alloys at 2000°F
(1093°C). This type of rig has been described in the literature.>® It consists of a combustor
with the specimens placed on a rotating platform in front of the nozzle from which the hot
gases emerged. The specimens were exposed at test temperature for 12 minutes and then
exposed to forced air cooling for 4 minutes. The fuel was JP5. The specimen platform held
eight erosion bars and it was rotated at 120 rpm. The specimen temperature was measured
by using a two-color pyrometer (Ircon Modline).

All of the alloys subjected to oxidation or hot corrosion conditions in each cf ihe st
methods were sectioned and mounted using standard metallographic techniques. When etching
was required, AG21 (50-cm® lactic acid, 30-cm® HNOj, and 2-cm®> HF) was used. All
specimens were examined by optical metallography and scanning electron microscopy (SEM).




RESULTS AND DISCUSSION

Characterization of the As-Received Specimens

The four cast alloys identified in Table 1 were solution heat treated at 2350°F to 2400°F
(1288°C to 1315°C) for 2 to 4 hours and then air cooled. The resulting microstructures have
been described in previous papers 125 All of the single crystal alloys contained a fine
(0.2 u - 0.5 u) dispersion of y' particles in a y matrix. In addition, these alloys contained a
much larger globular shaped y' (enriched in Ta and W). The former y’ was formed upon
cooling below the solvus of the y-phase, whereas the latter evidently developed during free-
zing of the liquid, and is often referred to as eutectic y'. The MAR M 200 alloy contained
fine y’, eutectic y’ at grain boundaries, and carbides all in a matrix of y-phase.

Cyclic Oxidation

The cyclic oxidation was performed at 2000°F and 1650°F (1093°C and 900°C). In the
case of the testing at 2000°F (1093°C), weight change data are presented in Figure 1 for
both burner rig and tube furnace tests. If weight loss is used as a means of comparing the
alloys in these tests, both tests give the same ranking of the alloys. In particular,

MAR M 200 has undergone more degradation than any of the single crystal alloys. For both
tests, all of the single crystal alloys require at least twice the exposure time as MAR M 20
to have the same weight loss. In the case of the tube furnace test, there is not a significant
difference in weight loss between any of the single crystal alloys. The burner rig data show
smaller losses for Alloy A than for Alloys B or C. The ranking of the oxidation resistances
of the single crystal alloys must be done with care since the differences in weight losses are
not large, and all the oxidation products may not spall from the specimen surfaces. Optical
metallographic and scanning electron microscope observations of the exposed specimens also
must be considered in making these comparisons.

In Figures 2 through 5, photographs are presented to compare the microstructural fea-
tures that developed during the degradation of MAR M 200 and the single crystal alloys in
the tube furnace test and in the burner rig. Photographs to show the degradation of
MAR M 200 after 250 hours in the cyclic oxidation furnace are presented in Figure 2. A
thick external scale has been formed and internal oxidation of the aluminum to form a dis-
continuous subscale is evident. The etched specimen in this figure exhibits an aluminum-
depleted zone below a thick external oxide scale and a subscale zone. The degradation
microstructure of MAR M 200 after 80 hours in the burner rig test at 2000°F (1093°C) is
presented in Figure 3. The microstructural features developed in this alloy are considered to
be identical in both tests. The microstructural features that developed in the single crystal
alloys during exposure in the cyclic tube furnace and in the burner rig are presented in
Figures 4 and 5, respectively. Zones depleted of y’' have been developed in both tests with
localized regions having thick scales of oxide. In the zones depleted of y’, a phase having a
platelet shape has been formed. This phase does not develop in MAR M 200. It has been
determined to contain nickel, tungsten, tantalum, and molybdenum, and to be susceptible to
preferential oxidation. With the exception of the platelet phase, the microstructural features
of the MAR M 200 are very similar to those of the single crystal alloys. As shown in a pre-
vious paper both MAR M 200 and all of the single crystal alloys are A1203 formers when
oxidized isothermally with different amounts of transient oxidation occurring before these

5. GIGGINS, C. 8., and PETTIT, F. S. J. Electrochem. Soc., v. 118, 1971, p. 1782.




Al,O5 scales develop continuity. Hence, in cyclic oxidation tests such as those used in the
present investigation, the similarity between the degraded microstructures is to be expected.

Weight Change/Unit Area (mg/cm?)

Weight Change/Unit Area (mg/cm?)

RIG OXIDATION TEST AT 2000°F

10 1

Rl A
o 100 200

Time (hr)

CYCLIC FURNACE AT 2000°F

v L 1
0 100 200 300 400 500

Time (hr)

Figure 1. Weight change data for both burner rig and cyclic furnace tests at 2000°F.
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Figure 2. Typical microstructure that developed during cyclic oxidation
of MAR M 200 in the tube furnace test at 2000°F (1093°C).

Figure 3. Typical microstructure that developed during cyclic oxidation
of MAR M 200 in the burner rig at 2000°F (1093°C).




Figure 4. Typical microstructure that developed during cyclic oxidation of single crystal
superalioys in the tube furnace at 2000°F (1093°C), (Alloy B).

Figure 5. Typical microstructure that developed during cyclic oxidation
of single crystal superalioys at 1650°F (900°C).




The weight change data for the cyclic oxidation of the alloys at 1650°F (900°C) are pre-
sented in Figure 6. The weight change data are weight gains rather than the weight losses
obtained at 2000°F (1093°C). Moreover, the weight gains of the single crystal alloys are
signuncantly less than those for MAR M 200. Finally, the data for the single crystal alloys
appear to follow a parabolic rate law. This may be the¢ case for MAR M 200 also, but only
up to about 1000 hours of testing. In Figure 7, the weight change versus time data for two
of the single crystal alloys (Alloys A and C) are plotted to show conformance with the parabo-
lic rate law. Some scatter in the data show that a small amount of cracking and spalling of
the oxide scale has occurred. Nevertheless, it is apparent that these data can be approxi-
mated by a parabolic relationship. Similar results were obtained for the other single crystal
alloys in the cyclic oxidation test at 1650°F (900°C). If the scatter in the measurements is
not considered, the three smgle cx;ystal alloys have parabolic rate constants of 1.5 x 10 B,

0.9 x 10, and 1.3 x 10" (g*cm®-S) for Alloys A, B, and C, respectively. MAR M 200 con-
forms to the garabohc relatlonshlp for about 1000 hours and has a parabolic rate constant of
4.7 x 1013 g /cm -S) If data in the literature® for the growth of Al,O5 scales on Ni-Cr-Al
alloys are used to obtam the parabolic rate constant for the growth of Al,0O; scales, a value
of 1.10 x 10 (g %/cm®-S) is obtained. The results show that the oxidation kinetics for Alloys
A, B, and C are controlled by the growth of Al;O; scales. Parabolic growth may also be
approached for the oxidation of MAR M 200 for exposure times of 1000 hours and less.
These conclusions must be substantiated by metallographic observations since it is apparent
that some cracking of the alumina scales is occurring during the thermal excursions, and is
responsible for the very small parabolic rate constant of Alloy A.

CYCLIC FURNACE AT 1650°F
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Figure 6. Waeight change data for the cyclic oxidation of the alloys at 1650°F (900°C).
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Figure 7. Weight change squared versus time data for Alloys A and C at 1650°F.

Figures 8 and 9 are typical degradation microstructures of MAR M 200 and one of the
single crystal alloys after 3150 hours of exposure in the cyclic oxidation at 1650°F (900°C).
The MAR M 200 specimen has a relatively thick external scale above the subscale Al,O;, as
shown in Figure 8. Evidence of nitride formation is visible below this subscale zone in the
zone which is denuded of y’. Such microstructural features clearly show that this alloy is no
longer an Al,O; former. The microstructure typical of the single crystal alloys after exposure
in the cyclic oxidation test at 1650°F (900°C) is presented in Figure 9. Zones of y-phase adja-
cent to the surfaces of these alloys which are denuded of y’' have been formed. Moreover,
zones of coarsened y’ are also evident beneath these y zones. The coarsening of the y’ is
being examined in more detail. Results available in the literature® indicate that this coarsen-
ing of y' is due to recrystallization. Specimens of Alloy B were grit-blasted to create a sur-
face totally covered with coarsened y' upon recrystallization. The weight changes of such
specimens during isothermal oxidation at 2000°F (1093°C) and 1650°F (900°C) were not ditter-
ent from those of specimens given the surface preparation described in the experimental sec-
tion. The microstructure in Figure 9 is clearly consistent with external protective scales of
Al;O3 having been present on the surfaces of these alloys during cyclic oxidation at 1650°F
(900°C), since no internal oxidation is evident. The cyclic oxidation data obtained at 2000°F
(1093°C) and 1650°F (900°C) show that the single crystal alloys have better oxidation resis-
tance than MAR M 200. This is the same conclusion that was obtained from the tube
furnace cyclic oxidation t.st: at 2000°F (1093°7) in a previous paper,” however, these data
have now been corroborated by the burner rig tests at 2000°F (1093°C) and tube furnace cyc-
lir oxidation testing at 1650°F (900°C). As discussed in a previous paper,® the better
oxidation resistance of the single crystal alloys results from the different compositions ot these
alloys compared to MAR M 200, Table 1, rather than microstructural effects. The cyclic

6. OBLAK, J. M., and OWCZARSKI, W. A. Cellular Recrystallization in a Nickel-Base Superalloy. Trans. Met. Sec. of AIME. v. 242, 1968, p. 1563,
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oxidation data obtained for the single crystal alloys at 1650°F (900°C) show that these alloys
may not need coatings. for applications at temperatures below about 1600°F (871°C).

Figure 8. Typical microstructural features developed on MAR M 200
after 3150 hours of cyclic oxidation at 1650°F (900°C).

Figure 9. Typical microstructural features deveioped on ail of the single crystal

superailoys after 3150 hours of cyclic oxidation at 1650°F (900°C).




The results from the burner rig tests and the tube furnace cyclic oxidation tests are
essentially the same. The burner rig test is more severe and permits the differences in per-
formance among the alloys to be discerned more quickly. It should be noted that the cycle
used in the burner rig was such that more thermal cycling occurred in this test. On the
other hand, the tube furnace is a much cheaper test and much more amenable to the con-
trolled variation of critical parameters than the burner rig. The data obtained in the current
investigation show that tube furnace cyclic oxidation can be used in place of burner rig oxida-
tion tests. Longer times will be required to produce the degradation, but the temperature
and gas composition can be maintained at controlled and defined levels throughout the test.
Both of these tests must always be accompanied by detailed metallographic examination of the
exposed specimens upon the conclusion of the test.

Cyclic Hot Corrosion

Weight change data for the Na,SOy-induced hot corrosion of the alloys at 1650°F (900°C)
in air are presented in Figure 10. After about 100 hours, all of the alloys show large weight
losses indicative of very severe hot corrosion attack. Typical degradation microstructures for
MAR M 200 and one of the single crystal superalloys are presented in Figures 11 and 12.
The microstructural features formed as a result of the hot corrosion of MAR M 200 and the
single crystal alloys are the same. All of the alloys had thick corrosion products composed
predominantly of oxides near the gas interface and of sulfides adjacent to the unaffected sub-
strate. The hot corrosion behavior of all of the alloys in this test is comparable. The hot
corrosion degradation microstructures are typical of those that are observed on structural
alloys for high temperature Na,SOg-induced attack.”®

HOT CORROSION AT 1650°F

2]

[

-150 -
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Figure 10. Weight change data for the Na2SQs-induced hot corrosion
of the alloys at 1650°F (900°C) in air.

7. BORNSTEIN, N. S., and DECRESCENTE, M. A Trans. Met. Soc. AIME, v. 245, 1969, p. 1947.
8. SEYBOLT, A. U. Trans. Met. Soc., v. 242, 1968, p. 1955.
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Figure 11. Typical features observed after exposure of MAR M 200 in the cyclic
hot corrasion test at 1650°F (1093°C).

When hot corrosion testing is performed at 1300°F (704°C), the gas composition is a
more critical parameter than at 1650°F (900°C) Furthermore, the composition of the salt
dCPOSlt that is used is also important since some deposits may be solid. The initial hot corro-
sion tests at 1300°F (704°C) were performed using NaZSO4 deposits in air. After 100 hours
of testing, all of the alloys exhibited a few mllllgrams/cm of weight loss, which shows that
the deposit was affecting the hot corrosion process. Based on the cyclic oxidation data
obtained at 1650°F (900°C) for these alloys, very small weight gains would be expected for
oxidation at 1300°F (704°C). A micrograph of a specimen exposed for 120 hours in this test
is presented in Figure 13. The attack is small; nevertheless, there are some areas of
localized degradation that show the deposit has affected the oxidation of all the alloys. In
this test, it was not possible to determine if one of the alloys had been attacked less than
the others.

In order to attempt to accelerate the hot corrosion attack at 1300°F (704°C), the tests
were performed in air but using a Na;SO, 45-mole percent MgSO, deposit which is a liquid
at 1300°F (704°C). The liquid deposit of Na,SO, 45-mole percent MgSO, caused much more
severe attack of the alloys at 1300°F (704°C) than did Na,SO,. Weight change versus time
data for this test is presented in Figure 14. The specimens were washed and brushed to
remove loose corrosion products before weighing. Very substantial weight gains or losses tor
exposure at 1300°F (704°C) have been obtained (Figure 14). Even though some specimens
gained weight and others lost weight, the magnitude of the weight changes are very large com-
pared .o those produced during oxidation. All of the alloys have undergone very severe hot
corrosion degradation. In Figure 15, the microstructure of Alloy C is presented after 120
hours in the hot corrosion test using the Na,SO, 45-mole percent MgSO, composition. Some

9. BARKALOW, R. H,, and PETTIT, F. S Proc. %the 4th Conference on Gas Turbine Materials in a Marine Environment. Naval Sea
Systems Command, Annapolis, MD, R., v. 493, 1979.
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of the corrosion products have spalled from the surface of this specimen. Comparison of this
microstructure to that presented in Figure 13 shows much more attack has occurred with the
Na,SO4 45-mole percent MgSO, deposit. In Figures 16 and 17, the microstructures of

MAR M 200 and one of the single crystal alloys are presented upon termination of the cyclic
hot corrosion tests using deposits of Na,SO, 45-mole percent MgSO, after 750 hours. The
amount of attack is extremely severe for all of the alloys, but a ranking is not possible.
Tungsten and tantalum were detected in the corrosion products by energy dispersive analysis.
It is not the purpose of this report to attempt to develop models for the hot corrosion of
these alloys. A liquid deposit produces more attack of these alloys. Based upon data avail-
able in the literature,® the hot corrosion of these alloys should be affected by their refractory
metai content. Therefore, it is proposed that the rapid hot corrosion is caused by the liquid
deposit reacting with oxides of the refractory elements in these alloys.

(b)

Figure 12. Typisal features observed after exposure of the singie crystal alloys in the cyclic hot corrosion test
at 1650°F (1093°C), (a) corrosion products, (b) sulfides at corrosion products - alloy interface.
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Figure 13. Typical microstructural features that developed on MAR M 200 and on the single crystal
alloys after 120 hours of cyclic hot corrosion at 1300°F (704°C) using deposits of Na2SO4 {Alloy B).

Waeight Change/Unit Area (mg/cm?)

MOLTEN SALT CORROSION AT 1300°F

25 -

104 —ea— ANyA
—&— AlloyB
—n— Aoy C
151 ——— DS MAR M 200
-20 ™ p— T T L
0 100 200 300 400

Time (hr)

Figure 14. Weight change data versus time data for the cyclic
hot corrosion of all the alioys at 1300°F (704°C) in air using
deposits of Na2SQ4 45-mole percent MgSQa.
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Figure 15. Photomicrograph of Alloy C after 120 hours in the cyclic hot corrosion test at
1300°F (704°C) using Na2SOx« 45-mole percent MgSO« deposit.

Figure 16. Photomicrograph showing microstructures of MAR M 200 upon conclusion of
the cyclic hot corrosion test (750 hours) at 1300°F (704°C) using deposits of NazSO4
45-mole percent MgSO4.

14




Figure 17. Photomicrograph showing microstructures of Alloy A upon conclusion of the
cyclic hot corrosion test (750 hours) at 1300°F (704°C) using deposits of Na2SQ4 45-mole
percent MgSOa4.

At 1300°F (704°C), the hot corrosion of many alloys becomes more severe as SOj is
added to gas mixtures containing oxygen. Such a test is not really critical to the hot corro-
sion of the alloys studied in this program because very severe attack of all of the alloys
occurred in air. Nevertheless, in order to provide a comparison, one of the single crystal
alloys was coated with deposits of Na,SO, 45-mole percent MgSO, and exposed isothermally
at 1300°F (704°C) to oxygen containing SO; at 3 x 10° atm. The weight change as a func-
tion of time for one of these specimens is presented in Figure 18. The weight change data
show that very significant attack is occurring since virtually no weight change would be
observed for this alloy in the absence of the deposit at this temperature. A photomicrograph
of the specimen exposed to the conditions described in Figure 18 is presented in Figure 19.
Very substantial attack is evident after an exposure time of 24 hours. A specimen of the
alloy that was used in the experiment with Na;SO4 45-mole percent MgSO, deposit and
exposed at 700°F in oxygen with SO; was also exposed under the same conditions but with
no deposit on its surface. The resulting weight change after 20 hours is indicated in Fig-
ure 18. This weight change is very small. The absence of attack was also confirmed by
visual examination of the specimen upon conclusion of this test. These results shown that
the liquid deposit is the most important parameter in causing the hot corrosion attack of the
alloys rather than the composition of the gas. The attack may be more severe vien S50, is
present in the gas, but also occurs at an unacceptably high rate in air. In the case of hot
corrosion resistant coatings, the composition of the gas is critical, and SO; is required tor
attack to occur. In the case of nickel-base superalloys, however, the presence of refractory
metal oxides must be a sufficient condition to cause severe hot corrosion attack even in the
absence of SOj;.

15




Weight Change/Unit Area (mg/cm?)

ALLOY B AT 1300°F
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Figure 18. Weight change versus time data for the isothermal hot corrosion (Na2SO4 45-mole
percent MgSQa4 deposit) of a single crystal alloy (Alloy B) at 1300°F (704°C) in oxygen with an

SOz pressure of 3 x 10” atm. Data are also presented for the ailoy exposed to the same conditions
but with no deposits on its surface.

Figure 19. Typical photomicrograph of single crystal alloy after exposure to hot corrosion
conditions at 1300°F (704°C) with oxygen-containing SOa at a pressure of 3 x 10% atm.
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CONCLUSIONS

Nickel-base alloys have been tested at 2000°F (1093°C) in cyclic oxidation tests using a
tube furnace .nd a burner rig. The same ranking of the alloys was obtained in both tests
with the single crystal superalloys having better oxidation resistance than the directionally
solidified alloy MAR M 200. These results show that tube furnace tests can be used in place
of burner rig tests to rank alloys providing that the tests are accompanied with detailed
metallographic examination of the exposed specimens. This ensures that the conditions pro-
duce degradational microstructures similar to those of the burner rig or the service application
of interest.

Oxidation tests at 1650°F (900°C) using the tube furnace produced a ranking of the
alloys consistent with the 2000°F (1093°C) results and showed that the nickel-base single cry-
stal alloys had protective scales of Al,O3 that did not extensively crack or spall after 3000
hours of cyclic oxidation. The single crystal alloys probably can be used uncoated for applica-
tions involving oxidizing conditions and temperatures below 1650°F (900°C).

All of the alloys were severely degraded when a liquid sulfate deposit was placed upon
their surfaces at 1650°F (900°C) and 1300°F (704°C). There is no significant difference
between the hot corrosion resistance of these alloys when tested in air or in oxygen with
SO, provided a liquid deposit was present in both cases. All of the alloys would require a
coating if they were to be exposed to any type of hot corrosion conditions at temperatures of
1300°F (704°C) or higher.
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