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ABSTRACT 

This is the Summary Technical Report of a program to investigate the hot cortosion of 

nickel base superalloys and covers the period 1 July 1966 through 31 August 1967. The 

most significant result obtained from the program was the derivation of a regression 

equation relating base metal volume loss to alloy chemistry and showing that chromium 

and aluminum were beneficial to hot corrosion resistance, wherean tungsten and molyb¬ 

denum were detrimental. It was also established by electron microprobe study that hot 

corrosion resistance was related to alloy depletion in the surface layer of the corroded 

alloys. A high molybdenum content in the zone was detrimental and a high aluminum 

content beneficial to hot corrosion resistance. Hot corrosion severity increased with 

temperature in the range of 1700 to 2000#F in an approximate logarithmic fashion. The 

order of decreasing hot corrosion resistance of the ten alloys investigated was: PDRL 

163. IN-728 NX, Alloy 713C ♦ 2% Cr + Y. Alloy 713C + 2% Cr, Inco 717, Alloy 713C, 

Mar-M421*. IN-100, GMR-235, and Mar-M246. Heat treatment had a detrimental effect 

on the hot corrosion behavior of Mar M246 and GMR-235 and no observed effect on the 

other eight alloys. 

This document is subject to special export controls and each transmittal to foreign gov 

ernments or foreign nationals may be made only with prior approval of the Air Force 

Materials Laboratory (MAAS), Wright Patterson Air Force Base, Ohio 45433. 

♦The Alloy Mar-M421 utilized in this investigation contained only 14.6% chromium in the 

airfoil test sections even though the master heat analysis indicated 15.1% chromium. 

This is below the 15.0 to 16.0% chromium content of the alloy recommended by Martin 

Metals Division of Martin Marietta Corporation; and the test results, therefore, may 

not accurately reflect the behavior of test airfoils with this recommended chromium 

content. 
, - ill 
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SECTION I 

INTRODUCTION 

This program consisted of an investigation of the hot corrosion problem experienced in 

turbine engine components fabricated from the nickel base superalloys. Corrosion of this 

aature is a serious operational problem in current gas turbine engines. Because compo¬ 

nents of advanced turbine engines will often operate at higher metal temperatures, hot 

corrosion behavior at temperatures to 1900°F is of particular interest. Allison experience 

with hot corrosion on uncoated Alloy 713C turbine blades and vanes is shown in Figure 1 

which compares the extent of corrosion at airfoil midsections from turbine blades installed 

on the same rotor. The variation in the extent of attack on the macro sections illustrates 

the apparent variations in corrosion resistance which car occur on parts cast from the 

same alloy and exposed to the same environment. This variation suggests that a statistical 
approach is desirable in hot corrosion test programs. 

PROGRAM OBJECTIVES 

The program was designed to categorize the degree of hot corrosion attack that is suffered 

by representative nickel base turbine materials and to provide information on the following 
questions: 

• How severe is the hot corrosion attack that occurs in superailoys between 1700 and 
1900°F? 

• How important are the influencing factors of chromium content, metallurgical struc¬ 

ture, alloying elements used for strengthening purposes, and heat treatment? 

• What are reliable temperature limits of usage in marine environments for the present 
superailoys? 

TEST ALLOYS 

Ten superailoys with varying chemical compositions and hot corrosion resistance were 

selected for the program. From a corrosion resistance viewpoint, the alloys fall into the 
following four groups. 

® GrouP I Alloy 713C, Alloy 713C with a 2% increase in chromium, and Alloy 713C 
with 2% chromium increase plus 0. 25% yttrium 

Alloy 713C is widely used in gas turbine engines and is generally recognized as being 

susceptible to corrosion. This alloy serves as a baseline; the chromium and yttrium 

additions give an indication of the benefits to be derived from these allov additions 
over a range of temperatures. 

1 
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• Group H—Mar-M421,* IN-72B NX, and PDRL 163 

These alloys were developed specifically to improve on the hot corrosion resistance 
of Alloy 713C while maintaining the same approximate strength level. 

• Group ni—IN-100 and Mar-M246 

These are alloys with compositions designed to provide creep-rupture strength sig¬ 
nificantly above that of Alloy 713C. 

• Group IV—GMR-235 and Inco 7x7 

GMR-235 has been used several years with very few reports of sulfidation, possibly 
because the problem was not then recognized and because of lower temperature oper¬ 
ating environments. Inco 717 has shown good sulfidation resistance on T56 engine 
tests with sea salt ingestion. 

ALLOY PROCUREMENT 

Nine of the test alloys were cast into T56 turbine blade configuration by the Stellite Division 
of Union Carbide. Alloy 713C test samples were obtained from the T56 production line 
Wet chemical analyses were performed on airfoils of three test pieces to verify the com¬ 
position of each casting lot under test for each selected alloy. Analysis of the individual 
castings also provided information on composition variation from casting-to-casting repre¬ 
senting the same alloy heat. 

Table I shows a comparison of nominal alloy compositions, the Stellite heat certifications, 
and the Allison airfoil analyses. Some variations did occur between the nominal chemistry 
the heat analysis, and the three airfoil analyses. The three airfoil analyses, however, 
showed a relatively small amount of scatter and were generally in good agreement among 

Test blades of Alloy Mar-M421 showed an average airfoil analysis of 14. 6% Cr which is 
below that of the 15, 0 to 16. 0% recommended by Martin Metals Division of Martin 

Marietta Corporation. Since chromium is critical to hot corrosion resistance, the cor¬ 
rosion resistance of the material tested in this program may not be typical of Mar-m*21. 

3 
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SECTION n 

DESIGNED EXPERIMENTAL PROGRAM 

A statistically designed experimental plan was devised using the weight change during test¬ 

ing and based on the standard deviation associated with the 500-cycle test. This standard 

deviation was developed from previous testing of nickel base alloys and reflects the normal 

variation which occurred within a given alloy. Eight tests per alloy were run, cycling to 

temperatures of 1700, 1750, 1800, 1850, and 1900#F, making a total of 40 tests per alloy. 

One-half of the test blades of each alloy were tested in the heat treated condition and the 

remainder tested as-cast. 

Heat treatments used were those selected based on Allison experience and/or recommended 

by the alloy developers. Heat treatments are listed in Table II and the experimental plan 

is shown in Table HI. Test blades were cathodically cleaned before weighing, and a pre¬ 

determined cleaning correction factor was applied. Density determinations were made on 

each alloy and the weight losses converted to volume losses for analysis. 

To investigate hot corrosion behavior at higher temperatures, one additional 500-cycle 

run was made cycling to 2000®F. Since it was a single run, it was treated separately and 

was not a part of the statistical volume loss analysis. The additional test run was made 

with a sample of each alloy in the as-cast condition only. 

All tests were of 500 cycles duration. 
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Table H. 

Alloy heat treatments. 

Alloy 

Alloy 713C 

Alloy 713C + modified chromium 

Alloy 713C + modified chromium and yttrium 

Inco 717 

IN-100 

PDRL 163 

IN-728 NX 

Mar~M421 

GMR-235 

Heat treatments 

2100*F/2 hr (hydrogen) 

2100®F/2 hr (hydrogen) 

2100#F/2 hr (hydrogen) 

2l00®F/2 hr (hydrogen) 

2l00*F/2 hr (hydrogen) 

2l00®F/2 hr (vacuum-rapid cool) + 1950®F/4 

hr (vacuum-rapid cool) + 1400°F/l6 hr AC 

2100®F/2 hr fvacuum-rapid cool) + 1950*F/4 

hr (vacuum-rapid cool) t 1400®F/l6 hr AC 

2100°F/2 hr (vacuum-rapid cool) + 1950#F/4 

hr (vacuum-rapid cool) + 1400*F/16 hr AC 

1800*F/5 hr (argon) 

Mar-M246 1500°F/50 hr AC 



Table HI. 
Basic experimental plan. 

Sulfidation rig tests with heat treated and non-heat treated alloys. 

Load 
Sequence* 

Rig 
position 

1 - 5 

Rig 
position 
8 - 10 

Rig Rig 
position position 
11 - 15 16** 

A 
B 
C 
D 
E 
F 

Alloys 1-5 
HT alloys 6-10 
Allqys 6-10 

HT alloys 1-5 
Alloys 1-5 
HT alloys 6-10 

HT alloys 1-5 
Alloys 1-5 
HT alloys 6-10 
Alloys 6-10 
HT alloys 1-5 
(Alloys 1-10 
microexamination) 

Alloys 6-10 
HT alloys 1-5 
Alloys 1-5 
HT alloys 6-10 
Alloys 6-10 

*Load Sequence A was repeated cycling to 1700, 1750, 1800, 1850, and 1900*F 

followed by B, C, etc. 
**Position 16 was filled with dummy blades and was not part of the weight loss 

analysis. 
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SECTION m

TEST RIG AND ENVIRONMENT

The program was conducted on a laboratory test rig udilch has been used for high tem­
perature alloy and coating evaluation and has shown correlation with sea salt ingestion 
pngttip tests c«»ducted at AUistm. The laboratory rig is capable of producing sulfidation- 
oxidation corrosion basically the same b.f that found on turbine components returned from 
service or subjected to the accelerated turboprop engine test. Standard T56 turbine 
blades were used as test specimens (Figure 2). Ea^h test cycle consists of heating 16 
rotating (1800 rpm) turbine blades in a furnace to a preselected temperature after which 
the entire unit is retracted into a cooling chamber. Here it is sprayed with an aspirated 
soluticHi of deionized water and 1% sulfate icm supplied as •,*'ater-soluble sodium s<dfate 
(Na2S04>. A cycle consists of 1. 5 minutes heating time and 0. 5 minutes cooling by 

sulfate solution. The test has been standardized at 500 cycles.

TEST RIG ATMOSPHERE CONTROLS

A sampling station was buUt into the fire chamber and a gas analyzer was employed for 
periodic evaluation of the combustion products.

■i.%
Sixteen-position test fixture and T56 turbine blade test specimens for the Allison 
sulfidaticm test rig. (magn IX)

Figure 2. Hot corrosion rig test fixture and test blades.

PRECEDING 
PAGE BUNK



Based on exhaust gas analysis, the following operating controls were exercised. 

0 Limits were established for the fuel-air mixture at each temperature. 

• The fire chamber was kept either oxidizing or neutral by adjustment of the air and 
fuel pressures. 

Atmosphere conditions maintained in the fire chamber are shown in Table IV. 

Table IV. 

Fire chamber atmosphere conditions. 

Test 

temperature, *F 1700 1750 1800 1850 

Exhaust gas 

constituents, % 

C02 8-12 8-12 8-12 8-10 

C>2 6-10 6-10 4-6 2-4 

H 0.0 0.0 0.0 0.0 

CO 0.0 0.0 0.0 0.0 

1900 

8-10 

0-2 

0-0.2 

0-0.2 

2000 

6-8 

0-1 

0-0.4 

0-0.4 

THERMAL HISTORY OF TEST SPECIMENS 

During the heating cycle, the temperature pattern on the test pieces was continually 

changing. In obtaining the thermal history of the test blades it was necessary to deter¬ 

mine the temperature profile on the test pieces at intervals during the heating cycle. 

Several methods were used including infrared photography, optical pyrometer readings, 

and temperature sensitive paint. Infrared methods were satisfactory at the lower cyclic 

temperatures; however, the Templac paints gave the best results over the range of tem¬ 

peratures. Each paint melts at a specific temperature. Sample blades were coated with 

paints having melting points at 50*F intervals from 1400 to 2100*F. The painted blades 

were tested via a standard 1. 5-minute heating cycle and results of the individual paints 

were used ',o form the temperature gradient at the end of the heating cycle. Figures 3 and 

4 show tie gradients at the end of the 1700, 1800, 1900, and 2000*F cyclic tests. Optical 

pyrometer readings were taken at several locations on the test blades at intervals during 

the heating cycle. These were combined with the temperature paint patterns to develop 

the thermal history for specific locations on the test specimens. Table V shows the 

thermal history of airfoil sections D'-D', C-C, and A-A. Areas of corrosion were mea¬ 
sured at section D'-D'. 
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Table V. 

Thermal history of airfoil sections. 

(During heating cycle"1) 

Cyclic test 

temperature 

CF) 

Percentage of test time in each temperature interval 

Airfoil Below 1500 to 1600 to 1700 to 1800 to 1900 to 

section 1500°F ISOOT HOOT 1800T 1900*F 2000"F 2000°F 

1700 D'-D' 

1750 D'-D' 

1800 D'-D' 

1850 D'-D' 

1900 D'-D' 

2000 D'-D' 

27 20 

26 16 

19 11 

16 9 

15 7 

14 

34 19 

24 34 

16 39 15 

9 15 51 

6 11 50 

6 5 13 

1700 C-C 

1750 C-C 

1800 C-C 

1850 C-C 

1900 C-C 

2000 C-C 

39 22 34 

37 19 27 

25 18 21 

22 15 12 

17 14 12 

- 14 - 12 

5 

17 

36 

22 29 

15 42 

14 26 

1700 A-A 

1750 A-A 

1800 A-A 

1850 A-A 

1900 A-A 

2000 A-A 

53 38 

53 29 

37 36 

37 21 

35 19 

— 46 — 

9 

18 

27 

42 

25 

18 
21 

27 9 

Total time in furnace chamber during 500 cycles * 12. 5 houri 

11 

49 13 

30 4 
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Cyclic test temperature 
1700°F 

Cyclic test temperature 
1800°F 

Temperature patterns on the test specimens at the end of the 11/2 
minute heating cycle. 

5370-3 

Figure 3. Temperatu.profile for 1700 and 1800°F cyclic tests. 
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Cyclic test temperature Cyclic test temperature 
1900°F 2000°F 

Temperature patterns on the test specimen at the end of the 
1 1/2 minute heating cycle 

5370-4 

Figurt 4. Temperature profile for 1900 and 2000°F cyclic tests. 
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SECTION IV 

TEST EVALUATIONS 

To extract the maximum information from the test program, the test pieces were analyzed 

by several methods. These included volume loss during testing, areas of corrosion mea¬ 

sured at an airfoil cross section, and binocular examination. 

VOLUME LOSS EVALUATION 

Test blades were weighed prior to testing and cathodically cleaned and reweighed after 

testing. Density determinations were made on each alloy and the weight losses were con¬ 

verted to volume losses. The primary objectives were to: 

1. Correlate volume loss with test temperature 

2. Compare volume loss due to hot corrosion among the ten alloys evaluated 

3. Determine the effect of heat treatment on each alloy 

The test schedule was designed to permit valid comparisons and evaluations of ten alloys: 

two treatment conditions (as-cast and heat treated) and five temperatures plus interactions 

among the three test variables. The ten alloys (as-cast and heat treated) composed 20 

unique materials to be evaluated; however, the fixture had 15 positions available per test. 

The test procedure devised is shown in Table III in Section II of this report. 

The test schedule was repeated over five temperatures before the loading configuration 

was changed. This procedure minimized the effect of extraneous variables which are time 

dependent. Differences among loadings were adjusted using the following technique. At 

each test temperature a bias or difference between loadings was computed using volume 

loss data for alloys common to both loadings; data generated in the second loading were 

adjusted using the computed bias. For example, loadings A and C had ten as-cast alloys 

in common. A miltiplicative factor was obtained by averaging the logs of the differences 

of the alloys appearing in both loadings. All material volume losses tested in loading C 

were then adjusted to loading A using the multiplicative factor computed. This adjusting 

technique was the same for all subsequent loadings. 

The "run-to-run" differences were effectively controlled through the planned testing pro¬ 

cedures and the adjusting techniques described in the preceding paragraph. Corrosion 

data are, in general, normally distributed in a logarithmic manner. Therefore, logs 

(Base 10) of volume loss (rather than obsr /ed data) were analyzed. 



Analysis of Variance 

The Analysis of Variance technique was used to analyze the test data. This method of 
analysis provided the mechanism to make tests of significance regarding the effect of the 
test variables upon volume loss. The results of analysis and tests of significance plus 
appropriate tables and charts illustrating significant results are presented in this section. 

An interpretation of the Analysis of Variance (Table VD follows. 

• Alloys, treatments, and temperatures all produced significant changes in volume loss. 
The volume loss associated with any one of the three test variables is averaged over 
all values assigned to the remaining two variables. If temperature alone is evaluated, 
the volume losses associated with each of five temperatures are averaged over ten 
alloys, both in the as-cast and heat treated conditions. 

Table VI. 
Analysis of variance and tests of significance. 

Factors tested 
Degrees Mean F 
freedom square ratio 

Alloys 9 

Treatments 1 

Temperatures 4 

Alloy by treatment interaction 9 
Alloy by temperature interaction 36 
Treatment by temperature interaction 4 
Alloy by treatment by temperature interaction 36 
Pooled error 300 

6.041 324.4 ** 
0.391 21.0** 

39. 128 2100.0 ** 
0. 134 7.2 ** 
0. 070 3. 8 ** 
0. 040 2. 1 ** 
0.014 0.7 ** 
0.019 

♦»Denotes significance ata < 0. 01 

F ratios are computed by dividing the mean square for each factor by the mean 
square for pooled error. Significance is determined by comparing computed F 
ratios with tabular F values for the appropriate degrees of freedom; a factor is 
significant if the computed F exceeds the tabular F for some preselected value 
of a. The quantity (1 - a ) is the probability that a change in volume loss is 
caused by a change in the independent test variables. The significance of an 
interaction indicates that the volume loss caused by changing one independent 

variable is dependent upon a specific value assigned to the interacting variable; 
e.g., the relationship between test temperatures and volume loss is not uniformly 
the same for all alloys. A comparative measure of change in volume loss caused 
by changing values assigned to the test variables is provided by the F ratios listed; 
larger ratios are associated with larger changes in volume loss caused by the test* 
variables or their interactions. 
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• The significant Interactions are of more practical consequence than are significant 
single variables. Interactions provide information to select combinations of factor 
levels which minimize volume loss. 

• The significance of the alloy X treatment interaction implies there is a change in 

hot corrosion resistance associated with heat treatments which was not the same 
for all alloys tested. 

• The materials X temperature interaction indicates that the relationship between 
volume loss and test temperatures is not the same for all materials tested. If 
volume losses versus temperatures were plotted for the alloys tested, the lines 
would not all be parallel. 

Effect of Temperature on Volume Loss 

Figures 5, 6, and 7 show volume loss averages associated with the independent test vari¬ 
ables and their interactions. The volume losses presented are averages over all other 
factors not specifically shown in any particular table. 

Figure 5 shows the relationship between volume loss and cyclic test temperature. The 
average volume loss per alloy increases in an approximately logarithmic fashion as test 
temperature increases. 

Temperature—"F 5370-5 

Figure 5. Alloy volume loss as a function of test temperature. 



Hot Corrosion Resistance of Individual Alloys 

Figure 6 shows the individual alloy volume losses averaged over all test temperatures and 
heat treatments. Materials are presented in order of decreasing hot corrosion resistance. 
Two of the alloys designed for sulfidation resistance. PDRL 163 and IN728NX, exhibited 
the least volume loss followed by the two high chromium versions of Alloy 7J3C. Note 
that the Allison chemical analysis of airfoil sections showed Mar M421 to have a chromium 
content of 14. 60% which is below the specification of 15 to 16. 0% chromium. This very 
likely contributed to the relatively poor showing of Mar M421 which was designed for hot 
corrosion resistance. 

Individual alloy volume losses versus cyclic test temperatures are shown in Figure 7. The 
alloy temperature Interactions were significant and further tests of significance are re¬ 
quired to compare corrosion resistance among alloys at each of the five test temperatures. 
Tables VII through XI show differences in corrosion resistance among alloys as a function 
of test temperatures. In all tables the presence of an asterisk (*) denotes significance at. 
« = 0. 05 (95% confidence level). The basic data analysis was performed using logarithms 
(Base 10) of observed volume losses. Averages were computed with logarithms and then 
reconverted to actual volume losses. Comparative volume losses for the designated ma¬ 
terials are included in the tables. For example, in Table VII the average volume loss 

averaged over as-cast and heat treated for Mar M246 is 11.11 mm3; the average volume 
loss for PDRL 163 is 0. 42 mm3; the ratio of the two numbers is 26. 4 and is significant at 
a = 0. 05. Note that the alloys are ranked in descending order of volume loss for rows and 
ascending order for columns. Based on the significance tests, the following statements 
can be made concerning the relative hot corrosion resistance of the alloys: 

• PDRL 163 and IN728NX showed significantly better resistance to hot corrosion than 
all other alloys at cyclic temperatures through 1850°F. 

Table VII. 
Significant differences between individual alloys at 1700oF cyclic temperature 

HDRL 

161 
Voi 

los» (nun1) It.II 4.SO 2.67 2.14 2.110 2.06 l.T« t.MH l.a 

PDRL 163 

IN72BNX 

713C+Cr 

0.42 

1.11 

1.08 

1.09 

2.06 

2.30 

2.34 

2. 67 

4.50 

11. 11 

»26.452 *10.714 »6.357 «5. 571 *5.476 *4.004 *4.736 *4.714 *2.042 

*10.000 * 4.045 *2.405 «2. 108 *2.072 *1. 855 *1.7»2 *1.783 

* 5.611 * 2.272 1.348 1. 181 1. 161 1.040 1.005 

* 5. 582 * 2.261 1.341 1. 175 1.135 1.035 

* 5.393 * 2. 184 ' 1.296 1.135 1.116 

* 4 . 830 * 1. 956 1. 160 1.017 

* 4. 747 « 1.923 1.141 

* 4. 161 • 1.685 

* 2.468 

713C+Cr*Y 

Mar M421 

713C 

IN 100 

Inco 717 

GMR 235 

Mar M246 

♦Denotes a significan! difference at a = 0.05 
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400 

A Mar-M246 
■ PDRL 163 
# IN-728 NX 
• GMR-235 
4 m-ioo 

O Alloy 713C 
□ Alloy 713C (Mod Cr) 
A Alloy 713C (Mod Cr+Y) 

X Mar-M421 
O Inco 717 

1337 

200 

100 

80 

1700 1750 1800 1850 1900 
Cyclic test temperature (°F) 

Figure 7. Individual alloy volume losses at each test temperature. 
537U-7 
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• There was no significant difference between PDRL 163 and IN-728 NX at any test tem¬ 

perature except 1700°F although numerically, PDRL 163 exhibited less volume loss at 
all test temperatures. 

• The two high chromium versions of Alloy 713C showed improvement over Alloy 713C 
at all test temperatures; however, the difference was significant only at the 1800 and 
1850’F temperatures. 

• There was no significant difference at any test temperature between Alloy 713C + Cr 
and Alloy 713C + Cr + Y. The high chromium version showed lower volume loss at 
1700 and 1900®F and the high chromium plus yttrium alloy showed lower volume loss 
at 1750, 1800 and 1850*F, 

• Mar-M421, Alloy 713C, L.J-100, and Inco 717 fell into one group with no significant 

difference between them at the 1700, 1750, and ISOOT cyclic test temperatures. At 
1850°F, Inco 717 was significantly better than the other three and at 1900°F Inco 717 
and Alloy 713C were significantly better than Mar-M421. 

• GMR-235 and Mar-M246 showed significantly poorer corrosion resistance than the 
other eight alloys at all test temperatures. 

• Mar-M246 showed significantly poorer corrosion resistance than the other nine alloys 
at all test temperatures. 

Figures 8 through 11 show corrosion patierns on the test blades after 500 cycles of testing 
at the respective temperatures. Although not part of the statistical volume loss analysis, 
blades from the 2000“F cyclic test are included for comparison purposes. Note the steady 
increase in corrosion severity with increasing test temperature. The corrosion pattern 
on the lower airfoil and base of the blade is apparently related to the blade geometry. The 
sodium sulfate sprayed on during the cooling portion of the cycle is retained in greater 
quantities in the base section resulting in a higher concentration of contaminant in the 
lower region of the blade. Corrosion at the base of the blade occurred at lower tempera¬ 
tures because of the higher concentration of sodium sulfate. 

Effect of Heat Treatments 

Figure 12 shows the effect of heat treating on each alloy. Volume losses have been aver¬ 
aged over all test temperatures. The effect of heat treatment appears to be small on all 
alloys except GMR-235 and Mar-M246 where heat treatment has a large detrimental effect. 
This is confirmed by the significance tests as shown in Table XII. 
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Alloy
713C

Alloy
713C

Alloy 
713C + Cr

Alloy 713C + 
Cr •' Y Mar-M421 Inco 717

As cast condition

Mar-M246 PDRL 163 IN-728 NX GMR-235 IN-100

As cast condition

Alloy 
713C + Cr

Alloy 7130 + 
Cr + Y Inco 717

Heat treated condition

IN-100

Surface conditions (concave side) of test specimens after exposure in the sulfidation- 
oxidation test rig. (Test No. S-2) (Magn IX)

Figure 8. Test blades after 500-cycle test—1700°F cyclic temperature.
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Alloy Alloy Alloy 713C +
713C 713CfCr Cr + Y Mar-M421 Inco 717

As cast condition

Mar-M246 PDRL 163 IN-728 NX GMR-233 lN-100

Alloy
713C

As cast condition

Alloy 
713C + Cr

Alloy 713C + 
Cr + Y Inco 717 IN-100

Heat treated condition

Surface conditions (concave side) of test specimens after exposure in the suindation- 
oxidation test rig. Test No. S-21 (Magn IX)

Figure 8. Teet blades after 500-cycle test—1800*F cyclic temperature.
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Alloy
713C

Alloy Alloy 713C +
713C+Cr Cr + Y Mar-M42l

As cast condition

Alloy 713C + 
Cr + Y

Inco 717

As cast condition

Mar-M246 PDRL 163 IN-728 NX GMR-235 IN-100

Inco 717 IN-100

H«at treated condition

Surface conditions (concave aide) of test specimens after exposure in the sulfidation- 
oxidation test rig. Test No. S-41 (Magn IX)

Figure 10. Test blades after 500-cycle test—1900*F cyclic temperature.
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AUoy Alloy 713C Alloy 713C
713C +Cr +Cr + Y Mar-M421 Inco 717

AB>cast conditioa

Mar.MM6 PDRL 163 IN-728 NX GMR-235 IN-100

As-cast conditioa NUgn IX

Figure 11. Test blades after SOO-cycle test—2000*F cyclic temperature.
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Table XII. 
Significance tests of effects of heat treatment on individual alloys. 

Volume loases (mm3) averaged over all test temp 
Difference ratio 

Alloy 

Alloy 713C 
Alloy 713C + Cr 
Alloy 713C + Cr + Y 
Mar-M421 
Inco 717 
Mar-M246 
PDRL 163 
IN-728 NX 
GMR-235 
IN-100 

As-cast Heat treated 

10.91 12.72 
8.91 9.62 
8.20 9.30 

13.46 12.28 
11.77 10.85 
76.24 151.50 
4.31 4. 54 
5.67 6.76 

23.78 39.25 
14.52 12.35 

(heat treated/as-cast) 

1.165 
1.079 
1.134 
0.912 
0.921 
1.987* 
1.053 
1. 192 
1.659* 
0.850 

♦Denotes a significant difference at a = 0.05 (95% confidence level). Over 
all test temperatures heat treatment had no significant effect on Alloy 713C, 
Alloy 713C + Cr, Alloy 713C + Cr + Y, Mar-M421, PDRL 163, IN-728 NX, 
Inco 717, and IN-100. Heat treatment did have a significantly detrimental 
effect on Mar-M246 and GMR-235. 

Figures 13 through 22 are plots of the as-cast and the heat treated volume losses for each 
alloy at each cyclic test temperature. Although overall differences between as-cast and 
heat treated volume losses were not significant, Alloy 713C, Alloy 713C + Cr, and IN728NX 
show some increase in volume loss in the heat treated condition at four of the five test tem¬ 
peratures. Alloy 713C + Cr + Y showed a similar increase at all five test temperatures. 
Mar M421 decreased in volume loss in the heat treated condition at 1750, 1800, and 1850°F 
and had a substantial increase in volume loss at 1900#F. Inco 717 exhibited some decrease 
in volume loss in the heat treated condition at the 1800 and 1900*F test temperatures. 
PDRL 163 showed a random variation between the as-cast and heat treated volume losses. 
INI00 had a decrease in volume loss in the heat treated condition at all test temperatures 
above 1700^’. Mar M246 and GMR-235 exhibited a substantial increase in heat treated 
volume loss at all five test temperatures. 
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Figure 13. As-cast versus heat treated Alloy 713C at each cyclic test temperature. 
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Figure 14. As-cast versus heat treated Alloy 713C + 2% Cr at each 

cyclic test temperature. 
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Figure 15. As-cast versus heat treated Alloy 713C + 2% Cr + Y at each 
cyclic test temperature. 
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Figure 1«. As-cast versus heat treated Mar-M«l at each cyclic test temperature. 
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Figure 17. As-cast versus heat treated Inco 717 at each cyclic test temperature. 
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Figure 18. 
As-cast versus heat treated Mar-M246 at 

each cyclic test temperature. 
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Fig;j-e 19. As-cast versus heat treated PDRL 163 at each cyclic test temperature. 
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Figure 20. As-cast versus heat treated IN-128 NX at each cyclic test temperature. 
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Figure 21. As-cast versus heat treated GMR-235 at each cyclic test temperature. 
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Figure 22. As-cast versus heat treated IN-100 at each cyclic test temperature. 
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2000*F Cyclic Test Run 

Upon completion of the 1700 to 1900°F test run, a 500-cycle run was made on the ten as- 
cast alloys cycling to 2000*F. The purpose was to observe the hot corrosion rate at higher 
temperatures. After testing, the blades were cleaned and volume losses were obtained. 
Table XIII compares the average volume loss of the 2000oF cyclic test with the average 
as-cast volume losses at each of the lower test temperatures and shows a continuing in¬ 
crease in volume loss. This comparison can only be approximate since the average 
volume loss values at test temperatures from 1700 to 1900°F represent four runs each 
while the 2000®F volume loss is from a single run. Volume loss averages were calculated 
from logarithms and reconverted to numerical values. 

Table XIII. 
Volume loss of as-cast alloys averaged at each cyclic test temperature. 

Cyclic test temperature (0F) Average volume loss (mm3) 

1700 
1750 
1800 
1850 
1900 
2000 

(1) Average of ten as-cast alloys from four test runs 
(2) Average of ten as-cast alloys from one test run 

The volume losses from Table XIII cannot be directly compared with the statistical analy¬ 
sis of the 1700 to 1900°F data since the latter was adjusted to account for run-to-rcn vari¬ 
ation. 

The blades, after the 2000#F cyclic test, are shown in Figure 11. Note that the severest 
corrosion occurs near the tip of the blade where the temperature is highest. This is 
further illustrated by higher magnification photographs of the Alloy 713C and IN-100 test 
blades after testing and cleaning. Figures 23 and 24. Section D-D near the point of maxi¬ 
mum attack had the following thermal history during the 2000°F cyclic test. 
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713C after testing (left) and after caustic cleanli« (right) following 
2000T cyclic test (naagn 3x)

Figure 23. Alloy 713C test blades from 2000*F test after testliy and after cleanii^.
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IN-100 after testing (left) and after caustic cleanii« (right) foL'owinc 
2000T cyclic test (magn 3x).

Figure 24. IN-100 test blade from 2000*F test after testing and after cleaning.



Temperature Percentage of heating cycle 
interval (*F) in temperature interval Cumulative percent 

Above 1900 
1800 to 1900 
1600 to 1800 
Below 1600 

59 
14 
13 
14 

59 
73 
86 

100 

Since section D-D was above 1800°F, 73% of the heating cycle, and above 1900#F, 59% of 
the heating cycle, it appears that hot corrosion is severe in this temperature range. 

Volume loss data for the 31 test runs are shown in Tables XIV through XIX. 

AREA OF CORROSION EVALUATION AT AIRFOIL CROSS SECTION 

To further investigate corrosion severity over the range of test temperatures, areas of 
corrosion were measured at an airfoil cross section. One as-cast turbine blade of each 

alloy from the 1700, 1800, 1900, and 2000»F cyclic tests was evaluated. Measurements 
were made at section D'-D' just above section D-D near the tip of the airfoil where the 
test temperatures were highest. Figure 25 shows the corrosion pattern at section D'-D' 
on IN-100 after the 1900#F cyclic test. 

Temperature gradients at section D'-D' are shown in Figures 3 and 4 and the thermal 
history at this location is given in Table V in Section III of this report. Note that this sec¬ 
tion of the blade is above 1800»F for 61% of the heating cycle on the 1900#F test and 75% of 
the heating cycle during the 2000-F test. With few exceptions, corrosion severity at air¬ 
foil section D'-D' increased as the test temperature increased. This is in substantial 
agreement with the volume loss results reported previously. A plot of the average cor¬ 
rosion area for the ten alloys versus test temperature is shown in Figure 26. Similar to 
the corrosion measured by volume loss, the average corrosion area increased in an ap¬ 
proximate logarithmic fashion. Figure 27 shows plots at each individual alloy corrosion 
area at each test temperature. Some reversal of alloy ranking occurs from temperature 
to temperature. Since only one sample of each alloy was evaluated at a test temperature, 
part of this may be due to the normal variation within each alloy. Table XX lists individual 
alloy area losses along with the method used in obtaining corrosion measurements. 
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Table Xrv. 

Volume losses during 500-cycle test-HOOT cyclic temperature. 

Volume loss in cubic millimeters 
S-l S-2 S-3 S-4 S-5 S-6 Test Number 

As cast 

Alloy 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

Heat treated 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

3.21 1.87 

2.82 1.80 

2.90 1.54 

3.04 

4.05 2.78 

18.32 

3.40 

1.40 

9.74 

4,28 2.56 

4.34 2. 47 

3.04 2. 19 

3.28 2.46 

2.38 

4.10 2.54 

18.46 

0. 46 

1.08 

7.49 

3.89 2.21 

2. 12 

2.02 

2. 14 

2.23 1.69 

2.83 

7.70 3.71 

0. 27 0. 05 

1. 03 0. 68 

2.72 1.33 

1.96 

1.83 

1.50 

1.72 

2.27 1.72 

2. 19 

18. 75 8. 22 

0.41 0.38 

l,0p 1.49 

5.20 3. 92 

1.94 

3. 185 

2.73 

2. 59 

2.63 

3.57 

10. 82 

0.50 

1.53 

3.96 

2.98 

3.68 

3.05 

2.68 

1.81 

3.68 

22. 8 

0. 84 

1. 64 

12.37 

3. 12 
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Table XV. 

Volume loieeg during 500-cvcle tsat-lTSOT cyclic-temperature. 

Test Number 

As cast 

Alloy 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

Volume loss in cubic millimeters 
S-ll S-12 S-13 

3.24 3.83 5.65 

2.83 3. 54 5.79 

3. 02 3.47 3.96 

3.41 5.88 

4.31 4.06 9.00 

54.71 70.31 

0.79 5.21 

1.36 2. 81 

8.56 34.41 

4. 53 3. 88 9. 89 

S-14 S-15 S-16 

4.42 

3.82 

3. 12 

5. 62 4.34 

4. 53 

26.13 23.06 

2.59 1.79 

3.10 2.38 

9.21 8.31 

4. 67 

Heat treated 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 
IN-100 

3.39 4.04 

3.02 5.08 

2. 99 3. 65 

4.73 

3.84 3.80 

61.32 

1.09 

1.99 

8.39 

4.69 4.04 

5.71 

4.79 

4. 44 

7.07 0. 69 

5.59 

124.78 91.25 

2.25 2.44 

2.96 2.68 

22.02 19. 95 

4. 63 

5.83 

4. 15 

3.92 

1.87 
4.77 

21.21 

0.36 

1.07 

7. 62 

4.53 
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Table XVI. 

Volume loases during 500-cycle test—1800^ cyclic temperature. 

Test Number 

Volume loss in cubic millimeters 

S-21 S-22 S-23 S“24 S-25 

As cast 

Alloy 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

8.46 

6.95 

5.50 

7.81 

7.37 

76.46 

3.08 

4.72 

20.21 

15.48 

14. 16 

12.99 

8.61 

21.30 

31.25 

9.26 

9.05 

8.72 

9.99 

9.43 

74.43 

4.96 

5. 15 

23.77 

10.31 

11. 03 

60. 51 

5.88 

5.32 

19.73 

12.9 

11. 19 

9.22 

108.45 

11.38 

102.90 

7.48 

6.93 

40. 88 

14.33 

Heat treated 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar«M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

12. 19 

7.71 

5.71 

7.67 

10. 14 

21.81 

10.24 

9.97 

10. 18 

9.32 

147.17 

4.00 

4. 85 

54. 16 

16. 19 

11.99 

174.44 

5.00 

5.46 

30.90 

12.36 

9. 43 

9. 17 

11.68 

8. 60 

153.62 

5. 19 

6.71 

34.35 

8.74 

15.26 

11.34 

10.85 

12.88 

14.59 
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Table XVn. 

Volume loasea during 500-cycle teat—18S0*F cyclic temperature. 

Volume loss In cubic millimeters 
S-31 S-32 Test Number 

As cast 

Alloy 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

Heat treated 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 
IN-728 NX 

GMR-235 

IN-100 

25.79 39.39 

17. 53 27.75 

18.09 29.64 

25.02 

17.32 42.77 

229.06 

8.60 

9. 37 

88.95 

45.49 83.14 

37. 85 63.68 

22.04 43. 61 

17.52 47.46 

51.35 

19.61 52.70 

516.11 

25.74 

20.70 

151.30 

31.70 46. 16 

S-33 S-34 

46.59 

36.06 

34. 12 

50. 60 23. 85 

39.34 

287.29 168. 70 

22.59 9. 29 

21.93 10.66 

79.31 55. 89 

62. 13 

26.95 

18.41 

16. 00 

42.71 22.42 

17.54 

498.43 359.40 

23.38 8.78 

24.32 11.65 

192.63 70. 23 

24. 08 

S-35 S-36 

33.36 

27.93 

26. 94 

47.69 

31. 15 

206.21 

18.01 

18. 62 

56.39 

36.30 

28.53 

20.93 

23.01 

12.34 

25.60 

183.83 

5.73 

9. 07 

20.01 

28.38 
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Table XVIII. 

Volume loases during 500-cycle test—-lOOOT cyclic temperature. 

Teat Number 

As cast 

Alloy 

713C 

713C (Mod Cr) 

713C (Mod Cr + V) 

Mar-M42t 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

Heat treated 

713C 

713C (Mod Cr) 

713C (Mod Cr + Y) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

Volume loss in cubic millimeters 

S-41 

106.77 

68.78 

72.24 

117.65 

81.62 

504.03 

54. 19 

66.27 

222. 07 

162.54 

114. 84 

81.94 

74.29 

78. 15 

129.71 

S-42 

43.76 

29.25 

28.91 

40. 83 

63.84 

39.72 

27.25 

31.76 

81.43 

37.28 

534.60 

26.20 

27.76 

143.03 

59.36 

S-43 

30. 89 

18.72 

19.35 

32.31 

33.35 

277.98 

13.45 

16.51 

70. 52 

41.09 

53. 18 

443.47 

14.33 

17.82 

120. 12 

S-44 

59.64 

314.32 

24.24 

18. 86 

91.76 

13.62 

22.87 

21.88 

60. 42 

29.27 

510.34 

20, 4P 

23. 24 

154.95 

48.21 

S-45 

22.65 

15.56 

12.53 

30.27 

30. 17 

267.79 

10.81 

14.81 

31.46 

20.78 

20.90 

13.52 

16.33 

21.78 

22.96 

S-46 

23.68 

419.00 

6.83 

10.38 

341.20 
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Table XIX, 

Volume logge« during 500-cycle tei»t-2000»F cyclic temperature. 

As cast 

Alloy 

713C 

713C (Mod Cr) 

713C (Mod Cr + V) 

Mar-M421 

Inco 717 

Mar-M246 

PDRL 163 

IN-728 NX 

GMR-235 

IN-100 

Teat No. S-61 

Volume loss (mm3) 

101.2 

80. 35 

87. 12 

109.7 

131.2 

357.3 

27.08 

49.61 

162.4 

114.5 

Figure 25. Corrosion pattern on IN-100 at airfoil section D'-D'-1900°F cyclic test 
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Figure 26. 

Cyclic test temperature (°F) 
5370-26 

Average corrosion area at airfoil section D'-D' versus cyclic test temperature. 
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Figure 27. Alloy corrosion areas at airfoil section D'-D' versus 
cycl4" test temperature. 
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Table XX. 

Corrosion area«' at section D'-D1 after 500-cycle test. 

Cyclic test temperature (*F) 
Alloy —ag-cast 

Alloy 713C 
Alloy 713C (Mod Cr) 
Alloy 713C (Med Cr + Y) 
Mar*M421 
Inco 717 
Mar-M24G 
PDRL 163 
IN-728 NX 

GMR-235 
IN-100 

Corrosion arji 
1700 1800 

0.27 1,10 
0.23 , 0.63 
0.45 1.71 
0.38 1.30 
0.50 1.00 
1.62 4.10 
0.11 0. 74 
0.22 0.88 

0.78 e. 80 
0.24 1.25 

(in,2 X 322) 

1900 2000 

3.79 7.60 ' 
2.40 8.78 
1.08 11.30 
4.77 13.70 
2.56 ,9.09 

16.18 13.48 
1. 72 2.49 

1. 28 7. 92 
3.08 8.73 
4.78 12.40 

* 
Corrosion areas were determined by the following method: 

1. Test blades were sectioned at airfoil section D'-Dfc, mounted 
and polished. 

2. Metallographie sections were projected on the scope of a Leitz 
Large Metallograph at 32X. 

3. A transparency containing the original profile of section D'-D' 
was laid over the projected image and the corrosion areas were 
traced on the transparency. 

4. Areas of corrosion were measured with a planimetcr. 

BINOCULAR EXAMINATION 

As part of *he preliminary evaluation of the test pieces, one blade of each alloy tested at 
each cyclic temperature from 1700 to 1900*F was given a detailed binocular examination 
at 7V magnification. The objective was to study the relative surface corrosion on each 
region of the blade as the test temperatures were increased. To make the examination as 
systematic as possible, transparent plastic templates subdivided into small areas were 
constructed for the concave and convex side of the blades. Individual areas were not of 

equal size but were constructed to best define the corrosion patterns which formed on the 
blades. A numerical system was used to rate the relative severity of the surface corro¬ 
sion. Figure 28 shows the grid and the numerical system employed. 
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A * Dividing line between leading edge - upper airfoil 
region and lower airfoil - stalk region 

Numerical rrttng ayatetn applied to each subarea for binocular examination 

Number Relative corrosion severity (7 X magn) 
0 No corrosion 
I Traces of oxide corrosion 

Light corrosion over at least 1/3 of subarea 
3 Medium corrosion over al least 1/3 of subarea 
* Heavy corrosion over at least 1/3 of subarea 

with some spalling of corrosion products 
5 Severe spalling and splitting over at least 1/3 

of subarea 
3014-4 

Figure 28. Grid Byatem for binocular evaluation of test blades. 
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Corrosion appeared at two separate regions on the test blades. Figures 8 through 11 show 
the concave side of the test blades after completion of each of the 500 cycle tests. At the 

lower cyclic temperatures, corrosion first appeared at the tip of the leading edge gradually 
extended down the airfoil and then widened out with Increasing test temperatures. Rela¬ 
tively light corrosion appeared on the stalk and lower airfoil sections of the blades at the 
lower cyclic temperatures. At the 1700*F cyclic temperature, the stalk area attained a 
maximum temperature of approximately 1550*F. Corrosion in this region gradually en¬ 
larged and Increased in severity with increasing test temperatures. Corrosion at the base 
of the blade was apparently related to blade geometry. The sodium sulfate sprayed on dur¬ 
ing the cooling portion of the cycle is retained in greater quantities at the stalk section re¬ 
sulting in a higher concentration of contaminant in the lower region of the blade. Corro¬ 
sion at the base of the blade apparently occurred at a lower temperature and with a higher 
concentration of sodium sulfate. 

Summation of results of the binocular examination of the leading edge-upper airfoil corro¬ 
sion are shown in Figure 29. Corrosion severity remains essentially constant for the 1700 
and 1750*F cyclic tests; however, it shows a significant increase as maximum cyclic tem¬ 
peratures rise to 1800, 1850, and 1900#F. Differences in alloy susceptibility to surface 
corrosion are apparent with PDRL 163 and IN-728 NX showing the best corronion resistance 
and Mar-M246 the poorest resistance. Figure 30 shows a plot of stalk-lower iirfoil cor¬ 
rosion. For most of the alloys, corrosion was relatively constant up to the 18t'0»F test 
and then increases at 1850 and 1900*F. 

The binocular examination provided a good preliminary method of systematically observ¬ 
ing hot corrosion severity over a range of temperatures and was in general agreement with 
the other evaluation methods. The major deficiency of this method, of course, in that it 
measures surface corrosion only. 



Maximum cyclic temperature-°F 
5014-10 

Figure 29. Binocular evaluation—leading edge and upper-middle airfoil. 
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Relative corrosion severity versus maximum cyclic temperature 

• Alloy 713C 

□ Alloy 713C (Mod Cr) 

1700 1750 1800 1850 

Maximum cyclic temperature-0? 
1900 

5014-11 

Figure 30. Binocular evaluation—stalk and lower air /oil. 
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SECTION V 

REGRESSION ANALYSIS 

Aa a follow-up to the analysis of variance, a regreoaion analysis was made of the chemical 

compositions of the ten nickel base alloys. The purpose of the regression analysis was to 

obtain an association between the weight percents of the elements in an alloy and the cor¬ 
responding loss of material during the corrosion tests. 

In the analysis, a "Stepwise Regression Program", written for the IBM 7094, was used to 

arrive at a linear equation describing ihe relationship between the weight percent of the 

elements and the resulting volume losses of the as-cast alloys. The discussion of the 

analysis in the Appendix to this report contains a definition of a data point for this analysis; 

presents the mathemaücal model assumed to characterize the data; and describes how the 
program derives the regression equation. 

RESULTS OF THE ANALYSIS 

In the range of the analysis, it can be concluded for the as-cast alloys that: 

• Increasing the weight percent of Cr or A1 in an alloy will reduce volun e loss due to 
hot corrosion ^ 

• Increasing the weight percent of W or Mo in an alloy will produce greater volume loss 
• Raising the temperature will increase volume loss 

The association between the aforementioned variable® and volume loss is described by the 
following equation. 

1<>g10 (volume loss) «= (5. 85238 X 10-9) (temperature3) 

- (1.33860 X 10*5) (temperature2) + (6. 32837 X 10*2) (weight % W) 

+ (8. 63834 X 10‘2) (weight % Mo) - (6. 77702 X 10'2) (weight % Cr) 

- (8. 982 X 10-2) (weight % Al) + 11.2807 

This regression equation derived exclusively for the as-cast alloys cannot be extended to 

the heat treated alloys since volume loss changed significantly for certain alloys following 

the heat treatment. Inasmuch as no corresponding compositional changes were available, 

it was not possible to derive a regression equation for the heat treated alloys. 
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ACCURACY OF REGRESSION EQUATION 

The multiple correlation coefficient measures the association between values of the inde¬ 
pendent variables in the regression equation and the dependent variable (log10 volume loss). 
If the equation exactly predicts volume loss, the coefficient is one and if there is no associ¬ 
ation between the equation and volume loss the coefficient is zero. The multiple correla¬ 
tion coefficient for the regression equation was calculated to be 0. 9928 showing a high 
degree of correlation. 

VOLUME LOSS PREDICTIONS WITH THE REGRESSION EQUATION 

The effect of four elements on volume loss at a cyclic test temperature of 1800°F is inter¬ 
preted graphically in Figure 31. The graphs were generated by fixing the test temperature 
and percentages of three elements in the equation and varying the fourth element. The 
graphs illustrate how the regression equation might be used in adjusting alloy compositions. 

Figures 32 through 41 compare the average measured volume loss for each a’loy at each 

test temperature with that predicted by the regression analysis equation. 
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Notes: 
Each graph was plotted using the mean values 
of the other three elements and a temperature 
of 1800°F. 
Mean values: Cr*13.88%, W-'1.74%, Mo *3.51%, 
A1 -5.72%. 

Figure 31. Tht effects of Cr, W, Al, and Mo on volume loss as predicted 
by the regression equation. 
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Figure 32. Comparison oí the measured volume loss and the loss predicted by the 
regression equation for Alloy 713C. 
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Figure 33. Comparison of the measured volume loss and the loss predicted by the 
regression equation for Alloy 713C 4 2% Cr. 
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Figure 34. Comparison of the measured volume loss and the loss predicted by the 

regression equation for Alloy 713C + 2% Cr + Y. 
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Temperature (0F) 5370-35 

Figure 35. Comparison of the measured volume loss and the loss predicted by the 
regression equation for IN-100. 

65 



V
ol

um
e 

lo
ss
 (

m
m

 

300 

1700 
-J-1-1_L 
1750 1800 1850 1900 

Temperature (T) 5370-36 

Figure 36. Comparison of the measured volume loss and the loss predicted by the 
regression equation for GMR-235. 
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Figure 38. Comparison oí the measured volume loss and the loss predicted by the 

regression equation for IN-728 NX. 
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Figure 39. Comparison of the measured volume loss and the loss predicted by the 

regression equation for Mar-M421. 
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Figure 40. Comparison oí the measured volume loss and the loss predicted by the 

regression equation for Mar-M246. 
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Figure 41. Comparison of the measured volume loss and the loss predicted by the 

regression equation for Inco 717. 
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SECTION VI 

MICROSTRUCTURAL EXAMINATION 

D'-D- airfoil sections from the 1700, 1800, 1900, and 2000°F cyclic tests were examined 

with the light microscope. Selected samples were given electron microscope and electron 
microprobe examinations. 

LIGHT AND ELECTRON MICROSCOPE EXAMINATION 

The corrosion areas were divided into three general /.ones: 

1. An outer layer oi continuous oxide on the surface which gradually graded into an 
area of mixed metal and oxide 

2. A layer of depleted metal 

3. Globular sulfide particles. These generally formed a line between the depleted 

zone and matrix but occasionally a selective grain boundary attack preceded the 

frontal row of sulfides. In heavily corroded regions, sulfide particles extended 

throughout the depletion zone. The type of corrosion observed was the same 

whether the alloys were as cast or in the heat treated condition. 

Figures 42 and 43 show typical corrosion zones on Alloy 713C after 1900 and 2000°F test¬ 
ing and Inco 717 after the 1900°F cyclic test. 

ELECTRON MILROPROBE EXAMINATION 

Electron microprobe traverses were run across typical corrosion areas on the following 
as-cast alloys. 

Alloy Cyclic test temperature (°F) 

Alloy 713C 1800, 1900 

Alloy 713C (modified Cr) 1800 

Alloy 717 1800 

GMR-235 / 1800 
« 

Two temperatures were selected for Alloy 713C to investigate the effect of higher test 

temperature on the type of corrosion. The modified chromium (16%) version of Alloy 
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Figure 43. Light and electron micrograph of corrosion on Inco 717 
after 190<FF cycUc test.



713C was chosen for comparison with standard 14% chromium Alloy 713C since it exhibited 
hot corrosion resistance superior to the base alloy. Alloy 717 (12% Cr) showed less sus¬ 
ceptibility to hot corrosion than did GMR-235 (15. 3% Cr). These alloys were selected tc 
investigate which elements of composition modified the effects of their chromium contents 
in the manner observed experimentally. Figures 44 through 48 are light micrographs in¬ 
dicating the trace of the electron microprobe across the corrosion areas. Data listed with 
the photographs give the relative chemical compositions at or between points referenced 
on the photographs. The approximate weight percents are given for nickel, chromium, 
aluminum, and molybdenum. These were determined from the matrix composition. 
Relative X-ray intensity is given for titanium, niobium, and sulfur. The relative con¬ 

centration or depletion of these elements can be determined by comparing the intensity at 
any location to the intensity in the matrix. 

Oxide Zone 
4 

All elements present in the matrix were found in varying degrees in the oxide zone. As 
would be expected, nickel had the highest concentration, followed by aluminum and chrom¬ 
ium with lesser amounts of the other elements. Sulfur was present in greater amounts 
than the traces present in the matrix compositions; however, no high concentrations of 
sulfur were observed. • 

Depletion Zone 

The depletion zones of the alloys examined were depleted in chromium with a high percent¬ 
age of nickel remaining. There were several variations in the chemistry of the depletion 
zones which could have influenced corrosion resistance. Alloy 713C at the two test tem¬ 
peratures and the modified version showed relatively low aluminum and high molybdenum. 
Regression analysis has indicated that aluminum was beneficial and molybdenum harmful 
to hot corrosion resistance. GMR-235 also showed very high molybdenum and low alumi¬ 
num. The depletion zone of this alloy contained a high iron content which may ha^e con¬ 
tributed to its relatively poor corrosion resistance. Inco 717 had relatively lower molyb¬ 
denum and higher aluminum than the Alloy 713 versions or GMR-235. Inco 717 also had a 
high percentage of cobalt in its depletion zone. In general, for the four alloys, the per¬ 
centage of nickel was increased; molybdenum, cobalt, and iron were present in the same 
percentages as in the matrix; aluminum, niobium, and titanium were partially depleted; 
and chromium was severely depleted. Sulfur was present in quantities only slightly greater 
than the trace amounts in the matrix. No differences in depletion zone chemistry were 
detected between the Alloy 713C and the modified version or between the Alloy 713C tested 
at two temperatures. 4 



Location Oxide Depletion Sulfide Depletion xone MatrU Matrix 1
on traverae ^ « aonee-»8"»y r sulfidea r-t 1

Nickel* 51-81 78-92 28 65-91 72
1

72
Chromium* 1-8 1 29 1-12 12 13.2
Sulfur** 2-S 1-4 93 2-23 1 1
Aluminum* 9-26 2 (^14) 2 2-3 4.5 8.3
Molybdenum* 4 1/2-6 2 1/2-4 2 1/2 2 1/2-3 4

(
4.7 !

Niobium** S-7 2-8 4 3 4
1

5
Titanium** 1-7 1 1 1/2 1/2 2 2 1/2

*Approximata weight percent 
••X -rey inteneity—compere with matrix

Figure 44. Microprobe traverse across corrosion area of Alloy 713C 
after 1800-F cyclic test.
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Magn 500X

iP'

' *V

Etchant: ferric chloride No. 3

Microprobe traverse on Alloy 713C —1900*F cyclic test.

Location 
on traverse

Oxide
«

Depletion 
lone fi-^y

Sulfide
7

Interface 
7 —

Matrix

Element

Nickel* 30-60 86-88 22 72 72

Chromium* 4-18 1-2 27 12 13.2

Sulfur** 2-15 2-3 77 1 1/2 1 1/3

Aluminum* 5-32 2-3 2 6 6.3

Molybdenum* 1 1/2 4-5 3 1/2 4 1/2 4.7

Niobium** 1-3 - 1 1/2 1 1/2 1 1/2

Titanium** 2-10 1-2 8 S 5

* Approximate weight percent 
**X-ray intensity—compare with matrix

Figure 45. Microprobe traverse across corrosion area of Alloy 713C 
after 1900‘F cyclic test.
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Magn. 5O0K Etchant: ferric chloride No. 3

Microprobe traverse on modified chromium alloy 7I3C. 

Relative Composition
Location 
on traverse

Oxide
^ «

Depletion 
zone •-•0

Oxide
0

Depletion
zone

Sulfide
y

MatrU
0

Element

Nickel* 20-45 84-87 59 68-86 35 70

Sulfur^* 2 1/2-4 2-4 3 2 80 2

Titanium** 20-40 3-4 3 2 1/2 10 12 1/3

Chromium* 7-16 1 1/2-2 1 1/2 1 1/2-2 23 15.7

Molybdenum* 2 4-7 4 3-4 4 4.7

Niobium** 2-11 2-2 1/2 3 3-3 3 4

Aluminum* 10-35 2 8 3 2 1/2 5.9

* Approximate weight percent 
••X-ray intensity—compare with matrix

Figure 46. Microprobe traverse across corrosion area of Alloy 71SC * 3% 
Cr after 1800’F cyclic test.



Magn SOOX Etchant: ferric chloride No. 2
Microprobe traveree on Inco 717 —1800*F cyclic teat

Relative compoeition
Location Oxide acale

• -4
Depletion aone

4-r
Sulfide

T
Depletion aone 
auUidea, 7- 0

MatrU 
Interface 6

Matrix

Element

Nickel* 2S-48 76-67 71 73-84 66 66

Cobalt* 3-12 7-11 8 8-9 10 1/3 10.9

Aluminum* T-IS 4-5 4 4 1/2-5 6 7. 1

Sulfur** S-IS IS-Sl 76 29-77 10 10

Chromium* 4-S 2 6 3-3 1/3 13 12.0

Titanium** 16-65 S-5 6 4-12 16 20

Molybiienum* l-I 1/2 2-4 4 3 1/2-4 3 1/2 4.2

Niobium** S-IS 2-3 3 1/3 2 1/2-7 9 9

• Approximate «e<ght percent 
••X-raj intenaity—compare with matrix

Figure 47. Ificroprobe traverse across corrosion area of Alloy 717 
after 1800*F cyclic test.
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Magn 500X
Microprobe traverse on GMR-23S-1800 *F cyclic tea*.

Relative com position
Location 
on traverse

Depletion 
zone •

Oxide, sulfides
F- r

SuUide
T

Depletion 
zone. T-0

Sulfide
0

Matrix

Element

Iron^ 10 3-11 3 8 10 8 10.4

Nickel 76-85 10-79 20 65-85 80 68

SuUur^^ 8-3 3-59 45 1 -8 (peak to 401 88 1

i4tatsi< 1 1/8-8 8 1/8-18 10 1 1/8 15 15.8

TiUnium 1-1 1/8 4-8S 15 1/8 4 e
Aluminum^ 8 8-IT 17 8 8 1/8 8.8

Molybdenum^ 8-8 3-14 33 8-8 8 8.8

• Approairaate areight percent 
••X-ray intensity—compare with matrix

Figure 48. Microprobe tniFerse across corrosion area at GMR-2S5 
after 1800*F cyclic test.
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Sulfide Particles 

Jr *îre^ominantIî' rich in chromium a*! uulfur. Nickel wa. ap. 
paren,1, high i. eom, particle.; honever. on Ute .mailer .ulfide particle,, the electron 

air Tm«'Jr"1 ^ ^ adí‘Ce"' n‘Ckel rÍCh and Chr°miUm ^ depletion 
zone. GMR-235 and Inco 717, in particular, showed this effect. 

Matrix 

The demarcaiion between the .ulfide particle, and the rnami, and the depletion zone and 

the matri* ... .harp. The main, compoeition wa. relatival, cornttan, rwarly the edge 
of the corrosion interface. K 



SECTION VII 

DISCUSSION OF RESULTS 

The two principal methods of evaluation, volume loss (a measure of total corrosion) and 

corrosion area at airfoil section D'-D\ were in substantial agreement. Hot corrosion 

severity increased at cyclic temperatures to 20G0*F. On the 2000°F test, airfoil section 

D'-D' was above 1900'F for 61% of the heating time and experienced severe corrosion. 

The test rig creates a hot corrosion environment somewhat differently than the turbine 

engine since it does not employ all the engine operating parameters. Also, the sodium 

sulfate is sprayed on during the cooling cycle. The measure of the validity of the rig 

tests depends upon how well they simulate the hot corrosion behavior in the turbine engine. 

In this respect the rig has correlated well with Allison T56 engine tests with sea salt in¬ 

gestion. These engine tests have shown severe hot corrosion attack at metal temperatures 
to 1850 °F. 
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SECTION VIII 

CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

1. A regression equation was derived relating volume loss to alloy chemistry and 

showed chromium and aluminum to be beneficial to hot corrosion resistance, 

and tungsten and molybdenum to be detrimental to hot corrosion resistance. 

2. Electron micioprobe analysis indicated that hot corrosion resistance is related 

to the surface depletion zone chemistry of the corroded alloys. A high molyb¬ 

denum content in this zone was detrimental and a high aluminum content bene¬ 

ficial to hot corrosion resistance. 

3. Hot corrosion severity increased in approximately logarithmic fashion as the 

maximum cyclic temperature was increased from 1700 to 2000'F. 

4. In order of decreasing hot corrosion resistance, the alloys ranked as follows: 

PDRL 163, IN728NX, Alloy 713C + 2% Cr + Y, Alloy 713C + 2% Cr, Inco 717, 

Alloy 713C, Mar-M421*. IN-100, GMR-235, and Mar-M246. 

5. The two high chromium versions (+2% Cr) of Alloy 713C showed improvement 

over Alloy 713C at all test temperatures; however, the improvement was sig¬ 

nificant** only at 1800 and 1850°F. 

6. Heat treatment had a detrimental effect on Mar-M246 and GMR-235 and no sig¬ 

nificant** effect on the other eight test alloys. 

RECOMMENDATION FOR FUTURE WORK 

Recent rig test programs have emphasized that when the turbine engine environment is to 

be directly simulated in a test rig, pressure should be included in the parameters. Tests 

*The 14.6% chromium content for Mar-M421 was below the 15,0 to 16.0% chromium con 

tent recommended by Martin Metals Division of Martin Marietta Corporation. 

**Statistically significant at * * 0.05 (95% confidence level). 
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run at Lycoming1 with an unpreesurized hot corrosion rig indicated that hot corrosion 
decreased in severity above a certain temperature and terminated above 1700 to 1750°F. 
Phillips Petroleum*, while rig testing at a combustor inlet pressure of 15 atmospheres, 
reported that in the high temperature range (1800 to 2200°F) increasing temperature al¬ 
ways increased weight loss whenever the effect was significant. These tests also point 
out that high temperature (!700°F or greater) hot corrosion severity may vary from 
engine to engine depending on the operating parameters. 

Rig and engine testing at Allison and elsewhere has shown that it is essential, when simu¬ 
lating hot corrosion behavior of ♦urbine materials, that all major engine parameters be 

included in the test rig environment; consequently, it is recommended that programs con¬ 
ducted to study turbine alloy hot corrosion response include varying conditions of tempera¬ 
ture and pressure as well as sea salt ingestion. 

1 Wheaton, H. L., Study of the Hot Corrosion of Superalloys, Quarterly Progress Report 
No. 2, Contract No. AF33(615)-5212. January 1967 

* Schirmer, R. M. and Quigg, H. T., Effect of JP-5 Sulfur Content on Hot Corrosion 
of Superalloys in Marine Environment, Sixty-Ninth Annual Meeting of the American 
Society for Testing and Materials, Atlantic City, June 1866 
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APPENDIX 

DISCUSSION OF THE REGRESSION ANALYSIS 

MATHEMATICAL MODEL USED IN THE ANALYSIS 

It was assumed that the following model characterized the hot corrosion test data: 

Y * Aq + AjXj + ..,+ ^20^20 * * 

where 

• The dependent variable, Y, is log10 volume loss. The mean of the four measured 

volume losses at a particular test condition was entered as the value for volume loss 

in the analysis. The mean volume losses are recorded in Table XXI. 

• The independent variables, Xj, X2, Xj9, and X2o are expressions of temperature. 

See Table XXII. Temperature was included in the model since volume loss was sig¬ 
nificantly affected by changes in temperature. 

• The independent variables, X3, ..., Xjg, are the weight percents of the 16 elements 

in the alloy compositions. These are identified, along with the percent of each in the 

individual alloys, in Table XXIII, The tabled value is the mean of the percents found 
by chemical analysis of the test specimens. 

• The Aj's are constants calculated by the computer program. See Selection of the In¬ 

dependent Variables subsection which follows for the discussion of these constants. 

• The presence of < in the model indicates that the measurement of Y is not exactly re¬ 

peatable even if the Xj's are constant. The variability of « is called the "standard 
error of the estimate of Y" and ip interpreted later. 

A data point for the analysis, in accordance with the assumed model, is denoted by (Y, 

Xl* • • • * x20^ where Y is lo?io volume loss for a particular alloy, identified by X3, . . . 
X18 at some known temperature. All ten alloys were included in the analysis to obtain 

one regression equation applicable to all of the alloys. This also permits a wider rango 
of weight percents for the elements to be considered. 

SELECTION OF THE INDEPENDENT VARIABLES 

Once the data are submitted, tne program is written to select the smallest set of Xj's 

which will contribute significantly to the prediction of the response in Y. The confidence 

desired for a variable that is entered or removed from the model can be set at any level. 
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A high confidence level, say 99%, will minimize the risk of selecting a variable erroneously 

but will result in a higher probability of ignoring an important variable than if some lower 

level were chosen. The confidence level chosen for this analysis was such that there are 

three chances out of ten that a variable is entered or removed erroneously. This 70% 

confidence level reduces the probability of missing a significant variable by permitting the 

selection of a larger number of variables. 

Each time a variable is entered or removed, the regression coefficients (A^'al. the stan¬ 

dard error of the coefficients {(rA/s), the standard error of the estimate («r,), and the 

multiple correlation coefficient (explained in the following subsection of this report) are 

computed for the variables In the regression equation. To determine which variables 

selected by the computer are important in predicting Y, the significance of each Aj is 

tested by use of the t-test. The test statistic t - is calculated for every At ai d com- 
cr A¿ 

pared with the table value of t at some a . If the calculated statistic is greater than the 

table value, it is 100 (1 - a ) percent certain that A¿ is significantly different from zero. 

This is synonymous to saying it is 100 (1 - «) percent certain that Xi belongs in the re¬ 

gression equation. If the statistic is less than the table value, it is 100 (1 - a) percent 

confident that A^ is not significantly different from zero and that Xj was entered erroneously. 

This same technique is used to test the significance of a variable which is removed. 

INTERPRETATION OF o-, (STANDARD ERROR OF ESTIMATE) 

The standard error of the estimate, <r, , gives a measure of the variability of the response 

in Y about the estimate. Prior to the selection of any Xj's, Y is estimated by Ÿ and <rf is 

V* - o 
simply -L (Y^-Y) /df where the degrees of freedom (df) is n-1, n being the number of re¬ 

sponses of Y. 

When the Xj's are used to prçdict Y, the estimate becomes the regression equation Y = 

A0 + AjXj + ...+ ApXp where p is the number of X^'s in the regression. The degrees 

of freedom of «r, is now n-p-1. Each time a new variable is entered, <rt is generally re¬ 

duced because the new variable helps predict the response in Y. The amount of the reduc¬ 

tion is equal to the variation explained by the new variable. 

MULTIPLE CORRELATION COEFFICIENT, R 

The multiple correlation coefficient measures the overall extent of association between 

values of the independent variables awi the corresponding dependent variable. The co¬ 
efficient is defined as 
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R - 1 

where 

aSfj is the residual sum of squares of the response in Y about the regression line, 
n 

SSR = £ (Yi - Y)2. 

i-1 

SSj is the total sum of squares of the response in Y about the mean of Y. SS^ = 

E (Yi-Ÿ)2. 

If no association between the Xj's and Y is defined, then Y is just Ÿ and SSR is equal to 
S&p This would result in a multiple correlation coefficient of zero. This situation is 
illustrated graphically in Figure 49a for one X*. 

A 
If Y * A0 + is then assumed to define an association between X£ and Y, then SSR is 
reduced giving a value of R greater than zero. Assuming SSr is 7/16 of SSj, then R is 
equal to /16 or 0. 75. See Figure 49b. Note that if Xj exactly predicts Y, then SSR is 
equal to zero giving F is one. 

a 

5370-49 

Figure 49. Graphs illustrating multiple correlation coefficients of zero 

and approximately 0.75. 
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RESULTS 

The independent variables in the regression were entered and removed from the model with 

only 70% confidence. It is necessary to test the significance of each variable by testing the 

significance of each from zero. The a level used is 0. 05. See Table XXIV. 

Table XXIV. 

Results of regression analysis. 

Regression Standard error Computed 

coefficient (Aj) of coefficient (o-A,) t-value Variable 

X4 = Cr 

X5 3 w 
Xg = A1 

Xu = Mo 

-0. 0677702 0. 0068359 

0.0632837 0.0069669 

-0.0898200 0.0131055 

0.0863834 0.0126837 

9.914* 

9.083* 

6.854* 

6.811* 

4.010* 

4. 739* 

-1. 3386 X !0'5 3,33s47v10-6 

5. 85238 X 10*9 1. 23488 X 10-9 

11.2807 

^computed = 

*Denotes significance at = 0.05 

1 bus. it is 95% certain that each of the independent variables are significant in predicting 

volume loss. The significance of the removed variables was tested in the same manner. 

The standard error of the estimate of Y was reduced from 0.7172 (when Y = Ÿ) to 0. 0964 

when the independent variables were Used to predict Y. This provided a multiple corre¬ 

lation coefficient of 0. 9928. Of the four elements, Cr was most important in reducing the 
error 
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