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SUMMARY

An experimental investigation is being conducted to evaluate the 0
effect of very-low concentrations of sulfur in fuel on the durability of
turbine-blade materials when exposed under conditions simulating the environ-
ment in an aircraft-turbine engine operating in a marine environment. This
has required development of new test equipment, termed Phillips Turbine

V4 'ulator, to increase productivity by simultaneous exposure of 48 specimens
and to improve precision by rotating specimens for uniform exposure in the
high-velocity stream of high-temperature, high-pressure, corrosive gas.

A preliminary tent was conducted to evaluate a cyclic-temperature
operating procedure with Phillips Turbine Simulator. Specimens of both bare
and alumium-diffusion coated Inconel 713C were exposed at 15 atmospheres
combustor pressure using air with 1 ppn sea salt and fuel with 0.040 weight 0 0
per cent sulfur to obtain exhaust-gas temperatures which reached a maximum of
2000 F. It was concluded that this test equipment is sufficiently durable,
and the test method provides sufficient precision, for conducting our proposed
investigation with a reasonable expenditure of time, manpower, and materials.

A comparison of the relative durability of superalloys in an ASK 0
"round-robin" program was made during this preliminary tent. Only single
specimens of each superalloy were available from a common exposure, for 44
hours duration. Metallographic measurements of "surface-loss" and "maximum-
attack" were made, but the difference between them (shbsurface deterioration)
was relatively unimportant with these materials at this condition of exposure. 0
This is shown by the following tabulation, which also indicates the linear
relationship that was found with specimen weight-loss (after electro-cleaning).

Weight Loss Surface Loss Maximum Attack

IN-100 372 mg/cm2  56 mils 56 mils 0
Into 713C 200 31 32
Udimet 700 164 20 21
Mar-M421 126 20 22
I-738 97 15 16

Udimet 500 56 2 8

Kacitttal j~his docume taide that encies e.t. t
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1. INTRODUXTICG

The corrosion of hot-section parts in modem aircraft-turbine
engines is one of the factors that determines the tim before overhaul.
With operation in a marine environment it becomes a major factor in limit- 0
ing engine life. Various terms have been used to identify this accelerated
attack on the superalloys from which hot-section parts are fabricated.
We favor the zerm "hot corrosion" and will use it in this report to indicate
the attack by sea salt on superalloys at high temperature.

Considerable metal loss can be sustained by hot-section parts before 0
failure because hot corrosion advances on a broad front. The attack is led
by penetration of randomly dispersed light-grey globules of metallic sulfide.
The formation of these sulfides is associated with changes, characterized
by chromium depletion, in the surface composition of the alloy. Rapid oxi-
dation of the weakened layer of the alloy follows. Because of the prominent * *
band of precipitated sulfides preceding surface oxidation, hot corrosion is
frequently identified as "sulfidation." This has focused attention on the
sulfur content of the fuel as being the principal causative agent of hot
corrosion. If so, hot corrosion could be controlled by fuel specification.
More restrictive limitations on the amount of sulfur allowed in aviation-
turbine fuels have been proposed for this purpose, particularly for naval
operations.

Most specifications for aviation-turbine fuel allow a sulfur content
of 0.40 weight per cent. A significant reduction in the sulfur limit would
certainly decrease the amount of available fuel. Also, a more restrictive
specification carries with it the potential of highercost, and a modest
increase can amount to a substantial sum because of the large volume involved.
Therefore, proposals to lower the sulfur content of aviation-turbine fuel must
be approached with caution.

Man investigators feel that deposition of sodium sulfate on the
metal surface is a normal precursor to hot corrosion. Some have reasoned 0
that sodiu from sea salt and sulfur from fuel combine to form the objection-
able sodium sulfate. However, compounds other than sodium chloride are
present in sea salt. Sea salt contains U per cent by weight of sodium
sulfate. Control of hot corrosion by reducing sulfur in fuel to remove one
of the critical ingredients from the salt-sulfur combination ignores the
sulfur in sea salt.

-1-
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For clarification, the Naval Air Systems Command has supported
our work to determine whether the aximm sulfur content of 0.40 weight
per cent, currently allowed in grade JP-5 aviation-turbine fuel, is a safe
level for protection of turbine alloys in high-perforimace engines when
operated in, a marine enviroment.

In an early ueriental investigation, reported in detail by 0
Schirmsr end Quig (1), we attempted to simulate the euvirotuent in the
turbine section of an aircraft engine with respect to temperature, velocity,
pressure, and stoiehicmetry by use of a high-pressure test facility, origi-
na3ly developed for evaluating the combustion characteristics of aviation-
turbine fuels. The test program included the effect of three levels of sulfur
in fuel n hot corrosion of six superalloys, one of wkich had an alminwu- 0
diffusion coating, at five levels of temperature and three levels of sea
malt in air. The five hours of toot duration used was sufficient for ex-
tensive corrosion of all of the uncoated superalloys under some conditions.
It was concluded that an order-of-manitude reduction (0.40 to 0.040 weight
per cent) in sulfur content would not decrease hot corrosion and no change
in fuel specification was indicated. 0

The aluminum-rich coating (Nisco NDC-l) on Inconel 713C resulted
in a material immune to attack under the conditions of exposure used during
this eary investigation; therefore, no measure of the effect of sulfur in
fuel on the hot corrosion of coated superalloys was obtained. Such thin,
aluminum-rich, diffusion coatings are generally used now to protect super- 0 0
alloys in a marine environment; however, the need continues for improved
coatings applied to mre resistant superalloys.

In a subsequent experimental investigation (2) we attempted to
measure the effect of sulfur in fuel on the hot corrosion of coated super-
alloys by extending the duration of exposure from 5 up to 55 hours. The 0
programs included one bare superalloy (Inconel 713C) and three coating-alloay
systems (Misco NDC-1 and KDC-9 on Inconel 713C and Misco DC-1 on Mar M-200).
In these programs two levels of sea salt in air (zero and 1.0 ppa) and three
levels of sulfur in fuel (<0.0040, 0.040, and 0.40 weight per cent) were
used. These programs were confined to exposure of specimens at the 200F
test condition. These studies showed cases where a reduction of sulfur in 0
fuel from the present limit to 0.040 weight per cent significantly decreased
hot corrosion, significantly increased hot corrosion. and had no significant
effect on hot corrosion. This indicated that our previous recommendation,
based upon a study of bMe superalloys, could be extended to coated
superalloys. 0

Because of the diverse results on hot corrosion from this very-
limited investigation, it was recomended that the effect of sulfur in
fuel should be studied with other coating-superalloy systems and other
exposure temperatures. Also, when sea salt was present in the air during
this investigation, it was found that a very-large reduction of sulfur in
fuel, from 0.40 to g. weight per cent, significantly decreased the •
relative rate of corroqion on uncoated Inconel 713C and both XDC-1 and
NDC-9 coated Inconel 713C. Therefore, it was concluded that it would be

-2-
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prudent to obtain additional data before making a final recommendation as 0
to the limit of fuel sulfur allowed for protection of turbine-blade materials 0
in a mrine environment.

In a recent experimental investigation (3) conducted with one
coating-superalloy astem (Misco MDC-9 coated Inconel 713C) at one level
of sulfur in fuel (0.40 weight per cent) and one sea salt concentration
(1.0 ppm sea salt in air) over a range of temperature conditions (1400, 0
1600, 1800, and 2000 F) it was found that exposure times of up to several
hundred hours would be required to evaluate the effect of sulfur in fuel
on hot corrosion with coated superalloys at some conditions. It was *on-
eluded that the time required for a reasonably complete investigation of the
effect of fuel sulfur on hot corrosion would be prohibitive with test
equipment in which only six specimens could be exposed at one time. To 0
reduce the time required for the proposed investigation to a practical level,
a new test section, termed the Turbine Simulator, was designed which allowed
the simultaneous exposure of 48 specimens.

In our most recent experimental investigation (4) this Turbine
Simulator was used to expose both bare and NDC-l coated Inconel 713C specimens 0
in an aggressive-thermal environment. Gas temperature, pressure, velocity,
and composition were adjusted to simulate the environment in an aircraft-
turbine engine operating in a marine enviromment. The mechanical durability
of our Turbine Simulator and the precision of weight-lose values for speci-
mens exposed in this test equipment were demonstrated to be adequate for the
proposed investigation. However, an exposure time of about 350 hours was 0 0
indicated to obtain coating failure, with 1 ppm sea salt in air and 0.040
weight per cent sulfur in fuel, at a specimen temperature of 1650 F. It
was recommended that the Turbine Simulator be operated with rapid temperature
cycling, which is characteristic of aircraft-turbine-engine operation, to
accelerate coating breakdown (by spalling). Also, to further reduce the
time requirea for the proposed investigation, it was recommended that rather 0
than separate tests at 1600, 1800 and 2000 F, specimen exposure at these
temperatures be combined by spacing with exposure at 1000 F during the cyclic
test.

The purpose of our current investigntion is to evaluate the per-
formance of the Turbine Simulator, using a cyclic-temperatui e procedure, 0
with respect to its mechanical durability, its severity of operating con-
ditions, and its uniformity of specimen exposure. If satisfactory, the
Turbine Simulator will be used with a cyclic temperature procedure to
evaluate the durability of turbine-blade materials in a marine environment
during our investigation which will place emphasis on the effect of very
low concentrations of sulfur in fuel.

-3- 0
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2. Cg&CUBICU

An experimental investigation has been conducted to evaluate the
performae of the Phillips Turbine Simulator, using a celi temperature
procedure, with respect to (a) mechanical durability, (b) severity of
operating conditions, and (c) uniformity of specimen exposure. An adequate
supply of bare and Nieco MDC-l coated Inconel 713C specimens were available
from our most recent study and a limited number of specimens of six super-
alloys (IN-100, Inconel 713C, U-700, Mar- 421, 11-738, and U-500) were
available as a part of a "round-robin" testing program of the AS Hot-
Corrosion Task-Force. Specimens were exposed at 15 atmospheres combustor
pressure using air with I ppe sea salt and fuel with 0.040 weight per aent
sulfur to obtain exhaust-gas temperatures that were rapidly cycled from
1000 F to a axdimm of 2000 F. Testing was halted at U1-hour intervals
to allow visual Inspection of specimers. Specimens of each maperalloy and
coating-superalloy aqstem were removed at the first sig of si ificant hot
corrosion or coating breakdown. Replacements were made to obtain four
different levels of attack on each test material. ZUposure of specimens
varied from 1 to 143 hours.

A linear relatLionship was found between specimen weight-loss and
depth of penetration with these superalloys at this condition of exposure,
and either measurement provides an evaluation of hot-corrosion attack.
Since weight-loses measurements are the most economical, they should be used * *
for evaluation whenever shown to be feasible by metallographic inspection.

Test precision was improved during this investigation by modifi-
cation of the flame-tube configuration, which improved combustor durability
and supplied a hot gas of more uniform temperature to the Turbine Simultor.

It was concluded from this investigation that: 0

A. The wear and corrosion on test-section components was not excessive,
and the Turbine Simulator has satisfactory mechanical durability for use in
conducting future test programs at temperatures to 2000 F, the highest
level attempted.

B. This simulated-envirommental test now represents a satisfactory compromise
for conducting-our proposed investigation wLth a reasonable expenditure of
time, manpower, and materials. An exposure time of about 55 hours was
indicated to obtain failure of an aluminum-diffusion coating with rapid-
temperature cycling from 1000 F to a maximum of 2000 F. This is roughly
a reduction to 1/6 the time required for coating breakdown during the
initial trial of the Turbine Simulator when exposure was at 1650 F.

C. The imptoved precision obtained by the more uniform specimen exposure
ia the Turbine Simulator should facilitate a satisfactory evaluation of the
effect of very-lay levels of sulfur in JP-5 fuel on the durability of turbine
alloys in high-performance engines when operated in a marine enviroment.
The standard deviation of weight-lose data for coated specimens (as repre-
sented by Kiscao MDC-l coated Inconel 713C) is signflicantly greater than
for non-coated specimnen (as represented by bare Inconel 713C) ,but, both
values are less than obtained with the flat specimens used previously.

-4- •
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3. T

The purpose of this investigation wae to evaluate the performance
of the Phillips Turbine Simulator, using a cyclic-teperature procedure,
with respect to its mechanical durability, its severity of operating con-
ditiona, and its uniformity of specimen exposure.

Mechanical durability of the Phillips Turbine Simulator, severity
of the cyclio-temperature procedure, and precision of the test method have
been demonstrated to be adequate for use in proposed test programs.

It is recomeended that we proceed with our investigation to
determine whether the mazimu sulfur limit of 0.40 weight per cent, currently
allowed in grade JP-5 aviation-turbine fuel, is a safe level for the pro-
tection of turbine materials in engines of advanced design. Emphasis
should be placed an very-low levels of sulftr by evaluating the effect of
0.040, 0.000, and 0.00040 weight per cent sulfur in JP-5 fuel.- The Phillips
Turbine Simulator should be used with a rapid-cycling procedure, having
a maiuzm temperature of 2000 F, and with 1.0 ppa sea salt in air. The hot
corrosion of turbine materials, covering a broad ranp_ in composition, should
be studied by using eight different nickel-base waperalleys with two different
coatings (alv.inm and chromium-alinui diffusion) and four different cobalt-
base superalloys with one coating (chromium-aluinua diffusion).

* 0

0

0

0
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4. USILTS AnD DIM JSSIMC

In a previous stui (4) the Phillips Turbine Simulator, operated
at 1650 F specimen temperature, was demonstrated to have adequate mechanical
durability and precision for use in evaluating the effect of sulfur in fuel
on hot corrosion; however, exposure times of 50 to 1Ws hours for bare super-
alloys and over 350 hours for same coating-superally stems were indicated.
It was recmended that a cyclic-temperature procedure be considered, using
the Phillips Turbine Simuator, to span the range of temperatures of interest
in a single test and thus reduce the time required to complete the investi-
gation of the effect of sulfur in fuel on hot corrosion of coated suporalloys
in a marine environment.

The primary purpose of the current investigation was to evaluate 0

the performance of the Phillips Turbine Simvlator, using a cyclic-temperature
procedure, with respect to mechanical durability and precision, and to obtain
an estimate of the severity of the operating conditions. An adequate supply
of bLre and isco NDC-I coated Inconel 713C specimens was available from
batches used in the previous investigation (4). In addition, a limited 0
nmber of specimens of six superallays (15-100 Inconel 713C, Udiaet 700,
Nar-Nl21, IN-738, and Udimet 500) were available as part of a " L. bin"
testing program of the AS3( Hot-Corrosion Taak-Force, and these superalloys
were included in the investigation. Except for Mar-K421 and Udimet 500
these superalloys are scheduled for inclusion in our future test programs.
Specimens were exposed at 15 atmospheres comustor pressure in the presence * *
of 1.0 ppa sea salt in air and 0.04 weight per cent sulfur in fuel at noinal
exhaust-gas temperatures from 1000 to 2000 F. The cyclic testing was halted
at U1-hour intervals to allow visual inspection of specimens. Specimens of
each superalloy and coating-superalloy eystem were removed at the first
sign of significant hot corrosion or coating breakdown. Replacements were
made to obtain four different levels of attack on each test material.

Details concerning the test equipment, test materials, and test
procedures are presented in Appendicies 1, 2, and 3, respectively, which are
Sections 8., 9., and 10. of this report.

The test plan proposed for use in the future evaluation of the
effect of sulfur in fuel on hot corrosion of superalloys in a marine en-
vfront vas used in this investigation and is described in Section 10.4.
of Appendix 3. This test plan provides for the use of a block of four
positions in a row of the specimen retainer to expose two test specimens
at each of four different lengths of time, with the duplicate specimens ex-
posed during different test periods.

The availability of only four test specimens of four of the six
superalloys in the ASTK portion of the program required a modification of
the test plan for some of the blocks.

-6-
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4.1. Tet-Section Durablity

Sam mechanical problems were encountered with the specimen drive
section during this investigation. Wear and attack on omponents exposed
to hot ases as greater than during the previous test (4) at lower exhaust-
gas temperature; however, the problems were corrected by replacement of parts
and it was concluded that this design for a test section has satisfactory 0
durability for use in conducting future test programs.

During the first 10 periods (110 hours) the temperature profile
of the gas from the combustor showed an increased spread with time during
each period, and at the end of each period the first internal deflector skirt
was damaged to the extent that the flame tube required removal for replace- 0
ment and repair. A* '.10 hours the flam tube was a chagd fros Configuration
15 to Configuration 20 of Table 13 (Appendix 1, Sectidi 8.2.). This change
in the ocbustor co iguration eliminated the flame-tube-durability problem
and improved the temperature profile.

4.2. Deosit-Weizht Data 0

After exposure to the hot gases Lfor the desired periods of time
specimens were removed from the retainer, weighed with deposits in place,
electro-cleaned to rsnv3 the surface deposits and scale and then reweighed.
The weight-of-deposit on a specimen, after exposure, was calculated as the
difference in the weight of the specimen as removed from the test rig and the * 0
weight after electro-cleaning. The deposit-weight and deposit-weight per
unit-area of new specimens are shown for each specimen in Tables 1, 2, and
3. Deposit' were observed to flake off the specimens as they cooled and thus
the amount of deposits on the specimens during exposure may be greater than
the indicated weights.

a.

The deposit-weight per unit-area data were examined, and for those
cases where duplicate measuremts were available an Analysis-of-Variance
technique was used. to determine the effect of time-of-exposure on the amount
of deposit L. a specsmen. It was concluded that there was no statistically-
. ificant eiZect of time-of-exposure on weight-of-deposits on any of the

superalloys or the coating-alloy qsetem. S

An examination of the deposit-weight data for the six superalloys
in the ASTK portion of the program (Table 1) indicated no statistically-
significant difference in the amount of deposits; however, as shown in the
following tabulation, the maxiuzm weight-of-deposits increased with an
increase in chromium content of the superalloys.

Chromium Maximum Depositft M g w-not W tg, -- /-2
IM-100 10.1 19.17
Inconel 713C 13.0 20.85
Udiast 700 14.3 29.88 S
I-738 15.0 25.46
Mar-M421 15.1 28.72
Udimet 500 18.9 37.30

-7-
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TAKE 1

,,OsIT AND E T LOSS DATA F An S ..CDNS

Exposure Exposure Total Specimen
(a) Specimen Time, Period Deposits Weimht Lou-

Position Nmber Hours Numbers m mg n g/

3A 45 11 1 86.4 11.13 977.2 125.92
3F 46 22 1-2 133.3 17.18 1782.7 229.72
3K 47 33 1-3 148.8 19.17 2397.6 308.96
3P 48 44 1-4 49.8 6.42 2883.6 371.58

Thgconel 713~C
2A 25 11 1- 6-.2 8.40 496.5 63.98

76 1 5 82.2 10.59 407.2 52.47
2C 26 22 1-2 99.6 12.83 912.4 117.57
2K 75 22 4-5 76.1 9.81 365.5 45.94
2] 27 33 1-3 97.0 12.50 1272.5 163.97
2C 74 33 3-5 161.8 20.85 461.1 59.42
2M 28 44 1-4 120.1 15.46 1552.6 200.07
2A 73 44 2-5 159.7 20.58 1381.2 177.98

Udimet 700
3D 33 22 1-2 137.2 17.68 547.7 70.58
3H 34 44 1-4 72.8 9.38 1273.1 164.05 * *
3Q 35 66 1-6 231.9 29.88 2458.2 316.76
3R 36 88 1-8 121.8 15.70 2539.8 327.28

Mar M42
3E 41 22 1-2 113.9 14.68 537.0 69.20
3G 42 44 1-4 134.6 17.34 979.0 126.15
3L 43 66 1-6 222.9 28.72 1838.3 236.88 0
314 44 88 1-8 206.2 26.57 2238.0 288.39

IN-738
2D 29 22 1-2 80.4 10.36 333.2 42.94
2G 30 44 1-4 148.1 19.08 754.0 97.16
2J 31 66 1-6 173.9 22.41 1176.3 151.58
2R 32 88 1-8 197.7 25.46 1479.0 190.58

Udimet 500
3B 37 44 1-4 46.0 5.93 435.6 56.13
3P 80 44 5-8 65.4 8.43 158.2 20.39
3C 38 77 1-7 75.6 ,'.74 1070.0 137.88
3K 79 77 4-10 235.7 30.37 918.1 118.31
3J 39 110 1-10 208.7 26.89 1761.4 226.97
3F 78 110 3-12 133.1 17.15 1760.4 226.84
3N 40 143 1-13 289.5 37.30 3339.9 430.38
3A 77 143 2-14 141.3 18.21 3194.8 h'1.68

(a) Position in holder: 1 - Front Row, 2 = Second Row, 3 Rear Row.
Latter Position in Row.

-8-
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0
ifiPO0IT AND WEIGHT LOSS DATA FO

1sco Wc-1 COATED INCO&L 713C SPECBI NS

Exposure Exposure Total Specimen
(a) Rpecimen Time, Period Do Weight !on 0

Position Number Hours Number Mit MR ng/c2

IH 1 55 1-5 54.1 6.97 311.8 40.18
IP 170 55 12-16 35.0 4.51 222.2 28.63
1K 2 77 1-7 31.7 4.08 900.6 116.05
15 166 77 10-16 47.1 6.07 1090.8 140.56 E
UL 3 99 1-9 46.4 5.98 1513.7 195.06
1K 150 99 8-16 44.0 5.67 1844.9 237.73
iP 4 121 1-31 53.9 6.95 2336.8 301.12
iH 146 121 6-16 32.5 4.19 2884.7 371.72

13 5 55 1-5 47.0 6.06 275.4 35.49 0
1R 171 55 12-16 33.4 4.30 297.6 38.35
1F 6 77 1-7 34.5 4.45 799.2 102.98
IQ 167 77 10-16 47.1 6.07 1261.4 162.54
IQ 7 99 1-9 62.8 8.09 1372.8 176.90
IF 151 99 8-16 36.7 4.73 2155.5 277.76
1R 8 121 1-11 59.4 7.65 2135.5 275.18 0
1Z 147 121 6-16 37.2 4.79 3132.7 403.68

1B 9 55 1-5 45.2 5.82 328.1 42.28
IM 172 55 12-16 45.3 5.84 643.3 82.90
IC 10 77 1-7 42.3 5.45 872.9 112.48
ID 168 77 10-16 39.8 5.13 428.7 55.24 0
ID Ui 99 1-9 61.1 7.87 1343.2 173.08
iC 152 99 8-16 35.1 4.52 1610.6 207.54
IM 12 121 1-1 62.7 8.08 2399.1 309.15
lB 148 121 6-'6 39.8 5.13 2689.2 346.53

1A 13 55 1-5 53.5 6.89 208.8 26.91 0
iN 173 55 12-16 31.9 4.11 643.0 82.86
1G 14 77 1-7 42.2 5.44 821.9 105.91
1J 169 77 10-16 38.0 4.90 920.5 118.62
IJ 15 99 1-9 65.5 8.44 1414.3 182.25
IG 153 99 8-16 37.8 4.87 2025.5 261.01
iN 16 121 1-11 57.2 7.37 2358.6 303.93 0
1A 149 121 6-16 45.9 5.91 269".1 347.55

(a) Position in holder: 1 - Front Row, 2 - Second Row, 3 Rear Row.
Letter- Position in Row.

*

-9-
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*

2=LBT AMD W=(~T LOBS D&TA FORt 141800 NDG-
C9 I-M 71C SPEC MS (COITINIUED

(xposure Exposu Total Specimen
(a) Spiaen Tim Period Dpo lt Weight Lame

2D 174 55 11-15 32.1 4.14 798.6 102.91
2D 175 55 11-15 36.9 4.76 900.4 116.03
23 176 55 11-15 35.5 4.57 570.0 73.45
2 177 55 11-15 35.0 4.51 272.8 35.15

33 182 55 11-15 33.0 4 25 551.0 71.00
3G 55 11-15 32.8 4.23 486.2 62.65
3L 18. 55 11-15 32.6 4.20 422.6 54.46
3K 185 55 11-15 37.1 4.78 357.7 46.09

(a) Position in holder: 1 = Front Row,, 2 Second Row, 3 = Rear Row.
Letter - Position in Row.

-10-



(a)
k 0

0
Research and Development Report 5423-69

MMOIT AMD WLIOT LOSS DAUA FOR

INC*L& 713C s- cD S

Exposure Exposure iTotal Specimen 0
(a) Specimen Time Period DMR1 we Loss..

Position Number Hours. J E .Numbr M MLR MR 1a= 2

Block1
S 17 (b) 11 1 90.7 11.69 259.7 33.46
2L 52 (b) 11 5 112.4 14.48 225.0 28.99
2V 18 (b) 22 1-2 95.1 12.25 662.9 85.42 0
zi 51 (b) 22 4-5 97.5 12.56 225.1 29.01
2H 19 (b) 33 1-3 102.5 13.21 1125.3 145.01
2? 50 (b) 33 3-5 155.4 20.02 496.4 63.97
2L 20 (b) 44 1-4 74.6 9.61 1326.0 17o.87
z 49 (b) 44 2-5 152.8 19.69 1058.1 136.35 0

Block2
25 81 (b) 11 6 89.4 11.52 110.7 14.26
2L 72 (b) 11 10 123.0 15.85 203.2 26.18
2F 82 (b) 22 6-7 78.4 10.10 417.8 53.84
2H 71 (b) 22 9-10 127.1 16.38 630.6 81.26 0
2H 83 (b) 33 6-8 89.8 11.57 619.9 79.88
2F 70 (b) 33 8-10 171.8 22.14 780.4 100.56
2L 84 (b) 4 6-9 129.6 16.70 1114.5 143.61
21 69 (b) 44 7-10 168.1 21.66 732.5 94.36

Block 3
2B 21 (c) 11 1 91.8 11.83 180.' 23.19
2Q 56 (c) 11 5 117.0 15.08 210.6 27.14
2N 22 (c 22 1-2 98.0 12.63 590.u 76.10
2P 55 M 22 4-5 99.5 12.82 246.0 31.70
2P 2 (c) 33 1-3 118.6 15.28 1084.7 139.77
2N 54 (C) 33 3-5 113.8 17.24 463.1 59.68 0
2Q 24 (c) 44 1-4 64.4 8.30 1131.2 145.77
2B 53 (c) 44 2-5 124.9 16.09 1139.3 146.81

Block L
85 (0) 11 6- 95.5 12.31 134.1 17.28

2Q 92 (c) 11 10 142.5 18.36 201.0 25.90 0
2N 86 (o 22 6-7 83.5 10.76 340.2 43.84
23 91 (C 22 9-10 105.6 13.61 656.2 84.562P 87 (33 6-8 80.1 10.32 "23.4 57.14

A* 90 (c) 33 8-10 137.1 17.67 788.2 101.57
, 88 (c) 44 6-9 126.4 16.29 948.2 122.18

2B 89 (C) 44 7-10 167.0 21.52 673.7 86.81 0
(a) Position in holder: 1 - Front Row, 2 - Second Raw, 3 - Rear Row.

Letter = Position in Row.
(b) lReat No. Mf 437. (c) Heat No. HW 424.

--
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3®

OsIT AD WEIGT LSS DATA F:
INCOM 713C SFECDZNS (Cont *1ed)

Exposure Exposure Total Specimen 0
(a) Specimen Tim., Period ts weight Les

Position Number Hours Numbers m g I.+

2- 93 (e) 11 6 77.4 9.97 64.5 8.31
24 100 (a) 32 10 111.5 14.37 153.4 19.770
2C 94 (a) 22 6-7 133.0 17.40 286.4 36.912K 99 (a 22 9-10 126.3 16.28 559.0 72.03
2K 95 (0) 33 6-8 69.4 8.94 609.3 78.51
20 98 (c) 33 8-10 123.8 15.95 762.0 98.19
9K 96 (c 44 6-9 126.2 16.26 926.6 119.40
2k 97 ( 44 7-10 175.2 22.58 809,4 104-.30

2D 57 (b) 44 3-6 108.4 13.97 938.1 120.88
2G 58 (b) 33 5-7 71.8 9.25 805.2 103.76
2J 59 (b) 22 7-8 43.4 5.59 40.4 5.21
2R 60 (b) 11 9 101.3 13.05 181.0 23.32

•@
2D 105 (c) 44 7-10 169.4 21.83 866.5 111.66
2G 106 (c) 33 8-10 113.8 14.66 737.2 95.00
2J 107 (c) 22 9-10 117.2 15.10 692.2 89.20
2R 108 (0) 11 10 136.9 17.64 220.4 28.40

2B 125 (0) 11 11 91.5 11.79 305.9 39.42
2Q 132 (c) 11 15 71.4 9.20 303.9 39.16
2 126 (a) 22 11-12 112.4 14.48 775.7 99.96
2P 131 (c) 22 14-15 78.4 10.10 891.5 114.88
2P 127 (a) 33 11-13 103.0 13.27 1163.7 149.95
2N 130 (c) 33 13-15 95.4 12.29 175.5 190.13 0

128 (c) 44 11-14 84.4 10.88 1532.0 197.41
2B 129 (c) 44 12-15 93.3 12.02 1771.6 228.29

Block~ 7V
2E 117 (c) 1 1 103.3 13.31 294.9 38.00
2L 124 (C) 11 15 66.6 8.58 254.3 32.77 0
2F 118 (c) 22 11-12 110.2 14.20 893.9 115.199R 123 (c) 22 14-15 93.4 12.04 830.6 107.03

119 (c) 33 11-13 129.4 16.67 1258.2 162.13
2F 122 (c) 33 13-15 80.1 10.32 1417.7 182.68
2L 120 () 44 11-14 99.4 12.81 1853.9 238.89
99 121 (a) 44 12-15 74.4 9.59 1613.7 207.94
(a) Position in holder: 1 - Front Row, 2 Second Row, 3 = Rear Row.

Letter - Position in Row.
(b) Heat No. KW 437. (c) Heat No. MW 424.

-12-
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L -UPSIT AND WEHT LOMS MTA FM

Exposure Exposure Total Specimen

Specimen Time, Period AMAU-L Weight Lose

Position Number Hours Number MR- -- MR/

Mock 8
2A. 133 (c) 11 32 114.6 14.77 211.1 27.20
21 140 (c) 3.1 15 65.0 8.38 283.0 36.47
2C 134 (c 22 11-12 95.6 12.32 813.8 104.87
21 139 (c) 22 14-15 65.5 8.44 859.9 110.81
21 135 (c) 33 11-13 84.4 10.88 1387.5 178.79
2C 138 (c) 33 13-15 81.0 10.44 1269.9 163.64
99 136 (c) 4 11-14 83.4 10.7, 1816.0 234.00
2k 137 (8 44 12-15 71.3 -9.19 1705.6 219.78

3D 61 (b) 4 3-6 138.2 17.81 850.0 109.53
3H 62 (b) 33 5-7 93.9 12.10 665.3 85.73
3Q 63 (b) 22 7-8 68.6 8.84 63.1 8.13
3R 64 (b) 11 9 35.7 4.60 143.5 18.49

3D 109 (c) 44 7-10 172.1 22.18 639.6 82.42 * S
3H 10 (c) 33 8-10 157.4 20.28 511.9 65.96
3Q 111 (c) 22 9-10 169.3 21.82 445.4 57.39
3R 112 (c) 11 10 100.0 12.89 159.4 20.54

3E 65 (b) 44 3-6 121.5 15.66 620.8 80.00
3G 66 (b) 33 5-7 77.3 9.96 785.7 101.24
3L 67 (b) 22 7-8 59.4 7.65 54.7 7.05
3M 68 (b) 11 9 99.3 12.80 293.9 37.87

3 113 (c) 4 7-10 164.4 21.18 502.0 64.69
3G 114 (c) 33 8-10 164.4 21.18 532.2 68.58
3L 115 (a) 22 9-10 131.2 16.91 567.9 73.18 0
3M 16 (c) 11 10 136.9 17.64 155.6 20.05

Block 9
3D 141 (c) 11 11 98.8 12.73 215.3 27.74
3R 192 (c) 11 15 74.3 9.57 153.9 19.83
3H 142 (c) 22 11-12 122.1 15.73 699.3 90.11 0
3Q 191 (c) 22 14-15 71.5 9.21 649.5 03.69
3Q 143 (c) 33 11-13 100.8 12.99 912.7 317.61
3H 190 (c) 33 13-15 102.0 13.14 1166.5 150.32
3R 144 (c) 4 11-14 90.3 11.64 1447.0 186.46
3D 145 (c) 4 12-15 81.3 10.-48 1265.8 163.11

(a) Position in holder: 1 Front Row, 2 - Second Row, 3 - Rear Row.
Letter - Position in Row.

(b) Heat No. iN 437. (c) Heat No. RN 424.

-13-
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~IT AU WEIHT LC3 DTA F(M

Expostir. Fpoua Total Specimen
(a) Specimen Time, Period W-ha&Li.t.. 3,J,,Lo...

3B 193 (o) 44 13-16 132.6 17.09 1592.2 205.17
3C 194 () 33 14v-16 94.3 12.35 1124.6 144.92W 195 22 15-16 93.4 12.04 556.4 71.70 03N 196 (o) 11 16 78.8 10.15 121.7 15.68
3B 162 (a) 44 9-12 165.2 21.29 1454.o 187.363C 163 (c) 33 11-13 104.1 13,41 923.9 119.053 164 (a) 22 13-14 121.7 15.68 489.1 63.023N 165 1.1. 15 106.1 13.67 193.1 24.88

3P 154 ( ) 4 9-12 151.1 19.47 1526.7 196.733K 155 33 11-13 88.5 11.40 975.8 125.743F 156 ( i 22 13-14 113.7 14.65 539.4 69.51A 157 (a) 11 15 62.0 7.99 156.8 20.20

3P 158 (c 44 13-16 115,3 14.86 1469.9 189.41
31 159 (- 33 14,-16 90.4 11.65 1151.2 148.343F 160 (c) 22 15-16 109.3 14.08 527.2 67.94
A 161 (a) 11 16 82.9 10.68 108.5 13.98

3B 101 (C) 44 5-8 103.6 1?o35 742.7 95.70 03C 102 (a) 33 8-10 150.0 19.33. 529.4 68.22
3 103 (a) 22 11-12 91.4 11.78 689.3 88.82
3 104 (a) 11 14 100.8 12.99 184.7 23.80
(a) Position in holder: 1 - Front Row, 2- Second Ro, 3 - Rear Row.

Letter - PosLtion In Row.

(b) Heat No. 31 437.

(a) foat No. I 424.

AIL
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0
4.3. Mtal-Weieht-Losa1ta

The metal weight-lose of a specimen was calculated as the differ-
moe between the weight of a new specimen and the weigit of the electro-
cleaned specimen following exposure to hot gases. The weight-lose and
weight-loss per mit-area for specimens in the ASI program, Kisco KDC-l
coated Incnel 713C specimens, and bare Inconel 723C specimens are shown
in Tables 1, 2, and 3 respectively.

4.3.1. Standard Deviation

In previous studies (1) of weight-lose from hot corrosion, using
a cascade-specimen holder mounting two flat specimens in each of three stages
and exposing specimens to hot gases in a 5-hour test, a uniform coefficient-
of-variation of the data was found and logarithms of weight-loss per unit-
area were used to provide a basis of uniform variance. The standard do-
viations for the two programs were estimated to be 0.355 and 0.288 in terms
of logarithms or coefficients-of-variation of 116 and 94 per cent. In a
recent investigation (4), round specimens of bare Inconel 7130 were exposed
at temperatures of 1650 F for periods of up to 150 hours. An estimate of
the standard deviation from the data was 0.022 in terms of logarithms or
a coefficient-of-variation of 5.3 per cent; however, this value is an
estimate of specimen-to-specimen variability within . test while the previous
estivate represented differences between tests.

An analysis of the raw data (u&/cm2 ) for the current investiga-
tion indicated a uniform coefficient-of-variation of the data and logarithms
of weight-loss per unit-area have been used in the following analyses.

Because only four specimens were available for each of four
superalloys in the ASTI portion of the investigation, it was necessary
to modify the test plan for some positions in the specimen retainer and
duplicate specimens were tested consecutively in the same position rather
than in blocks as planned. During the initial portion of the test, flame-
tube durability was poor and it was necessary to replace the flame tube
at each eleven-hour inspection. After ten test-periods (3n0 hoi-e) a
change was made from flame tubes of Configuration No. 15 to No. 20 (Table 4

13). Test specimens in the ASTN portion of the program were formed by
plunge grinding while the remaining specimens were formed as investment
castings. Therefore, the ASTM specimens have been considered separately
because of the difference in surface finish.

For each pair of weight-loss values an estimate of experimental
variance can be obtained with one degree-of-freedom. Appropriate values
have been pooled and'a smary of the estimates of experimental variance,
based on logarithms of weight-loss per unit-area, are shown in Table 4.
All estimates of standard deviations for the current program are equal to,
or lowe than, the estimates from the previous programs using flat specimens
(0.355 and 0.288); however, as expected, the values are not as mall as 4
the within-test variability of the most recent test (0.022).

-15I-



0

Research and Doe-, W Repert 5x-S9

A. JR99ML211C

1. _fg- &--.mnt Duplicato data frok blocks and between.

duplicates with n ovrlSap.

2 0.07273 (d.r. - 32)

= 0.269 •

Coefficient of Variation, % 86.1

2. After oamugtor modficatio.: Duplicate data from block* and between
duplicates with no overlap.

2 - 0.00407 ('d.f. 2-

41A - 0.06380

Coefficient of Variation, % - 15.8 * *
B. AS M~

1. 7 Dupicate data from blodc before oombustor modification.

a- . 0.04635 (d.f. - 4)

-- 0.23529
Coefficient of Variation, % - 64.2

2. 2 : Duplicate data from block before and after cmbustor
modification.

- 0.02478 (d.f. - 4)

- 0.15742
Coefficient of Variation, % - 43.7

3. po01ed eIm-tes for AS( metal-: Inconel 723C and ldimet 500.

(P, 0.03556 (d.f. W 8)

P - o.1857

CoOffioimnt of Variation, % - 54.4
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38TDkI3 OF P501810 FRQ( HQICWW 0010 12T PAZ& (Cori4ud)

C. Nieco, MDQ-1 Coated Inc"m 7130

Estimtes using duplicates from blocks before and after cambustor
modification.

A(7-2 - 0.01904 (d.f. - 16)

U- 0.137"9
Coefficient of Variation, % -37.4
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Data on bare Inconel 713C specimaus exposed prior to, and after, 0
the combustor modification are available and permit an evaluation of the
effect of the combustor modification on the precision of the veight-loss
data. As shown in Table 4, the estimate of the standard deviation of weight-
loss per mnit-area for bare Inconel 713C specimens exposed prior to the
combustor modfication mas - 0.26969, or a coefficient-of-variation
of 86.1%, and the estimate q the standard deviation of data after the 0
comustor modification was 0A - 0.06380, or a coefficient-of-variation of
15.4%. The-reduction in experimental variance from the combustor modification
is statistically significant, and the combustor modification improves test
precision.

In the kS= portion of the investigation only two of the super- -
alloys were evaluated in duplicate (Inconel 713C and Udinet 500) and the
experimental variance to Judge metal comparisons was estimated from these
duplicates. Data on Inconel 713C wre obtained prior to the combustor
modification, and data on Udimet 500 #ere obtained both before and after
the combustor mification. The pooled value for the estimate of the stand-
ard deviation (- 0o.18857) includes the effect of the combustor modification 0
on precision.

The estimate of 1he standard deviation for the Kisco XDC-l coated
Inconel 713C specimens is I- 0.13799, or a ooefficient-of-variation of
37.4%. The modification of the combustor occurred such that the effects of
the modification are confounded between duplicates, and the estimate of the 0 0
standard deviation could be higher than would have been estimated had all
data been obtained after the combustor modification. Based on the data
available, the estimate of the standard deviation for coated superalloys
(as represented by Nisco KDC-l coated Inconel 7]3C) is isgnifioantly higher
than the estivate of the standard deviation for the bare Inconel 713C exposd
after the combustor modification. While this indicat~on of poorer precision 0
may be characteristic of coating deterioration. additional data are needed
to establish more valid error estimates for comparison of coated superalloys.

From these data it is concluded that Phillips Turbine Simulator,
with present operatig procedures, provides improved precision and should
allow a satisfactory evaluation of the effect of mlfur in JP-5 fuel on hot 0
corrosion of coated superalloys in a marine enviroment.

4.3.2. Nanitude of Weizht Loss

Data for bare Inconel 713C specimens exposed in blocks in Row 2
of the specimen retainer (Blocks 1 - 8, Table 3) were examined for an effect 0
of the combustor modification on the magnitude of weight-lose. A smmary
of an Analysis-of-Variance (AOV) of these weight-loss data are shown in
Table 5. Statistically-significant effects of Time-of-exposure and Blocks-
of-data on weight-lose are shown in the analysis, but the Time-bF-Blook
interaction was not statistically significant. In the absence of a Time-by-
Block interaction, comparisons can be made of mean weight-loes, averaged 0
over time for each block. From the estimate of standard deviation a Toler-
able-Spread-between-Means (Ta) for comparisons of means of weight-loss for
Blocks-of-data was calculated to be 0.14113 in terms of logarithms. In

-18--
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EFM JTS OF TIMZ. HEAT, AND g Ca = xWICATZcR 0 HOT CCMoBICI ()
(Bae Inconel 713C - Ra 2)

A. AnLlys of Variance

Degrees of
Souree of Variation ,Freeom Sun guaau KM Sru

Total 63 7.54642
Tim (T) 3 5.59292 1. 8643. * 0
Blocks (B) 7 1.13192 0.1617o *
T x B 21 0.18413 0.00877
Error 32 0.63745 0.01992

Asterisk (*) indicates a significant effect at 95 per cent confidence level.

B. Eff ct of Alloy Heats and Comstor Modification

Conbustor Mean Weight Loss, Geometric Mean Weight
Block Heat No. Modification log i/j= 2  Loss, me/cm2

5 111 424 Before 1.70282 50.44
4 W 424 Before 1.7514 I 56.38
2 HW 437 Before 1.78124 60.42
3 RW 424 Before 1.8013 63.69
1 1W 437 Before 1.83945) 69.09

8 RW 424 After 2.02990 107.13
7 RM 424 After 2.04423 110.71
6 RW 424 After 2.04469 110.84

T9K - o.IilU (log XKa 2 )

-19-
A



Research and Development Report 5423-69

Table 5 the mean weight-loss for each Block of data is listed in increasing
order and the data are separated, on the basis of the TM, into two groups
that differ significantly. From this separation it can be concluded that
the combustor modification significantly increased the magnitude of the
weight-loss of bare Inconel 713C specimens. It can also be concluded that
there is no statistical3-signicant difference in the resistanee to hot
corrosion attack of the two heats of Inconel 713C. 0

The limited data available does not provide a firm evaluation of
the effect of rows in the specimen retainer, if azw, on hot corrosion; how-
ever, in future experiments a design will be used that will eliminate the
effect of rows in arq desired comparisons.

-A1 meaningful comparisons of the relative resistance to hot
corrosion, as measured by weight-loss, of the six superallc~s in the ASTK
portion of the program have been made. Sumaries of three AOV are shown in
Table 6, and co prisons of mean weight-losses are shown in Table 7. The
experimental error (0.03556) to judge metal comparisons was estimated from
duplicates on Inconel 713C and Udimet 500. 0

Specimens of IN-738, Udimet 700 and Mar-M421 were exposed for 22,
44, 66, and 88 hours, and an AOV indicated no statistically-ignificant
difference in weight-loss between these three superallos.

Specimens of 33-100 and Inconel 713C were exposed for 32, 22, 33, 0 0
and 44 hours and an AOV indicates a significant difference in weight-loss
for the two superalloys. A comparison of the means shows that the weight-
loss for IN-100 is larger than for Inconel 713C.

Using only two of the time points for each of the five superalloys
above (22 and 44 hours) and AOV indicates a statistically-significant effect 0
of superallay on weight-loss. Comparisons of means indicated that the
weight-loss with IN-100 was significantly greater, and the weight-loss with
Inconel 713C was the ame as the weight-loss with IN-738, Nar-%21 and
Udimet 700.

The six superalloTs in the ASO( program were exposed at only one 0
comn time, 44 hours, and statistically-significant differences between
their mean weight-losses are indicated in Table 7-D. In making these
multiple-comparison tests, the significance of differences between individ-
ual means were determined at the 95 per cent confidence level. If two or
more meanes have the same line drawn underneath them, they are not statis-
tically different. If two or more means do not have the same line under- 0
neath them, they are said to be statistically different. Thus, at 44
hours exposure, no significant difference is shown between Udimet 500 and
I-738, but their weight-loss is significantly less than for IN-100. Also,
the weight-loss for Udimet 500 is significantly less than for Mar-4421,
Udimet 700, Inconel 7130, and IN-100.

-20-
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TAX&l 6 0

ANAUZIS Cr v1LU SE ,, T Los WTA (.

A. XN-738. Mar M121 and U-700 at 22. bA. 66, and 8 ho.urs

Degrees of
Source of Variation- Feedo .g.of..himu Manm m

Total 11 0.90630
metals (M) 2 0.13092 0.06546
Time (H) 3 0.76839 0.25613*
Xx H 6 0.00699 0.00117
Error (a) 8 0.03556

Asterisk (*) indicates a mi i icant effect'at 95 per cent confidence level.
(a) Pooled value from Inconel 7J3C and U-500 data.,

B. IN-i00 and Inconel 713C at-11. 22, 33. ad && hours.

Degrees of
Source of Variation r Sum of .guares Mean Sauar*

Total n 1.04601
met& a Wx 1 0.43843 0.43843 *
Time H) 3 0.40003 0.13334 *
M x H 3 0.02215 0.00738
Error (a) 8 0.03556

Asterisk (*) indicates a significant effect at 95 per cent confidence level.
(a) Pooled value from Inconel 713C and U-500 data.

C. IN-738. U-700. Mar M21. IN-_M0. and Inconel 713C at 22 and 44 hours.

Degrees of
Source of Variation ft SmfkaR aa

Total 11 0.906%
Metals (M) 4 0.47073 0.11768 *
Tim (H) 1 0.33654 0.33654 * 0
M x H 4 0.01700 0.00425
Error (a) 8 0.03556

Asterisk () indicates a significant effect-at 95 per cmt confidence level.
(a) Pooled value from Inconel 713C and U-500 data. 0
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07 0*

CTPARISCB C? SMUAUL0S -,V ASI PR M

A. IN-738. Mar M(21. and U-7O &t 22. &&. 66. and 88 hml,

No statistically aigniMfi..nt difference indicated in weight lose of 0

theft three sipefloys.

B. -100 and Inoo el 7130 at 11- . 33, and A, hours.
(TSX- 0.2395)

Mean Weight BoS, Geometric Mean Weight Loss, 0SUO1Mlo,,imtUc 2

IN-100 2.38031 239.99
Inconel 713C 1 94.36
Difference 0.40547 * 0

*Significant at 95 per cent confidence level.

C. _N-738. U-700, Mar Ma2l. IN-100 and Inconel 713C at 22 and & hours.
(TSK( - 0.37715 except TM4 - 0.32662 for Inconel 713C)

Mean Weiqht Loss, 0 0
Su log _y&=2 ,Geometric Mean Weight Loss, Mg/cm2

IN-738 1.81017 64.60
Mar (421 1.97050 1 93.43
U-700 2.03183 107.60
Inoonel 7130 2.07101, 117.76

IN-100 2.46562} 292.15

D. Comgarimon of all metals at 44 hours.
TSM1 = 0.53398 •

TSM2 - 0.46191 (Compare U-500 and Inconel 713C with others)
TSK3 - 0.37715 (Compare U-500 with Inconel 713C)

Supsi lloy kM I-7 t " U70 Inc ~g 73C =0

IEL (a) 1.529M, .9l 2.10089 2.23.498 227578 2.57005 •

035 (b) 33.83 9rl* 126.2 164. 1 . 'I.7 371.5
Notes:

(a• WL = Mean Weight Loss,, log a i/2

N065. -Gecuwtric Mean Weight Looss, zg/c&2
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On the basis of all of the data, IN-100 would be rated the least
resistant to hot corrosion attack; Inconel 713C, Udimet 700, Mar-K421, and 0
1-738 equal in resistance to hot-corrosion attack, and more resistant than
11-0; and Udimet 500 and I-738 equal in resistance to hot corrosion
attack.

4.3.3. Reression Zautions 4

Estimated relationships between weight-lose and time-of-exposure
are given in Table 8 for the various comparisons in this study. All data
points in this experiment were used to estimate thes relationships. Com-
parisons were made of the variance for each relationship, using the
residual mean-square to estimate the adequacy of the model. On the basis
of these data, the estimated relationships adequately describe the data.
Graphical sumaries of the data are shown in Figures 1 and 2, where the
lines represent the calculated relationships.

A comparison of the relative durability of superalloys !n the
ASTh program can be made by using these regression equations. The weight-
loss for the least resistant superalloy (IN-100) was 127 mg/cm2 at the first
U1-hour inspection point. Such a loss amounts to about 12 per cent of the
original specimen weight, and this is estimated to be near that suffered by
nwW turbine blades when finally removed from servicel By using this level
of attack, comparisons can be made without extrapolating the regressions,
and the time-of-exposure for the other materials in the program were calcu- * •
lated to be:

xpo sure Time
Superalloy Source for 127 U/on2

IN-100 ASTh U Hours
Udimet 700 AS7K 35 4
Inconel 713C AS7K 37
Mar- 421 ASI( 42
IN-738 ASTK 55
Udimet 500 ASTK 81

Inconel 713C Kisco 48 4
Inconel 713C (Modified Misco 28

Combustor)
Misco MDC-l Coated In- Kisco 81

conel 713C

These data can provide an indication of exposure times that will
be required for destruction of coating-alloy systems in our proposed
investigation to determine the effect uf very-low-sulfur fuels on hot
corrosion. Comparing the data for bare Inconel 73C (after combustor
modification) and the MDC-l coated Inconel 713C scimens, the coating
increases time-of-exposure by a factor of three. Asmn that this ratio
would apply to the more resistant speralloys, comparable to Udimet 500, *
an exposure time of over 200 hours may be required for some materials.

-23-
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0

MMMM QUATIMI FC2 EIQT-LOSS VS TIM

arsUson Eamatim -(k) S..j .

Incal 713C Before CMbustor Modification

Lo s = 0.94844448 + 0.03783375 T - 0.00028621 T2  0.231835 0.60

Incoel 713C After Cgnbustor Modification

Log - 0.74124979 + 0.07199467 T - 0.00083225 T2  0.102269 0.92

Mi co NDC-1 Coated Inconel 713C

Log Y - 0.65460615 + 0.02282596 T - 0.00006114 T2  0.145423 0.84

IN-100. AS24

Log Y , 1.76947536 + 0.03455002 T - 0.00037387 T2  0.0187488 0.99

Inconel 713C. ASM

Log Y 1.7222542 + 0.0002783 T2  0.177044 0.61

Udimetl 700. AST.74

Log Y = 1.25857825 + 0.03038993 T - 0.00018187 T2  0.042714 0.99 *
Mar-421. ASTM

Log T 1.4413978 + 0.01965855 T - 0.00009056 T2  0.044956 0.99

111-738, ASTh

Log T - 1.16757935 + 0.02420308 T - 0.00013181 T2  0.0151498 0.99

MqjMt 500. ASTM

Log Y = 0.62962998 + 0.02395764 T - 0.00007084 T2  0.1490505 0.92

(a) I - Weight Lose, m /cm2 and T - Exposure Time, hours.

J .J . .. .. ... ... A . .. .. . . -. ... ... ... ... ,, dE*
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4.4 Pen0tratig t

In the AM "round-robin" test program of the Hot-Corrosion Task
Force the requested techuique for evaluating hot-corrosion attack was by
mstaflograjhic meaursment of "surface-lose and "maximm-attack". This
technique and term are described in Section 10.3. of Appendix 3. Pane-
tratiom data obtained on the ASS specimans are shown in Table 9. On
block of Nisco NDC-1 coated Inconel 713C and one block of bare Inoonel 713C
specimens were examined, also, and the data are shown in Table 10. These
data wil permit a comparison of the relative merits of the weight-loss and
mtallographic tobniques for evaluating hot-corrosion attack an muperalloys.

A constant coefficient-of-variation was found only for the pens-
tration data with the Kisco IDC-1 coated Inconel 713C specimens; thereforej,
the raw data have been used in the following analyses.

The difference in maxtmu-attack and surface-loss is a measure of
the extent of subsurface deterioration of the superalloy by hot-corrosion
attack. An Analysis-of-Variance (AOV) was made of the penetration data for
each of the superlloyo, and the coating-alloy mystem, to determine any
statistical y-significant difference between surface-loss and maximum-
attack. The error sm-of-squares for the six superalloys in the AST(
portion of the program were pooled, and the error term was used in the
evaluation of the A37H alloys. From the analyses, the difference between
surface-loss and maxdmum-attack for Udimt 500 was the only difference
indicated to be statistically significant. The AOV and the comparison for
the Udimet 500 data are shown in Table 3U. The indicated difference in
maximum-attack and surface-loss for the Udimet 500 of only 5 nile# and the
lack of a statistically-sipficant difference for the other materials
evaluated, suests that subsurface deterioration of these materials, at
this test condition, is relatively unimportant.

Means of penetration (average of surface-loss and ma inu-attack) 0
for the six superalloys in the AST( program after 44 hours of exposure are
shown in the following multiple-comparison test. The TS(. for comparison
were calculated at the 95 per cent confidence level.

Udinet 500 IN-738 Udimet 700 Mar--421 Inconel 713C 11-100
616 20 231 0

TSK2 - 4 (Udimt 500 vs Inconel 7130)

Tat 3 - 4 (Udist 500 or Inconel 713C vs Others) 0

If two or more moans have the same line drawn underneath them,
they are not statistically different. If two or more moans do not have a
com line underneath them, they are said to be statistically different.
Vith one slight reversal, between Udlast 700 and Kar-N421, which is not
statistically signifioant, then uperalloys are ranked in the saome order

-27-
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ANALYS3 9 YASUMN CI' MOB==TI am
(Udmaet 500)

Degrees of 8ur of Mean

Total 63 36843.00
Type of Attack (T) 1 380.25 380.25 *
Tlaw (H) 3 35315.62 11771.88 *
Severity of Attack (8) 1 150.06 150.06 *
T x H3 9.12 3.04
T x S 1 10.56 10.56
H x 83 10.56 3.52
T x H x S 3 11.81 3.94

Error 48 955.02 19.90

Pooled Error (a) 160 3982.47 24.89

Asterisk (*) indicates a significant effect at 95 per cent confidence level.

(a) Pooled error for the six alloys in the A37X portion of the program.

CanzarigoN of Penetration -Dta

Maxlm- Attack,i mile minus Surface Loss, mils
37.0 - 32.0- 5.0 mile

':
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of resistance to hot-corrosion attack by the penetration data as was sown
prmriouasy by th. weight-loss data.

A comparison of weight-loss and avereg penetration was made
using data for each specimen and it was found that weight-loss correlates
linearly with penetration data. The estimated linear relationship doscri-
bing this correlation is:

P - 0.2101957 + 0.16627034 W,

where P - Penetration, mile, and

W - Wei8bt-Loss, .

The data are shown graphically in Figure 3, and the line on the figure
represents the calculated relationship. This linear relationship indicates
that either weight-loss or penetration could be used to evaluate hot-
corrosion attack for these superalloys at this condition of exposure.

Two different types of measurement, loso-in-weight and depth-of-
penetration, were used to evaluate the extent of metal damage during this
preliminary test with the Turbine Simulator. The results of these measure- 0 *
mente have been discussed in the preceding sections of this report. Both
methods require some metallograjhic examination of specimens, but they
differ appreciably in the extent of this requirement. Both methods suffer
from inherent weaknesses.

The weizht-loss method assumes a uniform attack over the surface
of the specimen, with the absence of subsurface deterioration by deep
sulfide penetration or intergranular oxidation. Also, it requires complete
removal of corrosion products from the specimen without further damage to
its surface. Both of these potential faults in the weight-lose method can
be aggravated by the application of coatings to the superalloy specimens,
and such materials will be employed extensively in our proposed investiga-
tion to determine the effect of very-low concentrations of sulfur in fuel
on hot corrosion.

The 2enetration method avoids the weaknesses in the weight-lose
method by using mtallographic cross-sections; however, it asms that the
location of aximum subsurface deterioration, for taking the cross-section, 0
can be identified by a visual inspection of the specimen' s exterior. Also,
it press that precise masurments of penetration can be made with a
reasonable expenditure of time and effort. The demand for metallograyby by
the pentration method can be quite formidable in a program having the
pridmetivity of specimens, 768, projected for our proposed investigation to
determine the effect of very-low concentrations of sulfur in fuel on hot 0
corrosion.

-32-
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Choice of Veisht-Loss Method - Since meamuremmnts of weight-loss
are simpler, faster,, more economical, and lose subjective (selection of 9
locations for cross-sectioning specimens), they should be used to evaluate
the extent of metal damage whenever feasible. However, the validity of
using weijht-lose data for evaluation of hot-corrosion attack should be
established by showing the absence of any unusual amount of subsurface
deterioration. This can be done by metallographic examination of a few
representative specimens of each superalloy, or coating-superalloy system, 0
selected from over the range of exposure conditions.

o- Previous studies (1,2) have shown hot corrosion
to advance on a broad front without deep-intercrytalline penetration by
sulfides or oxides. The attack is led by penetration of randomly dispersed,
light-grey, globules of metallic sulfides. Their formation is associated 0
with changes in the surface composition of the alloy, which is characterised
by chromium depletion. Rapid oxidation of the weakened layer of alloy
follows. The depth of subsurface deterioration ranges from les than one
to a inxi* of about five mile. As in the current investigation, a linear
relationship has been found between measurements of weight-loss and corro-
sion penetration. In the past, these observations have served to justify 0
our use of specimen weight-loss data as a valid measurement of metal damage.

Uniformity of Attack - As noted in the preceding section of this
report, metallographic measurements of corrosion penetration were made on
all 32 specimens from the ASTM "round-robin" program. The general appear- *
ance of metallographic cross-sections of the six superalloys are shown in
Figure 4. These cross-sections were made at the zone of umaxim-visual
attack on specimens that had been exposed for " hours, which was the only
cmmon time for all the superalloys. While this figure does serve to
illustrate the differences found between these superalloys in their
resistance to hot-corrosion attack at our conditions of exposure, its
primary purpose is to show that the depth-of-penetration was remarkably 0
uniform all-around these specimens exposed in the Turbine Simulator.

Detailed Examinations - The general mode and intensity of cor-
rosion attack, sustained by specimens exposed in the Turbine Simulator at
operating conditions used during this investigation, was appraised while
aking metallographic measurements of the depth-of-penetration. This

inspection included Misco MDC-l coated Inconel 713C, in addition to the six
superalloys from the ASBD "round-robin" program. From these, typical speci-
mens of Udimet 500, Inconel 713C, and Misco MDC-l coated Inconel 713C were
selected for a more detailed metallographic exmination. Photomicrographs
were made to show the condition of the corrosion interface on these speci-
mans. Saphasis was placed on illustrating the extent of subsurface deter-
ioration by alloy depletion, or interrystalline penetration by corrosion
products.

Udimet 50 was the only superalloy in the A5Th "round-robin"
program which evidenced a statistically-significant difference between
surface-lose and maximn-attack, as noted in the preceding section of this S
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0 0@

ORIGINAL0

SPECIMEN

IN-100 SURFACE LOSS 56 M ILS MAR MA21 SURFACE LOSS 20 MILS

DIA&MKTER

1 0 @ 1

INCO, 71SC SURFACE LOSS 31 MILS IN-78 SURFACE LOSS 1S MILO

ORIGINAL
DIAMETE

Oair
SPECIMEN

UIMMT 700 SURFACE LOSS 20 MILS I.DIMET 500 SURFACE LOSS 2 MILS

MZIALLC)GAPH1C CROSS-SUCTION OF SPECIMENS FROM 2000 F CYCLIC TEST IN
PHILLIPS TURBINE SIMULATOR WITH I .0 PPM SEA SALT IN AIR AND 0.040O WT X

SULFUR IN4 FUL. * LECTRO-CLEAMED MARSLE'S REAGENT ETCHED. WC MAGNIFICATION. 4

FIGURE 4
HOTr CORROSION OF SUPERALLOYS AFTER 44 HOURS EXPOSURE
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report. This ubmurfaoe deterioration, which reached a maxima depth of 0
about five miles, can be seen in Figure 5. It should be remembered that the
heavy surface scale has been removed from the teat specimen by eleotro-
cleaning. Whie the specimen after mexinum exposure (143 hours) is shows
this surface attack appeared to be the same as that on the other Udimet 500
specimens with shorter exposure times (44, 77, and 110 hours). Micro-
features of the accelerated surface oxidation, which are characteristic of
hot corrosion, as already described, are shown in Figure 6.

IU2one. 7M is les resistant to hot corrosion than Udimst 5M0,
and the extent of subsurface deterioration on the Inconel 713C specimens
uas only about one ail, as illustrated in Figure 7. However, the mode of
attack did not change, as shown in Figure 8. It is asued that this
results from more-rapid oxidation of the depleted surface layer with lowa-
chromim-content superalloys. A slar increase in the intensity of attack
was observed with the other superalloys in the AS2W "nound-robin" programi
i.e., IN-100, Udimet 700, Xv-M.21, and IN-738.

Nisco MDC-1 coatgd Inconel 713C was the only coating-superalloa
wtem evaluated during this investigation. This aluminu-rich coating had 0
a total depth of approximately 2 mile, which was divided about equally
between an outer-layer with non-metallic dispersions and a diffusion-laor.
The coating was very resistant to hot corrosion, but coating breakdown was
observed after 55 hours exposure in the Turbine Simalator at operating
conditions used during this investigation. At this time of incipient
failure, coating breakdown was not completely uniform over the specimens. 0 0
This is illustrated by the crose-seotion, made at the location of maxmum
attack on a specimen, shown in Figure 9. The outer-layer was destroyed by
Oxidation and aluninu depletion, as indicated in Figure 10; however, it is
of interest to note that the attack on the diffusion-layer was led by
sulfide penetration. Once the coating was penetrated, the mode and inten-
sity of attack observed was similar to that on the bare Inconel 713C. 0

A cross-section made near the cooler base of a specimen, where
the coating had survived after 121 hours exposure, is shown in Figure n.
Penetration of the coating is similar to that after 55 hours exposure,
sha in Figures 9 and 10; however, it is of interest to note the heavier
oxidation of the coating remnant after 121 hours exposure. 0

IM the extent of subsurface attack on superalloys and
coatings was limited to only shallow penetration by corrosion products,
despite catastrophic rates of metal loss, during this preliminary test with
the Turbine Simulator. This serves to Justify our use of metal-loss data
an a valid measurement of the damp which these materials suffer under
these conditions of exposure.

4.6o IDA r eitzl z

The severity of hot-corrosion attack on the ooating-alnoy system
exposed during this investigation was appro:iately six times greater than 0
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that experienced during the initial trial of the Turbine Simulator; i.e.,
the weight-loss for Nisco MDC-l coated Inconel 733C specimens after 55 hours 0
of exposure in the current program was as great as the weight-loss after
350 hours of exposure during the previous program (4). This increase in
test severity was obtained by changing tempera-.ure conditions. The speci-
mess were exposed to gas at higher temperatures to accelerate aluinm
depletion and oxidation of the coating, and to rapid-temperature cycling to
promote spalling of the protective scale. 0

PhotomacrographS (2X magnification) of representative specimens
from the current program are presented in Figure 12. Bare Inconel 713C
specimens, exposed for periods of up to 44 hours, show a relatively uniform
attack over their entire surface and a gradual decrease in diameter with
exposure time. A similar, uniform, attack was observed on specimens of the 0
other superallcys in the ASTK "round-robin" program; but, the superalloys
differed in their resistance to hot corrosion, as previously illustrated by
Figure 4. Also, such uniform attack over the entire surface was observed
on bare Inconel 713C specimens in the previous program (4), where the
exposure temperature was lower and was not rapidly cycled.

In contrast, the attack on Nisco MDC-1 coated Inconel 713C
exhibited appreciable sensitivity to specimen temperature during this
preliminary program, as illustrated in Figure 12. The aluminum-diffusion
coating failed progressively along the length of the specimens, starting
after 55 hours at the tips where the temperature is highest and moving to
their base after 121 hours exposure. Such temperature sensitivity was not 0 •
found during the previous program (4), where the coating failed at random
over the length of the specimen.

The temperature sensitivity of Hisco MDC-1 coated Inconel 713C to
hot-corrosion attack during this preliminary test with the Turbine Simula-
tor raised a question as to whether the maximum temperature of 200OF in its •
operating cycle ig excessively severe for coating-superalloy systems. The
answer is pertinent to our proposed investigation, where the effect of
very-low concentratona of sulfur in fuel on hot corrosion will be studied
by evaluating the durability of a wide variety of coating-superalloy
systems. A reduction in the maximum temperature, to 190OF or less, to
obtain a milder environment, would significantly increase the expenditure 0
of time, manpower, and materials for the proposed investigation. After
careful consideration, it was concluded that the temperature sensitivity of
this particular coating-superalloy system did not indicate an abnormal mode-
of-failure, that it did not warrant a reduction in the severity of the
operatLW conditions used for the Turbine Simulator, and that this simala-
ted-environmental test now represents a satisfactor7 compromise for 6
condueting our proposed investigation.
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SAK(ELITE MOUNT
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BASE ALLOY

METALLOGRAPHIC CROSS-SECTION OF SPECIMEN FROM 2000 F CYCLIC TEST IN PHILLIPS
TURBINE SIMULATOR WITH 1 .0 PPM SEA SALT IN AIR AND 0 .040 WT X SULFUR IN FUEL.
ELECrRO-CLEANED. 2S SULFURIC ACID-ELECTROLYTIC ETCHED. 200X MAGNIFICATION.

FIGURE 5
HOT CORROSION OF UDIMET 500 SPECIMEN AFTER 143 HOURS
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METALLOGRAPHIC CROSS-SECTION OF SPECIMEN FROM 2000 F CYCLIC TEST IN PHILLIPS

TURBINE SIMULATOR WITH4 1 .0 PPM SEA SALT IN AIR AND 0.040 WT % SULFUR IN FUEL.

ELECTRO-CLEANED. 299 SULFURIC ACID-ELECTROLYrIC ETCHED.

FIGURE 6
ACCELERATED SURFACE OXIDATION OF UDIMET 500

SPECIMEN AFTER 143 HOURS
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FIGURE 7
HOT CORROSION OF INCONEL 713C SPECIMEN AFTER 44 HOURS
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FIGURE 9
HOT CORROSION OF MISCO MDC-I COATED
INCONEL 713C SPECIMEN AFTER 55 HOURS
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FIGURE 10
PENETRATION OF MISCO MDC-I COATING ON INCONEL 713C

SPECIMEN AFTER 55 HOURS
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%*

FIGURE 11
PENETRATION OF MISCO MDC-I COATING ON INCONEL 713C

SPECIMEN AFTER 121 HOURS
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0 11 22 33 44

EXPOSURE TIME, HOURS

BANK INCONEL- 713C

0 55 77 99 121

ZPOSURE TIME. HOURS

MISCO MDC-t C0ATD INCONEL 713C

MWOOMACROGRAPHO AT 2X MAGNIFICATIOK OF ELECTRO-CLEXNED SURFACES FROM 200OF
CYCLIC TEST WITH I PPM ORA SALT IN AIR AND 0.04 WT X SULFUR IN FUEL

FIGURE 1 2
REPRESENTATIVE SPECIMENS FROM PHILLIPS TURBINE SIMULATOR
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5.-

T effect of sulfur in fuel on hot corrosion was found to vary
ams the oaperallop used in previous programs (1); i.e.,, a reduction in
ftel sulfur had = effet on hot corrosion with some superalloys, and
lnrseed bet convoein with two superalloys under some conditions.
Porimi with three eoatint-allay systems (2) at 200OF conditions shoed
that a red on Ifuel sulfu from the specification uaxiuu of 0.40 to
0.00 weight per cet increased, decreased or had no effect on hot co -

sinhowever, a reduction in sulfur to a very low level (0.0040 weight per
eoti was found to decrease hot corrosion.

In previous programs (1) it was found that the effect of sulfur
in fuel on hot corrosion varied with temperature. Statistically signifi-
cant decreases in hot corrosion were found with reductions in fuel sulfur 0
at temperatures of 1600F and below with superalloys that were unaffected by
changes in sulfur content at higher temperatures. Evaluations with coated
suporallaos have been confined to 200F exposure temperatures.

To complete the investigation of the effect of sulfur in fuel
on hot corrosion of bare and coated superallays in a marine environment,
additional superallays and coatings should be evaluated over a range of
temperatures and emphasis should be given to very low concentrations of
sulfur in fuel. Plans for a test program to coplete this investigation
ar presented in the following paragraphs.

5.1. Coatin-Alloy System

In consultation with U. S. Navy personnel, engine builders and
alloy suppliers, a group of eight nickel-base and four cobalt-base sapor-
alloys have been selected for inclusion in our program to evaluate the
effect of sulfur in fuel on hot corrosion. As shown in Table 12, these
alloys cover a broad range in composition. Test specimens of these twelve
eUPerll8 have been prepared as investment castings. Specimens of each
of the twelve superalloys are now being coated with Kisco )EDC-9 coating and
speoimem of the eight nickel based superalloys are being coated with
Kisco NDO- coating. The test program will include the evaluation of each
of the bare and coated superalloys at each level of sulfur in fuel.

Previous investigations have indicated that a reduction in
cooentration of sulfur in fuel from the specification maxima of 0.40 to
0.04 weiht per cent would not reduce hot corrosion significantly. In the
Iestiation to be conducted, we have lected three levels of sulfur
(0.040, 0.0040, and 0.00040 or less weight per cent) which represent
approximtely the median of current production, approximately the ninimam
of oet production and an essentially sulfur free fuel that could be
not with mdern refining technolog.
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5.3.

Previous in.siaim have, sho that met salt In air in a0
Primary *s of ht- berresiit; theref ore, the test program will be
initiated using 1. 0 Him am salt In ombustior air to *simulate a warme
anI -mInt. If tim and funds pemwitp soe evauation in the abence of
sea salt will be Included in the program..

5.As Opesmtima CoadtiMU

For this investigation, the Phillips 2-inch combustor will be
oeaed at 15 atmospmeres ombvor pressure with air flows of 6660 pounds

per hour for ombustor air anid 32. pounds per hour for tost specimen
retainer pulpe air. These values represent the maxiun capabilities of the
test facility and are selected to give maxiamntest severity.

It is proposed to operate the Phillips Turbine Simulator using a
temperature cycle of 30 ininutes, with a maximum temperature in the cycle of
2000F.

5. 5. Tootlan

The expewrimetal design will provide information for comparisons
of the hot corrosion attack on the superalloys, and the coatingalloy systems0 0
in addition to the primary evaluation of the effect of sulfur in fuel on
hot corrosion. The design has been selected to provide the strongest
comprisons of the effect of sulfur ini fuel an hot corrosion.

The 16 positions in each of the three rove of the speimen
retainer will be divided into f our groups of four positions each with the
positions selected at random. Once the groups have bueen selected, they will
be maintained throughout the program. All evaluations with a given super-
alloy or coating-allay syst=m will be made in the same four positions of the
specime retainer. At the start of a test, the four positions in a group
will be filled with specimens of a coating-alloy system, and specimens will
be removed., with replacement, on the basis of visual inspection to provide
duplicate four.-point curves of weight-loss with time of exposure with the
level of attack being significant at each point. The time for removal of
the first specimen of a group will be determined by visual inspection of
the four speIn=* in the grou to be sure the re*presenative level Of
attack is at a signiifioant level. The time periods for removal of specimens
need not be vnifora; however, the times should be adjusted so that the esa
of the time of exposure of the initial and replacemuat speimens in each of
the four positions in the group are equal. The hours -of exposure selected
for each syste with the first level of sulfur tested will set the hours of
exposure for the other two levels of sulfur so that aopaisons of the
effet of fuel sulfur on hot corrosion for each system can be made at fixed
times. It is anticipated that the resistance to hot oorrosion attack ands
therefore, the tim of exposure required to obtain a significant level of
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attack on the superalloys and coating-alloy systems will vary widely. On
the basis or azW available information, the 2D coating-alloy systms and0
the 1.2 superelloys will be arranged in order of estimated decreasing
resistance to hot corrosion attack. The 12 materials estimated to be the
most resistant to corrosion will be used at the start of the test and as
evaluations are completed,0 the next most resistant material will be
selected. 7he estimates of the relative resistance to hot corrosion attack
are not critical but they 'will aid in completing the evaluations in the 12
groups of positions at as nearly the sam time as possible.

* 4-
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(Test1 )

all. Test Ys.1iik
Phillips research facility for testing jet fuel, pictured in part

in Figure 23 has bean described in detail by From (5).

Air is supplied b7 rotary Fuller compressors and filtered by a
3elas Vape-orber, both of which can be seen in the foreground. This air
is preheated just before it enters the burner by a Thermal Research heat-
ezshaaer. Both fuel and sea water are supplied by nitrogen pressurization
of their respective tacks. A portion of the metering and automatic control
equipsent can be seen in Figure 14.

The burners operate with air-flow rates up to 2.0 lb/sec at inlet-
air pressure up to 240 psi and inlet-air temperatures up to 1400F.

8.2. Phillius 2-Inch Combustor

A scale diagram of the 2-inch combustor used in this study is
shown in Figure 15. Design details of the combustor are presented in
Table 13. Basicall, it embodies the principal features of combustors used
in modern aircraft-turbine engines. It was a straight-through can-type,
combustor with fuel atomization by a single, simplex-type, nosule. The
combustor liner was fabricated from 2-inch, Schedule 40, Inoeel pipe, with 0 0 g
added intrnal deflector skirts for film cooling of surfaces exposed to the
flame.

Combustor configuration number 15 was used during the first 10
meriods (no hours) of the investigation and combustor configuration number
20 -as used during the remainder of the investigation. This change was S
made to improve the durability of the flame tube and distribution of the
flame.

8.3. Ts

The Phil3ips Turbine Simulator is shown in Figure 16. A sale •
diagram of the rig is shown in Figure 17. Its design permits easy aacess
to the fuel nozzle, combustor liner, test specimens, etc. The combustor
installation was disassembled, inspected, and reconditioned after every
shutdown.

Four obromel-aluel thermocouples were mounted at 90 degree •
intervals, with the tips 3/8-inch upstream from the centers of the first
raw of specimns, for measurement of gas temperature. The thermocouples
were housed in 3/4-inch diameter Inconel sheaths for protection.

A look-box, Figure 16, permitted observation of the test speci-
mss during operation to obtain temperature measurements with an optical
pyrometor.

-52-
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BPW Pattern 3smIAWM Come (PW) 3Sindolid Come (PLP)
Bprq' Angle, dogrees 50 50

Capitys of eo. 2 aul 10.5 10.5
Oil 0 10D psi

Comtmuter Dome
Air Inlat Type Taugsatial 8wirl Tangential Swirl
3hield Role Diaueter, In. 0.625 0.500
Total Hole Areas, s. in. 0.307 0.196 •
% Total Camabor Role Area 8.7 5.1

Splash Cooling Air
Role Mimeter, in. 0.125 0.125
Ra1.q/ftation 16 16

uber of Stationas 7 7 . 0 0
Total *,=bar of HOles 112 112
Total Hole Azea, sq. in. 1.314 1.374
% Total Cobstor MOle Area 38.7 35.7

Primary Combustion Air
Hole Diamter, in. 0.250 0.312 0
Total Daer of Holes 4 8
Totl Bole Area,s q. a. 0.196 0.612
%Total Cembusor ole rea 5.5 15.9

Seondary Combustion Air
Bole Diameter, in. 0.375 0.375 r
Total Nu*er of Holes ,.
Total Hole Area, sq. in. O.J4Aa 0.414
% Total Combustor Hole Area 12.5 11.5

Qesh Air
Hole Diameter, IA. O.b b 006;0
TOWa V3Ler Of RL"se 4 4
Total Hole Area, sq. in. 1.227 1.227
% Total Cemb stor Hole Area 34.6 31.8

Total Combustor Hole Area, s. in. 3.546 3.851
%Cros Section Area 133.4 14.8 S
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Sea water was injected in the quena sone of the oombautor, as
indloated in Figs" 17, rather than upstream of the ombuastor or In the
prArMYombastion see. Injection In the quench sane avoided a severe
orrosimn problem with the combutor liner, and also insured exosure of
teet specimens to the desired sea-salt concentrations. The a water was
divided into two metered portions and Introduced through opposing jets to
obtain uniform distribution of sea salt in air by Impinpent of the Jet •
streams.

The test section was water jacketed to obtain the desired dura-
bility of operation with high-temperature gases.

The investment cast test specimens are round pins of the form
shoun in Figure 18. The design of the retainer for mounting 48 specimens 0
in the hot gas stream from the Phillips 2-inch combustor is shown In
Figure 19. The general location of the test specimens in the eihaust gas
from the 2-inch combustor is shown in Figure 17. A deflector is centered
in the gas stream by four equaUly spaced, thin plates downstream of the
specimens to provide an annulus for hot gas flow n the specimens. A view
of the specimen retainer, with specimens, mounted in the test rig is shown 0
in Figure 20.

A worm-gear drive is provided to slowly rotate the specimens
around the annulus and provide exposure of each test specimen to an average
gas temperature. The specimens are mounted in the retainer in three rows
of 16 specimens each, with each row rotated 7 1/2 degrees from the prior O
row and thus no specimen is in the shadow of another Opecinen.

Purse air is introduced into the cavity containing the worn gear
drive (Figure 17) at a pressure eslhtly higher than combustion pressure to
prevent exposure of the gear drive and bearings to the corrosive atmosphere
from the combustor.

* 0

I 6
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The bage fuel slcted for us inhUis investigation was a
segrmted wage of produetion ABUTye aviatiorn-turblueful Th
posicl aid ohemleal proper is* of' interest to the investigation are
preseted In Table lA. The average values of psu'tinmmt properties from
the Bweau of Mines Product Sarvey (6) ame a peod of the past ten years
are also dwas for grad. JP-5 aIais-bn pul h ~ysical and
chemical, jioperties-of the baae fuel closely approzximt, the average for
JP-5, with the oeptimm of its very low sulfur content. The bass fuel
Als was analysed for metal content to be certain that its iron, vanadium,
nickel, and copper contents were negligible; if preaent, they would concen-
trete as ash and night alter the scale composition on the test specimens
411posed to the exhaust gase.

The bass fuel contains less than 0.0040 per cent by weight of
sulfur. The test fuel of higher sulfur content was produced by blending
to 0.04i0 per cent by weight of sulfur using ditertiary butyl disalfide.

A synthetic sea water was used in this study. Its formulation*
was taken from AM~ Method D 665 (7). The components and their concen-
trations, are shown in Table 15.* The abundance of various elemets In the
synthetic forula compares very favorabl1y with the average sea water
composition (1).

9.3. hLed IMUL

Two groups of superalloys were used in this investigation. fThe
Inoonel 7130 base alloy used in the primary portion of the investigation is
a nickel-base alloy used in previous studies. Investmet-cast specimans, of
this superallay were obtained from Niaco Division, Hommt Corporation. The
chemical an&lysis for the heats of Inconel. 713C. furnished by the supplier,,
is shown in, Table 16.

The dimensions of the test specimens are shown in Figure 18. The
Investment castings, were finished by the supplier by grinding the base and
inspected to provide specimens having a moth, uniform finish and uniform
dimensions with a tolerance of $0.005 inches. The specimens were inspected
by fluor'esent penetrant (2brglo) and X-ray to insure freedomt from. cracks,
porosity and inclumioma.

Speciues of Inconel 71.30, from ]Reat M1437, were coated-with
KDC-l coating by the Reactive Metal Products Division, Hoimet Corporation.
The coating Is charasterisod. by the following description.

-63,
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NErU-OAL Am,(..,A , u n Wr S-T F1-+"L

Test FuO1 A

lzdtiml D"I2Ae Point 346
5 V.m per cent evapor'ated 365 -
10 Volme per eat 0mpeatud 369 -
20 Volm per ent evaporated 379 382
30 Volume per ent evapoated 385 -
40 Volume per set evaporated 395 -
50 Volume per ost evaporated 405 413
60 Volume per ent evaprated 417 -
70 Volae per eut evaporated 432
80 Volume per cent evaporated 447 -
90 Volume per cent evaporated 466 455
95 Volume per ost evaporated 477 -

End Point 501
Gravity, degrees API 46.1 41.9
Oum, milligrams per 100 le. 0.7 1.1
Snake Point, millimeters 26.2 22.6
Hydrogen Content, weight per cent 14.1 13.6 * *
Composition, parts per million

Sulfur 27 (c) 1030
Metals

Iron <0.2 -
Vanadium < 0.2 -
Nickel < 0.2 -
Copper (d) < O.0 -

Hydrocarbon Types, volume per cent
Norml Paraffins 27 -
I soparaffin. 23 -
Cyoloparaffins 36 -
Olefins 0. 20 1.6

Aromatics 12.2 15.1

(a) Values for segregated smple of Phillips Kansms City production
ASK Type-A aviation turbine fuel, finished by bydrotteating.

1b) U. S. Bureau of Mines Petroleum Product Survq. 1957 - 1966 (6).

(o) Higher slfur content test fuels obtained by blending to desired
slfur levels using ditertiary buty1 disulfide.

(d) 8postro-pbotoetrio analysis.

-64-
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CoffgKLICK Cr SDWI aL (a)

Salt (b) .lomila Gram D liter (c)

Sodim Chloride MaCi 24.54
Magnesium Chloride MgC1 2 .6H20 11. 10
Sodium Suf.'.ae 4j 4.09
Ca.0iim Chloride 1.16
Potassium Chiorid. KC1 0.69
Sodium B carbonate aHO0 0.20
Potassium Bromide Dr 0.10
Boric Acid HBO3 0.03Stroutium Chloride 3 BC2.6H20 0.04
Sodium Fluoride Na 0003

TOTAL 1.953

(a) AS7N D665 (7).

(b) Use op chemicals. 0 0

(c) Use distilled water.

* 0

* 0
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COaWMn~zKi CF Mcoin m1C WS SWCD4En

Chemical ANulysl. Pa Cent
JyM tion Investm t by .M Mao Cast Bars 0

AllUw4 jas~ lmia , Max Host M" L~rM AS)

Nickel + Cobalt Reminder Remainder RemaLnder Remainder

Cobalt -- 1.0 0.1 0.1 - - -

Chromium 12.0 14.0 13.50 13.35 13.0

Molybdenum 3.8 5.2 4.31 4.53 4.0

Aluminum 5.5 6.5 5.78 6.35 6.3

Tinium 0.50 1.0 0.85 0.90 0.9

Manganese 0.08 0.20 0.1 0.1 - - -

Iron - - - 2.5 0.10 0.14 - - -
* S

Zirconium 0.05 0.15 0.115 0.080 <0.01

Silicon - - - 0.50 0.1 0.1 - - -

Boron 0.005 0.015 0.008 0.008 0.014

Sulfur - -- 0.015 0.003 0.003

Carbon 0.08 0.20 0.11 0.11 0.15

Copper --- 0.50 0.1 0.1

Columbium + 1.8 2.8 2.38 2.16 - - -
Tantalum

Columbim - -.... -.- 2.1

Tantalum .. . . . .. <0.I

Tungsten .. < 0.1
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-1is an aluvinm eoatirg, which was applied by a pack-
diffusion process to obtain a total thickness of approximate2 2 mile.
Ibis coating is divided about equal37 between an outer layer which contains
non-metallic dispersions and a diffused sone.

From specification dimens ons, the ourface area was calculated to
be 7.76 square centimeters. The average weh from a random sample of bare
Inconel 713C specimens i 8251 ug and for IDC-i coated Ineenel 713C is 8306

Specimens of six superalloys (Incoeal 713C, Udinmt 500, 11-100,
IU-738, Udimst 700, and Nar-N-M) were received for evaluation as part of
a "Round Robin" hot corrosion test program being conducted by the Hot
Corrosion Task Force of AST(. The specimens, as received, were cast round 0
bares approximatey one half inch in diameter and three inches in length.
Four speoims each of' Inomel 723C and Udinot 500 and two specimens each
of 15-100, Inonel 738, Udiast 700 and Mar-*-4 were received. Two test
specimens for the Phillips Turbine Simlator were prepared from oaoh test
bar by Plunge Grinding to confon'to the dimensions shown in-Figure 18.
The chemical ana]m'es, furnished by International Nickel CompuzW, are
shown in Table 16 for Inconel 713C and in Table 17 for the other five
superalloys.
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10. 5D L

10.1. k1Lgm a
Now speclmes were cleaned by vapor degreasing with trichioro-

etbleme, using the apparatus bc.diagramatical3y :in Figure 21. Cleaned
specims were bandned with degreased. stainless-steel tongs. The initial
weight of each specimen. wes determined following degreasing.

10.2. PostiTest Cleaning

After exposure, cleaning ws noesary to rmgve the frequently
heavy accumulation of surf ace deposit or scale, to allow for the measure-
ment of mtal loss by the specimens from hot corrosion. After weighing 0
following removal from the test rig, specimens of bare superalloys and
NDC-1 coated Inconel 723C were imrsed in molten sodim hydroxide at 750
to 79OF with 1/3 amp/sq an passing through the specimens for a period of 10
minutes. The specimens were scrubbed with a stainless-steel wire brush
during a wter quench, rinsed in actone, dried, and reveighed. The appara-
tus used for electro-cleaning is shown diagramatically in Figure 22.

10.3. ha.naJ~ m~

Following exposure, specimens were cleaned for determination of
their loss in weight, and subsequently specimens were chosen for mtaflo-
grarbio exmination. All1 specimens from the j37I( portion of the investS.-S*
gation aid one set of eight specimens each of Inconel '713C arid KDC-l coated
Incomel. 713C from the reminder of the investigation were selected for
mtallgrapio exmination.

Two cross-sectional areas of each selected specimen were mounted
f or examination. Onie represents a sone of maximum visual attack and the
other represents a sone of average attack. For a specimen corroded over
half or loe of its length, the sections were taken in a corroded sons and
a non-corroded sane. Bach of the cross-sectioned areas were measured for
hot-corrosion effect" across two diamter* approximately 90 degrees apart
as shown iz Figure 03; thus,9 each specimen ws measured in four places.
Two types of hot-corrusion effects were determined; i.e.,. gross (massive
surface oxidation) attack and-m-xi-- attack, as illustrated in Figure 23.
ALl values were reported as loss in diameter (nimi).

Surface jose (Gross Attack) is a measurement of all material lose,
plus my~ massive oxidation and sulfidation; it does not factor in other
types of subsurface attack, such as intergranular attack. For each specS.-
men, four mbasuremsnts are reported to show the conesistency of attack. The
masurmmts are averaged together, and this new value reported as the
gross attack.

h iiIatk is a mesurement which includes gross attack plus
the depth of penetration of all sulfide s and oxides, which may be scattered
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COOLING
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2000 ML
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or ia loal oncentrations; e.g., grain boundaries. The depth of sub-
wsirfoo eAies and sulfide* mq var7 from one side of the specimen to the is
otb aer 63 tWue msu -mmit' in tem of los :In diameter are qualified
a attac an both ses (B), mwtlym one side (N), and an one side (0).
A easuremout for each roe e-seetioed ares is reported to Indicate the
consistmcy of attack, but only the greatest value is- considered the
inmazm attack for the al.1o.

in wunting the sped..., the two pieces were placed in a 1-lnh
rod kelte slid with the coupons centered Inside pieces of 3/8-inch
diater stel tubing. This arrangement aided in obtaining a flat surface
on the coupon during polishing. 7he folowing eight step technique was
used to polsh the coupon*.

(a) Dry ground on an 8", 180 grit Carbinet disc turned at
570 rpma.

(b) Dry ground on an d", 120 grit Carbimt-disc turned at
570 rps.

(o) Hand lapped, wet, on 240 grit silieon carbide paper.
(d) Hand lapped, wet, on 320 grit silicon carbide paper. 6
(e) Hand lapped, wet, on 400 grit alcon carbide paper.
(f) Hand lapped, wet, on 600 grit silicon carbide paper.
(s) 6-m cron diamnd paste on mzlon lap with polishing oil.
(h) AB micro cloth with Linde B polidhig compound.

The polished coupons were etched to facilitate identification of 0 *
the extent of alloy depletion at the corrosion interface. General y this
was done sloctro2yticaly with 2 per cent sulfuric ac2d; however, in same
cases, Marbl ets Reagent was used to obtain a less severe etch.

Photomicrographs iere made of each specimen using a Bausch & Lomb
Research Netallograph at 91 and 5001 magnification, and in as* cases, at 6
other mgn'-ications.

10.4. Turbine 81mulator Oeration

The Phillips Test Facility and Test Rig used for this investiga-
t n are described in Sections 8.1. and 8.2. of Appendix 1. 0 6

Flow throuh the am water injection jets (Figure 17) was main-
tained at 1.75 pounds per hour per Jet or 3.5 pounds per hour total. Sea
water injection was maintained during the fuel-off as well as the fuel-on
portions of the cycle. The we water (Table 15) was diluted with doionied
water to give a concentration of 1.0 pM sea salt in combustor air. 0 6

Purgo-air was introduced into the cavity surrounding the toot
specimen retainer, at the location indicated in Figure 17, at a pressure
aslghty greater than combustor prosure, to miniso contact of combustion
products with the specimen retainer bearings and worm gear drive.
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The test pecime retainer (Figur 19) mounts 4S specimens in0
three rwe of 16 specimens Seab. For ietfatOn f positions in the 0
rfktinr, the res awe dOaILAUated Is 2, and 3 from front to rear and the
positions In ech r.-are Identified in alphabetical order omitting I and
6. Pier each saperillq' or coatine-elnor oqwse the basic test plan was
to empes specimns in duplicate for four different lengths of time using
four Positions in a rue in the specimen retainer. The 16 positions in each
rue were divided into four groups of four positions each with the positions 4
selected at random and the grouping was mintained throughout the test.
711e gemping of pooltion. in the specimen retainer are iaoun in Table 18.

Sperllars or soatize-allor system were assigned to each group
of four locations and the specimn retainer was filled with- new cleaned and 4Wei9ed, specimens prior to the start of a test. 'The Phillip* Turbine
&lmlato' mks operated under the -cyclic temperature conditions of Table -19
for periods ot 11 hours each. At the completion of each 11 hour period,
the test rig was diossmsbled and- the specimen retainer removed for visual
inspetiom. The time for removal, with roplae a t, ofa the first specimen
of a grou de itermined by Visual inspection of 'the four specimens in the 4
greu to be m that the representtive level of attack was at a sipifi-
cent level. The time for the remaining specimen removals, with replace-.
mts was selected to provide a considerable spread in weight-loss with
tims. The speawes in each group were removed in alphaabetical order. The
time periods for removal of specimens need not be uzifora; however, the
times should be adjusted so that the sum of the time of enpo sure of the* *
initial and replacement specimens for each of the four positions in the
poup are equal. UNWempl of removals at eqaal and unequal times are shumi
in the follbwing tast schedules.

EJXM I

Zmuosire Time, Hours Total
Poit i Init"iSeie Rfuwsemt $22c1100 &ME

2A fl 4 55
lC 2 33 55
lG 33 22 55
11 44 3-1 55

Izucure Time Homra
Positi10 Initial Sueimen Renlaommt Sueimn Hgj~j

2P55 11176
2.1 77 99176

99 77 176
2Q 1155 176
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km Naltona (a)

I 1ff 11 IT. 1? 1
n" is 1) Q 3

In 1n iD Ml
IT/

VI 2B 2N 2 2

VII 2 C 0 2K re
viII 2D 2G W 2R

Ix 3D 3R 3Q 3R

x 3B 3C 3 3V • .
xi 31 36 3L 3

i 3A 39 31 3P

(a) Positions in each row assigned at random.
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_ e.B Varible Te C 4dt!on

Temprature, dog 7
Nominal Ga.1ks
xhauut Gas (a)60 0 2000
Combustor Inlet Air 1000 1000 1000 1000 1000 1000

Prese, atmo Aereoe 0
Combustor Inlet Air 15 15 15 15 15 15

Mass Flow Rate, lb/hr
Purge Air 32I4 324 324 324 324 324
Coabustor Air 6660 6660 666o 6660 6660 6660
Fuel 63,0 85.0 108.0

Water (b) 49 49 49

Air-Fuel Ratio 106 78 62

Flow Velocity, ft/eec * *
at Test Specimen (C) 230 163 253 163 275 163

Cycle Tim, ainuto 8 2 8 2 8 2

Notes:

(a) Value calculated using mean specific heats (8) for 100'per cent

combuetion efficiency.

(b) Water flow through nossle while fuel is off.

(e) Calculated value based on unblocked area in specimen retainer of 0 4

4.00 square inches.

- 7
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The Availability of only four toot specimns for four of the six
.upuimllFas in the AS ( portion of the prog required a modification of
the heduling of spoed. rmoval for o f the groups during the
investigation.

* 6I

* tl

* 0

* 6
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