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ABSTRACT

The use of gas turbines in marine power
plants depends in part on the development of
superalloys which not only possess high
temperature mechanical properties but also
resist the corrosive effects of sea salt.

As part of a program to develop such
alloys, a total of 137 experimental and
commercial superalloys, both nickel and cobalt
based, were exposed in burner rigs where
controlled amounts. of sea salt were added to
the combustion products of sulfur-containing
diesel fuel. Test temperatures ranged from
1600° to 2125° F. Times ranged from 86 to
100 hours with 200 parts per million, and
from 489 to 1100 hours with 5 parts per
million salt. Corrosion was measured by
recording both surface loss and maximum
penetration. This experimental work was
performed by the General Electric Company
under contract to the Naval Ship Research
and Development Center.

For each group of alloys tested under
similar conditions, a linear regression
equation was found that shows the average
contribution of each alloying element to the
amount of corrosion. The effects of the
alloying elements were found to vary with
changes in temperature, salt concentration,
and whether or not the particular element
was part of a simple binary or tertiary alloy,
or a complex alloy.

Analyses of variance methods were applied
to two sets of factorially designed composi-
tions, one of nickel-base alloys and one of
cobalt-base alloys, to determine the possible
significance on corrosion of various propor-
tions of single elements and interactions. among
elements. It was found that in the cobalt
alloys significant interactions existed between
heat treatment and temperature as well as
between heat treatment and chromium content.
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NAVAL SHIP RESEARCH AND DEVELOPMENYT CﬁNiER

A STATISTICAL ANALYSIS OF HOT-CORROSION TESTS OF SOME
EXPERIMENTAL AND COMMERCIAL SUPERALLOYS

by
R. Field, D. J. Fisk, and
H. von E. Doering

INTRODUCTION

The effects of alloying elements on the hot-corrosion
resistance of nickel- and cobalt-base superalloys has been a
subject of interest to gas turbine ranufacturers for a number of
years. The application of gas turbires in marine environiments
has necessitated the development of alloys, for hot section com-
ponents, which are resistant to the molten salts ingested by the
engine. A knowledge of the behavior of alloying elements in
either increasing or decreasing corrosion resxstance xs necessary
for future alloy development.

In two recent studies of hot-corrosion resistance of super—
alloys,'’? statistical analysis was employed to establish a
multiple linear regression equation relating the weight percent
of alloying elements present with the amount of corrosion
observed.

It is the purpose of this study to treat statistically the
data which was generated for this laboratory in four studies,
under contract with the General Electric Company,2*%*51827:8

Linear regression coefficients and their significance are
computed for all alloying elements used in simple experimental
(up to four elements) alloys, experimerntal complex alloys, and
~ commercial alloys. The effects of temperature, the concentration
of sea salt, and the type of alloy on the behavior of each element
have, where possible, been examined.

Since it was felt that alloying elements do not behave
independently but interact, two factorially designed sets of
experlmental alloys are examined using analysis of variance
methods.®**°

TSuperscripts refer t0’similafly nurbered entries in Appendix B.
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EXPERINENTAL PROCEDURE } l Sy —
ecimen§ of all 137 alloys were e:éposed in a burner rig ; } § MASSIVE QXIDES AND
d to simulate the environment within the hot section of a SULFIDES

bine which was operated while ingesting aerosol sea salt.
1 is a schematic view of the equipment. Diesel fuel

i.ng 1% sulfur was atomized and burned within a ceramic

ion tube. To the flame sea salt was added at either 5 ppm

ppm by weigh}: of air.* Tests with 5 ppm salt were run for ' 1 INTERGRANULAR
1000 hours, whereas tests with 200 ppm salt were run for P ATTACK
p to 100 hours only. Themmal cycling was effected by i

g the roFating specimen holder and allowing the specimens 3 }
for 5 minutes every 50 hours during the 500- and 1000-hour
ffhe shorter tests were not thermally cycled. t

e specimens, x.xou:inally 1/8 inch in diameter and 1 5/8 inches ‘ ‘
th, W?te sectl.oned.after exposure; two measurements, surface
4 maximum penetration, were taken as shown in Figure 2.

A = ORIGINAL DIAMETER, MEASURED WITH A MICROMETER.

—_
-

Al « DIAMETER OF STRUCTURALLY USEFUL METAL. MEASURED AT 100X

= DIAMETER OF METAL UNAFFECTED BY OXIDES AND SULFIDES,
A2
MEASURED AT 100X

SURFACE LOSS: A-A; LOSS IN DIAMETER DUE TO MASSIVE OXIDES AND
SULFIDES.

SALT WATER ATOMZING AR ; :
Ve /

SALY WATER
FUEL ATOMIZING AR !

MAXIMUM ATTACK: A-Ap LOSS IN DIAMETER DUE TO ALL FORMS OF
. OXIDATION AND SULFIDATION.

-
P
[omm——_ [ —— et
i

Figure 2

Fim smsapasuen wa | 772
SESTRSSSN

DU TN SO By
XK.

Method of Measuring Hot-Corrosion Attack
|
; ! z RESULTS AND DISCUSSION

! ' CORROSION MEASUREMENTS

SRR OTIE L AT SF) 2

To assess the consistency and accuracy with which corrosion

behavior can be measured in the burner rig used in the study,

I i measurements were taken from eight specimens of one heat from an
alloy, PA 1 (Heat 1). Each specimen was originally intended as
a control to determine the similarity of nominal operating
conditions between runs. Therefore, each specimen comes from a
different test run, although each test was performed under the

] same specified conditions of temperature (1750° F), salt con-

. Fiqure 1
Schematic Cross-Section of Burner Rig

i.a;ions ::ed in this text are from the GPO Style Manual,
anless i specifi
© enuse' =pe ified, centration (200 ppm) and operating time (100 hours). Thus, the
w3 o C 2 0
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ince, 02, for the specimens represents dispersion in test
.tions as well as variation in behavior of the alloy from
.men to specimen.

A comparison of the data for the surface loss and maximum

:ration

measurements indicate an average difference of about

.1s. There is, at the 5% significance level, a significant
\r correlation between the surface loss and maximum penetra-~
measurements, see Figure 3.

FREQUENCY

FREQUENCY

40 60 80 . . 120‘
SURFACE LOSS, mils
Ranges . 16.1- 76.1 mily
Meon | 42.! mils
Std Dev - 2.1 mils
* Somple Size 8
TE. CORRELATION BETWEEN SURFACE LOSS AND MAXINUM .
'~n £ PENE%LRAT!ON MEASUREMENTS r » 0.8871 (SIGNIFICANT
AT 5% LEVEL)

[ 40 60 80

MAXIMUM PENETRATION, mils
Ronges . 34 1-1154 mils
Mean-. 63.8 mils
Std Dev 26.6 mils

* Somple Size .8

% TESTED AT 1750° F, FOR 100 HOURS OF OPERATION AND 200
PPM SALT

Figure 3
Frequency Distributions (Surface Loss and

Maximum Penetration) for Hot-Corrosion Measurements

\B 214‘3

Taken of Alloy PA 1 (Heat 1)
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of corrosion was found.

Alloy PA 1 (Heat 1) was the only alloy in the study for which
the results of a sufficient number of tests performed under :
similar conditions were available to evaluate the distribution
parameters of surface loss and maximum penetration. These '

, estimated measures of dispersion and correlation between surface
 loss and maximum penetration should not be applied to other -alloys,

however, or to PA 1 (Heat 1) when they are tested under other
conditions.

REGRESSION ANALYSIS

An intensive regression analysis of the 137 -alloys included
in the development program was completed.

The alloys analyzed included 47 experimental cobalt-base
alloys, 73 experimental and 17 commercial nickel-base alloys. The
test temperatures ranged from 1600° to 2125° F. Times ranged .
from 86 to 100 hours with 200 ppm salt and from 439 to 1100 hours
with 5 ppm salt. A total of 969 tests were examined in the
regression analyses. The compositions by weight percent of
simple experimental, complex experimental, and commercial nickle-
base alloys, plus experimental cobalt-base alloys, are given in
Appendix A, Tables 1-A through 4.A.* The analyzed composition is
given when available, otherwise the nominal is shown. The General. - -
Electric Research Laboratory series designated as RL nickel-base
alloys are simple experimental alloys, while the ‘FThomson
Engineering Laboratory (TEL) series and the Marine Engineering
Laboratory nickel (MEINI) alloys are the complex nickel-base
alloys. The RL series of the cobalt-base alloys,. the Marine
Engineering Laboratory cobalt-base (MELCO) series, and the
experimental DISCO series comprise the experimental cobalt
alloys. The DISCO alloys were intended to be a matrix for
dispersion strengthening.

Table 5-A shows the ranges of concentration in weight percent
for each element in each group of alloys. The regression equation
for the group will be valid only for an element whose concentra-
tion lies within the specified interval.

For each group of alloys within a series and tested under
similar conditions, a multiple linear regression equation showing
the average contribution of each alloying element to the amount
Tables €-A and 7-A give the regression
coefficients for the equations representing .the different groups
of alloys at various conditions. Coefficients in Table 6-A are

All tables mentioned in this text will appear in Appendix A.
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on the measurement of surface loss, whereas those in Table
e based on maximum penetration measurements. A positive
sion coefficient indicated a tendency for a given element
rease corrosion whereas a negative coefficient indicated a
sed tendency toward corrosion. Other pertinent facts

ning each regression equation are the multiple correlation
cient, R, and the standard error of estimate, Sg.

nspection of Tables 6-A and 7-A indicates the contribution
rosion of relatively few coefficients with a high level of
lence (95%). The confidence level of many of the coefficients
. be accurately measured due principally to the few tests
‘ted of any given alloy. 'In addition, the coefficients of
:lements do not consistently indicate that the element has

- a beneficial or detrimental effect. Also, it was not

»le, with the number of tests used in the studies,®’**%75:7+%
mine all the possible interactions. Tables 3-A through 17-A
le the behavior of each element as it may be affected by test
rature, by time and salt concentration, by whether or not
lement is a constituent of a simple or complex alloy, and by
yncentration range of the element present.

'he effect of temperature in 100-hour tests of the simple
.~-base experimental alloys (RL 1 through 9, and 20 through
; shown in Table 8-A. It can be seen that Y, 2r, and Ce
msistently detrimental with respect to maximum penetration
: the three temperatures, and that C, Si, Cb, Mo, and W are
1singly detrimental with increasing temperature. On the
hand, Cr, Fe, and Co are comsistently beneficial while Al
ieficial with increasing temperatures; Ti is detrimental at
F. The highest degree of confidence (35%) in the above
1sions is indicated for Ti {1675° F), for 2r {1750° F), for
i Ce {1675° and 17%0° F), for Cb, Mo, W, and Ta (1900° F),
»r Cr {all temperatures).

‘he effects of temperature on the behavior of elements with
:t to maximum penetration of the corplex experimental nickel-
1lloys (MELNI 1, 2, 4, 5, and 7 through 24) in 1000-hour

are summarized in Table 9-A. It can be seen that Cr, Fe,

r, Mo, W, and Re have consisteat, but not highly significant,
rental effects and that only Al, Ti, Y, La, and Ta seem to

1 beneficial effect on corrosion. Boron seems to promote
sion with increasing temperature, in contrast to the effects
ind Cb. However, only the effect of Al and Y on corrosion

i be considered highly significant {at the 907 confidence

).

[n comparison 6f Tables 8-A and 9-A, it appears that the
¢t on maximum penetration of Zr was consistently duplicated

3 243 : 6
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in both the RL alloys for 100 hours and the MELNI alloys for 1000

hours.

Thus, the projection of the behavior of elements in simple
alloys under one set of conditions and ranges of concentration
cannot predict their behavior in complex alloys at other sets
of conditions. 1In addition, from Table 5-A it can be seen that
C, Cr, Co, Zr, and W were present in different concentration
ranges in each series of alloys. This fact may have added to
the discrepancy.

A more direct comparison between simple and complex alloys
is summarized in Table 10-A. Under precisely the same conditions,
1750° F and 200 ppm salt for 100 hours, consistant agreement is
found in Al, Ti, Fe, Y, and Zr with respect to maximum penetration.
The discrepancy in C, Cr, Co, and W can again be suspected to be
due to the differing concentration ranges in both sets of alloys.
The beneficial behavior of Mo at 1750° F in the MELNI series in
the 100-hour test, in contrast to the 1000-hour test, or in the
simple alloys with increasing temperature may indicate that this
element contributes to corrosion resistance in a highly sulfidiz-
ing environment, but not in a more oxidizing one associated with
higher temperatures and lower salt concentrations.

Similar comparisons can be made from Tables 8-A through 10-A
with respect to surface loss. In the RL series, the beneficial
{or detrimental) influence of C, Ti, Cr, Fe, Co, Cb, and Mo on
corrosion was the same for both surface loss and maximum penetra-
tion. On the other hand, the influence of B, Y, 2r, and Ce on
surface loss was opposite to that for maximum penetration.

A similar lack of agreement exists for the MELNI series at
1600° and 1800° F (Table 9-A). Only C, Fe, Zr, Mo, W, and Re had
the same influence on both surface loss and maximum penetration.
The disagreement is not surprising in view of the lack of
correlation between the two measurements, and thus gives added
support for the use of both measurements in hot-corrosion tests.

The test effects of time and salt concentration at 1750° F
on the MELNI 1 through 13 series is shown in Table 1l1-A. It is
interesting to note that the effect of time does not change the
sign of any regression coefficient although the values do differ.
Also, the influence of each element is the same for both surface
loss and maximum penetration. A comparison of the effects of the
simple RL alloys and the complex TEL and MELNI alloys is given in
Table 12-A.

MATLAB 243 7



t is interesting to note that none of the effects are con-

t, either for surface loss or for maximum penetration. The .

s on corrosion for the elements common to the three groups
s the same for both types of measurements.

similar comparison is made between the TEL alloys and the
cial alloys tested at 1600° F, for 500 hours with 5 ppm
Table 13-A). Of the elements common to both series of
., all but ¢, Ti, and Cr show the same beneficial, or
lental, effect. With the exception of W, all elements had
me effect with respect to both surface loss and maximum
.. With regard to the surface loss of the commercxal alloys,
‘fects of Cr, Mo, and W agree with results of Ryan for tests
med at 1300° F. .

n contrast to the simple nickel- base RL series, the cobalt

i (RL 10 through 15 and 52 through 64) in Table 14.A show
loylng elements to have the same type of effect on both
‘e loss and maximum penetration. Carbon is always
iental, while Ni, Mo, and W show an increase in corrosion
. with increasing temperatures. Titanium, Cr, Y, 2r, ¢b, La,
id Ta show a beneficial effect with increasing temperature.

‘he behavior of alloying elements in the complex MELCO 1

jh 11 series is compared with their behavior in the simple
ries at two temperatures, 1750° and 1900° F, for the 100-
ind 200 ppm salt tests. The elements common to both sets of
; exhibit a lack of consistent behavior, with the exception
whereby the set of alloys used and the temperature tested
iave an effect on surface loss and maximum penetration.

m shows a beneficial effect (sometimes significant, some-
not) under all the conditions described above.

"he effects of temperature on the behavior of elements common
<o 3, 4, 5, 7, 3, 9, 10, and 11 can be examined in Table
Boron is consistently detrimental at all temperatures and
:h surface loss and maximum penetration, although the sig-
ince is qguestionable. Chromium, XNi, Ta, and W show reduction
rrosion with increasing temperature, and C, Cu, and Y show
sistent test results. However, because of the few tests
sted on each alloy, the validity of these conclusions is
ionable. '

rhe nature of the tests conducted on MELCO 1 through 11

ts us to examine the behavior of the alloying elements in
1at more detail than can be done with most of the other

s examined. In addition to the sign of the regression
icient, its numerical value may be examined in Tables 17a-A

B 243 i 8

Chromium ' ' . -

thrdugh 17h-A to determine the sensitivity to éb:rosion of a

given element under two test-times and two temperatures.

Boron

With the exception of 1000-hour tests at 1750° F, B seems to
be detrimental with respect to 3urface loss. Maximum penetration
is more dramatically enhanced at 1900° F than surface losses at
that temperature, even with the lower salt concentration.

Carbon

The effect of carbon appears to vary most with test conditions
at 1900° F, although the sxgnlflcance of the coefficients is
questlonable.

. Although Cr is accepted as beneficial in hot corrosion, it
appears from the tests that there are cases at the high concentra-
tion ranges where it is not. For example, based on maximum
penetration values, Cr appears beneficial at both 1750° and 1900°
F with the higher salt concentration and 100 hours of operation.
However, a longer period of test operation (1000 hours) shows a
detrimental effect at a low salt concentration. This seems to
indicate that test conditions, oriented more toward oxidizing
than sulfidizing conditions, cause Cr to be less helpful. ’

Nickel

Nickel appears to be the most detrimental at the highest
temperature and longest test even with the low salt concentration.

Copper

Copper appears to be beneficial, expecially at high tempera-
tures and long times, with the exception of the test at 1750° F
for 1000 hours.

Yttrium

The effect of ¥ at all conditions, except the detrimental
effect on surface loss in 1000-hour tests, is beneficial. These
observations, at least with respect to maximum attack, support
the contention that if Y is helpful in oxidation resistance of
cobalt-base alloys, then it should be of similar help in corrosion
resistance.

MATLAB 243 : o 9



;alum T

In the concentrations present in MELCO 1 through 11, Ta
)ars to be innocuous (neither beneficial nor detrimental).

|sten

Like Ta, W, too appears innocuous or at least inconclusive in
behavior.

JXSIS OF VARIANCE

tel-Base Alloys

Table 18-A illustrates the testing of three sample specimens
:ight nickel-base alloys at each of three temperature levels
:otal of nine specimens per alloy).

The analysis of variance (Table 19a-A), using all the given
: results for maximum penetration, seems to indicate that only
ferences in the proportion of chromium used (15% or 20%) made
ignificant contribution to differences in corrosion measure-
ts.

However, a further examination of the data in Table 13-A
icates that certain test runs (e.qg., Nos. 3 and 8) resulted in
exaggerated corrosive effect on certain alloys, as compared
other specimens of the same alloys tested under the same
ditions but in different test runs.

Examples in Table 18-A of these particular test specimens
lude Alloy RL 46, when tested at 1675° and at 1750° F, and
oys RL 47 and 51, when tested at 1750° F.

Therefore, a new analysis of variance was performed (Table
~A) in which Tests 3, 8, and 13 were eliminated; the remaining
t measurements for each alloy obtained under similar conditions
e averaged together. In the new analysis, besides the
ferences in corrosion due to differences in chromium, those
cerning titanium and temperature levels also seemed to make
nificant contributions to corrosive behavior.

It should be noted that variations in the proportion of
kel used in these nickel-base alloys, although not specifically
ted in Table 18-A, may also contribute to an increase or
rease in corrosive effects.

LAB 243 . 10

Cobalt-Base Alloys

Hot-corrosion tests were performed on two specimens each of
nine cobalt-base alloys, at each of three temperature levels, as
shown in Table 20-A. For each two specimens, one specimen was
placed in the test chamber as cast, while the other specimen was
given a special heat treatment before being placed in the test
chamber.

An analysis of variance using the maximum penetration
measurement is presented in Table 21-A to determine the relative
effect on corrosion of heat treatments or lack of heat treatments
versus the proportions of chromium, nickel, and tantalum used
within each alloy. The results of these analyses are presented
graphically as well as in analysis-of-variance tables, according
to statistical methods described by Hoel®? and Brownlee.'®

Taking into consideration all the given factors, there seems
to be considerable interaction between (H) (heat treatment or lack
of heat treatment) and the test temperatures used (T), as well as
between (H) and the proportion of chromium used in an alloy (Cr).
A significant interaction indicates that a specific combination
of factors may possibly affect the outcome of a test in a somewhat
different fashion than would each of the factors considered by
itself (called a main effect). This analysis also indicates a
possible interaction between test temperatures and the proportion
of chromium used, as well as significant main effects of
temperature and nickel considered independently.

Because of the highly significant effect of temperature on
most of the other factors, a separate analysis of variance was
performed in reference to each separate temperature level (1675°,
l750°! and 1900° F). The result of this analysis is also
presented in Table 21-A and shown graphically in Figures 4 and 5.

As can be readily seen on examining Figures 4 and 5, there is
an increase in corrosion due to higher test temperatures for all
proportions of nickel and chromium used in the alloys and in
respect to both the heat-treated (B) and nonheat-treated
specimens (A).

At an operating temperature of 1900° F, heat-treated
specimens (B) show a consistent increase in corrosion over nonheat-
treated specimens (A). At 1750° F, one set of specimens out of
nine sets shows a reverse relationship (a decrease in corrosion
for the heat-treated specimen), while heat-treated specimens
tested at 1675° F show about a 50-50 chance of either increasing
or decreasing the corrosive effect.

MATIAB 243 . 11
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tizum penetration values from Table 20-A. . ‘ *Maximum penetration values from Table 20-A.

Figure 4 : Figure 5
. Corrosion of DISCC Alloys Arranged by Nickel Content : i Hot Corrosion of DISCO Alloys Arranged by Chromium Content
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| a similar fashion, the general increase in corrosion test
; due to increases in nickel content (Figure 4) at each
\ture level is evident, as is also the general decrease in
on measurements due to increases in chromium content

H 5) at each temperature level. However, an increase (or
se) in nickel content has less apparent effect on corrosion
;sted at 1900° F, while a change in chromium content has
)parent effect on corrosion when tested at 1675° F. The

5 of nickel, chromium, and temperature on corrosion test

s may thus be considered main effects at various tempera-
avels. As shown in Table 21-A, nickel seems to be very
icant at all three temperatures, while chromium is most
icant at 1750° F and least significant at 1675° F.

hus, the analysis of variance presented in Table 21-A and
aphical representations in Figures 4 and % indicate that
reatment has no significant effect on corrosion when

ens are tested for 100 hours at 1675° F, a somewhat greater
jcance when tested at 1750° F, and a very significant effect
ested at .1300° F. However, the direction of change

ase or decrease in test results) versus the change in test
ions is not presented in an analysis of variance, but must
ermined by further examination of the data.

n addition to changes in corrosion test results due to

s in chromium and nickel content, the experimenter should
glect the possible effects of tantalum (6%) and the

ses or decreases in cobalt content which depend on the
proportion of other metals used in each alloy.

SUMMARY AND CONCLUSIONS

he hot-corrosion behavior of a number of experimental and
‘cial nickel- and cobalt-base superalloys was statistically
ed. Tests were made in a burner rig using diesel fuel to
controlled quantities of sea salt were added. The

‘icant results of the study are as follows:

® In general no one-to-one correspondence could be
between surface loss and maximum penetration for all the
. tested under various conditions. Therefore, in studies
' such a spread of alloy compositions, both measurements are
iended.

¢ Projection of the behavior of elements in simple
i under one set of conditions and ranges of concentration
. always predict their behavior in complex alloys at other
£ conditions.

v 243 . 11{,

——

g,

e Although Cr is considered a beneficial constituent,
this analysis indicates that additions greater than about 20% in
nickel-base MEINI alloys had a tendency to increase corrosion
slightly.

® The lack of consistency in the effect of various
elements on corrosion indicates the possible existence of inter-
actions among elements as well as the need for testing a greater
number of specimens of any given alloy.

® In a series of cobalt-base DISCO alloys with
factorially designed compositions, it was found that there were
significant interactions between Cr and temperature, between
heat treatment and Cr, and between heat treatment and temperatures.

e Alloying é¢lements, which show effects of doubtful

significance, should be investigated by designed experiments,
using a sufficient number of replications.

MATLAB 243 15
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Table 3-A
}1 i Chemical Composition of Commercial Nickel-Base Alloys#
{
Tamant, % ]
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Table 2-A ] I s 2 o.015/0.1a|x.86] |1.80 8.8 [o0.3]10.2 1.20 12.30
1 Composition of Complex Experimental Nickel-Base Alloys* 5:9;; 0.007]0.12]5.60] [1.01 3.8 {17 2,37{3.7 0.17
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X 11 _5; R a7 , | S

T b

s : 35 J J A 1 (Beat 1)|0.01i0.10l8.458] |2.07 5.2l oelewal i ©o el 1|

C.11[3.08] 12.95] {i9. 16,1017, 16] 3. 310.12 S b ; S
slo 15]3.03] 11, "‘_xg‘ 7.5 Lo‘goie.oo' 5 1j0.15] s ! IV T IR
et peat i T haTanee A 1 (Seat 2){0.000.0810.50 |2.51 15.0] fes.8! ! ; Asp o
™ H 1 ™t > =T +
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N i i { : = L
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‘ i *Composition in weight percent.
PA =« Proprietory alloy
BA = Balance
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Table 4-A

“hemical Composition of Experimental Cobaitesase Alloys*
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tloy [ AL T 81 ] 74 | S e 1T W 1 T ¥ I Zx T & 1 ¥
- Nickel Base Alloys 3 I .
- t T s -~
0-51 0,01-0.04 | 6.0-9.33 | 0.0-2,00 0.0-9.00 0.0-25.5 ! ©.0-20.0} 0.0-10.0 0.0-0.15 | 0.0-6.50" 0.0-7.00 | 0.0-6.01 0.0-1.0 6.0-12.0 | 0.0-24%.
. N : } H
0.11-0.17 } 2.€5-6.16 0.02-3.96 10.1-25.0 i i 0.0-10.0 0.50-0.51; 0.1-2.2 1.77-7.
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0.11-0.17 | 2.65-€.20 0.02-3.99 10.1-25.0 ! {o.o-a‘.e 0.50-0.51 0.1-2.2 1.77-7.
\
3 0.006-0 017 | 0.05-0.10 § 1.34-3.63 1.80-4.13 18.3-25.0 } 0.0-0.2 f 11.3-23.4 0.0-0.200| 0.063-0.095 0.0-4.1 } 0.0-1.45 0.0-2.40 | 0.0-6.1
[} 0.006-0.024 | 0.05-0.14 | 1.34-5.12 1.30-4.40 13.3.25.0 0.0-0.2 %o.o.ez.n 0.0-0.200| 0.015-0.160| 0.0-2.10 0.0-4.1 | 0.0-1.45 0.0-2.40 | 0.0-6.1
,
2, 4, 5, 7-24] 0.003-0.02% | 0.05-0.18 | 1.88-4_12 1.30-4.40 18.3-25.0 5.0-0.2 | 0.0-23.4 0.0-0.200 | 0.015-0.160| 0.0-2.10 0.0-4.1 | 0.0-1.45 0.0-2.80 | 0.0-€.1
1s 0.0-0.027 | 0.05-0.13} 1.60-6.3 0.10-4.70 | 0.0-1.001 3.3-19.4 0.0-1.7 ;').0.25.8 0.0-0.100 | 0.0-2.%7 | 0.0-6.5 0.0-0.50 0.0-1.90 | 0.0-12.
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“Stobalt Base Alioys L
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. 7-13 0.0-0.018 0.26-0.61 28.5-%.7 | 0.0-0.62 | 0.0-0.3 9.3-20.2 | 0.0-2.95] 0.0-0.550 | 0.0-0.105 0.0-0.15: 0.0-h 00 1 & 30. s
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-0 600c -2.10 al - ﬂ al R::} for Surfa Lo
153.35- i 6.6 .07 b|-26] =208 al -2.01 a| -
40.033¢ -371.5 ¢ 4. +21.5 a[-1333.0 c|-19.1 ¢ -1.37 cf +1.21 c| .32
1 *0.50%4e -1.66 c} +1.51 c .32
-0.207¢ +0.837 ¢ 40.965¢] 0.
+0,030¢ 30.077c] +0.001c] .é
1 #1.%0 a «2.81 al -2.83 a R
1 =0, c 40. c| +0. C| KT
.:‘oﬁc 40.047c| +0.001c .0
-C. c. +0.282¢i -0.255¢] B
J=S8.1 ¢ -13. zl-17.8 ] 996
018Xk +0.0903¢c] +1. %
. .0 _c -197.0¢]+10.0 cf -3. .91
] < 10 Bl ~1.6U 51 <0 >n

ysis, I-Intercept value ¥or.regression equation MATLAB 243 A-5



Table T7-A

Regression Coefficients for Maximum Penetration

Sen
¢ [Time|sslt - Element I
oy °¢ |nour| ppm B € T Al | sSi | Ti | v 1 ¢ | ¥n_ ] Te | € | KL ] Cu Y | 2r | ¢o 1 Mo | Ta_ | Ce 1 ®f | "7Ta ]
Nickel-Base Alloys
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%% 40. +1.53 al-2.87p] k1.1 % -2.&6'_5
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dence level, b - 90K confidence level, ¢ - Confidence level is equal ta or greater than 60% but less than 0%
re, R - Multiple correlation coefficient, s. - Standard error of estimate, N - Number of tests per regression analysis, I- Intercept value for regression equation



Table T7-A

Regression Coefficients for Maximum Penetration

Element

T T [ & T F e v [ & %
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Y a -0.055¢| -0.670 ¢ ) +33.5 ct +127.0 o+l 2 a! +23.6 0.752 )}
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Table 8-A

Comparison of Signs of Regression Coefficients of RL
Nickel Alloys as a Punction of Temperature

‘emperatureTime{Sea Salt . Blements

“e. |hour| ppm |Mlloy series| BTCTRIIBI[TICE]FolCo] ¥ [EICE ROl Tal W |
' Surface Loss

1675 100 200 R 3c]-clral-cl-b]-a}-cl-c}-c|-c|-c]-ec]-c|-cl-c
1750 100 200 |1 4clsc]| sa] 4cl+ci-al-cl-ci-cj-clictci-cl4c] e
1900‘ 100 200 RL +cfsclac]-cl-cj-n}-c]-cj-c|-c|+ejdc]-clic]+a
1675 100 200 -¢
1750 100 200 RL -~aj+c] sa] 4c} +c]-aj-cl-c]+cj+ajic|scitai-clic
1900 100 200 A -c]scl-c] @] -b|-al-c]-c|+c|ic +alsclsalsat

» - 5% confid Tevel

- 90% confidence level

v v

Table 9-A

Confidence level is equal to or grester tham GOF but less

than 90%

Comparison of Signs of Regression Coefficients
of MEINI Alloys as a Function of Temperature

Temperature|Time|Sea Salt Elements
°P hour| ppm |Alloy Series[BJCJAa[Ti[Cr[Fe]Co] ¥ [Zr[Crlno{La]Ta] W [Re
Syrface Loss
1600 31000 5 MELEY sclacl-clacl4c]+c|-cl-c| +c]+c|+c]+c]4c]+b] ve
1800 1000 5 MELNX sc]-clec]4c]-cl+c]-c}c|+c)+c|4c|-c|4c]4c]4c
Maximum Penetration
1600 1000 5 nELNT —c]4cl-c]-c}+c|+ctic]-cloc|icf+c|-cl-clic]+c
1800 1000f 5 MELNE sc]-c|-b}-c}+c|sc]+c|-bl4c|-citc]-cl-c|+c]+e
a - 95; confidence level
b - 90% confidence level .
c - Confidence level is equal to or greater than 60% but less than 90%
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Table 10-A
Comparison of Signs of Regression Coefficients in.
RL and MELNI Alloys at 1750° F for 100-Hour Test

Elements

perature|Time|Sea Salt
Py
F

hour| ppm - |Alloy Series

B]C|AL|Ti|Cr]FelCo[ Y Lzr!)b('ra[w

1750 100 200 RL Nickel

1750 100 200 MELNI

1750 100 200 RL Hickel
1750 100 200 MELNI

Surface Loss

Maximum Penetration

it R A

‘cl+cital4c|-al-cl-cl-c|-clic]rc|+c

-bi+c]-

+cj-cl4c|+c]ic]-cl+aj+b]4c

4

| ; t safic)-a -Tcl t ‘_cl‘c 4:

T05% confidence level
. 90% confidence level

. Confidence level is equal to or greater than 50% but less t.hun 90‘

Table 1ll-A

Comparison of Signs of Regression COefficient_s of
IINI 1-13 at 1750° F as a Function of Exposure Time

irature{Time{Sea Salt Elemen
4 hour Alloy Series| B[ C |A1|Ti|Cx[Fe|Co] Y[zrlnol!.a]'ra w
» Surface Loss
50 100| 200 MELNI w-cw‘-&c«:-c +a} +b] +c|-b}-cj+c}-c
'50 1000 5 MELNI +cl-c «:'m’«: -cl+c]+cl4c|-cl-ci+c}-C
‘ Maximum Penetration

50 100| 200 MELNI +cl-cj4c|+c|sc]-c|+a|+c]+c}-c]-c|+c]|-c
™0 1000 5 MELNI -oc-c«:oc«:-c«:«:«\c-c-ck-c
J5% confidence level

% confidence level

lonfidence level is equal to or greater than 60% but less than 90%

243 a-8
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Table 12-A .
: Compan.son of Signs of Regression Coeff1c1ents
of Simple and Complex Nickel Alloys at 1750° F for 100 Hours

1750 100 ) 200
1750 100 200
1750 100 200

1750 100 200
© 1750 100 200
1750 00 | 200

Tamp:tatu:e Time|Sea Salt Elements
4 hour| ppm Alloy Series C]Aﬂ?iTCHCOTHoTV

Surface Loss

~cf-ct-cl-aj+cl+c)-C

-ci-Ci-Cl-aldC|4C|-C

=cliclsciciraj-cl-c

a - 5% confidence Tevel
b - 90% confidence lawel

¢ - Confidence level is equal to or greatex t.tmn 60’ hut

less than 90%

) Table 13-A ’
Comparison of Signs of Regression COeffa.cxesnts

of TEL Alloys and Commexcial Alloys at 1600° F for 500 Hours

Temperature|Time |Sea Salt
°F hour| ppm

Alloy Series

Elements

C jAl}Ti|CriCojChbiMol w

1600 500 5

1600 500 5

- Maximum Penetration

1600 500 | 5
1600 500 5

Surface Loss

TEL 1-12

con -

TEL 1-12

cou

~ajsaj+c
4clecl-cl+c

-cl=-Cc

+cl-c
+Ccj-C

-bi+al4b]-aj-cl-ci+b]4c

-bl-c

4cflec|-c]+c]-b]-cl+c]+c

idence level

a - 95% con

b - 90% confidence level
¢ - Confidence level is equal to or greater. than 60% but less

than 90%
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Table 14-A

lomparison of Signs of Regression Coefficients of RL
Cobalt Alloys as a Function of Temperature

perature{Time|{Sea Salt Elements
°r hw_rl ppm__ Moy Series[€TFI[Cr[BI]Y Jzr[Cb]Mo]La]Ce]TalW |
Surface Loas
1675 100 N- +bf-a}-a}-c|-a|-af-a]-c|-a|-a|-a]|-a
1750 100 200 A +ci-a|-aj-c|-aj-ajl-al+bl-a|-a}-a]|-a
1900 100 . +c|-c|-al+cl-c|-c|~-c|4a]-c]-c}-clc
Maximom Penetration’
1675 w0 200 = +af-s}-a}-c|-a|-2|-a]-c|-a]-a]-a]|-a
1750 100 200 x +i-al-al-ci-al-aj-a} b]-aj-a|-a}-2
1900. 100 200 RL sc|-cj-al+c]-cij-c|-c]sm]-c]-cl-c|tec
idence level

con
90% confidence level
Confidence level is equal to or greater than 60% but less than 90%
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Table 15~A
Comparison of Signs of Regression Coefficients
in Simple and Complex Cobalt Alloys at Two Temperatures
in 100-Hour Tests -

Carbon
[ Surface Maximum Concentra~
Loss Penetration tion Range
Alloys [1750° F[1900° F|1750° F]1900° ¥} w/o
B
Simple + | e +b +c |0.01-0.45
Complex +c +c -c +c  |0.23-0.42
Chromium
[ Surface Maximum Concentra~
! Loss Penetration tion Range
! Alloys 1750° P]1900° Fli750° F[1900" F w/o
]
‘{ Simple -a -a -a -a {15.0-25.0
| Complex +c +c -c -c_|e7.8-M.7 N
Nickel
Surface Maximum Concenatra-
Loss Penetration tion Range
Alloys [1750" Fi1900° P 1750° F11900° F w/o
! sizple | -c +© - 4 |o-10.2
: !
l Complex! +c -« _+c +_{0.5-10.7_ |
Yetrium
T Surface Maximum Concentra-
Loss Penetration tion Range
Alloys 750" F 1@' F|1750° F[1900" F w/o
Simple . -a -e -a -c  }0-0.15¢
! Complex! -¢ -a -c -c¢_{0-0.190
Tantalum
Surface Maximum Concentra-
i Loss Penetration tion Range
i Alloys [I750° F[1900° F[1750° FJ]1300" F w/o
E Simple -a -c -a -c ‘0-15.0
: Complex -c + | -c —c_i0-h.0
Tungsten
; Surface Max imum Concentra-
{ Loss Penetration tion Rang
| Alloys [1750° F|1900° F|1750° F]1900° B| w/o .
; Simple -a +c -a +c 0-15.0
Complex; +c +c -c +c  {6.30-8.25
Note: Simple alloys are RL 10-15, 52-64
Complex alloys are MELCO 1-11
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Table lTb_A
Comparison of the Regression Coefficients of- -Carbon
in MELCO 1-11 at Two Temperatures and Two Test Conditions*

Surface Loss Maximmm Penetration
Table 16-A 1750° F 1300° F 1750° ¥ 1900° ¥
Comparison of Signs of Regression Coefficients of
MELCO 3, 4, 5, 7-11 as a Function of Temperature 100 hours .30 +3.46 -10.% +29.2
N . 200 ppm . c c < <.
Temperature|Time|Sea Salt - Elements
°p hour} ppm Alloy Series| B]C [CrfNi[Cul Y [Ta] W 1000 hours -8.01 -15.1 -7.7% +15.6
' Surface Loss 5 ppm c c c c
10 {soo | 5 MELCO | |4c]sc]ic|ic]sc]se]re]se "Concentration ¥ange of C 1s 0.23% to 0.52 %.
2050 s00 | -5 MELCO sc|4c]-c]-cl4c]-clic]-c '
2125 500 5 MELCO #¢|-cj-c|-c|-cl4c|-ci-c
. B} [
Maximum Penetration _ E P : Table 17c-A
. i : 2 Comparison of the Regression Coefficients of Chromium
1600 500 | 5 MELLO  fdc|-csciici-clmcliqe in MELCO 1-11 at Two Temperatures and Two Test Conditions*
2050 500 5 MEICO  4ef-cl-c]-c|-C fc e Surface Loss i llui- Penetration
2125 500 5 MELCO sc]acl-cl-cl-c]ee}-c]-c 170" ¥ 1900" ¥ 900" ¥ .

b - 90% contidence level
¢ - Confidence level is equal to or greater than 60% but less
than 90%

200 ppm | c c c c

< ® c c

Lm'con fidence level . .4 n'} . I : ’ 100 hours | - +0.213 +0.817 .2'67 -1.3%

J 1000 hours | +0.021 -o.942 | +0.533 40.583

'I'able 17a-a
Comparison of the Regression Coefficients of Boron
MELCO 1-11 at Two Temperatures and Two Test Conchtxons*}

*Concentration range of Cr is ?]W to }Jt:ﬁ.

]
Surface Loss Maximum Penetration ‘ } N
750" F ] ¥ [ 170" F 1900° ¥ :
j {2 . 2 ’ ’ _ Table 17d4-2
100 hours |  +465.0 +556.0 +796.0° +1094.0 ! ' Comparison of the Regression Coefficients of Nickel
200 ppm < e . - ¢ in MELCO 1-11 at Two Temperatures and Two Test Conditions*
’ f . Surface Loss Maximoe Pernetration
1000 hours | =-168.0 +455.0 +76.0 | +1820.0 1750° F 1900” ¥ 1750° F 1300° F
5 ppm e c e a ) I 100 hours +0.544 -0.207 +0.376 +0.824
4
Cencentration range of B is 0% to 0.015%. 200 ppm c c c c
(' ! 1000 hours +0.080 +1.30 4+0.163 +1.53
P
S ppm c a c a
} I . *Concentration range of Ni is O.Wito 10.7%.
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>mparison of the Regression Coefficients of Copper
£0 1-11 at Two Temperatures and Two Test Conditions*

Table 1Te-A

Surface Loss Maximum Penetration
1750° ¥ ] ¥ W 900" ¥
100 hours -2.12 +0.058 -2.87 -1.3%
200 ppm c c c c
000 hours |  -0.177 -3.55 +1.43 -2.87
5 ppm e . a c b

oncentration range of Cu is O% to

mparison of the Regression Coefficients of Yttrium
ICO 1-11 at Two Temperatures and Two Test Conditions*

Table 17f-A

_Surface loes [ % Penstration

[ 1750° * | 1900° ¥ | 7 1900" ¥
100 hours -0.823 -33.0 -10.4 -27.0
200 ppm c a c c
1000 hours | 45.01 +25.6 3.6 I W1
S pem c » a a

ioncentration range of Y is O% to O.190%.
Table 17g-A .

mparison of the Regression Coefficients of Tantalum
1CO 1-11 at Two Temperatures and Two Test Conditions*

Surface Loss Maxisum Penetration
1750° F M‘ P 1750 F 1900" ¥
1
100 hours -1.66 +0.437 -2.75 -0.318
200 ppm c c c c
-
1000 hours +0.077 -2.81 +1.91 -2.06
i .
5 ppm c a b - l b
Concentration range of Ta Is OF to b.ooti.—

'
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Table 17h-A
Comparison of the Regression Coefficients of Tungsten

in MELCO 1-11 at Two Temperatures and Two Test Conditions*

Surface Loss Maximum Penetration
T i75a" P | 1900° ¥ 1750° ¥ 1900 ¥
100 hours | +1.41 +0.965 -0.654 .77
200 ppm c c c c
1000 hours +0.001 -2.83 +2.79 +0.460
5 ppa c a c c
"Concentration range of W 1s G.30% tu B.258.

Hot-Corrosion Results for Factorial Alloys® -

Table 18-A

(Nickel-Base, 100 Hours of Test Operation)

position of w&) :
o Au:ys 1l “‘ﬁ!‘r T 100" F
lo?’ Wi Cr Ti T 3 T 7 B Y 1 LI
'Y Bal | 15.0 { 2.5 | 4.5 | S4.6 97.9 | 0.7 ] 36.6 39.5 | s0.1]| 4.9 ] 22.2 | 58.6
s pal | 15.0 | 2.5 9.0 B.6 8.9 ] 7.5 15.3 531.1 ] 1.4 11,5 w.2 | 21.6
46 pal | 15.0 | 5.0 ] .5 15.8 | >130.0 | 5.9} 10.8 | >1%0.0 | 43.7] 6.7 21.5 | 63.3
a7 pal | 15.0 | 5.0 § 9.0 | 7.7 9.9 | 6.5) 9.8 | >130.0] B.9) w5 | 15.5 | 56.8
a8 Bal | 20.0 | 2.5 | 8.5 | 125 18.5 | 3.0] 115 17.9 | 12.6] 17.0 ] 12.8 | 33.4
49 Bal | 20.0 ! 2.5 | 9.0 7.1 T.0 6.6 9.6 8.0 3.7| 13.6] 16.8 | 1.1
50 Bal | 20.0 | 5.0 | 4.5 1 8.6 7.7 | 79| 100 0.4 | 28.7| 27.1 | 28.3 | 455
51 | Bar |20.0]5.0]9.0] 66 s | 6.1] 3.2 >0 8.3) 311 1.5 | 1w

l‘hanacun - as given; Time - 100 hours; Fuel - diesel (1% sulfur); Air/Puel - 30/1: Sem Salt -

200 ppm of air; Sp

Size

PP

2) maximm penetration >130 mils indicates that the specimen has been corroded all the way
through.

3!-:h test number represents a separate test run in which one specimen of each alloy 1s placed

in a hot corrosion test chamber, which is then operated under specified conditions.

Bal - Balance.

MATLAB 243
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Table 19a-A
Analysis of Variance for
Hot-Corrosion Results for Factorial Alloys

11-Base, 100 Hours of Test Operation, All Data Included)
urce Degrees .
of Sums of of Mean
riance Squares Freedom Squares 'F! Ratio
rature (T) 2378.39 2 1189.28 1.45
ium {Cr) 6367.56 1 6367.56 7.78*%
aum (A1) 1833.15 1 1833.15 2.24
ium (Ti) 2704 .80 1 2704 .80 2.31
ual 53998.18 66 818.15
Total 67282.08 71
ficant at the 1% level.
Table 19b-A
Analysis of Variance for
Hot-Corrosion Results for Factorial Alloys
(Nickel-Base, 100 Hours of Test Operation

Test Runs 3, 8, and 13 Eliminated)
ource ; Degrees
of Sums of of Mean
riance Squares Freedom Squares 'F' Ratio
rature (T) 2033.32 2 1016.66 12.31*
ium {(Cr) 826.75 1 823.75 10.00*
num (A1) 19.93 1 19.93 <1.00
ium (Ti) 1007.06 1 1007.06 12,24
ual 1488.99 18 82.72
Total 5376.05 23

ficant at the 1% level.

The following test results have been
Tests 2 and 4, 7 and 9, and 12 and 14.

each alloy:

243
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averaged in Table 19b for
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Table 20-A

e

Hot-Corrosion Results for FPactorial Alloys® .

(Cobalt-Base, 100 Hours of Test Operations) .

D18CO c;ﬁ?ilii; ° 1575":2'; ”yml%!i:jw%%:-—
::r(,g) () [0 LY Ta A“. Ly o 2 B - ’m 2 3

1 Ba) | 25 s | 6 3.9 2.8 65 éﬁ w7, 16,6

2 Bal 30 5 6 5.3 3.3 6.8 9,2 l’.9 8.0

3 Bl | 35 s |6 5.4 8.3 82 | 99 | B9 |62

5 Bal 25 15 6 5.8 2.0 7.2 1.6 .3 7.2

5 Bal 30 15 6 6.8 5.8 1.3 8.6 15.6 17.%

6 s | 5] 516 | 66) 85| 89| 12a | was | 162
1 s | = |25 |6 | 50| so| sa] 96| 165 | w7

8 s | 30| = | 6 6.6 5.0 | 107 | .8 | 1.6 | 197

9 Bal 3» 25 ) 6.3 10.3 12.1 13.6 16.1 20.7

ltemperature - as given; Time - 100 hours: Fuel - diesel (1¥ sulfur): Air/Fuel - 30/1: Sea
Salt - 200 ppm of air; Specimen Size - approximately 0.130 inch in daameter by 1.25 inches

in length.

2p1SCO 1A to A - Specimens are used, as cast.
1200° ¢ (2192° ¥}, 24 hours, WO.

Bz-tmud value.

MATLAB 243

DISCO 1B to 9B - Gpecimens are heat treatad,

Heat-treated (B) and nonheat-treated (A) specimens of
each alloy were tested at one time, under a specified temperature conditiom.
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Table 2la-A
Analysis of Variance for .

Hot-Corrosjon Results for Factorial Alloys

(Cobalt-Base, Overall Factors)

Tabla 21b-A. -
Analyeis of Variamce.for |
Corrosions Results: for Factoxial: mm per
(Cobait-Busa;> Over. }rmwmi

Source Degrees
of af Mean 21 Ratio

Variance |__Squares Line Line
DISCO, A vs B(H) 1 C 1896 | 15 3.09 b
Temperatire (T) 2 548.60 2/5 = 89.35* 2
Chromium {Cr) 2 21.67 3/6 = 3.74 3
Mickel (M1) 2 27.36 4/8 = 28.21 4
HxT 2 6.28 5/8 « 6.3 5
M x Cx 2 7.3 €/8 = 1.3 3
Txer » 6.53 /8= 6.7 7
Resadual 8 .97 8

. total 8 ; ’

3T Tt g!wm =

T Source .1 v
. of Nesn - - 'b' Rerio !
{Variance Squares § .  Line Line
; A
wrst r
DISCO, A.vs B{R) L] /% = 0 3
Chrosunum {Cr} 20.20 2/8 =« 2.11 2
wickelk. (14&) T 3/5 = : 9.0k 3
H x Ce B .56 B/5% = 19.91° A
Residual . - 0.33 5
Total
’ Texperature - WS F
DISCO, A va B(H)} 5.95 Ve = 527 1
Clromum {Cr) 12.33 2/ = 9.44 2
Nickel (N1} 12.EC 3/% = G.20» >
Residual 1.32 &
Total .
3900° B
DISCC, A vs B(H}) 2122 V4 = 48 44 1
Chrompum {Cr} 2.00 . 2/t = 4,00% 2
Nickel {¥i) 13.56 3/% = 27,120 3
Resrduak . 0.50 i
, Total
*Significant at, the.

** Signiticant’ at: the 5% hm. ¢
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