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SUMMARY

The prolongation of rupture life of M252 at 1500°F as a result of
repeated brief overheats with stress removed to temperatures of 1900°F
to 2100°F previously reported was verified for a second heat and extended
to rupture tests at 1600°F. The damage from overheats to 1800°F pre-
viously observed did not occur in the second heat. The rupture life of
Inconel 700 alloy at 1500° or 1600°F was not changed by overheating to
1800°F and was reduced by overheating to 2000° or 2100°F.

The increased rupture life of M252 alloy was due to a reduction in
the rate of increase in creep rate with testing time as a result of over-
heating above 1900°F. For one heat, creep resistance was not changed
by overheating to 1800°F and was reduced for the other. The reduction
in rupture life of Inconel 700 was due to reduced ductility from overheats
to 2000°F or higher. Creep resistance was not changed nor was the duc-
tility changed by overheats to 1800°F. A reduction in ductility for M252
alloy had little effect on rupture time.

The data obtained to date indicate that creep resistance of y' alloys
is either unaffected by overheats or is increased. Increased creep re-
sistance appears to be associated with increasing overheat temperatures.
Increased Al+Ti (increased y') tends to reduce any changes in creep re-
sistance. In general, therefore, these types of alloys are resistant to
temperature induced structural changes reducing creep resistance.
Actual rupture times for any one material will be dependent on the com-
bined effect of changes in creep resistance and ductility from overheats.
The resistance to creep damage is probably due to the rapid reaction
rates for y' solution and precipitation characteristics of y' alloys.



The y' alloys are significantly more resistant to creep damage
than alloys of the type of S816 and HS-31 which suffer significant reduc-
tion in creep resistance from 1 or 2 overheats of 2 minutes duration as
previously reported. M252 alloy required 5 to 10 overheats for a sig-
nificant increase in life. The loss in ductility of Inconel 700 alloy re-
quired 3 to 5 overheats.

INTRODUCTION

During service at elevated temperatures, alloys are often exposed
to temperatures higher than the design temperatures. An experimental
investigation was carried out to provide information on the response of
two ''nickel base' Al+Ti hardened alloys (M252 and Inconel 700) to over-
heating as measured by the influence on their creep-rupture properties
at 1500° and 1600°F. The overheats studied were 2 minutes in duration
and were applied at 5 hour intervals during creep-rupture tests under
stresses normally causing rupture in approximately 100 hours. The
load on the specimens was removed during the overheats. Temperatures
of overheating were in the range of 1800° to 2100°F.

This report is the fourth in a series (refs. 1, 2 and 3) on the in-
fluence of overheating on creep-rupture properties of alloys of the type
used for blades in aircraft-gas turbines. In reference 3, it was shown
that the creep-rupture strength of M252 alloy at 1500°F could be enhan-
ced by overheats of the type studied when the temperatures were 1900°F
or higher. The degree of improvement increased with the number of
overheats periodically applied. Overheating to 1650° or 1800°F reduced
strength, The enhancement of strength by the higher temperatures of
overheating was in contrast to other alloys studied, S816 (ref. 1) and
HS-31 (ref. 2), which suffered increasing amounts of damage as the
temperature and number of overheats were increased.

The research presented in this report was undertaken to verify
the enhancement of creep-rupture properties by the higher temperatures
of overheating for M252 alloy by investigating another heat. Secondly,
another alloy of the same metallurgical type, Inconel 700, was included
to determine if the improvement was characteristic of alloys of this type.
In addition, the normal base temperature for the creep-rupture tests was
extended from 1500°F to 1600°F to include the effect of increasing ser-
vice temperatures for turbine blades in turbo-jet engines.



Because the present investigation was in the nature of a verification
of previously developed concepts, the study was limited to creep-rupture
tests which would normally fracture in about 100 hours. This was also
partially dictated by the fact that overheating prolonged rupture life and
the relatively short normal rupture time was used in order to keep the
testing times within reasonable limits for the overheated tests.

Previous investigations had demonstrated fairly well that overheats
can have two major effects. The exposure to higher temperatures can
induce microstructural changes which affect subsequent creep when the
temperature returns to the normal conditions. If stress is present, the
accelerated creep will use up creep-rupture life. In most cases, the
two effects had been found to be additive. Accelerated-creep damage
can be approximated by determining the percentage of the constant tem-
perature rupture life at the overheat temperature and stress represented
by the time of overheating. In most cases, the rupture life at the normal
test conditions will be reduced by the same percentage. Because this
factor appeared to be fairly straight forward, the investigation for this
report was limited to tests with the stress removed during the overheats.
The results thus provide information on the influence of temperature in-
duced structural changes.

M252 and Inconel 700 alloys depend primarily on the precipitation
of a compound based on Ni,(Al, Ti) (hereafter referred to as y') for
strength at elevated temperatures. This strengthening mechanism is
different fromthat for S816 and HS-31 alloys. These latter alloys depend
primarily on solid solution of elements such as Mo, W, Cb and C or the
precipitation of fine carbides for strength at elevated temperatures. The
y' reaction results in strong precipitation hardening. S816 and HS-31
alloys, however, exhibit only minor hardening as the result of extensive
precipitation of carbides. Presumably then, the difference in response
of the two types of alloys to temperature induced structural changes de-
pends on a different effect of overheating on the two strengthening mecha-
aisms. The results of the investigation have the major objective of de-
termining if y' strengthened alloys generally exhibit improved creep-
rupture properties from the higher temperatures of overheating.

The conditions of overheating used in this investigation were es-
tablished by discussion of the problem with the NACA Subcommittee on
Heat-Resistant Materials. The research program was conducted by The
University of Michigan Research Institute under the sponsorship and with
the financial assistance of the NACA.



MATERIAL

Bar stock of M252 and Inconel 700 alloys from production heats
was used. The chemical analyses of all materials are given in table
I.

Two heats of M252 alloy from previous work (ref. 3) were used
in the study. Both were vacuum melted and supplied gratis for the
investigation by their manufacturers in the form of centerless ground
7/8-inch diameter bar stock. To improve the uniformity of the ma-
terial for testing, these bars were rolled to 1/2 inch round-corner
square bars using the University of Michigan rolling mill. Rolling
temperatures of both 1950° and 2150°F were used. The rolling was
done in nine passes with one reheat to the rolling temperature.

The use of two rolling temperatures resulted from the fact that
a considerable effect on properties was possible through varied roll-
ing and heat treating conditions. To evaluate this effect, the materials
after rolling were given two heat treatments:

1) Solution treat 1 hour 2150°F, air cool,
Solution treat 4 hours 1950°F, air cool,
Age 15 hours 1400°F, air cool;

2) The same treatment as (1), omitting the 2150°F solution
treatment.

The first treatment was established for production use of M252 at the
time the investigation for this report was started. The second treat-
ment was current practice at the time the work for reference 3 was
done.

The Inconel 700 alloy used was air-melted by the International
Nickel Company and provided through the Curtis Wright Corporation,
Wright Aeronautical Division, in the form of 11/16 inch round bar
stock. At their request, this alloy was not re-rolled prior to testing.
It received the standard heat treatment as follows:

1) Solution treat 2 hours 2160°F, air cool;

2) Age 4 hours 1600°F, air cool.



EXPERIMENTAL TECHNIQUE
Creep Rupture Testing

The creep rupture testing was carried out in conventional beam
loaded creep-rupture units using specimens with a 0. 250 inch diameter
and 1 inch gage length. Time-elongation data were taken during the
tests with a modified Martens-type optical extensometer with a sensi-
tivity of 0.00001 inch. For all tests, the samples were placed in fur-
naces which were at the test temperature and held for four hours before
application of the stress. Temperature variation along the gage length
was limited to +3°F.

Overheat Testing

All overheats were applied using a two-minute exposure to the
desired overheat temperature with the load removed from the sample.
These cycles were begun five hours following the application of the
load and were repeated until the desired number of cycles was accumu-
lated.

Heating Method

For overheat tests, the conventional units were modified to
permit resistance heating of the specimens by passing heavy direct
current through the sample. A 400-ampere, direct-current generator
was used as a power supply. In order to avoid distrubing the speci-
men during the test, insulated terminal blocks were fastened to the
frame of the unit level with the top and bottom of the furnace. From
these terminals, short leads were fastened to the top and bottom spe-
cimen holders before the test was started. Then, for overheating,
it was merely necessary to attach the power supply leads to the ter-
minal blocks, completing the circuit to the generator field switch.
The top specimen holder was insulated from the frame by means of
a transite insert. The whole circuit was grounded either through the
beam or through an attached ground wire. A photograph of a unit is
shown as figure 1.



Temperature Measurement

In order to follow the temperature accurately during an over-
heat, a welding technique (ref. 4) was employed to attach Chromel-
Alumel thermocouples to the specimens. An electronic recorder
provided a continuous record of the temperature. A schematic sketch
of this arrangement is shown as figure 2. Temperature measurement
was complicated by two factors. In order to follow the rapidly chang-
ing temperatures during an overheat cycle and effect accurate control,
the thermocouple wires had to be welded to the sample. This was done
with a percussion-type welder. The welded attachment maintained
contact between the thermocouple wires and the specimen as reduction
in cross section occurred by creep during the tests. In welding the
thermocouple wires on the specimen, however, any minute error in
positioning either wire caused the direct current from the generator
to impress an electromotive force on the thermocouple circuit. This
electromotive force varied with the magnitude of the placement error
and appeared on the temperature recorder as a temperature effect.

To avoid this, two Alumel wires were employed, one deliberately pla-
ced on either side of the single Chromel wire. By connecting these
two Alumel wires to the extremes of a variable resistance, the vari-
able tap could be adjusted so that the two electromotive forces obtained
cancelled each other, leaving only the thermal electromotive force im-
pressed on the recorder.

Checks were made of the original calibration and the maintenance
of calibration of the thermocouples. The system used gave accurate
temperature measurements as installed. The overheats did not change
the calibration of the thermocouples by more than 1°F for any of the
temperatures used.

Procedure for Overheat Cycles

After completion of the five-hour period under stress following
load application, the following procedure was followed in performing
an overheat:

1. The temperature was checked and an elongation reading
made. At this time the generator and recorder were attached to
the specimen.



2. The load was removed.

3. After a 60 second time lapse during which the furnace input
was cut back and the thermocouple circuit checked, the heating cycle
was initiated by applying the maximum generator output of 400 amperes
to the specimen. When the desired overheat temperature was attained,
the generator output was reduced to a value just sufficient to maintain
temperature.

4. At the end of the two minutes at temperature, the power sup-
ply was shut off and the specimen allowed to cool. No forced cooling
was employed other than that supplied by having allowed the furnace
temperature to fall below the base temperature when the input was re-
duced in step (3).

5. The load was reapplied when the test temperature fell to
within 10°F of the base temperature. Although the asymptotic approach
of the test temperature to the level of the base temperature introduced
some variation in the length of time required to re-establish this level,
the samples cooled to 10°F above this level in a reproducible time
period. After the load was re-applied, the furnace control was mani-
pulated to bring the test on temperature as soon as possible.

6. When temperature equilibrium was re-established at the
base temperature, elongation measurements were taken again and the
test continued for five hours until the next cycle. In plotting the time-
elongation data, this reading after reapplication of the load was assumed
to be at the same total deformation as the reading taken just prior to
removal of the load at the beginning of the cycle.

This procedure resulted in reproducible temperature patterns
from cycle to cycle and between samples or creep-r.uptui‘e units. Typi-
cal time-temperature patterns for overheats to several of the tempera-
tures used are shown in figure 3.

Metallography
Metallographic samples were mechanically polished through wet

papers to 600 grit and then on wet cloths with Linde A and B powders.
Etching followed the procedure developed by Bigelow, Amy and Brockway



(ref. 5) using an etchant composed of 12 parts phosphoric acid (85 percent),
47 parts sulfuric acid (96 percent) and 41 parts nitric acid (70 percent).
Etching was electrolytically at 6 volts and a current density of about 0.8
amperes per square inch for 5 to 7 seconds.

RESULTS

Normal creep-rupture properties were established out to 100 hours
for both the M252 and Inconel 700 experimental materials at 1500° and
1600°F. Some data for M252 were also included from reference 3. In
determining the properties of the M252 stock, additional data supplemen-
ting that in reference 3 on the influence of hot-working and heat treatment
conditions were obtained.

The influence of periodic overheating from 1500° and 1600°F to
1800°, 2000° and 2100°F was established for heat 837 of M252 alloy
under the stress causing rupture in 100 hours. Limited tests were con-
ducted on heat HT-28 for overheats from 1600° to 1800° and 2000°F.
Data for this same heat for overheats from 1500° to 1650°, 1800°, 1900°
and 2000°F are included from reference 3. Overheats on the Inconel 700
stock covered the range of 1800° to 2200°F from base temperatures of
1500° and 1600°F under the stress for rupture in 100 hours.

The analysis of the data is limited to the interrelation of creep
resistance and ductility to the rupture time as influenced by overheating.
An extensive metallurgical investigation to determine the basic physical
metallurgy factors will be the subject of a later report.

M252 Alloy
The base-line normal creep-rupture properties at 1500° and 1600°F
will be presented first. The data from the overheat tests will then be

presented in terms of changes induced.

Normal Creep-Rupture Properties

The rupture-test data are given in table II and are shown graphi-
cally in figure 4. The base conditions selected for overheat tests were
as follows:



Temperature Stress Rupture Time
Heat (°F) (psi) (hours)
837 1600 18,000 72-79
HT-28 1600 20,000 (109-112)%
837 1500 33,000 68-86
HT-28 1500 34,000 65-105

% Based on two tests

In each case, the stress was originally selected on the basis of limited
testing to cause rupture in 100 hours. After the stress was selected,
more extensive testing established the tabulated range in rupture times.
The range for heat 837 at 1500°F was based on the scatter indicated by
five tests at four different stresses (fig. 4). For 1600°F, six tests at
the base stress of 18,000 psi gave the range indicated. The range for
heat HT-28 at 1500°F was based on 10 tests (fig. 4) ranging in rupture
time from 71 to 736 hours. Only two tests were conducted at 1600°F
because the stock remaining from the work for reference 3 was only
sufficient to provide four specimens.

The stock used from heat 837 was rolled from 2150°F and heat
treated as follows:

(2) Heated 1 hour at 2150°F and air cooled;
(b) Heated 4 hours at 1950°F and air cooled; and
(c) Heated 15 hours at 1400°F and air cooled.

Comparative data from reference 3 are included in table II and figure

4 for the same heat rolled from 1950°F and solution treated only at
1950°F prior to the age at 1400°F. The change in procedure raised

the stress for rupture in 100 hours at 1500°F from 27,000 to 31,000
psi. Apparently the major factor causing the difference was the 2150°F
solution treatment as is indicated by the following tabulation of rupture-
test results for tests from this heat at 1500°F and 34, 000 psi:
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Rolling Rupture
Temperature Time
(°F) Solution Treatment (hours)
1950 4 hr. at 1950°F 38.2, 34.2
2150 4 hr. at 1950°F 30.0
1950 1 hr., at 2150°F + 4 hrs. at 1950°F 66.6
2150 1 hr, at 2150°F + 4 hrs. at 1950°F 60.1

Note: All aged 15 hours at 1400°F after solution treatment.

When the research for reference 3 was conducted, the established
heat treatment for M252 alloy was 4 hours at 1950°F followed by the 15
hour age at 1400°F. Under these conditions of heat treatment, it was
shown in reference 3 that the rolling temperature did have an appreciable
effect on rupture strength for heat HT-28 as is indicated by reproducing
the data in figure 4b. Possibly the limited testing on heat 837 failed to
properly define the effect of rolling temperature with the single treatment.

At the time the research covered by the present report was under-
taken, the established heat treatment had been changed to 1 hour at
2150°F, air cooled plus 4 hours at 1950°F, air cooled prior to the age
at 1400°F. Consequently, all material studied was given this heat treat-
ment. This includes the limited testing conducted on heat HT-28.

The elongation and reduction of area values for all tests (table II)
were high and within the expected degree of reproducibility.

Creep curves for those normal tests conducted at the stresses
used for the overheat tests are shown in figures 5a, 6, 7 and 8. Inall
cases, the creep rate increased from the start of the tests. The fol-
lowing additional comments apply to the creep data:

1. Curves were available for heat 837 at 1600°F for seven tests.
These curves indicate a high degree of reproducibility,

2. Only two creep curves at the base condition are available for
heat 837 at 1500°F.

3. Only one curve was available (ref. 3) for heat HT-28 at 1500°F.
Two tests were conducted at the base condition for 1600°F.
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4, The curves show that the large fraction (1/3 to 1/2) of the
total elongation accumulated during the last few hours of the tests was
not plotted. There are a few tests, usually tests interrupted for
structural study, in which the creep curves are additionally abbreviated.

A number of bar stock samples and ruptured specimens were sub-
jected to metallographic examination and found to have a uniform grain
size of ASTM No. 6-8. No significant variation in carbides was obser-
ved, Typical microstructures before and after testing at 1600°F are
shown by figure 9.

Influence of Overheating on Rupture-Test Properties

The experimental results indicated that the rupture life of M252
alloy was prolonged by periodic overheats to temperatures of 2000° or
2100°F from a base temperature of 1600°F. Previously, it had been
shown in reference 3 that the same effect resulted for overheats to
1900°F and higher temperatures from a base temperature of 1500°F.
Overheats to 1800°F apparently did not alter the strength of heat 837
while strength was somewhat reduced for heat HT-28. In all cases,
it was necessary to apply from 5 to 10 overheats before the rupture
time was significantly changed. The creep data indicated that the
periodic application of the 2 minute overheats reduced the rate of in-
crease of creep rate with time at the base temperatures when over-
heats were 1900°F or higher. When the overheat temperature was
1800°F, they either did not change creep rate or resulted in a some-
what faster rate of increase in creep rate.

The detailed data on which this general pattern of behavior is
based are presented in the following sections.

Rupture life. - The results of the overheat tests (table II and
fig. 10) showed the following:

1. Overheating heat 837 to 1800°F from either 1500° or 1600°F
did not significantly change rupture time. It caused the rupture times
for heat HT-28 to be on the low side or slightly below the range for
normal tests. Overheating heat HT-28 from 1500°F to 1650°F resulted
in the same effect as the overheats to 1800°F.
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2. Overheating to 2000°F increased the rupture time for both
heats for normal test temperatures of either 1500° or 1600°F. Over-
heating to 2100°F for heat 837 resulted in a slightly greater improve-
ment in life than 2000°F overheats. The data from reference 3 for
heat HT-28 showed increased life from overheats to 1900° or 2000°F.
The extent of this increase was slightly less for 1900° than for 2000°F.

3. Another way of appraising the results is to recognize that
from 5 to 10 overheats of 2 minutes duration had no significant effect
on rupture time regardless of the overheat conditions. From 5 to 10
overheats to temperatures above 1800°F started to increase strength
and if the overheats were continued to rupture, substantial increases
in rupture time resulted. When the overheat temperature was 1800°F,
a heat-to-heat difference was observed which showed some damage
from repeated overheating to rupture in the case of heat HT-28 and
no significant change for heat 837,

In conducting the research, data from reference 3 was mainly
used to show the effects of overheating from 1500°F. In the present
investigation, the major emphasis was placed on overheating from
1600°F. Only survey tests were made to obtain an indication if the
same behavior was characteristic of the two heats involved and whether
the behavior - of the material was similar for both heat treatments.

The two tests on heat HT-28 overheated from 1600°F and the 5 tests
on heat 837 overheated from 1500°F gave the same general type of
results,

Ductility. - The elongation and reduction of area were generally
reduced by the overheats applied to the specimens (table II and figure
11). Overheating to 1650° or 1800°F was generally more damaging
to ductility than the higher temperatures. As was the case for rup-
ture time, several overheats apparently were necessary to produce
a significant effect. The ductility of heat 837 overheated from 1600°F
appeared to be less affected by more than five to ten overheats than
when this heat was overheated from 1500°F or when heat HT-28 was
overheated from either temperature. Overheating to 1800°F ahout
10 times reduced elongation to 20 or 30 percent. Ovetheats to higher
temperatures applied repeatedly until rupture occurred, reduced duc-
tility below 20 percent, except for heat 837 overheated from 1600°F.,
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Creep resistance. - Normal creep curves for the tests at either
1500° or 1600°F (figs. 5 to 8) showed that creep rate increased con-
tinuously from the start of the tests. Overheating to 1900° to 2100°F
reduced the rate of increase in creep rate, whereas overheating to
1650° or 1800°F accelerated creep for heat HT-28 and overheats to
1800°F had little effect on heat 837. These summarized effects are
shown in detail by the data, as follows:

1. The curves for tests for heat 837 overheated until rupture
occurred for overheats from 1600°F to 1800°, 2000° and 2100°F
(fig. 5b) show the overall influence on rate of creep. Overheating
to 1800°F had little effect, whereas 2000° and 2100°F had increasing
ability to reduce the rate at which creep increased. This pattern of
effect is shown for all the tests at each overheat temperature by
figures 5c, 5d and be.

2. The same general pattern resulted for the creep behavior
of heat 837 overheated from 1500°F (fig. 6).

3. The curve for heat HT-28 overheated from 1600°F to
1800°F (fig. 7) showed a possible slight acceleration of creep,
whereas overheats to 2000°F definitely retarded the creep. Qver-
heating from 1500°F (fig. 8) to 1650° or 1800°F caused definite
acceleration of creep while overheats to 1900° or 2000°F with this
base temperature reduced the rate of creep.

4., In those cases where overheating was stopped before rup-
ture occurred, creep continued at the base temperature following
the last overheat with no sudden change in rate. Creep gradually
accelerated until it achieved a rate approximating that of a normal
test at the same amount of creep deformation. This indicates that
the overheats had a repeated beneficial effect when the overheat
temperatures were above 1900°F or repeated damaging effect when
1800°F reduced rupture life..

Discussion

The rupture life can be considered to be the combined effects
of creep resistance and ductility. A number of ways to develop a
correlation based on the influence of these two factors to show the
effects of overheating were attempted without success.
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Inspection of the data shows that the change in creep resistance
induced by overheating was in the direction of the change in rupture
time. Because creep rates continuously increased with testing time
and because the creep, after overheating was stopped, approached
the rates shown by normal tests at the same total creep, no way could
be found to express the creep resistance changes from overheating.
Accordingly, the presentation of this factor has been left qualitative
by showing the comparative creep curves of figures 5 to 8.

No correlation with change in ductility was found. The main
reason for this involves the relatively small proportion of the total
rupture time represented by the time for creep to increase the elonga-
tion from 20 or 30 percent to the normal test values of approximately
45 percent. This was so short that the reduction in ductility had very
little effect on the overall rupture time. This condition would be
characteristic of creep curves with rapidly increasing creep rates
towards the end of tests, as was the case for M252 alloy in this in-
vestigation. The reduced elongation did slightly reduce potential rup-
ture time in comparison to normal tests. This, however, was insig-
nificant in comparison to the effect on creep resistance.

Two heats involving two conditions of heat treatment were in-
vestigated. The general pattern of behavior was the same for both.
A heat-to-heat difference was exhibited in that overheating to 1800°F
was damaging for one heat and had no effect for the other. It appears
then that M252 alloy can be expected to withstand overheats of the type
investigated to temperatures of 1900°F or higher without damage and
probably improvement. At lower temperatures, the effect appears to
vary between heats. In either case, however, repeated overheating
is necessary to significantly change properties.

The basic cause for the effects of overheating will require a
detailed study of the microstructure with emphasis on the state of the
y' precipitate.

Inconel 700 Alloy
The results for this material were considerably more complex

than for the M252 alloy. The normal properties will be presented first,
followed by the effects of overheating.



15

Normal Creep-Rupture Properties

Several tests at varying stresses were originally conducted to es-
tablish stress-rupture time curves at 1500° and 1600°F. The results
(table ITI) and figure 12 indicated that the tests to be overheated should
be conducted at the following stresses in order to approximate a 100-
hour rupture time:

1500°F 43,000 psi
1600°F 29,000 psi

As the tests on Inconel 700 progressed, it became evident that a
considerable variability in basic creep-rupture properties not disclosed
by the original tests was involved. Further investigation and analysis
of the data indicated that differences between the individual original bars
was the major source of variation. It became evident that the only sig-
nificant way to express the base rupture time was in terms of the results
of actual tests on each bar. This was not recognized until the tests at
1500°F had been completed. However, it was recognized in time so that
in most cases normal rupture tests could be conducted on the same in-
dividual bar used as a source of specimens for the tests overheated from
1600°F.

Accordingly, the following procedure has been used to define the
basic rupture properties:

1. For tests at 1600°F, the results of overheated tests are com-
pared directly with the results of normal tests on specimens from the
same bar. All data are included in table III on the basis of the bar
number from which the specimens were taken.

2. At 1500°F, no normal test data were available on specimens
from the same bar used as a source of specimens for overheat tests.
Data were available for three bars at both 1500° and 1600°F. Using
these data, an estimated value was established (table III and fig. 12)
for the bars used as a source of specimens for the tests which were
overheated from 1500°F. The data for tests at both 1500° and 1600°F
were plotted as a function of temperature., It was then assumed that
the material with the shortest and longest rupture times at 1600°F
could be extrapolated to 1500°F by parallel curves to establish the
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range at 1500°F., The actual range in rupture time observed for tests
at 1600°F and 29, 000 psi is included in figure 12.

It should be noted that the data in table III show that four repli-
cate tests on specimens from bar 50 and from bar 51 show a high
degree of reproducibility within each bar. In addition, two specimens
from bar 19 showed good agreement. This is direct evidence that the
specimens from each bar had a high degree of reproducibility. As
will be shown later, correlation of the data from tests which had been
overheated support the validity of the contention that in most cases all
specimens from an individual bar had similar properties.

There was considerable variation in ductility (table III) of the
specimens rupture tested at 1600°F. In general, those specimens
exhibiting the longest rupture times had the highest ductilities. There
was a fair correlation (figure 13) with a few exceptions between rupture
time and elongation. Those specimens with short rupture times for
their elongation exhibited third stage creep earlier in the tests than
the majority of the specimens. Replicate specimens from the same
bar had similar ductilities, although there were marked differences
between bars. Insufficient data were available from replicate tests
at 1500°F to provide a check of this type on the behavior at the lower
testing temperature.

The creep curves for the rupture tests at 1600°F and 29, 000
psi are shown in figure 14a. The material showed a brief period of
decreasing creep rate with testing time followed by a period of nearly
constant creep rate. The creep rate then increased quite rapidly
leading to rupture. It was evident from figure 14a that a major dif-
ference between tests was the time period at which the creep rate in-
creased. The particularly early and rapid third stage creep of bar
50 is evident in this figure.

In plotting the creep curves for figure 14a, the complete curves
to rupture are shown in so far as possible. This shows that the rup-
ture time and ductility both increased with the time for the creep rate
to increase. The terminal points of the creep curves are the same
as those on figure 13.

The minimum creep rates for most of the tests were in reason-
ably close agreement. It, therefore, seems evident from the data that
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the material investigated had quite uniform creep resistance during the
early portions of the tests. The major cause of variability in rupture
time was the time required for the onset of rapid creep. The varia-
bility in rupture time was compounded by the elongation to fracture
being lower when the time for the onset of rapid creep was less.

The limited testing done at 1500°F and 43, 000 psi prevents a de-
tailed comparison of the creep data for this base temperature. The
available data (fig. 15) indicate that the scatter in properties between
bars was equally as severe at this temperature as it was at 1600°F,
The trends in these tests are the same as those observed for the more
detailed results at 1600°F.

The cause of the variable creep-rupture properties was not com-
pletely determined. Variability in history prior to final heat treatment
was almost certainly the primary cause. It has been recognized in
this laboratory for some time that variations in temperature and degree
of reduction prior to final heat treatment can have a pronounced effect
on the properties of alloys of the type being investigated. It is also
known that the influence of prior history is to some degree a function

of the conditions of final heat treatment, as previously discussed for
M252 alloy.

Evidence that prior working and/or heat treatment conditions
caused variability in properties was found in the microstructure. There
were differences in grain size within individual specimens (figure 16),
the ASTM grain size ranging from 1-2 to as small as 6-7 or finer.
Those specimens exhibiting the longer rupture times had more coarse
grains than those with the shorter rupture times (figure 16). Such
structural variations are characteristic of the prior history variations
discussed. No other variations in structure were detected.

Since the variability in the Inconel 700 stock was recognized,
highly qualified individuals have confirmed that it could be expected
in production material with the heat treatment used. When the inves-
tigation of Inconel 700 alloy was originally undertaken, it was requested
that production-produced and heat treated material be used. The stock
was donated to the program and heat treated in accordance with gener-
ally accepted conditions. As the data indicate, variability from this
source would be expected to be less within the individual two-foot long
bars than between bars.
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Influence of Overheating on Rupture-Test Properties

The study of the effect of overheating Inconel 700 alloy was under-
taken primarily to determine if lack of damage or improved rupture life
found for M252 alloy was characteristic of Ti+Al bearing alloys dependent
on y' precipitation. As previously discussed, the Inconel 700 stock used
varied considerably in its creep rupture properties. Accordingly, the
results of the overheat tests are evaluated in terms of the normal rupture
properties of the individual bars from which the specimens were made.

Rupture life. - The results of tests overheated to 1800°F (table III
and fig. 17) from either 1500°F or 1600°F under the conditions studied
did not show a significant effect on rupture life. The only exception to
this was the specimen overheated 14 times from 1600°F, suggesting the
possibility that a large number of overheats would reduce the rupture life.

When the overheat temperature was increased to 2000°F (table III
and fig, 17) all tests indicated reduced rupture life. The test on the spe-
cimen from bar 13, for which there were no normal tests at 1600°F,
gave an intermediate rupture time which did not conflict with the general
trend of the other data. The limited data suggested more reduction in
rupture life at a base temperature of 1500°F for a given number of over-
heats than for similar overheating from the 1600°F base temperature.

When the temperature of overheating was raised to 2100°F, the
results were somewhat conflicting (table III and fig. 17). Rupture life
was reduced in all cases except for the two tests on specimens from
bar 23. In general, those specimens which exhibited a loss in rupture
life indicated about the same degree of loss as did the tests for over-
heating to 2000°F.

One specimen (table III and fig. 17a) overheated to 2200°F from
1600°F also exhibited about the same degree of loss in rupture life as
those overheated to 2000°F or 2100°F,

Two features of the results require further discussion. Even
though the stock exhibited very erratic basic rupture properties under
the test conditions, it seems evident that the influence of overheating
on the rupture life of Inconel 700 alloy was established. Overheating
to 1800°F did not significantly alter rupture life. Higher tempera-
tures of overheating would reduce rupture life, The number of over-
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heats to cause a significant effect under the conditions studied is not
clearly established. Most of the data indicate that 3 or 5 overheats
would significantly reduce the life, with the reduction in life increasing
with the number of overheats. The significance of the one exception,
bar 23 overheated to 2100°F from 1600°F, has not been determined.
No explanation was found in metallurgical studies. The safest assump-
tion is that there was variation of rupture properties within bar 23 so
that the normal test gave an abnormally low rupture time. In view of
the lack of an adequate explanation, it must be considered, however,
that there is the possibility that certain prior treatments of Inconel 700
alloy could develop structures which are not damaged by the overheat
conditions studied.

Ductility. - The elongation values for the overheated specimens
(table III and figure 18) showed that overheats to 2000°F or higher re-
duced ductility in nearly every case. Overheats to 1800°F had no sig-
nificant effect. The tests for bar 23 did not show the decrease in
ductility suggested by other tests for these conditions. As discussed
previously, this is probably the result of variation between samples
from this bar. The limited data for a base temperature of 1500°F did
not show a significant difference from that for 1600°F, although the
elongation for the tests at 1500°F was lower.

The elongations for the specimens overheated from 1600°F are
plotted in figure 13 against the rupture time together with the basic
rupture data. These data extend the curve to lower elongations al-
though there is some overlap at intermediate ductilities. This cor-
relation suggests that the ductility is a major factor in controlling
rupture life, regardless of the causes for the ductility changes.

The influence of overheating from 1500°F on ductility was not
very well established due to the limited data for normal tests at
1500°F. In spite of this, the general pattern was similar to that at
1600°F. There is, therefore, little doubt that the trends established
are real. The number of overheats required to significantly reduce
ductility for the higher overheat temperatures is the same as was
previously discussed for changes in rupture time.
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Creep resistance. - Comparison of the creep curves for the over-
heat tests with those for the basic rupture tests at 1600°F (figs. 14b to
14j) shows no significant change in creep resistance from overheating
up to the point when rupture occurred. Due to the lack of creep curves
for specimens from the same bar as those used for overheat tests for
a base temperature of 1500°F (fig. 15), the effects are not so clear as
for 1600°F. However, the available data do not indicate any large effect
on creep resistance.

The only exception noted (fig. 14g) was the creep resistance of
samples 23A and 23D tested at 1600°F. This difference in creep re-
sistance between the overheated samples and the normal rupture test
from this bar have been previously suggested to stem from between-
sample variability in this bar.

Discussion

In the case of Inconel 700 alloy, repeated brief overheats did
not change creep resistance. Ductility was either unaffected (over-
heats to 1800°F) or reduced (higher temperature overheats). The
changes in ductility controlled changes in rupture life. The creep
rates were relatively low (in comparison to M252 alloy previously dis-
cussed) and the change in ductility represented a significant proportion
of the rupture life.

The influence on ductility was induced by a relatively small num-
ber of overheat cycles. Consequently, a few overheats of 2 minutes
duration could significantly reduce the rupture life of Inconel 700 alloy.
This is in contrast to M252 alloy for which a considerable number of
overheats was necessary to noticeably change rupture life.

It is unfortunate that the variability bf the test stock caused dif-
ficulty in interpreting the results. The general reduction in rupture
times from normal tests within each bar for overheats to the higher
temperatures seems adequate to demonstrate a damage effect.
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Generality of Results

The two alloys studied in this investigation depend primarily on
the precipitation Ni3(A1, Ti) type compounds for strength at elevated
temperatures. In so far as creep-rupture properties are concerned,
however, they responded differently to overheating from 1500° or
1600°F with stress removed during the periodic overheats. The
thermally induced structural changes for the two alloys may be sum-
marized as follows:

M252 Alloy - Overheats to temperatures up to about 1800°F
either reduced rupture strength or had little effect, mainly through
corresponding effects on the creep resistance. Increasing the tem-
perature of overheating above 1800°F increased rupture life due to
increased creep resistance. The reduced ductility accompanying
these effects did not influence rupture strength very much because
of the inherently high ductility of the alloy. This loss in ductility
only involved the last few hours of testing.

Inconel 700 Alloy - In this alloy, none of the conditions of over-
heating appreciably changed creep resistance. Overheating to tem-
peratures of 2000°F and higher did reduce ductility. Because the
shape of the creep curves made this alloy highly dependent on the
ductility, these higher temperatures of overheating reduced rupture
strength.

Both y' alloys were notably resistant to damage to creep resis-
tance from overheating. If damage is to be induced in this manner,
it would only be for the lower temperatures of overheating. It is
true, however, that the creep resistance of one alloy was improved
by periodic overheats to the higher temperatures while the other was
unchanged. Possibly these trends in creep resistance are related
to the Al+Ti contents. Alloys with increasing amounts of y' resulting
from larger amounts of Al+Ti may be increasingly resistant to dam-
age from the lower temperatures of overheating but lose the poten-
tial for being improved by the higher temperatures. Results from
investigations for other sponsors at the University on similar alloys
support this concept.

Within these patterns of influence on creep resistance, the addi-
tional influence of overheating on ductility must be considered. As
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composition is varied among alloys to produce more y' through the addi-
tion of more Al+Ti, ductility tends to become less. Moreover, the
creep curves change to render the rupture strength more dependent on
ductility. Thus the tendency for overheats to reduce ductility can reduce
the rupture strength even though creep resistance is unaffected.

There is considerable question as to the generality of the ductility
effects. M252 alloy by virtue of its high Mo content has high ductility
in relation to other alloys. Therefore, ductility effects may be the
controlling factor in other alloys even though creep resistance may not
be damaged by overheats. At present, it appears that the influence of
overheating in y' alloys other than M252 will probably be mainly depen-
dent on the influence on ductility. This must be restricted to alloys
with total Al4+Ti contents more than about 3.5 weight percent. It is
suspected that the smaller amounts of y' associated with lower amounts
of these elements may result in a consequent susceptibility to reduced
creep resistance from overheating.

There were several secondary objectives in the investigation. The
increase in rupture life for M252 alloy from overheats to 1900°F and
higher reported in reference 3 was substantiated on another heat. A
loss in life from overheating to 1800°F was not found in the second heat.
Neither changing the base test temperature from 1500° to 1600°F nor
substantially altering the prior processing and heat treatment for M252
alloy changed the response to overheating. Whether these effects would
apply in general to all y' alloys is not certain. The results of a sub-
sequent structural study of the effects of overheating suggest that they
should be at least qualitatively correct so long as some additional fac-
tor did not appear in other alloys.

The resistance of the Al+Ti strengthened alloys to damage to creep
resistance is in marked contrast to the solid solution - carbide strength-
ened alloys (ref. 1 and 2). Only 1 or 2 overheats significantly reduced
the rupture time of S816 and HS-31 alloys by reducing creep resistance.
The amount of the damage increased with overheat temperature and
number of overheats. This contrast in behavior illustrates the depen-
dence of the effects of overheating on the strengthening mechanism
involved.

In the series of reports on overheating, the effects of repeated
overheating has been treated as if the total time of overheating was
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controlling. Preceding discussion has indicated that this cannot be done
for the increase in creep resistance of M252 alloy - the overheats must
be applied periodically. Since the creep resistance of Inconel 700 alloy
was unaffected by overheating in the present study, its dependence on
periodic application of the cycles is probably less. The data do not in-
dicate, however, whether a single cycle of longer duration would affect
creep resistance. The creep damage effect for overheating under
stress does seem to be cumulative so that similar results would prob-
ably be obtained for one overheat of equivalent duration. QOther research
at the University suggests that this is the case. It is not known if the
total overheat time or repeated overheating controls the reduction in
ductility for Inconel 700 alloy. This is somewhat academic, however,
since only a few overheats are so damaging.

Application of the results of these studies to service conditions
must be done carefully. Although the data demonstrate that the creep
resistance of the materials is not affected by overheating, in many
cases, other effects such as thermal shock may be far more important
in limiting materials which have suffered overtemperature.

CONCLUSIONS

The improvement in creep-rupture strength of M252 alloy pre-
viously reported for another heat was verified for a second heat. The
general response to overheating was moreover the same for double
solution treated material as well as for two conditions of rolling prior
to heat treatment.

Inconel 700 alloy did not exhibit increased rupture strength. Re-
duction in strength was associated with reduced ductility from overheats
to 2000°F and higher. Creep resistance up to the point of fracture was
not altered by the overheats. This is in contrast to M252 alloy which
exhibited increased creep resistance under these conditions.

The behavior of the two alloys indicates that y' strengthened alloys
are resistant to damage to creep resistance from structural changes in-
duced by overheating. In most cases, the influence on future creep-
rupture life then depends on the influence of overheating on ductility.
M252 alloy may be an exception in that its rupture time is not appreciably
influenced by substantial decreases in ductility due to its high initial duc-
tility. Restrictions on these generalities, particularily the amoint of
Al+Ti in the alloys, are discussed in the report.
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The response to thermally induced structural changes from over-
heating was the same for base temperatures of 1500° or 1600°F for
both alloys.

Significant effects on creep-rupture properties required from 5
to 10 overheats for M252 alloy and from 3 to 5 overheats for Inconel
700 alloy.

University of Michigan,
Ann Arbor, Mich., March 25, 1960.
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RESULTS OF TESTS ON M252 ALLOY

Base Conditions

TABLE II

Overheat Conditions

Rupture Data

Heat Temperature Stress Temperature Number of Time Elongation Reduction of
Number (°F) (psi) (°F) Cycles (hr) (% in 1 inch) Area (%)
837 15001 15,000 - - 644.8 47 58
20,000 - - 251.7 36 54
25,000 - - 153.8 39 47
30,000 - - 49.9 36 49
30,000 - - 61.6 38 48
30,000 - - 62.7 47 58
34,000 - - 38.2 40 50
837 1500(2) 34,000 - - 60.1 28 43
33,000 - - 75.9 38 39
33,000 - - 81.7 38 45
32,000 - - 94.0 37 42
22,000 - - 427.0 34 46
33,000 1800 17 86.7 19 45
33,000 1800 10 77.0 27 42
33,000 2000 24 114.3 12 16
33,000 2000 10 98.5 36 42
33,000 2100 20 125.9 26 37
837 1600(2) 27,000 - - 11.0 38 45
18,000 - - 71.9 34 50
18,000 - - 75.4 47 51
18,000 - - 82.5 48 53
18,000 - - 88.3 52 54
18,000 - - 91.5 46 57
18,000 - - 97.0 45 54
18,000 - - 50. 0 (Interrupted test)
18,000 1800 12 73.8 25 55
18,000 1800 10 50. 0 (Interrupted test)
18,000 1800 6 73.4 38 39
18,000 1800 3 76.7 48 53
18,000 2000 27 137.7 40 33
18,000 2000 10 98.6 43 47
18,000 2000 10 50.0 (Interrupted test)
18,000 2000 5 88.2 46 47
18,000 2100 20 138.6 41 39
18,000 2100 10 100. 4 35 38
18,000 2100 5 92.7 49 50
HT-28: 1500(3) 21,000 - - 736.0 61 62
24,000 - - 573.9 39 61
24,000 - - 450, 4 46 55
26,500 - - 356.0 36 59
26,500 - - 317.8 40 56
30,000 - - 207.7 43 58
34,000 - - 105.2 45 54
34,000 - - 81.6 49 58
34,000 - - 79.2 41 55
35,000 - - 70.9 26 41
34,000 1650 18 84.9 37 49
34,000 1650 11 54,8 34 42
34,000 1650 7 50. 6 28 44
34,000 1800 10 52,7 22 27
34,000 1800 9 48.1 25 37
34,000 1800 5 68.2 38 52
34,000 1900 30 181.6 23 45
34,000 1900 15 137.3 35 53
34,000 2000 30 211.3 16 50
34,000 2000 15 170.9 25 46
HT-28 1600(2) 20,000 - - 112. 4 56 64
20,000 - - 109.4 78 64
20,000 1800 10 89.4 28 62
20,000 2000 10 134.7 56 51

(1)
(2)
(3)

Data from ref. (2). Material rolled from 1950°F, solution treated 4 hours at 1950°F, and aged at 1400°F

for 15 hours.

Material rolled from 2150°F, solution treated 1 hour 2150°F plus 4 hrs 1950°F, and aged at 1400°F for

15 hours.

Data from ref. (2). Material was rolled from 2150°F, solution treated 4 hours at 1950°F, and aged at

1400°F for 15 hours.
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RESULTS OF TESTS ON INCONEL 700 ALLOY
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Base Conditions Overheat Conditions Rupture Data
Sample Temperature Stress Temperature Number of Time Elongation Reduction of
Number (°F) (psi) (°F) Cycles (hr) (% in 1 inch) Area (%)
11D 1500 34,000 - - 803.5 11 12
12A 1500 40,000 - - 208 7 10
16D 1500 43,000 - - 122.6 6 9
17C 1500 45,000 - - 44,5 4 2
19- 1500 43,000 - - 92 Estimated(l)
19C 1500 - 43,000 2000 18.6 3 5
20- 1500 43,000 - - 80 Estimat ed(l)
20D 1500 43,000 1800 13 71.8 4 4
20C 1500 43,000 1800 10 70.7 6 5
20B 1500 43,000 2000 7 34.5 1 2
21B 1500 43,000 2100 4 18.5 2 2
23B 1500 43,000 - - 129.5 7 12
24D 1500 43,000 - - 65.4 6 7
25- 1500 43,000 - - 102 Estimated(l)
25B 1500 43,000 1800 10 104.8 4 7
11A 1600 20,000 - - 633.0 18 21
12B 1600 28,000 - - 103.6 16 22
13B 1600 29,000 2000 6 54.7 10 10
14A 1600 29,000 - - 89.2 17 22
14B 1600 29,000 1800 14 69.5 10 15
14D 1600 29,000 2000 6 30.0 (Interrupted test)
15C 1600 29,000 - - 90.0 18 20
15D 1600 29,000 - - 30.0 (Interrupted test)
15B 1600 29,000 2000 12 55.7 4 8
16A 1600 29,000 - - 83.8 14 Data Not Available
16B 1600 29,000 2100 11 53.1 4 5
18A 1600 25,000 - - 229.1 13 17
19A 1600 29,000 - - 76.6 13 20
19B 1600 29,000 - - 63.1 8 13
20A 1600 29,000 - - 62.7 10 14
22C 1600 16,500 - - 977.3 8 10
22D 1600 29,000 2000 3 34,5 4 5
23C 1600 29,000 - - 65.4 13 21
23D 1600 29,000 2100 6 79.4 8 14
23A 1600 29,000 2100 3 71.8 13 16
24C 1600 29,000 - - 53.8 8 14
24B 1600 29,000 2000 6 33.7 4 4
24A 1600 29,000 2000 3 35.2 3 5
25A 1600 29,000 - - 73.6 12 20
25C 1600 29,000 1800 7 78.9 14 15
25D 1600 29,000 2100 3 62.5 9 15
50A 1600 29,000 - - 50.2 12 14
50C 1600 29,000 - - 49.0 13 13
50D 1600 29, 000 - - 47.9 12 15
508 1600 29,000 - - 45.7 12 15
50F 1600 29,000 1800 8 44.9 9 11
50G 1600 29,000 2100 5 25.4 3 6
50H 1600 29,000 2200 4 32.5 4 6
51C 1600 29,000 - 86.8 13 15
51B 1600 29, 000 - - 83.1 15 19
51A 1600 29,000 - - 72.9 19 18
51D 1600 29,000 - - 65.6 15 18

(1) Values estimated from data at 1600°F (see text pg. 15).

to be 60-140 hours.

Range in time at 1500°F and 43, 000 psi estimated
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Figure 1, - Photograph showing creep~rupturc unit modified for use in
overheating by resistance heating,
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Rupture
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Recording
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Figure 2, - Schematic wiring diagram of the system used for measurement of

temperature during overheats to avoid extraneous emf from heating
current,
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e Rolled from 2150°F, solution treated |l hour at 2150°F plus 4 hours at
1950°F, and aged 15 hours at 1400°F; air cooled from all treatments,
a\ Rolled from 1950°F, solution treated 4 hours at 1950°F, and aged
15 hours at 1400°F; air cooled from all treatments, (Data from ref, 3)
O Rolled from 2150°F, solution treated 4 hours at 1950°F, and aged
15 hours at 1400°F; air cooled from all treatments, (Data from ref, 3)
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(b) Heat HT-28.

Figure 4. - Curves of stress against rupture time at 1500° and 1600°F
from normal rupture tests on the two heats of M252 alloy used in the
investigation, showing at the stresses used for overheat tests, the
ranges in rupture time predicted by the available data.



32

"9AIND YD®S 103 pojedIput ainjdni je uorj}eSuols pue 9anjdni IOy SWI} ‘SIRIYISAO JO ISQUUNN
‘sjeayasao jo uonyedrjdde jo porxed sj3edrpur sjurod PI[OS " SUOTITPUOD 3S93 POIBOTIPUI O} I0J
Aotre 762N J0 L8 3eaY 103 1sd 000 ‘ST PU® J,0091 3e soaind dosxd sargeredwon - *g 2anSr g

*s3s93 2anjdna desad TewaoN (®)

1y ‘awn)
0S| ov oel ozl oIl ool 06 08 oL 09 0s ov og o2 ol 0

c0o”

57 o . $0°

19 6°16

19 0§ Q0
poidnaaajur

%L
I 6L

xu\ | 80"
N | ol

%y €
Y 6°1L

m_\ » N_H
X 4

¥ %SH @ _ )

81"
%8¥
Iy G°28

oc

ul/ ur ‘uoypbuolz



33

*9AIND YOBS I0J PajedIpUl
oanjdni je uorjeduole pue 21nidni I0J SWIT} ‘SIBOYISAO JO I0qUINN *S1BOYJIDAO JO UOT}

-eoridde yo poriad ajeorpur sjurod PI[OS *SUOIITPUOD 3597 Po3ed1pUT 9Y} X107 LOTi® ZGZIN JO
L€8 1eay 103 1sd 000 ‘81 PU® I,0091 38 soaxnd dosid sanyeredwo) ‘penurjuo) - ‘g 2anJrIg

‘oanjeroduwral Yoews 031 S3BIYISAO JO I9qUWUINU }S03BOIT oy} 3uraredax sise] (q)
1y ‘swy
oGl (0) | ogl ocl ol 00l 06 o8 oL 09 (0] oPv

s
e
Py

\O\C\
7 |/
\\
/

G\ S3edYI2A0 21 \ /

%1y £ /

s3e24I9A0 07 \

/ /

/

%0%
IY L°Lel
83e9YaAA0 27

129
90"

. va 80°
\Q\ 1y w.mm .\ /|

ot
a1 9 °gel / /

7 1 I
§3893 [BWIOU J
woIy ejep jo 28uey

1dN
v oole v .
0002 u] 91
oosl| o
1o
1 81"
& ainjpiadwa] paysanQ

oe-

ui/ u ‘uoypBbuolz



34

*9AIND YOBO I0J PO3}BIIPUI
sanjdnr je uorjeSuoie pue 21n3dni IOJ SWIT] ‘S}BOYISAO JO IBQUUINN *S3B9YJISAO0 JO UOT]
-edr[dde yo porrad o3edIpul sjurod PI[OS ‘SUOTITPUOD 393 POIBOTPUT 9y} 103 Aoyre ZG7ZN IO

L€8 3edy xo3 1sd 000 ‘1 PU® ,0091 3® soaInd dosid sarjesedwo) ‘panurjuor) -

"A,0081 O3 Pdo3BOYILA0 $3S9], (D)
1y ~ewi)
oGl ovl ogl ocl Oll OO0l 06 161°] oL 09 og

‘g @2an31 g

(peidnzaajur)
Iy 0 °0g \‘\

$3e24I240 01 \
/A

4
%S?2 \ %8%
1y geL ¢ I \m.o .
s3eOYIOAQ 71 \ \ mudwsuos,O p

ol

/ \ / %8¢
Y Bl

\ \ $1e9yIaAaQ 9

/

el

/ \
/ /

$1593 JEWLIOU J
woxy ejep Jo 28uey

148

gl

8’

o<

ut/ ur ‘uoypbuojz



35

QG

‘9AIND YOBO I0J PojeOdIpUL
sanidna je uoryeSuors pue sinjdni xoy swiry ‘S389YI9A0 JO I9qQWINN ‘S}BOYISAO JO UOT)

-eo1rdde jo porzad sjedtpur sjurod pPI[OS ‘SUOIITPUOD 3893 Po3edTpUT 9y} 10] AOT[® ZG7ZN IO
LE€8 yedy 103 1sd 000 ‘81 PU®B I,0091 3® soaand desad earjeredwo) ponunuoy - ‘g oanfrq

"I,00027 01 Pejeayaaao s3s9], (p)
4 ‘awny
ot ogl ozl ol ool 06 08 oL 09 oS

rd
s/
/

_n\ / \ Y 0°0g
%9% \ S3edYISA0 0]
S
S3IBOYIDAQ §
/ /

%0%
Iy LoLET
$3e9YI2A0 L7

/
\Aumu&shuwucd @O.

%Ed 80"
sreouaonty oo /
Iy
/ ol
/ /
/ /
/ /

/ / 2|
$1593 TRWIIOU 2
woay ejep jo a23uey

128
9l
& . 81"

oe’

ut/ ul ‘uoypBuoly



*3AIND YO®S JIOJ pPojedIpUI
2anjdni je uoryeSuole pue ainjdni I0J SWT} ‘S}BOYISAO JO ISQUWNN °SIBOYIDAO JO UOT]

-eoridde jo porzad ojeorpur sjurod PI[OS *SUOIFIPUOD }S93} POIBDIPUI @Y} I0F AOT[® ZG7ZIN JO

L€8 ey 103 1sd 000 ‘81 PU® I,0091 38 soAaxnd dooaid saryeredwo) ‘popniduon) - °g aanJi g

*A.,0017 O3 Po3eaYISAO 83S9], (9)

36

‘-f— qu.F
oGl 0) ogl oZl oll (0]0]] 06 08 oL 09 oS ob og (074 Ol (0]
\‘\.\ -1 N O.
\c\\\u\c“m\(\q\w\«\
\1\1\ Ve
Ve /]
\ < s
14%h
‘\!\i /
\q\ /
\uy.\ / 90
-\\ \\ \ /
/
\q\ \W \ / / _
%1¥ \ vw / /
9 9 °8¢l 7 Ol
§322YI9A0 07 %\
_ \ / /
%S €
ay $°001 / /
sjeayqIasQ 01
/ \\ 2l
/ /
$3§93 TRUWIIOU J -
wioxy ejep jo a8uey
Pl
v 91
%6%
9 L°Z6
$3e9YI0A0 §
81"

oc’

ut/ ul ‘uoypbuo|y



37

*9AaInd yoes I103 pajedIpur 2anidni je uorjeSuo[s pue sanjdni IOy OWI} ‘SJBOYIDAO JO IDQUUNN
*sjesayroao y0 uoriedridde jo poriad o3edIput sjurod PI[OS “SUOTIIPUOD }SO3} POIBOTIPUTI O] IO0J
AoTr® 267N FO L€8 ey 103 1sd 000 ‘€€ PU® g,0061 3® saaand deoad sarreredwon - ‘9 2an31 g

1y ‘awiny
0S| 0,74 ocl ozl "ol 00l 06 (01°] oL 09 og ot oe 07 Ol 0

\Awo\ooo\ 20’
m@ﬁ \\\\ur\ vo..

Y G °86
§389YI2A0 01 \

\\ 0"
46 .m.ow \l
b z
$3e9YI3A0 0Z n\ MW
— uet ol
. \ . \ 1q 6°GL
g€ Bl %61
§3BaYI9A0 $Z Iy L °9g %L
S§1BOYIDA Iy oTLL
129y 1240 L1 ereoannd L >
< 14N
%8 €
1y 218
oole v
0002 0O .
oosl o ol
JINON 2
=
‘aanjpiadwa) JoaytonQ 8l
I N

ul/ ui ‘uoypBuoly



38

*9AIND Yoes JI0J

pPejedIpur aanjdni je uorjeSuole pue o2Injdni I0J SWT] ‘SJBOYISAO JO ISQUINN ‘SJEIYISAO

3o uonyediidde jo potxad ajed1pur sjurtod PI[OS ‘SUOIJIPUOD }S9) POJEBIIPUIL 93 103 AoyTe
ZSZW FO 8Z-1H 3edY 1oy 1sd 000 ‘07 PU® d,0091 3® sa2a1nd dooid sarjeredwon - *; sanfrg

ay ‘aunj
ole] ovl o€l ozl ol 00l 06 08 oL 09 oS ot o€ oz ol 0
ﬁ%\ﬁ%
o
u\ﬂm\ \o\ rd \ooo\ 0
\ \ \ \\ \ 90’
A\ . \ wo.
%95 \
Iy y°zil
1y K.HMM ol
S389YI2A0 01
P1°
0002 m] )
L 008! (0] ol
K ANON O
Iy L .m_mm my .Q‘Mww , mo .
s1eouz940 01 ‘aanjpradws] jpayianQ 8l
; 7 oz

ul/ uy ‘uoypbuoly



39

oGl

*9AIND YOBD I0J]

pajedstpur aanjdni je uorjeSuols pue 2anidni I0J QWII} ‘S}BOYISAO JO ISQUUINN

yo uorjeoridde jo porxad o3edTpUT Ssjurod PI[OS

*S3BOYIDAO

*SUOT}TPUOD 3S93 PO3JeIIPUI 9Yj I0F LOI[e

ZG2ZN 30 87-1H yedY 1oy 1sd 000 ‘¥ PU®B J,0061 38 soaand doosad sarjeredwor) - *g sand1g

%S €
Y € °LE]
s3e9YI940 §1

red

ay ~ewiy
ot ogl ozl Ol 00l 06 o8 oL 09 oS ot og 0oc Ol
: %52
mumvﬂumwwm.\’\l‘!r‘&
%91 \.\I..l\\l-n \.\’\ .\AV\ %8¢
Y €112 | g 9 7°89
$3BaYISA0 0f T.U & \ §3@3YIAQ §

%€

4 9 *I81

83BOYIBA0 Q¢

%S ¥

V\

%Ss2
Iy 1°8¥y
81BOYIAQ 6

¥

a4 Z°601

.
X

/

8389YISA0 11

%y e
1Y 8 %G

{
,

1 83eaYIoAQ L

%827

P

Y 658
$3BaYIDA0 g1

%L €

%2
g %28
§3e9YaaA0 01

L

0002
000
008!
0g9l

INON

1o

oxorpa

,,\w._:_u._oo_Ew 1 IPdYIaAD

[4¢)

122

90°

Q
O

O

N

4N

9l

81’

oc’

ui/ ul ‘uoypBuoly



40

o ...
, -

o

A
8
!
'f}@

(6]
O

%

>

e -

s e d e ENe By
. N .

2 LEe o
Lo e e s s Dl T
e e e B

x e e
L e e e

M e P
« i »
et T ey x«&w e

s X 5

B P g VAT

e e e nlt s
. F 5 e e e

SR Gt neT e e, Deel el R e L R e R

waoer Dlnel B0 e o i R e

R »

e e s
o I by e A it e ol e
T % S ot 2 v
(s - o .
5e 0 e Y o, s et .
W e - Faeh nw} v = wu\;ﬂ.&&&@ :
Yasoent lenwin N e T .

. T e

& -
L w . v
s L a -

.

%

-

b ¢
b L
1o el
e 7

o

o

X1000

X100

-

ated

~tre

as heat

¥

(a) Heat 837

o e

.
.

000 psi.

¥

at 1600°F and 18

ing

test

(b} Heat 837 after rupture

Interrupted at 50, 0 hours.

Figure 9, - Microstructures of MZ252 heats after heat treatment and

coon,
*

after rupture testing at 1600°F



41

treated.

1T -28, as heat

at }

(¢} He

iy
.

.

X1000

at 1600°F and

X100

000 psi.

20,

ing

s

oy

['-28 after rupture test

Heat H

(d)

Rupture time, 109.4 hours.

heat

Microstructures of M252 heats after

Figure 9. - Concluded.

treatment and after rupture testing at 1600°F,



42

Rupture time, hr

Overheat Temperature,

°F
O NONE v 1900
o 1650 0O 2000
o 1800 & 2100
150
140 7.y
e //D
130 ~ -
L~
L A
120 d
<.~ 'T/
1o P =
L’ 'Z}’
~1 -
100 /3
g /67,/ - )r'
90 g NORMAL
i RANGE
8
(o] o \\.\'80\0"#— l
ol o TTTTTT o Lol L] |
70
60 =
(¢] 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Number of two-minute overheats
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(b) Heat 837 tested at 1500°F and 33,000 psi,

Figure 10. - Effect of number of overheats on the rupture time of M252

alloy for the overheat temperatures and base conditions indicated.
Overheats were of two minutes duration applied every five hours from
the beginning of the test.
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(d) Heat HT-28 tested at 1500°F and 34,000 psi, (Data from ref, 3),

Figure 10. - Concluded. Effect of number of overheats on the rupture
time of M252 alloy for the overheat temperatures and base conditions
indicated. Overheats were of two minutes duration applied every five
hours from the beginning of the test.
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(d) Heat HT-28 tested at 1500°F and 34,000 psi, (Data from ref, 3),

Figure 11. - Effect of number of overheats on the elongation at fracture
of M252 alloy for the overheat temperatures and base conditions indi-
cated. Overheats were of two minutes duration applied every five hours
from the beginning of the test.
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Figure 12. - Curves of stress against rupture time at 1500° and 1600°F

from normal rupture tests on the heat of Inconel 700 alloy used in the

investigation, showing at the stresses used for the overheat tests, the
ranges in rupture times predicted by the available data. (See text for
explanation of range at 1500°F.)
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Figure 13. - Rupture time against elongation at fracture for tests on

Inconel 700 alloy at 1600°F and 29, 000 psi under the indicated test

conditions.

Specimen numbers indicated for each point.
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Figure 14. - Comparative creep curves at 1600°F and 29, 000 psi for Inconel 700 alloy for
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(a) Tests at 1600°F and 29, 000 psi.
Figure 17. - Effect of number of overheats on the rupture time of Inconel

700 alloy for the overheat temperatures and base conditions indicated.
Overheats were of two minutes duration applied every five hours from
the beginning of the test. Bar number indicated for each overheat test.
Overheat results compared to normal test from same bar wherever
possible,
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(b) Tests at 1500°F and 43,000 psi.

(Values for normal tests estimated. )

Figure 17. - Concluded. Effect of number of overheats on the rupture
time of Inconel 700 alloy for the overheat temperatures and base con-
ditions indicated. Overheats were of two minutes duration applied
every five hours from the beginning of the test. Bar number indicated

for each overheat test. Overheat

results compared to normal test

from same bar wherever possible.
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(a) Tests at 1600°F and 29, 000 psi.

Figure 18, - Effect of number of overheats on the elongation at fracture
of Inconel 700 alloy for the overheat temperatures and base conditions
indicated. Overheats were of two minutes duration applied every five
hours from the beginning of the test. Bar number indicated for each
overheat test. Overheat results compared to normal test from same
bar wherever possible.
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(b) Tests at 1500°F and 43, 000 psi. (Values for normal tests estimated.)

Figure 18. - Concluded. Effect of number of overheats on the elongation
at fracture of Inconel 700 alloy for the overheat temperatures and base
conditions indicated. Overheats were of two minutes duration applied
every five hours from the beginning of the test. Bar number indicated
for each overheat test. Overheat results compared to normal test
from same bar wherever possible.












