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SUMMARY

An investigation of overheating HS-31 alloy to temperatures of 1,6500,
1,800, 1,900°, and 2,000° F during the course of rupture tests at 1,500° F
was carried out. The overheatlng was applied periodically for 2 minutes
in most of the tests. The intent was to develop basic information on the
effect of overheats on creep-rupture properties in order to assist in the
evaluation of damage from overheats during gas-turbine operation.

Overheating reduces rupture life both through alteration of the
internal structure of the alloy and, 1f stress is present during an over-
heat, by accelerated creep at the higher temperature. Such reduction in
rupture life increases with the temperature and duration of overheating.
Loss in rupture life by structural alteration was negligible at 1,650° F,
but two overheats to 2,000° F of 2-minute duration in the absence of
stress reduced life at 1,500° F by about 40 percent. Apparently, the
total damage, if stress 1s present during overheats, 1s the sum of the
structural change effect from temperature plus the percentage of the
total rupture life at the overheat temperature represented by the time
at the overheat temperature under stress. Because of the pronounced
increase in creep rate with temperature, overheating in the presence of
stress can use up rupture life at a very rapid rate. Thus even a rela-
tively low stress can introduce far more damage than the structural
changes induced by the overheating.

While the reduction in rupture time at 1,5000 F due to temperature-
induced structural changes can be large, the corresponding reduction in
stress for rupture in a specific time is considerably smaller on a per-
centage baslis. From this viewpoint, major reductions in rupture strength
due to overheating arise only when sufficient stress 1s present during
an overheat to use up substantial amounts of rupture life by accelerated
creep. This indicates that in the absence of substantial creep during
overheating other sources of damage, such as thermal shock, will usually
be the important causes of damage.
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INTRODUCTION

An investigation was carried out to evaluate the effects of brief
overheats to temperatures of 1,650°, 1,800°, 1,900°, and 2,000° F on the
creep-rupture properties at 1,500° F of HS-31 alloy (also known as
X-40 alloy). The objective of the investigation was to obtain basic
information on the changes in creep-rupture properties of the alloy due
to overheating which might occur during jet-engine operation.

The effects of overheating were evaluated 1n terms of the changes
in creep-rupture characteristics at 1,500° F under stresses within the
range of rupture strengths of the HS-31 alloy for about 100 to 700 hours.
The possible damage from overheating was considered to include internal
metal structure changes induced by exposure to the higher temperatures
and loss in life by creep if stress was present during the overheats.
Temperature damage was evaluated by starting tests at 1,500o F and then
periodically overheating with the stress removed during the overheat
periods. ©Stress damage during overheats was evaluated by leaving stress
on the specimens during the overheats.

Overheat periods were predominately 2 minutes in duration and were
applied cyclically at approximately 5- or l2-hour intervals. These
schedules were adopted to provide the most useful general results after
consideration by the Subcommittee on Power-Plant Materials of the
National Advisory Committee for Aeronautics of the variable conditions
under which overheating could occur in jet-engine service. It should
be clearly recognized that the intent was to develop general principles
and not to evaluate the specific conditions of overheating which can
occur in a specific Jjet engine. The investigation was also limited to
the effects on creep-rupture properties. The overheat conditions did
not include the effects of differential restrained expansion (thermal
shock) or the possible effects on such other properties as fatigue
strength and corrosion resistance.

This investigation was carried out by the Engineering Research
Institute of the University of Michigan under the sponsorship and with
the financial assistance of the NACA. It was part of a general research
investigation studying metallurgical factors involved in the use of heat-
resistant alloys in aircraft propulsion systems.

PROCEDURE

Overheating can be expected to have two main effects on creep-rupture
life at some lower nominal temperature:
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(l) Change of creep-rupture life due to the exposure to a higher
temperature changing the internal structure of the metal.
This effect is designated "temperature damage" in subsequent
discussions.

(2) Acceleration of creep when the temperature is increased in the
presence of stress, subsequently referred to as "stress
damage."

In addition, the cyclic removal and respplication of the stress
during the overheat experiments in the absence of stress could alter the
creep-rupture characteristics. The influence of overheats could also be
expected to vary depending on the stress level and rupture time at the
nominal test temperature. In consideration of these factors, the fol-
lowing general experimental program was established.

Determination of Temperature Damage From Overheating
in Absence of Stress

The basic measurement in the determination of temperature damage
from overheating in the absence of stress was the effect on rupture time
of repeated cyclic overheats to 1,650°, 1,800°, 1,900°, and 2,000° F
until rupture occurred. For tests under 23,000 psi at 1,500o F (rupture
in 680 hours) the load was removed and an overheat applied twice daily.
For tests under 27,500 psi at 1,500° F (rupture in 94 hours) the overheats
were applied every 5 hours.

Overheating in Presence of Stress to Establish Stress Damage
The data on stress and rupture times presented later 1ndicate the

following rupture times at the overheat temperatures under the stresses
selected:

Normal rupture Rupture time, hr, at overheat
St;:is, time at 1,500° T, temperature, °F, of -
+ 1,650 | 1,800 | 1,900 | 2,000
ES, 500 >10,000 170 515 0.5 Sat 3
23,000 680 T8 .31 B > & >m
2k, 000 420 5.2 2k T & >
27,500 ok A iy o By Yo &>

8T tensile strength.
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These data make 1t clear that overheating to 1,800° F or higher under
stresses of 23,000 psl or greater would elther use up an excessively
large proportion of the available 1life or actually result in rupture due
to the stress being at or above the tensile strength. Conslderation of
this problem resulted in the adoption of a restricted test program
designed to determine whether the combination of the temperature damage
with the percent of available life used up at the overheat temperature
could be used to predict rupture time.

After completion of a few preliminary tests 1t was decided to
restrict testing to 1,800° F and to complete sufficient tests to estab-
1ish the extent of the scatter band inherent in the cast specimens used.
In addition, it was decided to adopt 500 hours as the nominal rupture
time at 1,500° F. Data avallable at that time indicated the required
stress to be 24,000 psi. In order to obtain a significant amount of
stress damage, it was considered that about 30 percent of the availlable
life at 1,800° F should be used up by the overheating. The stress
selected for this purpose was determined in the following way:

(a) Reducing the rupture life at 1,500° F by 30 percent during the
overheats would, in the absence of any other effect, reduce the rupture
time to 350 hours.

(p) With the overheat schedule used there would be 29 overheats in
350 hours with a total time at 1,800° F of 58 minutes.

(¢) For 58 minutes at 1,800° F to be 30 percent of the available
life, the overheat stress selected had to cause rupture in 58/0.3 or
193 minutes. The data indicated that a stress of 15,500 psi would
cause rupture in 193 minutes and this stress was therefore used during
the overheats.

Subsequent more extensive testing indlicated that the average rup-
ture time at 1,500° F under 24,000 psi was 420 hours. This, together
with the temperature-cycling damage expected, served to reduce the number
of overheats actually obtained to a value somewhat less than that ini-
tlally expected, with a corresponding decrease in the amount of damage
obtained due to the presence of stress during the overheats.

The curves of stress against rupture time for tests at constant
loads and constant temperatures were all established by the usual prac-
tice of bringing the specimen to temperature in the furnace, adjusting
the temperature, and then loading. This involved several hours of
heating prior to loading. A few tests were run 1n which the tempera-
ture was attalned by resistance heating to see i1f this altered the short-
time, high-temperature rupture characteristics.
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MATERTAL

The material for this investigatlon was supplied gratis by the
Haynes Stellite Co. in the form of cast test bars from master heat 1093%.
The test bars were precision investment cast as 0.245-inch-diameter by

l-inch-gage-length specimens.

The bars were cast into 12 molds and separated by mold number for
testing. The analysis of this heat was reported to be as follows:

Chemical composition,

welght percent

C Mn Si

P S Cr

Ni

Co

W

Fe

©LHONEEEHDL] O 2

0.016 | 0.008| 25.89

10.52 | Balance

150

1225

In addition to the carbon content of the heat reported above, the fol-
lowing carbon contents were reported for each mold:

Mold Carbon, weight Mold Carbon, weight

percent percent
it 0.50 i QL1
- .51 8 .51
2 49 9 53
i 55 10 D2
5 .52 1% 52
6 .48 12 55

The specimens were tested as cast and exhibited the following
average rupture strengths in comparison with published values for the

alloy:

Time for rupture,

Average strength for
experimental material,

Range of strengths reported

for alloy (ref. 1), psi

o psi
100 27,300 20,500 to 36,000
1,000 22,200 11,500 to 26,000
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EXPERIMENTAL TECHNIQUES

Testing Equipment

The creep-rupture testing was carried out in conventional beam-
loaded creep-rupture units. Each sample was accurately measured before
testing. Time-elongation data were taken during the tests by a method
in which movement of the beam was related to the extension of the speci-
men. The sensitivity of this method is +0.0003 inch. The units were
equipped with automatically controlled resistance furnaces. Temperature
variations along the gage length were held to +3° F. For all tests the
furnaces were turned on and allowed to come to temperature overnight.
The specimens were then placed in the hot furnace, brought on tempera-
ture, and loaded within a maximum of 4 hours.

For overheat tests, the conventional units were modified to permit
resistance heating of the specimens by passing heavy direct current
through the sample. A LOO-ampere, direct-current generator was used as
a power supply. In order to avold disturbing the specimen 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 specimen holders before
the test was started. Then, for overheating, it was necessary to attach
the power supply leads to only the terminal blocks, completing the cir-
cuit to the generator field switch. The top specimen holder was insu-
lated 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.

In order to follow the temperature accurately during an overheat,
a welding technique (ref. 2) was employed using Chromel-Alumel thermo-
couples and an electronic indicating potentiometer. A schematic sketch
of thils arrangement 1s shown as figure 2. Temperature measurement was
complicated by two factors. In order to follow the rapidly changing
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 the thermo-
couple bead in contact with 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
indicator as a temperature effect. To avoid this, two Alumel wires were
employed, one deliberately placed on either side of the single Chromel
wire. By connecting these two Alumel wires to the extremes of a variable
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resistance, the variable tap could be adjusted so that the two electro-
motive forces obtained cancelled each other, leaving only the thermal
electromotive force impressed on the indicator.

Checks were made of the original calibration and the maintenance of

calibration of the thermocouples. The system used gave accurate tempera-

ture measurements as installed. The cyclic overheats did not change the
callbration by any more than 1° F at any of the temperatures.

Overheating Procedure

This investigation included three types of overheats: Overheats
before testing, overheats in the absence of stress, and overheats in the
presence of stress. Each type required a different procedure involving
the equipment described above.

Overheats before testing.- Overheatlng before testing was done 1n
two ways depending on the duration and temperature of overheating. The
procedures used were as follows:

(1) Tests overheated to 1,600° F for long time periods were loaded
in the creep furnace exactly as for a creep-rupture test. After being
brought on temperature at 1,500° F, the furnace temperature was raised
rapldly to 1,600° F, held for the desired time period, and then cooled
to 1,500° F. The load was then applied and the test run to rupture.

(2) Samples overheated to 1,600° F for short time periods and all
samples overheated to 1,800°, 1,900°, and 2,000° F before testing were
prepared in the following msnner. A thermocouple was attached to each
sample. A heat-treating furnace was brought on temperature and held to
assure equilibrium. The samples were then placed in the furnace and
the time counted from the point at which the temperature indicated by
the attached thermocouple reached 10° F below the desired temperature.
Following completion of the required time at temperature, the speclmens
were removed from the furnace and ailr-cooled. They were then set up
and the test run as a standard creep-rupture test.

Overheats in absence of stress.- All overheating done in the absence

of stress was of a cyclic nature where the described cycle was repeated
a predetermined number of times. For these tests the specimens were

prepared with a thermocouple welded at the center as described previously

and an additional thermocouple mechanically attached at each end of the
reduced section for checks on temperature distribution along the gage
length. They were placed in the creep furnace and started exactly as
in a normal creep-rupture test except that the short power leads were
attached to the specimen holders before stressing. Then, after the
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completion of the desired time period before the first overheat, the
following procedure was followed in performing an overheat:

(1) The temperature was checked and an elongation reading was made.
At this time, the power leads from the generator were attached to the
unit and the welded thermocouple was connected to the indicating
potentiometer.

(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 40O amperes to the
specimen. When the desired overheat temperature was attained, the gener-

ator output was reduced to a value just sufficient to maintaln temperature.

(4) At the end of the established cycle duration, the power supply
was cut off and the specimen allowed to cool. No forced cooling was
employed other than that supplied by having allowed the furnace tempera-
ture to fall below 1,500° F when the input was reduced in step (3).

(5) The load was reapplied when the temperature reached 1,5100 F.

Because of the asymptotic approach of the specimen temperature to 1,500° F,

it was difficult to establish this temperature at any constant time. The
time to reach 1,510o F was nearly constant. The furnace input was then
manipulated to bring the temperature on at 1,500O F as soon as possible.

(6) When temperature equilibrium was reestablished at 1,500° F,
elongation measurements were taken agaln and the test continued to the
next cycle. In plotting the time-elongation data, this reading after
reapplication of the load was assumed to be at the same total deforma-
tion as the readling taken Jjust prior to removal of the load at the
beginning of the cycle.

(7) Typical time-temperature changes for overheats of 2 minutes to
each of the temperatures used are shown in figure 3.

Overheats in presence of stress.- With a few exceptions in technique,
tests of specimens overheated in the presence of stress were performed
exactly as were the ones where stress was absent during overheats. The
main difference was the omission of the steps involving removal and
reapplication of the load. Deformation measurements were made before
each cycle and agaln after equilibrium was reestablished at %, 300 F 4o
measure the deformation which occurred during each overheat cycle.
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Metallurgical Studies

As an aid 1n evaluating the cause of the observed effects of over-
heating, microstructural examination of the test samples was used. Longl-
tudinal sections of the fractured samples were cut from the gage length
at the fracture. These were mounted and mechanically polished after
grinding the cut surfaces to remove any cold-work left by the cutoff
operation. The polished surface was then etched electrolytically and
examined at magnifications of 100 and 500 dlameters.

RESULTS AND DISCUSSION

The test results indicate a definite reduction in the 1,500° F
rupture life of HS-31 alloy due to overheat temperature effects, as
well as loss 1n life due to the presence of stress during overheating.

Rupture Properties of Test Material

The primary evaluation of overheat effects had to be based on
changes in rupture time as a result of overheating. The basic rupture-
time data for tests without overheats are given 1n table I and shown as
curves of stress agalnst rupture time by figures 4 and 5. These tests
were run to establish the rupture tines under the various stresses and
temperatures used in the investigation.

Because of the scatter in results from duplicate tests exhibited
by the cast samples used, an attempt was made to determine the magnitude
of this varlation by running several tests at each stress to establish
an approximate scatter band. The data from tests at 1,500° and 1,800° F
are plotted as figure 5 and the estimated bands indicated. The ranges
in rupture times at 1,500° F for the three stresses used are also shown.

For tests in which all stress was removed during the overheat cycle,
the original intent was to use stresses at 1,500o F which would normally
cause rupture in 100 and 1,000 hours. The stresses actually used were
selected before the scatter was completely established, hence the aver-
age rupture times are not exactly as 1intended.

Overheating in Absence of Stress

Overheats to 1,650°, 1,800°, 1,900°, and 2,000° F were conducted
in the absence of stress. Stresses of both 23,000 (stress for rupture
in 680 hours) and 27,500 psi (stress for rupture in 94 hours) were used
at 1,5000 F. The load was removed and the specimens overheated for
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2 mlnutes, cooled back to 1,500° F, and reloaded every 12 hours for the
tests under 23,000 psi. For the 27,500-psi tests, the overheats were
applied every 5 hours. Tests were also carried out for material over-
heated before testing. Load cycling without temperature change at 1,500o F
was also studied to learn how much effect the periodic removal and reappli-
cation of the load had on rupture time.

In addition to the changes in rupture time due to overheating, infor-
mation was obtained on 1its effect on elongation in the rupture tests and
on creep characteristics.

Effect on rupture life at 1,500° F of overheating in absence of
stress.- The data for overheating in the absence of stress are given
in table II and plotted in figures 6 to 8. The data show that when the
stress is periodically removed from HS-31 alloy during a rupture test at
1,500o F and the specimen heated briefly to a higher temperature, cooled
back to 1,500° F, and restressed, there is a reduction in rupture life
at 1,5000 F in comparison with that obtalned in the usual test at con-
stant load and constant temperature. The extent by which rupture life
was reduced was a function of the conditions under which the overheating
oceurred:

(1) For specimens overheated perlodically throughout their 1life
(fig. 6) the degree of reduction in life increased with the temperature
of overheating. Overheating to 1,6500 F had little effect on the rupture
time, but as temperature was increased the effect became much more pro-
nounced. There was also an apparent lncrease in the slope of the curve
of stress against rupture time as overheating temperature was increased.

The most realistic way to consider these data 1is through the effect
of increasing the overheat temperature on the stress for rupture in 100
and 1,000 hours. Continuous cycling to fallure using tne schedules out-
lined above gives the following values:

Stress for rupture, psi,
Grearhicat at 1,5000 F in -
temperature,

100 hr 1,000 hr
None 27,300 22,200
1,650 26,800 21,500
1,800 26,000 19,100
1,900 2k, 800 18,600
2,000 23,600 17,000

v
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These figures represent the effect of continued overheating until rup-
ture, the maximum effect observed. It should also be recognized that
the fixed overheating schedules used in this investigation limited the
number of overheats which could be applied in a given time period.
Undoubtedly, the frequency of overheating would affect the results shown
above. Also, lesser amounts of overheating would have reduced life less.

(2) For every temperature of overheating the amount of reduction in
life increased as the temperature and number of overheats applied became
greater. The intermediate polnts on figures 7 and 8 represent tests in
which overheating was stopped at the indicated accumulated overheat time
and the tests allowed to continue to rupture at constant load and tempera-
ture without interruption. The test conditions for this generality should
be kept in mind since the schedule of overheating in relation to the test
duration may influence the results. The tests on which this generallty
was based were those where the materials were overheated with the 5- or
12-hour cycles beginning at the start of the test.

(3) For any one temperature of overheating, the percentage of dam-
age for a given amount of overheating appeared to vary depending on the
stress used at 1,500° F between overheats. Up to 1,900° F (figs. 7(a),
7(b), and 7(c)), overheating appeared to reduce life a larger percentage
in tests run at 27,500 psi. At 2,000° F (fig. 7(d)) this trend reversed,
with the tests at 23,000 psi showing greater percentage damage. The
limited nature of the data and the scatter existent in the samples makes
possible only a qualitative evaluation of this effect.

(4) The effect on rupture time for the first few overheats is not
well established. The rupture life was reduced more for a given small

amount of overheating as the temperature was raised to 1,900° and 2,OOOO 15

For overheating to 1,6500 and 1,800O F there was an apparent increase in
rupture time for a few overheats. This effect was not great and could
easily result from normal specimen variability. Two overheats of 2-minute
duration reduced the rupture time at 1,500° F and 23,000-psi stress as
follows:

Overheat Rupture time at
temperature, °F l,500° B he
None 8680
1,650 760
1,800 750
1,900 eL5
2,000 340

@Normal rupture test.
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(5) One test each was run at 1,800° and 1,900° F in which approxi- - }
mately 150 hours were allowed to elapse at 23,000 psi and 1,500° F before ;
the first overheat. Two-minute overheats were then applied using the r
l2-hour cycle to a total of four overheats at 1,800° F and five over- g j
heats at 1,900° F. Following the last cycle, the tests were allowed to
proceed to rupture at constant load and temperature. Both of these tests
showed greater damage (figs. 7(b) and 7(c)) than tests receiving the same |
number of overheats at the start of the test.
|
|
|
|
r
{
{
r
r

(6) The data obtained on material preheated to the overheat tempera-
ture and then rupture-tested in a normal fashion are presented in table III
and are plotted for comparison in figure 8 with the data from cyclic over-
heats. In general, the response to preheating was very erratic and diffi-
cult to interpret. All but four of the tests showed some reduction in
life as a result of preheating. Of the four which showed an lncrease in
life, one was preheated for 5 minutes to 2,0000 F and gave a rupture time
118 percent of normal at 23,000 psi. Two samples were preheated to
1,800° F for 20 minutes and then tested at 27,500 psl and at 23,000 psi.
The sample tested at 27,500 ruptured in 190 hours which was 203 percent
of normal while that tested at 23,000 fractured in 355 hours, or 52 per-
cent of normal. There does not seem to be any apparent way to account
for this difference other than specimen variation. Two others were pre-
heated to 1,600° F for 4 hours before testing. They broke at 110 and
121 percent of the average normal rupture time. This may indicate some
improvement in life from aging at a relatively low temperature prior to
testing although neither test differed significantly from the actual
average time when compared with normal scatter.

The results of the remainder of the tests fall in figure 8 in a
rather erratic way. While longer preheat times generally resulted in
shorter rupture times, the effect of temperature is not readily evaluated.
For example, preheating to 2,000° F did not appear to cause any more dam-
age than preheating to 1,900° F for the same time, while one of the pre-
heats to 1,800° F indicated more damage than preheats to either 1,900°
or 2,000° F for the same time.

On the whole, the data for preheating are not in sufficient quantity
to define the actual effects. They do, however, show that preheating
did not provide a measure of the damage which was induced by repeated
cyclic heating to any of the temperatures considered.

|
|
|
|
|
|
\
\
{
{
[
r
|
(7) In all of the above tests the load was cycled as well as the :
temperature, introducing the possibllity that the cycling of stress |
alone could have had an effect on rupture time. Two tests at 23,000 psi :
were run in which the load was cycled at constant temperature with the |
same frequency as the overheat cycles at this stress. The results of }
these tests (table II) indicate no measurable effect on HS-31 alloy of -
cyclically removing the load alone. {
|

|

|

|

|

r

!

/

|

|

/

J
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The apparent consistent decrease in rupture time with increased
temperature and amount of overheating indicates that there 1s a real
temperature damage from overheating. This 1s considered significant
even though the overall scatter in the normal rupture data (fig. 5)
encompassed the rupture times of the overheated specimens.

Effect on elongation of overheating in absence of stress.- Measure-
ments of total elongation at fracture are included in the respective
tables for each type of overheating. Figures 9(a) and 9(b) show these
data for cyclic overheating in the absence of stress and for preheating
for tests at 23,000 and 27,500 psi, respectively, compared with the
range of values obtained from normal rupture tests at each stress. The
following generalities are indicated:

(1) The tests of specimens cyclically overheated to temperatures
from 1,650° to 2,000° F exhibited the following trends:

(a) For all temperatures of overheating, elongation was on
the high side of or above the band of values obtalned from normal
rupture tests at elther stress.

(b) As the amount of accumulated overheat time at 1,800° or
1,900° F increased for tests under 23,000 psi, there was an increase
in elongation. Overheating to 2,000° F at this stress resulted in
nearly the same elongation for all values of accumulated time.

(¢) For tests at 27,500 psil, no definite trend was well estab-
lished. Only two tests were run at each temperature giving insuffi-
cient data on which to base any exact conclusions.

(2) For the tests on material preheated to the overheat temperatures
and then tested at 1,500° F, an increase in elongation appeared to result.
The only exception to this generallty were the two tests preheated for
20 minutes to 1,800O F. This condition resulted in abnormally low elon-
gation at both testing stresses. Longer preheating to 1,800° F again
resulted in an elongation above that for normal rupture tests at

23,000 psi.

Effect on creep curves of overheating in absence of stress.- Creep
data were taken for all tests. The time-elongation plots of these data
are presented in figures 10 to 12. In figure 10 for the overheat curves,
every point plotted represents an overheat. In figures 11 and 12 the
points noted in the key as overheats represent the measurements taken
before and after one overheat cycle. Polnts noted as standard creep
readings are routine measurements taken after overheating was discon-
tinued or before overheating was begun. From consideration of these
figures, the following generalities can be made:
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(1) For cyclic overheating continuously to failure from the
beginning of the test (fig. 10), creep was accelerated, with the degree
of acceleration increasing as the overheat temperature increased from
1,6500 to 2,000° F. This generality was influenced by stress level in
the following way:

- (a) A normal creep-rupture test at 23,000 psi (fig. 10(a))
showed a period of fairly high initial creep rate which continued
to about 2-percent deformation and then gradually leveled off so
that by 300 hours the creep rate was relatively low. The test
shown on which the load was cycled every 12 hours with temperature
held constant at 1, 500° F exhibited a shorter period of first-stage
creep which gradually leveled off into a higher second-stage creep
rate than that for a normal creep-rupture test. The creep curves for
overheated samples deviated progressively from the load-cycle curve
as overheat temperature was increased, indicating that load cycling
may have had an effect on the shape of the creep curve although rup-
ture time was not affected.

The curves for samples overheated to 1,650° and 1,800° F show
very little if any second-stage creep with the creep curve showing a
definite inflection point from first-stage directly to third-stage
creep. Overheating to failure at 1,900° or 2,000° F resulted in
essentially identical curves which showed very little decrease in
creep below the initial high first-stage rate.

(b) For overheating under 27,500 psi (fig. 10(b)), the curves
begin to separate almost immediately after the first overheat cycle.
Although no load-cycle test was conducted at this stress the higher
creep rate in the early portion of the standard creep curve suggests
that, as was the case for testing under 23,000 psi, load cycling
might have resulted 1n somewhat lower creep with the overheat curves
deviating progressively from this base line. The creep curves at
all temperatures showed both first- and third-stage creep with very
11ttle, 1f any, secondary creep.

(2) Consideration of the creep curves for limited overheating from
the start of the test (fig. 11) leads to the following generalities:

(a) For tests run at 23,000 psi (figs. 11(a), 11(c), 11l(e),
and 11(g)) the creep progressed until overheating was discontinued
as it did for the test which was overheated to fallure. After over-
heats were stopped, the creep rate decreased in every case to a
value between that for no overheats and that for overheatlng to
failure. Where only very few cycles were applied the creep rate
was close to that for no overheats and deviated progressively as
more overheating was applied at any of the four temperatures.
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(b) For tests at 27,500 psi, limited overheating produced the
creep curves shown in figures 11(b), 11(d), 11(f), end 11(h). 1In
general, the creep rate decreased when overheating was discontinued
early in the test life. If, however, the overheats were continued
for a sufficlent time, the creep rate remained essentially unchanged
after overheating was stopped. This critical time appeared to be
that at which total deformation equalled the elongation of a standard
creep-rupture test which had reached second-stage creep.

(3) Delaying the first cycle of a limited number of overheats appears
to result in greater reduction of creep resistance than does the same num-
ber of overheats at the beginning of a test (figs. 11l(c) and 11(e)). The
two tests completed at 23,000 psi under such conditions indicate the fol-
lowing sequence of events:

(a) Creep proceeded to the point of the initial cycle as 1ndi-
cated by normal constant-temperature tests.

(p) During the overheating, the creep rate accelerated to
approximately the same rate as in a continuously overheated test
at the same total deformation.

(¢) After stopping the overheats, the creep rate decreased
below that for continuous overheating but appeared to remain higher
than that of a test which recelved approximately the same amount of
overheating from the beginning of the test.

It appears that delay of the first cycle beyond the beginning of
second-stage creep prevents the recurrence of a period of decreasing
creep rate after overheating is stopped and results in a higher creep
rate than overheating the same amount at the start of the test. It
should be kept in mind, however, that the greater damage from delayed
overheating reflected by the few tests completed in this investigation
is also a result of the extent of the delay of the first cycle. Delayed
overheats can only affect that fraction of the rupture life which is left
when overheating 1s initiated. If most of the life has been used up by
creep before starting the overheat cycles, the resultant damage could not
be so severe as an equlvalent amount of overheating either at the start
of testing or earlier in the 1life of the test.

(k) Heating to the overheat temperatures before starting the tests
had the same relative effect as was noted in the tests for the rupture
times under these conditions. Figures 12(a) and 12(b) show the creep
curves for these tests at 23,000 and 27,500 psi, respectively, and indi-
cate the following results:

(a) At 23,000 psi both tests preheated to 1,600° F showed
shorter periods of first-stage creep than did a standard
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creep-rupture test although theilr ultimate constant creep rate was
essentially the same. Most of the other tests showed larger defor-
mations during primasry creep than that of a normasl creep-rupture
test and resulted in curves which were essentially similar. Two
exceptions to this generality exist which may be due in part to
scatter in the data. The sample which was preheated for 5 minutes
to 2,000° F showed a lower second-stage creep rate than any of the
other samples overheated to 1,800° F or above. The test on material
preheated 40 minutes at 1,800° F, on the other hand, showed a very
high creep rate throughout its life with practically no secondary
creep at all.

(b) Two samples were tested at 27,500 psi after preheating
(fig. 12(b)). The sample preheated 40 minutes at 1,800° F was
treated identically with the one tested at 23,000 psi described
above. In this case, however, the resulting creep rate was con-
siderably below that for a normal creep-rupture test throughout.
There is not any apparent reason for this wide discrepancy in
behavior. The sample preheated to 1,900° F showed a substantial
increase in creep rate over that of the normal creep test.

Effect on time to reach a given total deformatlion of overheating
in absence of stress.- Figure 13 shows the time to reach a gilven amount
of total deformation as a function of the overheat temperature for tests
which were cycled in the absence of stress every 12 hours until fracture
occurred at 1,5000 F and 23,000 psi. The creep curves from which these
curves were taken are in figure 10(a). The following points may be noted
from flgure 135:

(1) Up to l-percent deformation, overheating had little or no effect
on the time required to obtaln the deformation. For 2-percent deforma-
tion or more the time required to reach any value of deformatlon was
reduced as the overheat temperature increased. There was, however, little
difference in the time required to reach any value of deformation between
1,900° and 2,000° F.

(2) The curve for a total deformation of 6 percent and that repre-
senting the time for rupture are quite close together over the entire
range of temperature and actually merge at around 1,6500 F. 'This reflects
the fact that the total attainable deformation increased with increasing
overheat temperature. That is, rupture occurred at 1,500° F in the test
with load cycling only before 6-percent total deformation had been reached
on the creep curve, while overheating to 1,900° F permitted 6-percent
deformation nearly 100 hours before rupture occurred.

Figure 14 shows the effect of increasing amounts of overheating on
the time required to reach a given total deformation. These curves show
for limited overheating, beginning at the start of the test, that as the



NACA TN 4083 17

number of overheats 1s increased the time to reach deformations above

1 percent 1s reduced. The maximum reduction in this time, under the
fixed overheating schedule employed, was reached when overheating was
continued until the total deformation of interest was reached. As a
result of this fixed schedule, the maximum change in the time required
to reach a given deformation was fixed by the number of overheats that
was possible before this deformation was attained. As the amount of
deformation considered increased, there was time for more overheats and,
therefore, opportunity for a more severe decrease in the time required
to reach this deformation. The straight line sketched in on each plot
at which the curves terminate i1s thus merely a plot of the maximum num-
ber of overheats which could be accumulated at any time under the
schedule which was used. '

The following additional points should be noted regarding the con-
struction of figures 13 and 1h:

(1) Data for these figures were taken from the creep curves of
figures 11(a), 11(c), 11(e), and 11(g) and thus are specifically indic-
ative only of results obtained using the cycles employed for these
tests, that is, one overheat every 12 hours from the start of the test
in the absence of stress, with the stress at 1,5000 F being 23,000 psi.

(2) For many conditions data were not available. In these cases,
the best curve possible was sketched through the existing points, guided
by its relation to the other existing curves around it.

Overheating in Presence of Stress

The purpose of the portion of the overall program devoted to over-
heating in the presence of stress was to determine the way in which the
effect of stress combines with the temperature effects as discussed in
the preceding section to produce a given final test result. The data
from these tests are given as table IV. Creep curves for the tests are
shown in figure 15.

The amount of testing where overheats were conducted 1n the presence
of stress was rather limited and included temperatures up to only
1,800° F. The general approach was to determine 1f the calculated
amount of rupture life used up by creep at the overheat temperature plus
the loss by temperature damage would account for the observed rupture
times. Proof or disproof of this possibility by a few test conditions
with some duplicate tests run to check on variability between samples
was thought to be the best way to develop general principles from the
relatively few tests possible within the limitations of the program.
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Principle of calculation.- In analyzing the data obtalned from these
tests, the following general formula was postulated and applied:

where

to time for rupture in overheat test

tn normal time for rupture under stress used at 1,5000 F

dy reduction in rupture time resulting from temperature damage
during overheats

dg computed reduction in rupture time resulting from presence of

stress at overheat temperature
These factors were evaluated in the following way:

(1) The life lost due to temperature cycling di was estimated

from the measured effects of cyclic overheating in the absence of stress
accumulated in the previous section. Since a cycle of overheating twice

a day was adopted for these tests, the data for overheating in the absence
of stress twice a day were used for this estimation. The actual stress
used at 1,500° F was eilther at the same level as that employed in the
absence of stress (23,000 psi) or slightly higher (24,000 psi) in order
to reduce the testing time required.

(2) The percent of life used up under stress at the overheat tempera-
ture dg was calculated by dividing the total time under stress at the
overheat temperature by the normal rupture time under the stress at the
overheat temperature. This total time was obtalned by summing the num-
ber of 2-minute overheats applied.

The results of these calculations for all tests conducted are sum-
marized in table V and compared with the actual rupture times obtained.

Effect on rupture time of overheating in presence of stress.- Com-
parison of the actual and calculated rupture times in table V shows
rupture times to be within the predicted range of values for all tests
conducted. In no case, however, did the actual rupture time correspond
to the calculated average strength under the conditions used. This could
easily result from sample-to~sample variability which has been shown to
be quite large and which led to the range of predicted times for these
tests. The deviation from the predicted times does not appear to be
random, however, but shows the following trends:
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(1) Overheating to 1,600° or 1,650° F resulted in every case in
rupture times longer than the average predicted from the damage formula
postulated above.

(2) Overheating to 1,8000 F always resulted in & rupture time which
was less than the predicted average.

These uniform deviatlions from the calculated average times suggest
that one or both of the damage factors in the equation used for the cal-
culation 1s influenced by the testing techniques employed in this portion
of the present investigation. Consideration of these two possibilities
leads to the following conclusions:

(1) The stress damage factor dg 1s calculated on the basis of rup-
ture tests run at the overheat temperature. Check tests were run at
1,800° F using the generator to maintain temperature in order to deter-
mine any possible Influence of heating method on the time for rupture.
This work indicated that no significant difference in rupture time from
the normal test results could be measured which resulted from the use of
resistance heating. Further substantiation of this conclusion was
obtalned by the overheat test run at 23,000 psi and overheated cyclically
to 1,800° F under full load until rupture occurred. The conditions of
thlis test were such that the temperature damasge component was small since
the 1ife was used up rapidly by the overheats to 1,800° F. This test
fractured at the polnt that essentially 100 percent of the available
rupture life had been used up by overheating. The stress damage factor,
therefore, appears to be reasonably accurate.

(2) The temperature-cycling damage factor dt 1is evaluated on the

basls of the cyclic overheats 1n the absence of stress which were com-
pleted as the first part of this testing program. The preceding con-
clusions indicate that discrepancies noted in the data from overheats
under stress may be attributable to a change in the response of the
material to temperature cycling in the presence of a stress. The data
indicate that overheating to 1,600° or 1,650° F under stress actually
results in an increase in life, while overheating to 1,800° F for short
times results in much greater damage than was predicted from the over-
heats 1n the absence of stress. Longer times of overheating to 1,800O F
did not show this trend, indicating that the effect of stress 1s not so
great when longer total time of overheating is consldered.

It should be kept in mind, however, that the above conclusions are
based on trends in the data which were less than the differences which
can be attributed to normal scatter, although the consistent deviations
obtained do indicate a positive correlation.
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Effect on creep curves of overheating in presence of stress.- The 4
creep curves from all the overheats under load are presented in figure 15.
The following generalitles can be noted from this figure:

(1) Overheating under the full load to 1,600° or 1,650° F (figs. L5(a)
and 15(b)) caused only small deviations from the curve of a normal creep-
rupture test at the same temperature and stress.

(2) A single overheat to 1,800° F early in the test under the full
load (fig. 15(b)) resulted in 1.5- to 2-percent deformation during the
2-minute overheat. Following the overheat, the creep curve continued
at a rate substantially greater than that for a normal creep test.

(3) Repeated cycling to 1,800° F with the load reduced during the
overheats (fig. 15(c)) also caused a large deviation from the normal
creep curve. The effect became noticeable after the first few cycles
and increased in magnitude as more cycles were applied.

Microstructural Effects -

Samples representing the extremes of all conditions of testing and
overheating used in this investigation were selected for metallographic
presentation. These structures are shown in figures 16 to 20 and indicate
the following general conclusions:

(1) Figures 16 and 17 show the effect on the cast structure of
rupture-testing at the temperatures used in this investigation. It can
be seen that for testing at 1,5000 F the precipitation initlates around
the already exlsting massive particles and becomes more dense and widely
spread as the time at 1,500° F increases. Testing at 1,800° and 2,000° F
for the time periods shown apparently results in fewer though larger pre-
clpitate particles.

(2) Cyclic overheating to rupture in the absence of stress with a
stress of 23,000 psi at 1,500° F resulted in shorter total times at
1,500O T as the overheat temperature increased. The microstructure did
not, however, exhibit much change in the amount of precipitation pres-
ent (figs. 18(a) to 18(d)). Overheating to 2,000° F may have resulted
in an increase in the size of the massive carbides. This, however,
could be the result of an initial difference in the amount of massive
carbide between specimens.

(3) Overheating in the absence of stress until rupture occurred at
27,500 psi and 1,500 F involved much less time at 1,5000 F between over-
heat cycles. The structures (figs. 18(e) to 18(h)) exhibited for over-
heating to the higher overheat temperatures appear quite similar to those
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obtained by rupture-testing at these temperatures. This indicates that
the time at the high temperature may have controlled the final resulting

structure.

(4) Preheating to the overheat temperature and then testing at
23,000 psi and 1,5000 F resulted in generally larger precipitate parti-
cles (fig. 19) than in a specimen which had been cyclically overheated
to the same temperature and had received about the same exposure

at 1,500° F.

(5) Microstructures of the four samples which were tested at
24,000 psi and 1,500° F and overheated to 1,800° F under 15,500 psi
twice a day until rupture are shown in figure 20. These pictures point
up the difficulty in msking a quantitative evaluation of structural
changes due to overheating this material. Fairly wide differences
exist from sample to sample even though each received practically identi-
cal trestment. The structures in general agree with those obtained for
overheating to 1,800° F in the absence of stress.

Comparative Effects of Overheating on S-816 and HS-31 Alloy

From the viewpoint of probable response to overheating, HS-31 and
S5-816 alloys are structurally similar. The qualitative influence of
overheating on S-8l6 alloy (ref. 3) was comparable in most respects with
that obtained in this investigation, as would be expected from this simi-
larity. Both are austenitic essentially cobalt base alloys which appear
to be mainly dependent for high-temperature strength on solubility of
odd-sized atoms. The major precipitates which form during testing are
M,C and MgC types of carbides. The fact that HS-31 alloy is investment

cast and S-816 alloy 1s wrought does not introduce anything fundamentally
different in their expected response to overheating.

The major difference between the two alloys from the viewpolnt of
possible effects of overheating involves the columbium in 5-816 alloy.
Columbium might be expected to form more stable carbides and nitrides
than the tungsten and chromium.

The two alloys were generally influenced in the same way by over-
heating with the following exceptions:

(1) The major difference between the two alloys was the absence of
an apparent saturation effect in HS-31 alloy beyond which further over-
heating in the absence of stress d1d not cause increased damage. This
occurred in S-816 when overheated to 1,650°, 1,800°, and 2,000° F and
tested under the stress normally causing rupture in 1,000 hours at
1,5000 F. HS-31 alloy, however, was apparently approaching this con-
dition when overheated to 2,000° F (fig. 7(d)).
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(2) In S-816 alloy, when overheats were stopped after the saturation
amount of overheating, there was no decrease in creep rate as the tests
were continued. This was not found in HS-31 alloy, presumably because
there was no saturation effect. The only case where creep rates did not
decrease after a limited number of overheats on HS-31 alloy occurred when
tests at 27,000 psi were overheated until the total deformation attained
exceeded that at which second-stage creep occurred in a normal creep test.

(3) The major structural difference between S-816 and HS-31 alloys
as a result of overheating was the reduction in general precipitation
in 5-816 alloy when overheated to 1,900° and 2,000° F. There was little
evidence of this in HS-31 alloy. Presumably the columbium in S-816 alloy
caused the carbon and nitrogen normally forming general precipitates to
transfer during overheating to the massive columbium carbonitrides in
the structure of S-8l6 alloy. The absence of such a strong carbide
former as columbium in HS-31 alloy apparently prevented this. The
strength data, however, indicate that the formation and agglomeration

of general precipitates was just as effective in reducing the strength
of HS-31 alloy.

Comparison of the relative abilities of S-816 and HS-31 alloys to

- withstand overheating 1s somewhat difficult to present clearly. This

stems mainly from the differences in strength between the two alloys.
Comparisons are somewhat further complicated by the inadvertent differ-
ences in normal rupture times between the two alloys. The slopes of

the stress-rupture time curves were also different, resulting in a varia-
tion between the effect on rupture time and on rupture strength. The
following observations can be made:

(1) Continued cyclic overheating until fracture at 1,500O F with
the stress removed during overheats generally reduced the rupture
strength of HS-31 alloy more than that of $-816 alloy:

Strengths, psi, at
overheat temp., ©F, of -

None 1,650 1,800 1,900 2,000

100-hr rupture strength
HS-31 alloy 27,300 | 26,800 | 26,000 | 24,800 | 23,600
S-816 alloy 21,500 | 21,500 | 20,800 | 20,000 | 18,300

1,000~-hr rupture strength
HS-31 alloy 22,200 | 21,500 | 19,100 | 18,600 | 17,000
5-816 alloy 16,500 | 16,000 | 14,800 | 13,800 | 13,800
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(2) The influence of a limited number of overheats has considerably
more practical significance than the large number of overheats involved
in the data discussed in the preceding paragraph. The percentage loss
in 1ife for the various overheat conditions carried out with the stress
removed during overheats is compared in figure 21 for the two alloys.

For tests overheated every 5 hours, HS-31 alloy was damaged more severely
for all amounts of overheating to temperatures up to 1,9000 F than was
the S-816 alloy. At 2,000° F there appeared to be little significant
difference in the response of the two materials. For tests overheated
every 12 hours, no detectable difference could be observed for overheat
times up to about 5 minutes. Beyond this time, except for overheats to
1,650° F, until saturation was reached S-816 showed greater damage than
HS-31 alloy. After saturation was attained the curves cross and

HS-31 alloy was damaged more severely. It should be clearly recognized
that HS-31 alloy had higher strength than S-816 alloy so that it remalned
stronger even though rupture time was reduced by a greater fraction.

(3) The loss in life from overheating in the presence of stress for
the two alloys is dependent on the relative rates at which rupture life
is used up for the two alloys at the overheat temperatures. The compara-
tive data on stress against rupture time for the two alloys at 1,500° F
and the overheat temperatures are shown by figure 22. The relative posi-
tions of the curves show that as the temperature of overheating is
increased, S-816 falls off more in relative load-carrying ability than
HS-31 alloy. At the short time periods which would be of interest in
overheats, there is little difference between the two alloys at 1,650o RIS
However, HS-31 alloy is as strong at 2,000° F as S-816 alloy is at

1,900° F.

These data have been replotted in figure 23 to show the relative
strengths at specific overheat temperatures. For any given temperature
of overheating, the amount of damage from overheating can be estimated
as the percentage of total time for rupture at the stress operating.
Again this shows that S-816 alloy falls off in ability to withstand
overheating under stress as compared with HS-31 alloy as the tempera-
ture increases and the stress decreases.

(4) The data indicate that for both alloys the total effect of an
overheat can be computed by combining the temperature and stress damages.
S-816 alloy was less susceptible to temperature damage and more suscep-
tible to stress damage than was HS-31 alloy. Thus, for a given amount
of overheating, the net difference of the ability of the two alloys to
withstand overheating will be reduced. However, stress damage 1is so
much larger than temperature damage for any appreciable stress,

HS-31 alloy would better withstand overheating.
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Mechanism of Damage from Overheating

The data show that increasing amounts of overheating and lncreasing
temperature of overheating up to 2,000° F progressively reduce rupture
life at l,500° F. The damage appears to consist of two components:

(1) Demage due to structural alterations as a result of being exposed

to the higher temperatures, and (2) rate at which creep-rupture life is
used up when stress 1s present during an overheat. The only exception
to these generalities was the possible slight increase in rupture life
from limited overheats to 1,650° and 1,800° F in the absence of stress.

The damage due to the presence of stress during an overheat appears
to be simply a case of using up the available rupture life by creep.
The reasonable success obtained in determining rupture life by adding
rupture-life fractions indicates that there is no great difference in
the mechanism by which creep life is used up for HS-31 alloy over the
overheat temperature range considered in the investigation.

The mechanism for temperature damage 1s less certain. From a micro-

structural viewpoint, the alloy mainly showed agglomeration of general
precipitates which form during testing in HS-31 alloy as a result of
overheating. The observed differences were, however, hardly sufficient
to account for the losses in strength measured. In many respects, the
pattern of effects of overheating on strength suggests that an overaging
reactlion of some sort was occurring during the overheats. Experience

in attempting to interpret such effects in heat-resisting alloys strongly

suggests that a submicroscopic strengthening reaction involving inter-
stitial elements such as carbon and nitrogen was destroyed by the over-
heating. The strengthing involved in limited heating to 1,650° or
1,800O F occurred because this overheating helped to age the submicro-
scopic reaction towards an optimum condition.

The possible effects of recovery from strain-hardening cannot be
eliminated as a factor on the basis of the data for HS-31 alloy. In
the case of S-816 alloy (ref. 3) the attainment of saturation beyond
which additional overheating had no effect seemed to eliminate recovery
as much of a factor. The absence of this in HS-31 alloy allows the
possibility of recovery as a factor. Overheating seemed to reduce
creep rate very early in the tests. However, creep rate did not fall
off with time as in a constant-temperature test. The early reduction
in creep rate could not be due to recovery effects. The lack of a
decrease iIn creep rate with time and virtual disappearance of a second-
stage creep could be due to either overaging or recovery or both. As
is the case for 5-816 alloy there is no clear-cut case for recovery,
with the probability that some type of overaging is the predominant
factor.
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Interpretation of Results in Terms of Overheating

in Gas Turbines

2>

In a gas turbine, overheating could occur at any time in the creep-

rupture 1life of the metal.
also be very limited in number.

Presumably, the number of overheats would

The following reasoning then could be
used to analyze the probable effect of any specifilc case:

(1) An overheat early in the life of the turbine could be evaluated
from the data presented in this report.

(2) The longer the service before overheating occurred, the less
the total service life would be affected because only the remaining life

would be changed.

Possibly the remaining life would be reduced by about

the same percentage as is indicated by the data in this report for over-

heating early in the rupture life.

overheats tend to support this possibility.

The little data available on delayed

(3) Limited overheats of 2-minute duration early in creep-rupture
life of HS-31 alloy would reduce life at 1,500° F by temperature damage

as follows:

Rupture time, hr, at 1,500° F
Overheat under stress normally causing
temperature, rupture in indicated time
periods
100 hr 1,000 hr
One 2-mln overheat
1,650 98 1,050
1,800 96 1,030
1,900 5 980
2,000 87 700
Two 2-min overheats
1,650 95 1,120
1,800 92 1,100
1,900 87 950
2,000 T 500
Five 2-min overheats
1,650 87 1,100
1,800 83 155100
1,900 67 850
2,000 5k 280
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It will be noted that one or two overheats have relatively little effect 3
except at 2,000° F. Also, the percentage loss increases with the nominal
rupture time. Thus, if the actual operating stress allowed a normal rup-
ture time of several thousand hours, then the reduction in life would be
more than the percentage indicated by the above figures.

It would seem that the most serious problem from a relatively few
overheats insofar as creep-rupture life is concerned would be a rather

high temperature or the presence of a relatively high stress during an
overheat.

Review of the data suggests that insofar as HS-31 alloy at 1,500O F
1s concerned the probabllity is that a few short-duration overheats would
not in most cases drastically reduce rupture strength. Thus, it is prob-
able that in many cases other effects of overheating, such as thermal
shock damage, will be far more ilmportant than the effects on creep-
rupture properties. .

CONCLUSIONS ~

The following results and conclusions were derived from an investi-
gation of overheating HS-31 alloy to temperatures of 1,650°, 1,800°,
1,9000, and 2,000° F during the course of rupture tests at 1,500° F:

1. Overheating at temperatures up to 2,000° F reduced rupture life
of HS-31 alloy at 1,5000 F. The loss in life increased with both tem-
perature and accumulated time of overheating. The only exception was
some increase in rupture life from limited overheating to 1,600°, 1,650°,
and 1,800° F in the absence of stress.

2. The loss in rupture strength arises from both alteration of the
alloy structure by temperature effects and, 1f stress 1s present, by the
temperature acceleration of creep. When present, apprecilable stress
during overheating would be the predominant source of damage. Even very
brief exposure at 1,800° to 2,000° F under the stresses normally causing
rupture in 100 to 1,000 hours at 1,500° F would either exhaust a large
proportion of the rupture life or cause immediate rupture.

3. Temperature alone can reduce rupture times at 1,500O F to a pro-
nounced extent. Two overheats to 2,000° F of 2-minute duration with
stress removed reduced the rupture time at 1,500° F under 23,000 psi
from an average of 680 hours to 340 hours. The effects were less at
lower temperatures with the reduction from overheating at 1,6500 F
hardly being significant for even a large number of such overheats. -
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4. The combined effects of temperature and creep damage for over-
heating in the presence of stress can be computed reasonably well. The
loss in life from temperature cycling must be added to the loss in life
by creep. Estimation of the temperature damage requires prior measure-
ment of the effect of overheat temperature on rupture time at 1,500° F.
The creep damage can be estimated as the percent of total available
rupture time at the overheat temperature represented by the actual time
at the overheat temperature.

5. Temperature alone induces internal structure changes which
reduce strength at 1,500° F. Two overheats of 2-minute duration reduced
the rupture time at 1,500° F for 23,000 psi as follows:

Overheat Rupture time at
temperature, °F Ly So0S I,
None 8680
1,650 760
1,800 750
1,900 645
2,000 340

aNormal rupture test.

Thus, one or two overheats become significant only when the temperature
is 1,900° F or higher.

6. Microstructural studies indicated that overheating HS-31 alloy
in the temperature range from 1,6500 to 2,000° F resulted in agglomera-
tion of general precipitates which form during testing at 1,500O F.

This agglomeration, however, was not sufficlent to account for the pro-
nounced loss in strength which resulted from overheating for short times
to 2,000° F. This suggests that there is probably a submicroscopic
coherent precipitate containing carbon and/or nitrogen which contributes
to high strength and this is destroyed by the overheating.

7. Repeated cyclic overheats cause the temperature damage to be
more extensive and to occur faster than heating the test material to
the same temperatures before testing. Consequently, overheating before
testing cannot be used to predict temperature damage reliably in
HS-31 alloy.

8. A limited number of overheats at any time during the creep-
rupture life apparently has about the same effect as 1f they were applied
early in the test. Because such overheats can affect only the future
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life after the overheat, the overall loss in life diminishes as over-
Ann Arbor, Mich., June 1, 1956.

heating is delayed toward the end of the rupture test.

University of Michigan,

28



NACA TN 4083 29
REFERENCES

1. Simmons, Ward F., and Cross, Howard C.: The Elevated-Temperature
Properties of Selected Super-Strength Alloys. Special Tech. Pub.
No. 160, A.S.T.M., Aug. 195\ .

2. Miller, B. A., Winward, J. M., and Smith, W. K.: High-Heating-Rate
Strength of Three Heat-Resistant Metals. NAVORD Rep. 2017,
NOTS 670, Naval Ord. Lab., Mar. 16, 1955.

3. Rowe, J. P., and Freemsn, J. W.: Effect of Overheating on Creep-
Rupture Properties of $-816 Alloy at 1,500° F. NACA TN 4081, 1957.



30

TABLE I.- RUPTURE TESTS ON HS-31 ALLOY

NACA TN 4083

Temperature, Stress, Rupture time, Elongation, Reduction of ares,
Op psi hr percent percent
1,500 21,000 1,869 6 3%
23,000 337 6 1
556 8 6
572 5 i §
592 9 2
624 1 ?a)
682 9 a)
80k 10 5
1,075 6 8
24,000 408 " 8
506 4 6
532 8 13
610 8 6
D5 10 11
776 9 5
1,065 ) 5
1,243 - 6
2k,500 258 13 16
27,000 156 10 bl
27,500 7] 19 36
98 19 26
229 10 8
28,000 36 25 43
81 13 25
30,000 31 22 3%
32,000 9.6 28 40
34,000 Tk 27 35
1,600 23,000 37 12 8
bt 10 6
1,650 2k,000 4.5 26 27
6.4 29 22
6.9 16 23
1,800 14,000 12 30 49
14,500 a7 15 16
15,000 3.7 35 36
12 30 20
15,500 3.5 26 30
k.2 32 70
4.5 29 35
4.5 32 43
7.9 27 20
A1k 22 17
23,000 ST 27 Sh
.30 16 46
32 37 56
24,000 .20 22 33
.23 27 3k
.48 19 bay
.13 31 Bizs
1,900 23,000 .03 37 3k
Ol 41 45
2,000 7,500 T.3 31 29
8,000 .9 37 b7
12.6 Ly 17

85pecimen damaged removing from holders.
Dlests run to rupture maintaining temperature by resistance heating.
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TABLE II.- CYCLIC OVERHEATS IN ABSENCE OF

STRESS ON SPECIMENS OF HS-31 ALLOY

[All cycles lasted 2 min]

$Overheat, v 2 (i kil Elongation, | Reduction of area,
EsmEraLnne, e ercent ercent
OF cyciles| Hr: S lEercent p p

©680-hr rupture stress of 23,000 psi
1,500 i ALBa7 1 . s 1k i
250 655 96 10 15
% 1,650 4o | 50k ™ i1 9
2 el 1k 8 5
i 1,800 Saa0 - Liche 25 16 28
14 381 56 15 10
by 1 416 61 12 14
i 805 118 11 9
1,900 #16 | 187 28 16 23
LG e 49 10 14
S 617 91 5 i L
2,000 210 120 18 10 7
5 157 29 10 11
3 225 5 34 6
2. ki 55 10 7

Qk-hr rupture stress of 27,500 psi

1,650 i 78 83 20 18
i 2D 717 i 12
1,800 813 68 T2 18 13
7 61 65 18 i
1,900 %8 42 45 19 11
4 i} 76 22 1
: 2,000 o 35 37 18 8
3 68 T2 15 15

. 80verheating continued until failure.
b 150 hr before first overheat.
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| TABIE III.- TESTS OF PREHEATED SPECIMENS OF HS-31 ALLOY

Preheat conditions Rupture time
‘ Elongation, | Reduction of area,

Temperature, Time, percent percent
min Hr Percent

Tests run at 1,500° F and 23,000 psi

1,600 240 750 110 L 6
2ko 822 121 Y L

1,800 20 355 52 L 10
4o 282 Lo 18 15

1,900 10 534 79 14 9
2,000 5 800 118 9 B §
1 508 e 15 13

Tests run at 1,500° F and 27,500 psi

1,800 20 190 203 i 7

1,900 30 38 e 22 14

\
/
|
|
|
[
[
[
/
}
J
\
\
\
|
|
[
|
J
{ 30 305 L5 10 8
|
\
\
»
|
|
\
\
\
(
!
J
\
\
\
|
!
\
\
\
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TABLE IV.- OVERHEATS UNDER LOAD FOR HS-31 ALLOY

[Unless otherwise noted, all tests run under 24,000 psi
at 1,500° F with 2-min overheat cycles every 12 hr]

Overheat conditions
Number | Rupture | gy ongation, |Reduction of area,
5 Temperature,| Stress, of time, percent percent
: eyeles hr
psi
3 1,600 |®23,000| °1 1,037 ; 7
£1 Sy 8 14
1,650 24,000| 33 411 14 L
1,800 2l 000) 1 167 7 18
i 294 2 18
d 23 000] 9.5 50 21 43
15,5001 13 161 19 L7
15 176 i 12
15 179 1k 8
15 188 17 19

8Test run at 23,000 psi throughout.
bgingle 2-hr cycle delayed 325 hr.
Csingle 2-hr cycle delayed 145 hr.
dTest run at 23,000 psi throughout with overheat cycles every

Dl



TABLE V.- CALCULATION OF RUPTURE TIME FOR HS-31 ALLOY FOR

OVERHEATS IN PRESENCE OF STRESS

2 dy, reduction in rupture time resulting from temperature damage during overheats; dg, computed reduction in rupture time
resulting from presence of stress at overheat temperature.
| bSingle overheat delayed 325 hr.
CSingle overheat delayed 145 hr.

dBecause of method of calculation used, this is an indication that all of available life was used up at overheat temperature
before an appreciable fraction of normal life at 1,500° F had been reached.

\
/
: Predicted

Conditions at 1,500° F Overheat conditions componentsf‘ rupbure time,
} percent hr
‘ Actual
| rupture
\ - Rupturﬁrtime, Total Normal ti?e,
[ ress, Temp. Stress accumulated rupture
‘ psi o o -y 2 time, time, dg dg Min. Av. Max,
| Min. | Av. | Max. AtE ot
\
} 23,000 320 680 1,600 1,600 23,000 b120 40 Nil 5 305 645 1,520 1,057
, 1,600 23,000 €120 4o Nil 5 305 645 1,520 9l
[
| .
} 2l ,000 200 k20 1,000 1,650 2k,000 66 52 15 21 128 270 640 411
}
ﬁ 2k ,000 200 420 1,000 1,800 24,000 2 2k Nil 14 172 360 860 167
J 1,800 2L, 000 2 .2k Nil 14 172 360 860 237
|
\
| 23,000 320 680 1,600 1,800 23,000 19 355k 10 98 do 50
\
\
\ 24,000 200 420 1,000 1,800 15,500 26 55 b5 T.9 9% 195 %) 161
\ 30 5 45 9.1 176
\ 30 5.5 45 9.1 179
\ 30 5.5 45 9.1 188
\
\
\
|
r
|

¢Q0Hf NI VOVN
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NACA TN 4083

L-57-4145

-rupture unit modified for use in

overheating by resistance heating.

Figure 1.- Photograph showing creep
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Variable
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NACA TN 4083

Rupture

/Sample
M

IS = Alume1<:

“4— Chromel

Indicating
Potentiometer

Figure 2.~ Schematic wiring diagram of system used for measurement of
temperature during overheats to avoid extraneous electromotive force

from heating current.
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Figure 4.- Curves of stress against rupture time for normal constant temperatures of 1,5000,
1,600°, 1,650°, 1,800°, 1,900°, and 2,000° F for HS-31 experimental material.
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Figure 6.- Influence of continued cyclic overheating to 1,650°, 1,800°, 1,900°, and 2,000° F
in absence of stress on rupture time at 1, 500 F. OStress was removed durlng each 2—m1nute

overheat.
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(a) Overheating to 1,650° F.
Figure T7.- Effect of amount of overheating to various temperatures on rupture life at 1,500O F
under stresses of 27,500 and 23,000 psi. Stress removed during 2-minute overheats applied il

every 5 or 12 hours.
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(b) Overheating to 1,800° F. d, delay of first cycle for 150 hours.

Figure 7.~ Continued.
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(c) Overheating to 1,900° F.

Figure 7.- Continued.

d, delay of first cycle for 150 hours.

140

¢Q0f NL VOVN

¢h



h

100
Stress, Overheat
psi cycle
@ 235000 1Z2=hr
[ | 27,500 B his
80
£
£
| o
| £ 60
| a
| 5
\ 0
| r
‘ 0
\ >
[ o
f . 40
| 2
d
—
3
:
5 \
< 20 {3
\\
O —
0 20 40 60 80 100 120 140

Fraction of normal rupture life, percent

(d) Overheating to 2,000° F.

¢QOt NI VOVN

Figure T.- Concluded.



NACA TN 4083 45

Accumulated overheat time at indicated temperature, min

Type of Overheat

Cyclic Preheat Condition of test
v Overheat to 1600°F
o Overheat to 1,650°F
0 ® Overheat to 1,800°F
JaY A Overheat to 1900°F
a ] Overheat to 2000°F
d First overheat delayed 150 hours
oy Al
-
[¢]
il B 0, 8 J4203
A
~—~g| \Q (o) \
"\‘.j e \
\\
O~
§ %
0 20 40 60 80 100 120

Fraction of normal rupture life, percent

(a) Tests at 1,500° F and 27,500 psi (normal rupture time, 94 hours)
using 2-minute overheat cycles every 5 hours.

80 e

24? 240 714'0
\ ¥ b
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ha > d - NPT
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(b) Tests at 1,500° F and 23,000 psi (normal rupture time, 680 hours)
using 2-minute overheat cycles every 12 hours.

Figure 8.- Effect of amount of overheating to 1,600°, 1,650°, 1,800°,
1,900°, and 2,000° F on rupture life at 1,500° F under stresses of
25,000 and 27,500 psi. Stress removed during overheat period.



(a) 23,000-psi stress.
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Cyclic tests received one 2-minute overheat every 12 hours in absence

of stress.
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(b) 27,500-psi stress. Cyclic tests received one 2-minute overheat every 5 hours in absence

of stress.

Figure 9.- Concluded.
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(a) 23,000-psi stress; overheats every 12 hours.

Figure 10.- Comparative creep curves for cyclic overheat tests in absence of stress at 1,500 ®
and 235,000 and 27,500 psi using 2-minute overheats to indicated temperatures until rupture.

Time, hr

Numbers indicate rupture time and number of cycles.
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(b) 27,500-psi stress; overheats every 5 hours.

Figure 10.- Concluded.
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Figure 11.- Comparative creep curves at 1,5000 F and 23,000 and 27,500 psi for tests with
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Figure 11.- Continued.
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Figure 11.- Continued.
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Figure 11.~ Continued.



Elongation, in/in.

i2

.10

.08

. 06

<04

.02

¢Q0H NI VOVN

l ] Test Conditions
7 cycles
35 hr a Overheat to 2000°F
+ Standard Creep Readings
No cycles
98 hr
3 cycles
68 hr
]
V
r
ya
50 80 90 100
Time, hr

(n) 27,500-psi stress; overheats to 2,000° F.

Figure 11.- Concluded.
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(a) 23,000-psi stress. Numbers indicate rupture times.

Figure 12.- Comparative creep curves at 1,5000 F and 25,000 and 27,500 psi for
as indicated.
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Figure 13.- Influence of temperature of continued cyclic overheating in absence of stress on
time to reach indicated total deformation and time for rupture for tests at 1, l500 F and
25,000 psi.
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(b) Overheats to 1,800° F.

Figure 1k.- Effect of limited overheating on time required to reach
indicated total deformation at 1,500° F and 23,000 psi for overheats
to various temperatures in absence of stress.
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(a) 23,000-psi stress; specimens overheated under 23,000 psi.

Figure 15.- Comparative creep curves at 1,500° F and 23,000 and 24,000 psi for tests on specimens

e o
overheated as indicated. N



(b) 2k,000-psi stress; specimens overheated under 24,000 psi.

Figure 15.- Continued.

|
\
|
|
|
|
|
| .14
|
|
|
|
J o 12
{ Overheat 2 minutes to 1,800°F
{ L0 » Rupture 167 hr
{ / " 1 ]
; T T T
“ ' Overheat 2 minutes to L800°F

.. 08 A
| d r,/” | Rupture 237 hr
) = / / Overheat 2 min to 1,650° F

; ra — every 12 hr e
| o L— Rupture 411 hr
{ $.06 /"’/ ' o

oo,
| ke ——
t & ///A ]
| = ,,»—r—‘/'_y : = = =

No overheats ]
= ot /./V" Rupture 776 hr
| «7}/ ;;:;,/r‘
( 02 ’
| / e
| /
|
|
0
0 40 80 120 160 200 240 280 320 360 400 440
Time, hr

%9

¢QOoH NI VDVN



.14

.12

.10 A

176
&

(o

188
79

Elongation, in/in.
N\

.04

N
\&‘\N\

A

0 40 80 120 160

200

Time, hr

240

280

360

400

440

(¢) 24,000-psi stress; specimens overheated every 12 hours to 1,800o F with stress reduced

to 15,500 psi. Numbers indicate rupture time.

Figure 15.- Concluded.
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Figure 17.- Concluded.
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Figure 18.- Concluded.
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