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ABSTRACT

A creep-rupture investication was conducted on two high temperature alloys:
a nickel-base age hardened alloy, Udimet 500, and a cobalt-base alloy, L-605.
Creop-rupture tests were conducted over a range of rupture lives from 1 to
20,000 hours at 1200°, 1350°, 1500°, 1650°, and 1800° F. Additional long
time tests with expected lives up to 50,000 hours were initiated and are still in
progress.

The test data were supplemented by extensive examination of structural
changes during testing as well as the nature of crack initiation and propagation
as a function of stress, temperature, and time. Additional groups of tests at
particular stresses and temperatures were run to establish the reproducibility
of data. The intent was to characterize thoroughly the materials, their struc-
tures, and the nature of deformation and fracture processes in order to evaluate
the applicability of extrapolation procedures.
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I INTRODUCTION

The extrapolatiun of short-time creep-rupture data of complex high tempera-
ture alloys to obtain the very long-time properties is fraught with uncertainties.
In addition to questions regarding the soundness and general applicakility of
existing extrapolation techniques, one is also concerned with the reliability
and reproducibility of the short-time data due both to non-uniformity in the
composition or structure of the materials tested and to variability of procedures
used in testing.

It was tne purpose of this study to examine in detail two high temperature
superalloys, L-605 (Haynes 25) and Udimet 500, using uniformly heat treated
material from a singie heat in each case and utilizing the most exacting creep-
rupture testing procedures. These materials were chosen as representative
wrought cobalt and nickel-base superalloys. The L-605 is representative of
alloys which always show instantaneous plastic flow on loading; the U-500 is
representative of alloys without significant plastic deformation on loading,
and which do not show a true minimum creep rate. Both are expected to be-
have differently in terms of response to temperature and strain rate, and will
therefore present different problems in extrapolation studies.

These data, covering the rupture time range of 1 to 10,000 hours at tempera-
tures from 1200° to 1800° F, were supplemented by extensive examination of
structural changes occurring during testing and the nature of crack initiation .
and propagation as a function of stress, temperature, and time. Additional
groups of tests at particular stresses and temperatures were run to establish
the reproducibility of the data. Thus, the intent was to characterize thorough=
ly the materials, their structuces, and the nature of deformation and fracture
processes in order to evaluate the applicability and reliability of extrapolation
procedures.

Long-time creep-rupture tests with rupture lives frem 10,090 to 50,0090
hours were also initiated at 1200° and :500° F to provide the ultin.ate check
on the extrapolation techniques. Some of these tests are still in progress
(see Appendix IV).

This report presents the data collected to the present time, and identifies
structural or surface instabilities and their eifects on deformation and fracture
behavior in order to define the statistical variation of the creep-rupture data.
It is intended in a future report to apply extrapelation technriques to the data.




II MATER/ALS ANLC IESTING PROCEDURE
L. Materials

The chemical compositions of Udimet $00, an age-hardenable nickel-base
alloy, and L-605 (Haynes 25) a colnit-base alloy, are given in Table 1. The
structure of Udimet 500, acad at 1500° F for 24 hours, then at i400° F for .6
hours is shown in Figure 1. Thiz material has a duplex grain structure with
longitudinal bands of two different grain sizes (0.002 and 0.006 cm in diameter)
and contains a fine uniform precipitate along grain and twin boundaries which,
based on prior investigations of the alloy, is chromium carbide. The larger
globular precipitate which appears gray in the photomicrograph and occurs pref-
erentially in the fine grain size banda is @ carbonitride of titanium. The fine
structure which is seen in the small grains in Figure 1 is due to etch pits as-
sociated with ultrafine Nij (Al, Ti) or gamma prime (y') precipitate.

Figure 2 shows the "as received" microstructure of L-675 (annealed at
2250° F and water quenched). The structure is composed of a uniform grain
size (0.015 cm diameter); in the tested condition the structure shows pre-
cipitate particles of Co,W and a carbide of the MgC type.

All materials were ultrasonically inspected for uniformity and flaws using
the pulse-echo technique in both the longitudinal and transverse directions.
Any of the rods so examined which were found to contain irregularities of any
kind were rejected prior to machining.

B. Test Procedures

Test frames used were of the simple beam loading tvpe having a maximum
lever arm ratio of 20 to 1. Depending on the load required, a 10 to 1 ratio or
direct loading was used. Weights used have beea calibrated against a refer-
ence weight certified by the Commonwealth of Massachusetts Bureau of Waights
and Measures. The accuracy of applied load was within 0.73 percent.

The furnaces used foc the testing were of Nemlab design. ‘The core of the
creep testng furnace is an 18-inch alundum tube (1 1/4“ I.D.) with a Nichrome
rosistance winding. Creep measurcments are made threu. a1 a viewing window
covered with pyrex glass and opaque covers to minimize heat losses. The tube
winding is composed of four sections cach of which can be switched in or out
of the series circuit or varied by external resistances. In addition there is
theostat control of the upper and lower halves of the main winding. This design
parmits exceptionally fast temperature adjustments 10 be made. Figure 3 is a
schematic drawing of the furnaces used. [ndicated temperature devistions from
nominal were maintained at a maximum of £2° F throughout the duration of the
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tests. Maximum gradient along the gauge length of the specimen was 3° F.
Three chromel-alumel thermocouples were affirzed to the specimen gauge sec=
tions and test temperature was maintained by Minneapolis-Honeywell "Elec~-
tronik" on/off controllers. Furnace control was effected through the centrally
located thermocouple, and the temperature at this location was recorded con-
tinuously. The two thermocouples near the extremities of the gauge length
were checked and the temperature simultaneously printed on the same recorder
chart twice daily. Figure 4 shows a specimen which has been prepared for
testing, and Figure 5 is a drawing of the s~<~imen type used in this investig:-
tion.

The standard loading practice employed was as follows:

(1) Prior to insertion of the test specimen, with its linkages,
the furnace was brought to test temperature and any gradients
which existed in the specimen zone of the furnace were elim-
inated by the continuously adjustable rheostats.

(2) The specimen was inserted into the furnace and connected
firmly into the loading column. Any residual gradient, as de-
termined at this point by the thermocouples on the specimen
itself were eliminated.

(3) A thirty minute period of soaking was then allowed,

(4) The initial loading was done in small increments well within
the elastic range which had been determined previously. With
the addition of each load increment, a reading of elongation was
made. The remainder of the load then was applied in a total time
of less than thirty seconds, the required weights being loaded
manually.

(5) The first reading was completed within thirty seconds after
application of the full load. This precedure allowed the deter-
minatica of the plastic defonmation on loading with a delay tine
of oane minute.

~ Subsequently a miuimum of three creep deformation readings were made daily
during the first {ifty hours of testing. More frequent readings (as many as ten
per hour) were made when the nature of the creep cwive so warraated. Creep
data were always recorded and plotted immediately.

In making the plots of time versus creep deformation, the clastic contribu-
tion was datermined and subtracted from the readings of total elongatioa.




SRS 0% 28 £ U B IR EH TR C A R AL SN

Creep extension measurements were made optically nsing notched platinum
wire-in-tube extensometers mounted on the shoulders of the specimens (be-
tween the thread and the gauge section). Two platinum wire-in-tube sets were
spot-welded on each specimen 180 degrees apart so that corresponding readings
on two sides of the specimen could be averaged to compensate for any unavoid-
able lack of uniaxiality in deformation (see Figure 4). The filar eyepiece micro-
scope used reads directly to 0.00004 inch.

Upon fracture cf a specimen the timing device, which was started at the in-
ception of the test (application of full load) stops automatically, and the power
to the furnace decreases simultaneously.
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II RESULTS

Creep-rupture testing was performed primarily at 1200°, 1350°, 1500°,
1650°, and 1800° F, and a few tests were made at the intermediate tempera-
tures of 1275°, 1425°, and 1575° F.

The data obtained for all creep-rupture tests for both alloys are given in
tabular form in Appendix I. The table contains short and long time tests, in-
cluding those still in progress; scatterband tests for determining the statistical
spread in rupture life; and tests which were interrupted at various fractions of
the rupture time for structural observations. These data are also presented
graphically in Figures IV-{ through 4 and Figures IV-9 through 12. Since the
two alloys are not similar in their properties, they will be discussed separately.

A. Udimet 500
1. Creep-Rupture Data

The log stress versus log rupture time and log stress versus log minimum
creep rate plots for Udimet 500 are shown in Figures 6 and 7. In both cases,
the data can 2 represented by straight line segments using the log-log plotting
convention «a the junctions of these segments can ke associated with changes
in structure and in deformation and fracture characteristics. The corresponding
line segments at the various testing temperatures are labelled Ay, Ay, Ag, and
By By, B3, etc., in order of ascending temperature. The identification of the
instabilitizs Ab, Bc, etc., will be discussed later.

The straight line segments drawn in Figures 6 and 7 were determined by a
least squares analysis of the data as described in Appendix IIl. The intersec-
tions of these straight lines determine the positions of the instability p~ints.
Since the differences in slopes of two intersecting line segments are often
small, the position of the intersection can vary considerably.

The equation of the line segments will be of the form:
logo =K+ mlogx i)

where X represents either minimum creep rate, €mins OF rupture time, ty. The
constant m is the slope of the line segment and K equals log ¢ when x equals
1. Values of m and K determined by the least squares method aie listed in
Table 2.

The deviations of the experimental values of rupture time and minimum creep
rate from the calculated least squares line were determined and are summarized
in Table 2 as the root mean squares value of the log t. and log &,;,, deviations
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for each line segment. These values (which are approximately equal to the
standard deviation) vary from 0.004 to 0.0452 log cycles. The corresponding
root mean squares deviations in terms of log stress are obtained simply by
multiplying the Dlog ty OF Dlog ¢ by the corresponding value of the slope, m,
and these are also given in Table 2. It is interesting to notes that a typical
value of Dlog o 0of 0.01 corresponds to about a 2 percent deviation of stress;
fairly small, considering that the ASTM Specification on the accuracy of the
load in a creep test is 1 percent.

Examination of the D values as a function of temperature (Figure 8) shows
that maximum scatter of data occurs at the highest temperature of testing, and
minimum scatter occurs at 1350° F. This behavior is unfortunate from the stand-
point that one ordinarily utilizes short time high temperature data to extrapolate
to long times at lower temperatures.

An additional measure of the variation of rupture life was obtained by running
groups of seven or eight tests at each of two stresses at 1200° and 1500° F
These data are summarized in Table 3, which includes the log rupture time
values, log t, obtained from th< best least squares line previously calculated,
rupture time, and the RMS {root mean squares) deviation of the scatter tests
from this value. These Jdeviations are about the same at 1200° F as those
shown in Table 2 z2ud Figure 8; however, at 1500° F (particulerly at 30,000 psi)
the ko> aeviation is higher. The PMMS deviation of the log rupture time values
about their mean value is also higher (0.2255) than that in Figure 8.

In terms of actual values, one observes from Table 3 and Figure 6 that the
spread of rupture lives is at least 3 to 1 except at 1500° F and 30,000 psi
where the spread is 5 to 1. The listed ductility values in Table 3 show a maxi-
mum spread of 3 to 1. Based on testing procedures and use of minimum test
values thi#% represents a great penalty in the use of alloys for high temperature
applications. Efforts to decrease this spread through structure control would
appear warranted, because the testing procedures appear not to be at fault (1).

Figures 9, 10, and 11 present curves of log-stress versus log-time to 0.1,
0.5, and 1.0 percent plastic strain. For convenience, the data are represented
by straight line segments to see if there is some possibility that such a proce-
dure might permit extrapolation. This will not be known adequately weil until
considerably longer time points are obtained.

Ductility data for Udimet 500 are presented in Figures 12 and 13 as total
elongation and reduction of area versus log rupture time, Of significance is
the low ductility observed in tests at 1200° F for rupturc times from about 50
to 1,000 hours. Total elongation, except at 1200° F, shows wide scatter of
data without any particular relationship to rupture life. The only observation
to be made is that at each temperature from 1350° to 1800° F there are numerous
values nea: 5 percent as a minimum with random scatter between § and about 20
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nercent elongation. This lack of directionality in total elongation versus
rupture time has been reported previously (2).

Reduction of area values show more of a trend than do elongation values,
decreasing with increasing rupture time. The decreases in reduction of area
tend to occur near observed instability areas (Figure 6) and are often associated
with increasing tendency for increasing intercrystalline cracking (2). On the
average, reduction of area values are less affected than elongation by the open-
ing and lateral spreading of intercrystalline cracks (3).

2. Microstructures of Creep Specimens

In interpreting creep data, it is important to have information on structural
changes taking place in the material during testing. Representative photomicro-
graphs of ruptured creep specimens of Udimet 500 are shown in Figure 14. All
of these are from longitudinal sections with the tension axis horizontal. The
Udimet 500 specimens were, in all cases, etched with modified Aqua Regia.

Severa. general features are to be noted in the microstructures. The y' pre-
cipitate in the grains begins to show evidence of coarsening only at 1500° F
in long time tests. This agglomeration is sharply evident at 1650° F and higher.
Electren n.icroscopy will be further utilized to study the coarsening between
1350° and 1500° F hecause of the slow growth of the particles. The chromium
carbide qraii. boundary precipitate which is present in the "as received" con-
dition is relatively unchanged during creep at temperatures below 1650° F. At
this temperature, in the long time tests, growth and agglomeration in the grain
boundaries are noted. The presence of ithis precipitate has bearing on the nature
of fracture since intercrystalline cracks start between these particles in the
grain boundary.

In long time tests at 1800° F, the chromium carbide dissolves completely
but is clearly present in shory time tests. The scatter of test data at 1800° F
(Figures 6 and 7) is obviouely related to the extreme structural instability of
the alloy.

B. L-605
1. Creep=-Rupture Nata

The log stress versus log rupture time and log stress versus log minimum
creep rate plots for L-605 are shown in Fijures 15 and 16. Again, the straight
line segments have been determined by the least squares tecnnique and in-
stabilities are defined at BC3. BC,, and BCg for the temperatures 1500°,
1650°, and 1800° F. ‘this instability probably also occurs at 1350° F at the
long time limit of the data. There are indications of other structural instabili-
ties as shown by metallography and ductility values, but tnese appear not to
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affect noticeabiy the rupture !ife and minimum creep rate data. The "BC" breaks
are associated with marked increases in {ntercrystalline cracking as will subse-
quently be revealed.

It is interesting to observe the greater relative stability of 1.-605 compared
to Udimet 500 at the higher temperatures in terms of the scatter of test values
(Figures 6 and 15}, and the smaller difference in rupture strength as 1800° F
is reached.

Figures 17, 18, and 19 are log-stress versus log-time t0 0.1, 0.5, and 1.0
percent plastic strain. In all instances, the data can be reasonably well rep-
resented by straight lines.

w2 I

Because of the significantly large difference in plastic deformation on load-
ing of L-605 compared to Udimet 500, the time to reach 0.1 percent strain is
markedly in favor of Udimet 500, an alloy with no primary creep. Only when
0.5 percent strain is reached is it possible to obtain relatively complete curves
for L-605 (see Figures 17 and 18).
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In Figures 20 and 21, the total elongation and the reduction in area values
are plotted respectively, versus the log of the rupture life. In general, a de-
crease in ductility can be observed with increasing life; this is observable
both in terms of total elongation and reducticn of area.

Evaluation of scatter of test data is summarized in Table 4 for repeat tests
at 1200° and 1500° F. Results are considerably better than for Udimet 500,
The worst scatter of data represents only a variation of 3 to | in rupture time
and 2.5 to | in ductility. This alloy is obviously much more stable (and con-
siderably weaker) than Udimet 500.

2. Microstructures 1n Creep Specimens

The aging response of L-605 18 quite interesting. At 1200° F and in short
time tests at 1350° F there 15 evideace of limited precipitation of pre-precipi-
tations which leads to etching response tha¢ suggasts actual aging. Electron
microscopy iailed to show actual precipitate particles. Then, in long time
tests at 1350° F and in all tests at 1500° F and above. the precipitation of
CoaW 1akes place at an increasing rate. Structures are quite coarse even at
1500° F but growth takes place slowly even at 1800° F in loag iime tasts (ses
Figure 22).

C. Fracture Analysis

The deseniption of the nature of the pragress Of fracture s tmpogtant (o a
tharough study of the suess-rupture behavior of metals for at least two reasons.
First, 1t 15 possible that random vartations an quptere [ife, creep rate ing due=
tltty may be the result af ehares vargallons i the iniltatlon and popagation of




fracture. Secondly, it may be possible, through the time, stress and tempera-~
ture variation of fracture behavior to establish more exact inter-relationships
between ductility, creep rate and rupture life.

Fracture behavior has been measured both by the determination of the density
of stress-rupture specimens, by weighing in water, and by lineal analysis of
crack volume in sectioned specimens. This work was done mainly on fractured
specimens and was supplemented by measurements on several series of speci-
mens carried to various degrees of elongation short of fracture.

In the course of the above work, it was noted that under certain conditions
of temperature and stress, fractured specimens displayed a net increase in den-
sity despite the opposing contribution of the crack volume. Because of this and
because of apparently negative creep rates observed in the early stage of some
tests, additional measurements were made of density changes in specimens
under no-load conditions at 1200° and 1500° F. These densities were obtained
by measurements of length contraction at temperature as a function of time and
by weighing in water at the conclusion of the tests. Siuce these results affect
the interpretation of the crack volume measurements, their discussion is in-
cluded in this section.

1. Determination of Densities by Weighing in Water

Densities of fractured specimens were determined on a 3/4 inch length of
the rupture specimen which included the fracture. In general, this part of the
stress-rupture speciimen is the one subsequently mounted for metallography and
lineal analysis to determine crack volume. Early in this investigation, den-
sities by weighing were not determined and consequently these data are not
available. The density values attained are included in Appendix II.

2. Detemminauion of Crack Volume by Lineal Analysis

Crack volume by lineal analysis was determined for specimens tested at
1200°, 1500°, and 1800° F with only a few spot checks at intermediate tem-
peratures. Determinations were made on longitudinal sections through the
centers of the stress-rupture specimens. Each determination of the total crack
volume fraction, Fy,. represents the average lineal intercept on about nine
lines parallel to the specimen axis at various distances from the center. In
computing F,. the lineal fraction of cracks for each line was weighted accord-
ing to the specimen volume it represented. The details of this analysis are
given in Appendix 1I.
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In addition to F,,. the crack volume fraction near the surface of the speci-
men Fg (6.3 mm from the surface) was measured as well as F the crack volume
fraction in the remainder of the spocimen.
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Whenever a significant variation in crack veclume existed with respect to
distance from the fracture surface, addi*ional traverses perpendicular to the
specimen axis were made at various distances from the fracture.

All of the lineal analysis results are presented in Appendix II including the

F,, Fg., and F values.

\'I

At 1200° F conly wedge type surface cracks were observed in the ruptured
specimenz. Their number was greatest a* intermediate stresses (or rupture
times) and no intercrystalline cracks were observed in the lowest stress
(28,000 psi) test.

At 1500° F. one again observes surface cracks only in the high stress, low
ruptutre *ime specimens but they are more numerous and longer than at 1200° F
At rupture lives of 25 hours and lenger, internal intercrystalline cracking is
also observed which increases with rupture life. Many of the cracks are of
more or less equiaxed shape cccurring at triple points and adiacent to pre-
cipitates in the grain boundary. Often the continuous cracks that are present
appear to be tormed by the linking of a number of small voids.

At 1800° F, one encounters surface cracks alone only at very low rupture
time values around one hour., At somewhat longer times (28 hours), wedge
type internal cracks are present, and with further decreases in stress (in-
creased rupture time) there are increasing numbers of voids ard linked void
cracks and fewer wedge type cracks. Also, the region of high crack volume
extends further and further from the fracture. Surface cracking decreases away
from the fracture with decreasing stress as at 1500° F

3. Density Values ¢f Rupture Specimens

The density values cf ruptured specimens obtained by weighing in water are
plotted in Figure 23 as a function of rupture time. The density of the as re-
ceived condition for L-605 (annealed at 2250° F and water quenched) is in-
dicated by the dashed line. A number of trends are immediately obvious from
this plot. First, a marked drop in densitv, presumably due to intercrystalline
cracking, occurs with incareasing rupture time at each temperature of testing
above 1350° F; the rupture time at which this drop occurs is longer the lower
the temperature. At 1350° and 1200° F, this drop is not discernible. The drop
of density at 1500° F and above corresponds to a relative crack volume of ap-
proximately one percent. [t may be seen by comparison of the elongation data
in Figure 24 that the drop of density is associated with a decrease of ductility.

The resulte of the lineal analysis of ¢crack volume of L-605 at 1200°, 1500°,
and 1800° F are shown in Figures 25 and 26. Since the surface cracking and
the interral cracking were observed to zhange in opposite directions with stress
or rupture time, it was decided to treat the two contributions separately. A
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surface shell of 0.3 mm thickness was arbitrarily chosen as the volume on
which to base the fractional surface crack volume, Fs, and these data are
shown in Figure 25.

At 1200° F the surface crack volume decreases with increasing rupture time,
but the amount is extremely small in all tests. At 1500° and 1800° F the amount
of surface volume cracking decreases significantly with increasing rupture time,
with little difference observable between the two test temperatures (see Figure 25).

By comparison, the internal cracking appears to be opposite to that observed
near the surface. Cracking at 1200° F is virtually zero, but at 1500° and 1800° T,
there is a sharp rise in intercrystalline cracking internally with increasing rup-
ture time. The net effect is to show a significant increase in total crack volume
with increasing rupture time at 1500° and 1800° F
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IV SUMMARY AND CONCLUSIONS

1. A study has been made on the long time creep behavior of two practical
and widely used superalloys. The results are presented in terms of creep and
rupture data as well as observed structural changes.

2. The data are still preliminary in nature, as long time tests with an ex~
pected duration of up to 50,000 hours are still being continued and structural
analyses are extended; but the results presented here show very clearly the
important influence of structural instabilities on creep and rupture data. The
exact interrelations will be reported in greater detail at a later date, at which
point information on longer time tests will be available.

3. A preliminary study of parameter techniques for the extrapolation of
creep-rupture properties has been reported previously (4). Again, a complete
evaluation of all methods of extrapolation applied to the alloys investigated
here will be made on the basis of additional information on long time tests.
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TABLE 1

Composition of Alloys - Weight Percent

Element Udimet 500 L-605

Ni 51.7 9.65
Co 19.2 51.8
Cr 19.4 20.02
w - 14.84
Mo 4.30 -
Fe 0.18 1.49
Al 2.95 -
Ti 2.88 -
0.97 0.09
St g.12 0.5
Mn 0-10 1.49
P - 0.007
0.005 0.012
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Figure 1. Udimet 500. As received, aged con-
dition. Longitudinal section; etched
with modified aqua regia; 1000X.

Figure 2. L-605. As received condition. Longi-
tudinal section; electrolytically etched
with 5% chromic acid: 1000X.
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Figure 4. Specimen prepared for testng.
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Figure 5: Drawing of Creep Rupture Specimen.
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Figure 12 : Total elongation versus log time to rupture for Udimet S00.
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a. Tested at 62,500 psi. b. Tested at 37,3500 psi.
Rupture life 12,0 hours. Rupture life 1693.6 hours.
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Figure 22. Microstructures of L-605 stress-rupture bars tested at various
temperatures. Longitudinal sections, 1000X, etched with modified
Viiella's Rfeagent electrolytically.
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N Figure 22. Microstructures of L-605, continued.
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APPENDIX I

Complete Tables of Creep-Rupture Data for Udimet 500 and L-605

The following tables are a complete compilation of creep-
rupture data from all tests. This includes both "short time" tasts,
up to 10,000 hours and "long time tests" up to 50,000 hours,
those still in progress being so indicated. Scatterband tests and
tests interrupted after various fractions of the rupture time are also

included.
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APPEUDIX 11

Lineal Analysis of Crack Volume

Crack volumes were determined by lineal analysis of a longitudinal
section of the creep specimen. In the case of rupture specimens, the
metallographic specimen consisted of a length of about 25 mm including
one of the fracture surfaces sectioned along the central axis of the
specimen. A traversing microscope with Hurlbut cournter attachment was
used for the analysis. A magnification of 200X was employed.

Since crack volume, in general, varies with distance from the frac-
ture surface and with distance from the center of the specimen, several
different parameters were determined to describe the distribution. First
the average crack volume for the entire specimen and variation of crack
volume from center to surface were determined by the fractional length
of intercepted line on seven to nine lines parallel to the specimen axis
and at various distances from the center. The variation of crack volume
with distance from the fracture surface was obtained by measuring the
fractional length of intercepted line on 10 to 15 lines perpendicular to
the specimen axis across the 6 mm width of the section at various dis-
tances from the fracture surface.

In calculating the average crack volume, allowance had to ke made
for the fact that equal areas of the specimen section at different dis-
tances from the center do not represent equal volumes of the specimen.

For the standard 6 mm width section, longitudinal lineal counts
were generally made at distances from the two edges of 0, 0.19, 0.38,
1.35, and 2.89 mm. The radial span and the volumes of material which
these determinations represent are listed below.
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Distance from Edge Radius Radial Span

(mm) —(mm) — {mm) A7a'%

0 + 3.0 +2.9-3.0 0.033
0.19 + 2,81 +2.7-2.9 0.062
0.58 + 2,42 +2.0-2.7 0.183 \
1.35 £1.65 £1.0 = 2.0 0.167 ]
2.89 +0.1 £+0-1.0 0.055

0.50

Then, to obtain the average volume fraction of cracks, the lineal
fraction of cracks for each line is multiplied by its corresponding V/Vt
and the products are summed.

The variation of crack volume with distance from surface or from
the fracture is expressed by the distance at which the lineal fraction
of cracks falls to a value halfway between its peak value and its
minimum value.
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APPENDIX 111

Least Squares Analysis of Rupture Time and Minimum Creep Rate Data

A
s
(.u~

_—r

In the log stress versus log rupture time and the log stress versus
log minimum creep rate plots, it was concluded that the data could be
represented best by straight line segments. Thus, the equation for the

« - ol
MRS D
" )

) lines would be of the form
'3.'
' logg =K +mlog x 1)
_ where X is either rupture time, t;, or minimum creep rate, mins and
K and m are constants for the particular line segment. Determination
o o« these constants was done by minimizing squared deviations from
% the line.
.:'v
- If o4 and x; are values from a test, the log o deviation (D) of this
point from equation 1) is
D =K -m log x; +log g, 2)
and the sum of squared deviations (S) for n tests is
n 2
S =E:‘i(_k =-m loy X + log 0")

Differentiating S, first with respect to K and then with respect to
L m and equating the derivative to zero to minimize S gives
S K= Y - log oy ey Zlog x4 3)
‘] izl log o, log x; -m 12—;1 logz %y
i K= o q)
v Z log x

i=1




Now if we let
i=] l.og 61'
= 2 '
- Q%5 loa kg

R =ng 1ogzx1. and

n
\ =1§1 log ¢y log x4

and equate 3) and 4) to solve for m we obtain
- QF -y,
B= QiR 5)
then substitution into equation 3) gives

P
K=5-1 Q 6
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APPENDIX IV

Long Time Creep Tests

Long time creep tests were initiated for both Udimet 500 and L-605 at
1200° and 1500° F. The stresses were chosen on the basis of short time
rupture data and an attempt was made to arrive at rupture lives between
10,000 and 50,000 hours.

Table IV-1 includes the data on these tests, Figures IV-1 through IV-4
show the caresponding creep curves. (The creep curves are not com-
pletely up to date in all cases.)

It is quite apparent that the two materials show a different type of plastic
deformation under creep conditions. The highly age hardened nickel-base
alloy shows no primary and hardly any secondary creep, but a continuously
increasing creep rate to fracture. On the other hand, the cobalt-base alloy
exhibits primary creep under all conditions of loading, indeed in some tests,
secondary creep does not start until after 15-20,000 test hours.

In shorter time tests, the general observations on the shape of the creep
curves are the same although the amounts of plastic deformation change with
the ductility of the material under given conditions of stress and temperature.

For a detailed and meaningful analysis of creep curves, additional data and
structural observations are needed. For example, it is important to know what
geometric changes a specimen undergoes at a given temperature without a load.
Figures IV-5 through IV-8 show that significant length changas can be associated
with phase changes only. It would further be of importance to knoew the influ-
ence of stress and strain on the amount of phase change and therefore the con-
tribution of structural instabilities to length changes. It becomes therefore
important to distinguish between plastic deformation and changes in specimen
length, the latter being partially dependent ondensity changes.

Another impartant point in the analysis of creep curves is the aspect of the
reproducibility. Figures IV-9 through IV-12 illustrate groups of creep curves;
each group represents one condition of stress and temperature for a given ma-
terial. There is no reason to believe that variable test conditions are respon-
sible for the observed scatter in any major way. One must therefore assume
that the observed deviations between the creep cutves of a group are due mainly
to inhoinogeneities in the materisl. It is therefore quite obvious that a quanti-
tative analysis of creop curves should take into account the range of variability.
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Duplicate tests interrupted after different test hours were conducted
originally to observe the progress of intercrystalline cracking. It was hoped
that the rate of crack progress could be used for extrapolation purposes. Up
to this point the study has shown that formation of very small cracks does
indeed often start at a very early stage, however, noticeable crack growth
usually does not occur until a stage close to fracture is veached. This in-
vestigation is being continued and it is anticipated that a clearer picture can
be presented with additional available data.
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TABLE IV-1: Summary of Long Time Tests

70,000
71,500
74,000

13,500
15,000
16,500
18,000
19,000

24,000
25,000
26,500
268,000
29,500

9,500
10,000
10,500
11,500

Stress

{psi)

Tast Time

{hours) % El.
YJdimet 500

16,534 0.73§
18,140 2.760
17,840 7.7
10,217 0.169
10,171 0.220
24,733 6.7
12,880 13.0
14,773 12.9
L-603%
16,414 0.980
16,363 0.993
28,846 1.330
10,192 1.4
21,720 3.1
28,822 1.812
13,286 1.362
28,529 3.532
13,018 4.9
71

[ R
e -

Expected Rupture Life

(hours)

S0,000
30,000
ruptured

50,000+

50,000
ruptured
ruptured
ruptured

50,000+

50,000

40,000
ruptured
ruptured

$0.000
40,000
30,000
ruptured
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