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ABSTRACT

A study has been made to assess the ability of the method of
Strainrange Partitioning (SRP) to both correlate and predict high-
temperature, low-cycle fatigue lives of nickel-base superalloys
for gas turbine applicetions. Beseline data from strain-controlled,
low-cycle fatigue tests are sxpressed in terms of the PP, PC, CP,
and CC partitioned inelastic strainrange versus life relationships
for coated and uncosted Rene' B0 at 1000°C, Gatorized(creep-formed)
IN 100 at 760°C, ond cast IN 100 st 925°C. SRP is shown to corre-
late the cyclic lives of the baseline tests to within factors of
nearly two.

The partitioned strainrange versus life relationships for
uncoated Rene' BO and cest IN 100 have also been determined from
the Ductility Normalized-Strainrange Partitioning (DN-SRP) equa-
tions. These were used to predict the cyclic lives of the base-
line tests., Predicted and observed cyclic lives agreed to within
factors of nearly three

The life predictability of the method is also verified for
cast IN 100 by applying the baseline results to the cyclic life
prediction of a series of complex strain-cycling tests with
multiple hold periods at constant strain Predictions were
within factors of two in cyclic life.

It is concluded that the method of SRP can correlate and
predict the cyclic lives of laboratory specimens of the nickel-
base superalloys evaluated in this program.

INTRODUCT ION

Strainrange Partitioning (SRP) is a method for dealing with highqemperature low-cycle fatigue fail-
ures of metallic materials. Introduced in 15971 by Manson, Halford, and Hirschberg (Ref. 1) of the NASA-
Lewis Research Center, it has been undergoing continua! development since then. To-date, over 50 tech-
nical papers have been written on various aspects of the method. As s result, new dimensions in under-
standing, refinement of procedures, extension to new app'ications, or simply more laboratory specimen
data for a variety of important engineering a!loys have been added. Professor Manson, in his introductory
paper (Ref 2) to this Specialists Meeting, reviews the highlights of many of these past achievements
and points to worthy areas for future exploration.

Although considerable experience has been gained with the use of the method of SRP at the laboratory
leve! over the past 7 years, it seems likely that more will be required before the method can be used
with confidence in the design of aeronautical gas turbine hardware and other high-temperature, high per-
formance equipment. This AGARD Specialists Meeting thus represents & significant milestone in the deve |-
opment of the method because of the large number of independent laboratories that are reporting on their
experiences with its use at the laboratory leve! of evaluation

Owing to the nature of this Specialists Meeting, it is assumed that the reader is familiar enough
with the basic concepts and terminology #ssociated with the method of SRP that a review is not required
herein. |f additional background is needed, references | to 5 should be consulted Mowever, certain
words are used frequently throughout this paper which are best defi.ned at the outset so that the reader
has o better understanding of the context in which they are used.

Baseline - Refers to the high-temperature, low-cycle fatigue tests ond results used directly in the
establishment o the four SRP Inelestic strainrange versus life relationships.

Verification - Refers to th: non-baseline high-temperature, low-cycle fatigue tests and results used
to check how well the established SRP life relationships can be used to predict cyclic lives.

Correlation - Refers to how well the equations of the established SRP 1ife relationships represent
the Individual baseline data. The smaller the devi!ation of the baseline data from the eque-
tions, the better the correlation.
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Prediction - Refers to how well the equations of the estab!ished SRP |ife relationships represent
the verification test results. The smaller the deviation of the verification data from the
equations, the better the predictability. Since the Ductility Normalized-Strainrange Par-
titioning (DN=SRP) life relationships (Ref.6) did not use any information from the baseline
tests, it is considered that predictions of the baseline results are being made when using
the DN-SRP equations, These equations can also be used to predict the verification results.

The objectives of this paper were to determine how well the method of SRP can both correlate and
predict the high-temperature, low-cycle fatigue lives of specimens of advanced gas turbine alloys
Two nickel-base superalloys were selected for this purpose: Rene' B0 with and without an aluminide
(Codep B-1)coating, and IN 100 in the Gatorized (creep-formed)and cast conditions. The four par-
titioned inelastic strainrange versus |ife relationships (PP, PC, CP, and CC) were established for
each alloy condition using a series of baseline stress-hold, strain-limited tests to Introduce
creep strains into the cycles. In addition, an evaluation was made of how .ell the life relations
could be determined by the recently proposed ON-SRP equations.

A limited number of verification tests were also performed with specimens of cast IN 100 using 2
series of complex strain cycles involving multiple periods of constant strain hold which introduced creep
through the process of relaxation. The verification tests were used to evaluate the predictability of
the SRP method.

EXPERIMENTAL DETAILS

The high~temperature, low-cycle fatigue test results were obtained in the fatigue laboratory of the
NASA-Lewis Research Center using closed-loop, servo-controlled, electro-hydraulic testing machines.
Hirschberg has described this facility in detail in Ref. 7. Testing was performed in a still air envi-
ronment using axially loaded specimens with diametral extensometry.

Specimens, Materials, and Temperatures

Two specimen geometries were employed, the tubular, hour-glass shaped specimens described in Ref. 7,
and a smaller, solid hour-glass shaped specimen with a minimu~ tect section diameter of 5 mm and a L0 mr
hour-glass radius. Threaded ends were provided for gripping., Overall length was 75 mm. Two nickel-base
superalloys were studied, each in two different conditions; cast Rene' BO with and without an aluminide
coating, and IN 100 in the Gatorized and cast conditions. The chemical compositions, processing and heat
treatment, and mechanical properties at room temperature and the elevated temperature of interest for
each alloy are presented in Tables |, Il, and 11| respectively of Append x 1.

Rene' BO = The Rene' B0 specimens were supplied by TRw, Inc. under contract to NASA (Ref, 8). Enough
specimens were prepared at the time for the testing progra~ conducted 'n air and reported in this paper,
and for the vacuum program conducted at TRW, Inc, and reported upon at this Specialists Meeting by
Kortovich and Sheinker (Ref., §). The intent of the air and vacuur proaras was to establish a data base
for assessing the effects of environment and protective coat nac on the h gh-temperature low-cycle fa-
tigue behavior of Rene' BO. The specimens were cast as ind vicdua. sol @ tars and were subsequently
machined to the tubular hour-glass shape., Half of the specimens mer e iefl uncoated and the remainder
coated with an aluminide (Codep B-1) coating. Details of the coating process can be found in Ref. B,

The coating thickness was approximately 0.05 mm. The stress and strain calculations for the coated
specimens were based upon their room temperature dimensions prior to the appl.cation of the coating, i.e.,
it was assumed that the coating carried none of tne applied loac at tre test temperature of 1000°¢C.

GCatorized IN 100 = IN 100 was tested in the Gatorized(creep-tormedicondition, Small solid specimens of

this alloy were machined from a segment of a gas turbine disk (provided by Pratt & Whitney Aircraft,
Florida) that had bee~ creepformed by the Gatorizing process.

The exact chemical composition, processing heat treatment, and mechanical properties are not known,
although this batch of material would be expected to be similar to the Gator zed IN 100 material reported
on at this Specialists Meeting by Vanwanderham, Wallace, and Annis (Ref, 10) of Pratt & wWhitney Aircraft,
Florida. Tests were conducted at 760°C.

Cast 'N 100 - Tubular, hour-glass shaped specimens of IN 100 were ind vidually cast to near final dimen-

sions, Approximately 0.2 mm thickness of material was machined fro~ the inside and outside diameters to

produce the finished test section dimensions, No heat treatment was applied tc the cast specimens. Tests
were conducted at 925°C.

SRP Test Procedures

The high-temperature, low-cycle fatigue tests were performed using the procedures recommended by
Hirschberg and Halford (Ref. 5). Schematic stress-strain hysteresis loops are shown in Figs 1(a)=(d)for
the types of cycles used in conducting the baseline tests to establish the four SRP life relationships.
The strain-controlled PP type test cycles (Fig. 1(a))were applied using either a triangular or sinusoidal
stran versus time waveform at a frequency of 0.5 to 1.0 Mz. In analyzing the results of the PP type
tests, it was assumed that the imposed strain rates were high enough to preclude the occurrence of creep
strain, thus producing inelastic strains that could be classified as plasticity. For the PC, CP, and CC
type cycles, the creep strain was imposed by controlling the load on the specimen at 8 constant value
until the desired creep strain limit was reached, whereupon, the loading direction was reversed and the
other half of the cycle was imposed. |If It was desired to impose creep strain in this portion of the
cycle, the load was again held at & constant value until the desired opposite creep strain limit was ot~
tained, or if plasticity was desired, the specimen was repidly loaded unt!! the opposite strafn limit was
reached. The time required for the plasticity portion of the cycle was on the order of 0.5 to 2.0
seconds.
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Since one of the objectives of the program was to verify thc predictive capability of SRP, o series
of verification tests was performed which featured test cycles quite different from those used in the
base! ine tests for establishing the SRP life relations. The type of cycle selected contained periods of
constant strain during which creep strain sccumulated through the process of stress relexstion, Stress
relaxstion is, of course, a frequently encountered condition In meny high-temperature thermal fatigue
problems. From the point of view of Interpretation by SRP, creep strain sccumulated either by stress
relaxation or by direct constant stress creep |s equally damaging.

A schematic representation of the verification test cycle is shown in Fig. 2 for the case of the
multiple tensile relaxaticn cycle (MTRC), A duplicate series of tests, but with a multiple compressive
relaxation cycle (MCRC) was also performed. The essential advantage of this type of cycle is that o
cons Iderable amount of creep strain can be accumulated for o fixed time per cycle. For the present case,
the tota! amount of creep strain encountered with three hold periods of nearly two minutes each was sbout
twice that which could have been obtained with a single hold period of six minutes ot the pesk strain.
The short hold period of a few seconds at the one extreme of the strain cycle was Introduced as » matter
of testing convenience only. The fact that a component of completely reversed creep strain (CC) was in-
troduced was taken into account when partitioning the inelastic strainranges and predicting the lives of
these tests.

RESULTS AND DISCUSSION

Base! ine SRP Evaluation

A complete listing of the baseline high-temperature, low-cycle fatigue data generated in th pro-
grem is given in Table IV of Appendix | for each of the alloy conditions investigated, Sufficien:t infor-
mation is included to perform a thorough SRP evaluation, or if so desired, an interpretation of the
results in terms of other high-temperature, low-cycle fatigue approaches such as those described in Refs
11-17. The four SRP life relationships for each alloy condition were estadl ished following the proce-
dures descr bed in Ref. § Each life relationship was expressed in terms of a power law equation relat-
ing the inelastic strainrange and cyclic life. The coefficients and exponents were determined us ng a
least squares curve fit technique. The resultant life relationsh ps are presented in Figs. 3, &, and &
for Rene' B0, Gator zed IN 100, and cast IN 100, respectively.

Rene' B0 - Cursory examination of the data for coated Rene' B0 and comparison w th the uncoated results
did not reveal! significant differences Hence, the PP, PC, (P, and (C life relationships were estad! shed
for the combined data set. The least squares curve fit SRP life relationships for Rene' BD at 100090 are
presented in Figs. 3lal-(e) and sre listed below:

sepp = 0.062(Nyp) 01
0.116(n,)70-84

Rene' B0 bc ol
= PC 0 “ (: 1)
1000° e .= 0,034(N )
cP ¢ -0.49
Least Sguares Fit be . = 0. OSI(NCC)

Because the scatter in the data is nearly a factor of two in life(see for example, the PP results in
Fig. 3(a'), the least squares curve fits should not be extrapolated much beyond the current range of data
The assumption that the coated and uncoated data cou!d be cons dered to be of the same population s borne
out in Fig., 3(f) where it can be seen that coated and uncoated results are evenly distributed sbove and
below the central &5 deqree perfect agreement line. Life d fferences between coated and uncoasted spec mens,
however, may became important when the life times become sign/ficantly greater than those involved in the
current prograr, Technigues for anticipating potential differences will be discussed in & later section

Ay seen from Fig. 3(e), the four SRP life relationships for Rene' B0 do not exhibit apprec able
differences over the range of variables studied. The PC, CP, and (( lives do not differ by more than a
factor of two fro~ the PP life at any given strainrange This feature should be considered as a virtue
of the Rene' B0 alloy The alloy, as most recent cast nichel-base superalloys, has been ta lored to
resist creep, principally by strengthening the grain boundaries 30 #s to resist grain boundary sliding
Thus, not only is the alloy resistant to conventiona! /monotonic creeprupture, it Iy also resistent to
creep introduced in cyclic straining tests such as those reported upon in this paper This behavior s in
sharp contrast to that exhibited by some other alloys that also see service at temperatures within the:r
creep regime.  For example, the sustenitic stainless steels (which are susceptible to grain boundary
sliding during creeplexhibit PP and CP lives that differ by a factor of 20 for the same inelastic strain-
renge (Ref. 3).

Although the inelastic strainrange versus life relationships for Rene' B0 ot 1000°C do not show »
strong dependency on creep, the relationship between tota! strainrange and cyclic 1ife con be drastically
influenced by creep. This is especially true ot low strainranges. The reason for this Is s imple. The
total strainrange consists of the sum of the elastic end inelastic strainranges. The introduction of
creep stra:n s done at the expense of elastic strain, and hence, the greater the smount of creep,
the lower the elastic strainrange and the greater the inelastic component of the total strainrange The
corresponding decrease in cycllc 1ife which Is evident In Fig. 3(e) for the PC, (P, and CC relationships
thus is essentially o direct result of the greater inelastic stra:nrenge

Gatorized IN 100 - The least squares curve fit of the SRP data for Gatorized IN 100 ot 760°C are presented
In Figs. hu‘-(o\ The equations of the live relationships ere given below
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-0.80

s, = 0.276(Npp)

sy = 0,140,708

segp = 0.029(Ng,) 70+ e
-0-62

be . = 0.084(Ne)

Gatorized IN 100
260%
Least Squares Fit

Because of the limited quantity of available material, few tests could be conducted with this alloy.
Hence, the relationships are based upon limited information obtained over a limited cyclic life range.
The least squares curve fit life relationships should not be extrapolated much beyond the cyclic life
range of the existing data. Although the scatter in the PP, PC, and CC data appears to be very small,
this may simply be due to the few data points, since the scatter in the CP points is substantial, For
example, test specimen rumbers 20 and 23 (Table IV of Appendix 1) are essentially dunlicate tests, yet
the observed cyclic lives were 12 and 41 respectively. This spread of nearly 4 to | in observed life
limits the ability of SRP, and for that matter, any high-temperature fatigue approact, to accurately
correlate the behavior of this group of specimens, A measure of how well SRP can correlate the baseline
results is given in Fig. 4(f). Correlation within life factors of two is obtained except, of course, for
the 12 cycle CP test which had a predicted |ife of 45 cycles., Caution should be exercised in extrapo-
lating EQ(2) to longer times to failure at temperatures on the order of 760°C and higher. The creep-
formed powder processed alloy may begin to exhibit greater creep deformation due to superplasticity at
longer times and low stresses which could result in improvements in the alloy's resistance to CP and CC
type strainranges.

The amount of improvement could be evaluated from a knowledge of Creep—rupture ductility and an ap-
plication of the DN-SRP |ife estimation equations of Ref, 6. Unfortunately, no ductility data were
available for this alloy at the relatively high temperature of 760°C.

Cast IN 100 - A set of SRP life relationships for cast IN 100 tested at 925°C were included in Ref. (5).
These were based upon the preliminary data available at that time. A few of the originally tested speci-
mens had failed prematurely at thermocouple spot welds, so these data points have been eliminated from

the data base. Some additiona'’ tests were conducted on spec imens with the thermocouples located gurther
from the critical test section to avoid premature failures. The currently available data for 925 C
although somewhat meager, are displayed in Figs. 5(a)=(e) along with the least squares curve fit life
relationships,

bepp = 0.053(n,,)70+7

Cast IN 100 A‘pc = 0-053(NPC)-0'73
a2’ se p = 0.040(n )03 €0

Least Squares Fit A(cc = O'OSS(NCC)-O'“q

The few data exhibit little scatter for PC, CP, and CC. However, this may again be misleading as
was suggested previously for the Gatorized IN 100, since there s scatter of very nearly a factor of two
in the PP data. Correlation of the results is within factors of two on cyclic life as demonstrated in
Fig. 5(f).

Comparison With DN-SRP Equations

In a recently published paper (Ref.6) a set of equations was proposed which permits the estimation
of the four SRP life relationships from a knowledge of a material's ductility, Referred to as the Duc-
tility Normalized-Strainrange Partitioning (DN-SRP) equations, they were based upon a correlation of the
SRP data available at the time of publication., All four inelastic strainrange components are related to
life by power law equations with a constant exponent of -0.60. The coefficients in the equations are
related to the ductility of the alloy at the temperature and in the environment of interest Plastic duc-
tility, Dp, as determined from percent reduction of area, R,A,, obtained from conventiona! tensile tests,
is used in the equations for PP and P( since these two types of strainranges have plasticity in the ten-
sile half of the cycle. Similarly, creep-rupture ductility, Cc, is used in the expressions for CP and CC
since creep strain is present in the tensile halves of these cycles. |If creep-rupture ductility varies
with time to failure, the DN-SRP equations imply that the CP and CC cyclic )ife relations are also & func-
tion of time. The DN-SRP life equations are as given below

se,, = 0.50(p,) (npp) 0+E0

on-she A::Z . 0.25(0,)(NEB)'0'50 .
EQUATIONS aep ® 0.20(DC)0' (NCP)-O'GO
Mgy & U.IO(DC)O'SO(NCP)°0'60
se . = 0250000 60cy 17060 ,

LA Mkl e BRI ol 1 B ol . BN ot R e R s I

wilbadBilo® R v
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w0 e
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There sre two equations for CP. The first, with the 0.20 coefficient Is for use when the creep-
rupture cracking mode is transgranular. The latter Is to be used when creep-rupture cracking is of the
more detrimental Intergranular mode.

Ductility data are svailable only for the uncosted Rene' BO and the cast IN 100 alloys. Mowever,
implications of the DN-SRP equations with respect to the costed Rene' B0 will also be discussed.

Rene' B0 - Tensile ductility end creep-rupture ductility data for the uncoated Rene' BO alloy sre re-
ported in Ref. (18) st severa! temperatures including 1000°C. For many alloys, the creep-rupture duc-
tility decreases as rupture times become longer. This seems to be the cese most frequently for alloys
that crack in an intergranular mode. Rene' B0 Is no exception in this regard. Creep-rupture cracking
is intergranular. However, for the rupture times of interest (the same times as the failure times of the
cyclic tests), the creep-rupture ductility, D¢, is essentially constent at & value of 0.17 over the time
range from 2 to 150 hours to failure. The tensile plastic ductility is 0.80. Mence, the DN-SRP equa-
tions for uncoated Rene' B0 at 1000°C for & time span of up to 150 hours are:

RENE" 80, by, o.2oo<u,,>'g-:g

AT -0.
g bepe = 0.100(,) bt
;S?w beop = 0.03N(NCP)-0'60

be . = 0.085(Ncc)'0'50

Equation (5) was used to predict the lives of the baseline tests for the uncoated Rene' B0 Fig 6(a)
compares the predicted lives with the observed lives. All but two of the points are within factors of
three in cyclic life.

It was shown ear!ier that little difference exists between the behavior of the coated and uncoated
spec imens.  This concd tion is sttributed to at least two factors, (a) the coating is compatible with the
base a!loy and does not acdversely affect its fatigue resistance as evidenced by the 1000°C vacuur data
of Refs. B and 9, anc (b) the current testing times (less than 150 hours), are not long enough for the
uncoated specimens to experience |ife degradation due to oxidation, i.e., the protective capabilities of
the coating are not as yet required. However, for exposure times much greater than 150 hours, uncoated
Rene' B0 may suffer from ox dation attack whereas coated Rene' B0 would not do so under the same circur-
stances. One way to anticipate whether the SRP life relations would be altered by long exposure times is
to evaluate the DN-SRP equations using ductility data obtained from tensile tests on exposed material and
long time creep-rupture tests. The creep-rupture ductility, D¢ = in[100/(100-%R.4.)] ,of uncoated Rene' B0
in 1000°C air decreases from an average value of 0.17 in the 2 to 150 hour regime to 0.11 at 1000 hours
to rupture.

We would thus expect the (P and CC SRP life relationships for uncoated Rene' BO appropriate for 1000
hour lives to decrease n accordance with the decrease in Dc as indicated by the DN-SRP relations of fq
(L), No plastic duct 'l ty data were available for uncoated material that had been exposed for long pe-
riods of time, nor were any duct | ty data available for the coated mater.al. Mence, we can not presently
evaluate whether the long time SRP 1ife relations for the coated and uncoated material would be expected
to differ or rerain the same  The above discussion, however, does suggest how such an evaluation could
be made without resorting to expensive long time cyclic tests

Cast IN 100 - Ductility data for the cast IN 100 alloy were reported in Ref. 18. For the 925°C test ter-
perature and failure times of less than 100 hours, the corresponding duct i lities are Dp »= Dg =0 11,

with intergranular cracking being responsible for the creep-rupture failures. Hence, for these conditions,
the DN-SRP equations for cast IN 100 at 1000°C are

8cpp = 0.055(n,,) 060
scpe = 0.028(x, )06
beg, = 0.025(n.,) 7080

'0160

CAST IN 100

EQ (6)

DN-SRP

Figure 6(b) compares the predicted lives of the cast IN 100 with the observed baseline lives. All
of the data are contained within factors of three of the predicted lives, and nearly all within factors
of two.

Verification Results

Verification tests designed to check the predictive capabllity of the SRP life equations were con-
ducted only with specimens of cast IN 100, since sufficient specimens were simply unavalilable for the
other alloys. A primary requisite of a verification test is that it should contain some feature Or com-
plexity not present In the baseline test. For the present purposes, we selected an unusua! strain-
cycling test which contains periods of multiple stress relaxation as opposed 1o the baseline tests which
contained periods of creep ot constent stress. The process of determining the smounts of tensile end
compressive creep and plasticity Is straightforward Referring to Fig. 2, the creep strain was determined
from the smount of elastic strain converted to creep strain during esch relaxation period. The plastic
strain Is the difference betwsen the inelastic strain and the creep strain. For exsmple, during the com-
pressive portion of the multiple tensile relaxation cycle (MTRC) of Fig. 2(c), the compressive creep
strainccy, |s equal to the smount of relexed stress (0,~ Op) divided by the modulus of elasticity, €.
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The compressive plastic strain is simply the difference between the inelastic strainrange Ac |y oand €
In tension, there are three creep strain contributions, ¢ 20 €C3 ond €cy- Each is given by the amount
of stress relaxation ( 0, — 04), ( 0g=0¢), ond i Og = Opldivided by the elastic modulus.

The tensile plastic strain is given by Agin= ( €c2 ¢ €c3 + €c4). Procedures for determining the
partitioned inelastic strainrange components are glven In Ref 5. For the MTRC example, three strain-
range components are present, PP, CP, end CC. For a multiple compressive relaxation cycle (MCRC), PP, PC,
and CC strainrange components are Introduced,

For each verification test conducted, the inelastic strainrange was used to calculate the respective
NPP, Npc, Ncp, and Nec llives from the least squares curve fit life relations of EQ. (3). Knowing the
partitioned inelastic strainrange components permitted calculation of the strainrange fractions, Fpp,
Fpc, Fep, ond Fee for use in the interaction damage rule so that the predicted cyclic lives Npggp could
be computed.

(Fpp/Npp) ¢ (Fpc/Npc) ¢ (Fep/Nep) ¢ (Feo/Nee) = VWpggp  EQ (7)

A series of three MTRC and three MCRC tests were conducted with the cast IN 100 ot 925°C using the
six minute cycle illustrated schematically in Fig, 2. Table IV of Appendix 1 lists the pertinent data for
each verification test, Comparisons of the observed lives and predicted |ives are presented in Fig. B,

It is seen that cyclic lives were predicted to within factors of two in every case.

SUMMARY AND CONCLUDING REMARKS

In keeping with the objectives of this Specialists Meeting, this paper focused on an evaluation of
how well the Method of Strainrange Partitioning (SRP) can both correlate and predict the high-temperature,
low-cycle fatigue lives of laboratory specimens of advanced gas turbine alloys,

Strainrange Partitioning charecteristics were presented for two nickel-base superalloys  cast Rene'
B0 with and without an aluminide (Codep B-1) coating, and IN 100 in both the Gatorized (creep-formed) and
cast conditions SRP life relationships were established for each of the four inelastic stra nrange types
(PP, PC, CP, and CC) for each alloy condition.

By comparing the observed lives of the baseline tests with the lives calculated from the established
life relationships, it was snown that the method of Strainrange Partitioning successfully correlated the
high-temperature, low-cycle fatigue lives of these alloys generally to within factors of two, It should,
of course, be kept in mind that the SRP inelastic strainrange versus life relationships for the cast
nickel=base superalloys studied in this program are not widely separated one from another. These Circum-
stances are believed to result from the fact that these alloys were designed to resist creep deformation
by the prevention of grain boundary sliding, a mechanism frequently associated with widely separated (F
and PP SRP life relationships.

An evaluation was also made of how well the recently proposed Ductility Normalized-Stra nrange Par-
titioning (DN=SRP) equations could predict the cyclic lives of the baseline tests. Values of tens: e
plastic ductility, Dp, and creep-rupture ductility, D¢, for use in the DN-SRP equations were determined
at the temperature and failure times corresponding to the baseline data, and then used to determine the
PP, PC, CP, and CC 1ife relationships, These life relationships were then applied, in conjunction w th
the interaction damage rule to predict the cyclic lives of the baseline tests. Agreement between pre-
dicted and observed lives was generally within factors of 3. Only uncoated Rene' B0 and cast IN 100 were
evaluated since ductility data were unavailable for the other conditions of these alloys.

A few verificetion type tests were conducted on specimens of cast IN 100 using a test cycle composed
of hold periods at several different constant strain levels, C(reep was thereby introduced into each
cycle by the process of repeated stress relaxation One series of tests was conducted which featured
three hold periods in tension and a much shorter period at the peak compressive strain, thus produc ng
partitioned inelastic strainrange components of (P, CC, and PP, Another series of tests reversed the
holding pattern of strain and thus gave rise to P(, CC, and PP components. The lives of the verification
tests were predicted on the basis of the life relationships established from the base!ine tests which had
introduced creep in a more direct manner by using hold periods at constant stress The life of each ver -
fication test was predicted correctly to within factors of two, which is cons dered to be an acceptably
high degree of predictability.

It is concluded that the method of Strainrange Partitioning can be used to accurately correlate and
predict the high-temperature, low-cycle fatigue behavior of the nickel-base superalloys studied in this
program.
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APPENDIX 1 = MATERIAL DATA SUMMARY

TABLE |: CHEMICAL COMPOSITION = WT %

MATERIAL Al Si__8 4 Co _Ti _y ¥ Cr _2r _Fe _Mo _Mp T
RENE' 80 2.990 <0.050 0.015 0.170 9.730 4.870 =---- 3,940 13.800 0.043 0.:30 4.110 <0.020 BAL
IN 100 4.980 <----- 0.020 0.070 18.500 &4.320 0.780 ~<==~ 12,400 0.060 ===+~ 3.200 =e=-= BAL
(GATORIZED)
IN 100 §.450 0.110 0.016 0.170 15.100 &.760 0.970 ===== 10,300 0.084 «---= 2,960 0.020 BAL
(CAST)
TABLE 11: PROCESSING & MEAT TREATMENT
MATERIAL PROCESS ING MEAT TREATMENT
Rene' 80 TRW master heat no. BL-5138, bare & 1220C-2hr. in vac., inert Q to RT;
coated with Codep B-1(aluminide). Individ- 1095C-bhr. in vac., inert Q to RT,
ually cast bars (hole bored for tubular 1050C-bhr. in vac., FC in 1 hr, to
specimens), ASTM grain size = 3. 650C, AC to RT (simulates coating cycle);
BLSC-16hr. in vac., FC to RT, Rough machine
before heat treatment, finish grind after.
IN 100 Powder = GATORIZED(TM) Solution 2050F, Stabilized 1600F and
1800F, precipitation 1200F and 1LOOF.
IN 100 CAST None
TABLE 111: MECHANICAL PROPERTIES
(1MPa = 0, 1L5KST)
TENSILE PROPERTIES CREEP-RUPTURE PROPERTIES
MATERIAL TEMP MODULUS  0.24 YIELD ULTIMATE RA-Z 10 HR 100 WR 1000 MR
C MPa MPa MPa MPa  RA-% MPa  RA-7 MPa RA-%.
RENE' 80 20 198,600 821.0 996.0 6.2
1000 128,200 230.0 333.0 32.7 180.0 16.5 127.6 12.5 B82.7 10.5
IN 100 20 205,500 866.0 1040.0 12.1
(CAST 925 155,100 &67.0 622.0 10.2 430.0 10.3 262.0 10.3 158.6 10.3

ORIGINAL PAGE IS
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TABLE IV - CREEP-FATIGUE DATA

Sress w NJ/L MBS

Surslarange u Ny/2, §

Cyclas \of Hou

Toms.
Max

Comp.
Har

Fallure,
Total Blasue leslsuc PP L)

Rangs x

Reaw’ 80, Uncoated, 1000°C

90,9
1m0y
1%0.2
ma

1.92%
1.9%7
(811

0.6%4
.

cr

-

1.28-0)
3. 0)
1, -0

cp

9.12-00
.1e-0)
1.92-0)
L0

1812

©
-
-
cooo

e.08-01
e.08-00

L33
1.1

.50
J

cr

170%.0
1080.0

e
2.0
321,90

19400
m7n.e
1002.0

0.7%% 0.1%1

Cast ¥ 100, 924°C

ce

1.78-00
1.08-%
AR 1 S0) )

1L
"nen
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1.ag-0e
).on-0»

e
e
LI
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.
"nmn
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o.M
0.0%

.
1
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