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FOREWORD
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D. P. Sheemaker, J. M. Lieske II, 1, L. Sims, E. J. Drumheller, and E. H. Hindle III, who per-
formed the majority of the materials testing. Special thanks are extended to Mr. E. I Veil,
who conducted the metallographic and fractographic analyses.

This program was conducted under the cognizance of Mr. M. C. VanWanderham, Gen-
eral Supervisor of the Mechanics of Materials and Structures section of the Materials Engi-
neering and Technology Department at Pratt & Whitney Aircraft Group, Government Iro-
duets Division.
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SUMMARY

Several nickel-base aireraft turbine disk superalloys representing various strengths and
processing histories were evaluated at 650°C for resistance to fatigue crack initiation and propa-
gation under cyclic and cyclic/dwell conditions. Controlled strain low-cycle fatigue (LCF) and
controlled load crack propagation tests were performed and results utilized to provide a direct
comparison ameng the alloys. In addition, limited fractographic and metallographic analyses
were conducted, and tests were performed on selected alloys to evaluate the effects of hold times,
mean stresses, stress-dwell cycle types, inert environment, and contractor test methods.

At the lower total strain ranges of interest for aircraft turbine disk applications, the alloys
exhibited generally increasing initiation life with increasing tensile strength for both cyelic
{0.33 Hz) and cyclic/dwell (900-sec hold per cycle) conditions. Rank order of the alloys by LCF
initiation life changed substantially at higher strain ranges, approaching the rank order
expected from monotonic tensile ductilities (for total strain ranges above approximately 1.8%).
The effect of the 900-sec (15-min) hold time fatigue life varied significantly from alloy to alloy.
Generally, the higher-strength, finer-grained alloys exhibited more significant reductions in
fatigue life due to the dwell. In general, the effects of mean strain were found to be negligible for
the conditions evaluated and the effects of mean stress were pronounced. For the type cycles
evaluated, at high strain ranges the mean siress was near zero and did not contribute to reduc-
tion in life. At low strain ranges, however, mean stresses were large and significant reductions in
LCF lives occurred.

Crack growth rates generally increased with increasing tensile strength. Crack growth test-
ing conducted with a 900-sec dwell at maximum tensile load in air showed the same trends as the
0.33 Hz testing with larger absolute differences in crack growth rates, and, as in the initiation
tests, the higher strength, finer grained alloys were more severely affected by the hold time.
Waspaloy and IN 100 tested in an argon environment at 0.33 Hz demonstrated crack growth
rates at low AK levels approximately a factor of 2 slower than the same alloys tested in air, Air
and argon crack growth rates converged at higher AK levels.

Low-cycle fatigue data generated by P&WA and GE generally agreed with some differences
in the cyelic (0.33 Hz) test data. Differences in LCF life are probably attributable to specimen
machining and surface preparation. Comparison of Contractor crack growth testing and data
analysis procedures showed crack groewth data obtained at 0,33 Hz for the GE K, bar specimen to
be approximately two times faster than that obtained from the compact type specimen. At 900-
sec dwell times, K, bar data was much faster than the CT specimens, with diminishing differen-
ces at low AK levels.

Additional creep-fatigue cyclic evaluations were performed on the IN 100 samples at 650°C.
Changing dwell time from zero to 30, 120, and 900 sec resulted in corresponding reductions in life
with very minimal changes in cyclic creep strain range. Reductions in life are attributed prima-
rily to exposure time at 650°C rather than cyclic creep deformation damage. Comparison of basic
tensile stress-hold with tensile strain-hold cycles showed no significant differences provided test
variables, such as mean stress, strain range, and hold time were comparable. Mean stress and
accumulated creep strain (in stress-hold cycles) both significantly affected LCF life. Life differen-
ces between stress-hold and strain-hold cycles were attributed to mean stress and cumulative
creep strains.

Overall, the relationship of strength and grain size to LCF and crack growth capability
were found to be valid, in general. The effects of mean stress, hold times, and environment were
significant, and more pronounced for the higher strength alloys. Finally, the relative cyclic per-
formance of the alloys would not be expected to relate simply to strength or any other single
material property, but would depend on specific usage conditions.

xiii



INTRODUCTION

Recent strength advances in wrought powder metallurgy superalloys offer the potential
for increasing the performance and reducing the weight of gas turbine aircraft engines.
Coupled with lower cost processing methods, such as hot-isostatic pressing (HIP), the net
result could be substantially reduced system lifecycle costs. After an alloy has been devel-
oped, critical evaluations must be conducted to define its capability to enable utilization of
that capability in the design, manufacture, and service of components. The cyclic behavior
and capability of the new powder metallurgy alloys become extremely important when they
are considered for turbine disk applications. In many engine designs, these disks are often
low-cycle fatigue (LCF) limited.

Before these powder-metallurgy alloys can be incorporated into engine turbine disk
designs a comparison of their cyclic fatigue behavior must be made with reference to an alloy
in current use. Then an objective assessment of total-crack initiation plus crack propagation-
fatigue life can he made to determine if the strength advances in wrought powder-metallurgy
superalloys have resulted in corresponding increases in LCF capability, and if HIP processed
alloys have cyclic lives substantially the same as their wrought powder counterparts. In addi-
tion, the effects of mean stress or strain on LCF life, the effect of environment on crack
growth rate, and the effect of varying hold time on LCF life must be understood both to suc-
cessfully use current alloys and to facilitate development of improved alloys for turbine disk
applications.

This program follows two earlier NASA contracts which evaluated the cyclic behavior of
several aircraft turbine disk alloys. In the earlier programs, Pratt & Whitney Aircraft Group
(P&WA) evaluated the cyclic behavior of conventionally wrought Waspaloy produced from ingot,
fully HIP low carbon poewder Astroloy, HIP plus forged low carbon powder Astroloy, HIP plus
cross-rolled powder metallurgy NASA IIB-7, and GATORIZED® powder IN 100." General
Electric Company (GE) evaluated INCO 718 produced from ingot, HIP powder René 95, and HIP
plus forged powder metallurgy René 95.2

The objectives of this program included evaluation of an additional alloy, providing a
comparison of contractor test methods, determination of crack initiation and early propaga-
tion mechanisms for various alloys, and determination of the effects of mean stress or strain,
various creep-fatigue cycle forms, and environmental effects on crack initiation and crack
growth behavior for two of the alloys. As in earlier programs, the cyclic behavior of the
alloys was evaluated from two aspects: crack initiation and erack propagation. The test
methods utilized to establish this behavier were axially-loaded strain control LCF tests for
initiation and load-contrelled cyelic crack growth rate fracture mechanics tests for propaga-
tion. Tests were conducted under both cyclic and eyclie/dwell conditions at 650°C (1200°F).

The alloys selected for this program included HIP MERL 76 which is an advanced alloy
currently undergoing trial disk production development at P&WA under NASA MATE pro-
gram sponsorship, HIP plus forged René 95 currently used by GE, GATORIZED IN 100
which is an advanced alloy currently used by P&WA, and conventionally forged Waspaloy
which is a current, widely used disk alloy produced from ingot.

HIP MERL 76 represented the new alloy not previously evaluated. René 95 which was
previously tested by General Electric was included to provide a comparison of Contractor test
methods and results. IN 100 and Waspaloy were selected for evaluation under cyclic and cye-
lic/dwell conditions and in an inert environment because these alloys are representative of
relative extremes in processing methods and cyclic behavior for currently used turbine disk
alloys.



MATERIAL PROCUREMENT AND QUALIFICATION

Four nickel-base superalloys for aircraft gas turbine engine disks were evaluated for
resistance to fatigue crack initiation and propagation under both cyclic and eyclic/dwell con-
ditions at elevated temperature. Results provide comparisons of a conventionally forged
superalloy produced from ingot with three advanced alloys produced from pre-alloyed powder
in the wrought, hot isostatically pressed (HIP) , and the HIP plus forged forms. These results
are also directly comparable with alloys previously evaluated and reported {Reference 4).

The listing below details the four alloys evaluated under this program. Table 1 describes
the chemical compositions and heat treatments.

TABLE 1

NOMINAL CHEMICAL COMPOSITIONS! AND HEAT TREATMENTS

Alloy 4
Alloy | Allay 2 Aflov 3 GATORIZED™
Element HIP MERL 76 Hené 95 Waspaloy IN TG0

{larbhon 0.022 0.065 0.06 007
Manganese 0.02 max (.15 max (.75 max 0.020 max
Sulfur 0.01 max 0.015 max 0.02 max 0,010 max
Phosphorous 0.01 max 0.015 max — 0.010 max
Silicon .10 max 0.50 max .75 max 0.10 max
Chromium 12.40 13.0 19.5 12.40
Cobalt 18.50 2.0 13.5 18.50
Malybdenum 3.20 3.50 4.0 3.20
Titanium 4.32 2.50 3.0 4.32
Aluminurm 5.00 3.50 14 1.97
Boron .02 0.01 {1.065 .02
Zirconium .06 .05 0.07 0.06
Tungsten —_ 3.50 — (.05 max
Eron 0.30 max 0.50 max 2.0 max (.30 max
Jopper 0.07 max — 0.1 max 0.07 max
Lead 0.0002 max — 10 ppm max  0.0002 max
Tantalum? —_ 0.2 max — .04 max
Vanadium — — — 0.78
Hafnium 0.40 — — —_
Nickel Balance Balance Ralance Balance
Heat Treatment?
Solution, Stabilization, 1163°C/2 hr/0OQ 1092°C-1 Hr 1024/4/0Q 1121/2/00
and Age 871°C-0.67 538°C Molten Salt 843/4/AC 87140 min/AC

982°C/0.75 Bath Quench 649724/ AC

T60°C/16 760°C/16 hr 76074/ AC

INominal Composition—Percent by Weight
antalum and Columbium for Alloy 4

2rr

3Heat Treat Conditions — Nominal
Temperature — “C/Time-hr/Air Cool — AC, Oi! Quench — QC

Alloy 1—

HIF MERL 76: an advanced, high-strength powder metallurgy
superalloy. Trial production of full-sized turhine disks is currently
underway at P&WA/Commercial Products Division {CPD) in
East Hartford, CT under NASA MATE program sponsorship.
HIP MERL 76 was supplied by the Government through P&WA/
CPD. Material was received in the form of four rough-cut sec
tions from a fully-HIP'd JT10D lst-stage turbine disk, as shown
in figure 1. This figure also shows the specimen cutup layout.
Composition and material tensile qualification test results for
this forging are presented in tables 2 and 3, respectively.
2



Alloy 2 — HIP plus forged René 95: an advanced powder metallurgy tur-
bine disk alloy currently in use by GE. HIP plus forged René 95
was supplied by NASA in the form of a fully heat treated tur-
hine disk segment. Composition and material qualification test
results (supplied by NASA) for this forging appear in tables 4
and 5, respectively. Figure 2 presents the specimen cutup
schematic,

Alloy 3 — Wrought Waspaloy produced from cast ingot. Waspaloy is widely
used as a turbine disk alloy in engines, such as P&WA JTS8D,
JT9D, and TF30. Waspaley was produced in the form of a JTSD
3rd-stage turbine disk forging taken from a production run of
this part. This disk was produced by the Ladish Company and is
representative of the material in current use. Composition and
material qualification test results for this forging are presented in
table 6. Figure 3 shows the specimen cutup schematic,

Alloy 4 — GATORIZED IN 100: an advanced powder metallurgy turbine
disk alloy currently used in the turbine and high-pressure com-
pressor disks of the F100 engine. The IN 100 was obtained as a
fully heat treated disk/pancake forging segment. Composition,
heat treatment, and material qualification test results for this
forging are presented in table 7. Test specimen machining was in
accordance with the layout presented in figure 4. Test specimens
machined from the forging consisted primarily of axial strain
control LCTF specimens and modified compact tension specimens
for crack growth rate, as shown in figure 5.

The LCF specimens were oriented tangentially in the forgings and the compact specimens
were oriented such that crack growth direction would be approximately radial to the disk forg-
ing. Tensile tests were conducted at 650°C (1200°F) to provide a comparison of monotonic

strengths and ductilities among the alloys at a representative temperature, Table 8 presents the
results of these tests,

Optical and electron micrographs representing the microstructure for each of the alloys
appear in figures 6 through 9. The microstructure of HIP MERL 76 is shown in figure 6. This
material has an ASTM grain size of 8.5 to 10.5. HIP plus forged René 95 is characterized in
figure 7. This alloy has a grain structure consisting of 60% unrecrystallized grains with ASTM
grain size of 5 to 6 with occasional 4, necklaced by recrystallized grains finer than 8. The Waspa-
loy microstructure, figure 8, varied but was generally ASTM grain size 3 to 5 with occasicnal 2,
and with some duplexing with 7 and finer. The IN 100 microstructure is shown in figure 9. This
alloy is fine-grained with an ASTM grain size of 12.5 to 14.5 with occasional 11.5.

Further details of microstructure are given in a later section entitled “Evaluation of Fatigue
Crack Initiation Mechanisms.”
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TABLE 2
CHEMICAL COMPOSITION AND HEAT
TREATMENT—ALLOQY 1, HIP MERL 76.
Identification: UDIMET Powder Blend
No. 79003, JT10D 1st Turbine Disk S/N-102-2

Powder

Element Torget Chemistry BN 7903  Disk 1022
Ni R R R
or 119 -129 12.51 120
Co 18.0 -190 18.50 18.4
Mo 28 - 36 3.29 3.3
Al 4.85 - 315 4.93 5.1
Ti 4.15 - 4.50 4.20 4.2
Nb 1.20 - 1.60 1.46 1.41
Hf 0.30 - 0.50 0.39 (.48
B 0.016 - 0.024 0.02 0.02
Zr 004 - 0.08 0.05 0.045
C 0.015 - (.03 0.026 0.023
Mn 0.02 max 0.008 ND
) 0.01 max ND ND
P 0.01 max 0.004 ND
Si 0.10 max 0.01 ND
Fe 0.30 max 0.06 ND
Cu .07 max 0.03 ND
Bi .05* max 0.02*% ND
Pb 2.0* max 1% ND
O 100.0* max 92t 89*
N 50.0* max 18% 20*

R = Remainder
ND = Not Determined

Disk 102-2 was HIP consolidated at 1182°C/103 MPa./3hr
Heat Treatment:

1163°C/2 hr/0il Quench +

871°C/0.67 hr +

982°C/0.75 hr +

649°C/24 hr +

160°C/16 hr




TABLE 3
TENSILE QUALIFICATION TEST RESULTS — ALLOY 1, HIP MERL 76
Identification; UDIMET Powder Blend No. 79003, JT10D) 1st Turbine Disk 8/N-102-2

2% Y8 Urs

Specimen Test Testing™*

S/N Location Temp (°C) MfPa kai MPa ket Bl mRA  Source
102-2-5 Bore — ID 25 — — 1612 233.9 19.7 19.7 CPD
102.2-.9 Bore — [} 25 1153 167.4 1647 239.0 18.2 18.3 CPD
102-2-2 Adjacent to 2h 1076 156.2 1581 229.5 16.5 16.9 CPD
102-2-8 Bore — ID 25 1039 1653.7 16168 234.5 22.2 18.3 CPD
102-2-17 Rim 25 1067 154.9 1610 233.6 1%.6 19.8 CPD
TARGET — 25 1034 150.0 1482 210.0 15.0 15.0 —

10221 Bore — I 621 1084 1574 1430 207.0 235 283 CPD
102-2-7 Bore — ID 621 1087 1h7.7 1437 208.6 21.7 23.9 CPD

10226 Adjacent t¢ 621 1042 151.2 1430 2005 23.7 24.1 CPD
102-2-10 Bore — ID 621 1087 157.8 1470 213.3 18.0 16.9 CPD
102-2-3 Hub 621 1008 153.7 L4h0 210.4 26.6 24.1 CPD
10224 Hub 621 1053 152.8 1416 206.4 23.2 26.7 CPD
102-2-13 Flange 621 1378 156.4 1421 206.2 22,7 26.7 CPD
102-2-14 Flange 621 1090 1h8.2 1453 210.9 233 227 CPD
102-2-11 Web 621 - — . 1364 198.0 27.1 24.6 CPD
102212 Web 621 1039 150.8 1387 201.3 28.8 283 CPD
102-2-16 Rim 621 1074 1536.6 1419 205.9 225 26.9 CPD
TARGET — 621 1014 147.0 1365 198.0 22.0 12.0 -

F-4 Web 650 1031 149.56 1369 198.6 225 246 GPD
F-5 Web 650 1024 148.5 1361 197.4 2440 25.5 GPD

*OPD: United Technologies Corp., Pratt & Whitney Aircraft Group, Commercial Preducts Division,
East Hartford, Connecticut

GPD:  United Technologies Corp., Pratt & Whitney Aircraft Group, Govermment Products Division,
West Palm Beach, Florida




TABLE 4
CHEMCIAL COMPOSITION AND HEAT
TREATMENT-ALLOY 2, HIP PLUS
FORGED RENE 95 PRODUCED FROM
PREALLOYED POWDER
Producer; Cartech VIM Heat No. V91085,
Preform (525,
Ladish Company Forging EX091

Required Actual®
Chemical Composition:
Carben 0.04 to 0.09 .08
Manganese 0.15 Max 001
Silicon 0.50 Max (.06
Phosphorous 0.015 Max 0.005
Sulphur 0.015 Max 0.002
Chromium 12t0 11 12.8
Molybdenum 3.3 to 3.7 3.56
Cobalt Ttod B.05
Titanium 24 to 2.7 2,568
Aluminum 3.3 to 3.7 3.67
Boron 0.006 to 0.015  0.01
Niobium 331037 3.60
Tantalum 0.2 Max 0.01
Tungsten 3.3 to 3.7 3.59
Zirconium 0.03 to 0.07 0.053
Iron 0.5 Max 0.39
Hydrogen 0.001 Max 2 ppm
Oxygen 0.010 Max 66 ppm
Nitrogen 0.005 Max 0.003
Nickel Balance Balance

*Analysis of Master Powder Blend No. 55

Heat Treatment:
1092°C/1 Hr
£538°C Molten Salt Bath Quench
T60°C/16 hr




TABLE 5
QUALIFICATION TEST RESULTS — ALLOY 2, HIP PLUS FORGED
RENE 95
Identification: CarTech VIM Heat V91085/Preform No. C325
Ladish Company Forging EX 091 DFL Series -2
Specification: GE Ch0TF5H4

L Tensile
Specimen Temperature 2% ¥S ors

Number cf {°F) MPa fhsi} MPa fhsi) BA % FEi%
SR-1 Room Temperature 1172 {170) 1620 {235} 22.3 18.6
SK-2 Room Temperature 1179 (171) 1627 (236} 23.2 181
SE-3 Room Temperature 1186 (172) 1641 {238) 22.6 184

Average Room Temperature 1179 {171) 1629 (236) a27 18.4
Values
Spec
Values
C1-B Room Temperature 1207 {175) 1544 {224) 12 10
C1-C Room Temperature 1179 (L71) 1524 (221}

SH-4 650 {1200} 1110 {161} 1475 (214) 14.4 11.8
SR-5 650 (12000 1124 {163 1482 {215} 15.9 14,6
SR-6 650 {1200) 1131 {164) 1482 {215) 12.2 12.1

Average 650 {1200) 1122 {162.6) 1480 (214.6) 4.2 128
Values
Spec
Values
Cl1-B 650 (1200 1117 (162) 1427 (207} 10 8
C1-C 650} {1200} 1089 {158} 1407 (204)

2, Stress Rupture

Specimen Temperature Stress Time to Faflure,

Number C {°Fj MPa fksi) Hours RA % Ei %
SR-7 650 (1200) 1034 {1501 280.8 6.3 22
SR-8 650 {1200) 1034 {150} 315.4 1.6 22
Spec
Values
C1-B 650 (12000 1034 {150) 35
C1-C 650 {1200y 1034 {150} 35



TABLE 5
QUALIFICATION TEST RESULTS — ALLOY 2, HIP PLUS FORGED
RENE 95 (Continued)
Identification: CarTech VIM Heat V91085/Preform Ne. C525
Ladish Company Forging EX 091 DFL Series -2
Specification: GE C50TFH4

L Creep
Time to 0.29%
Specimen Temperature Stress Plastic Deformation,
Number “C =F; MPa fhsi} Hours
SR-9 393 (1100} 1034 {150 206
SR-10 2493 (1100} 1034 (1560 235
Spec
Values
CI-IB 393 (1100} 1034 (150 100
C1-C 593 (1100) 1034 (150) 106
4. Cyclic Rupiure
Specimen Temperature Stress Cycles to
Number e (&) MPa flsi) Failure ‘Hours
1 650 (12000 1000 (145} 533 17.1
3 660 (1200) 1004 (145} 610 19.1
Spec
Minimum 650 {1200) 1000 {143) 300 —
Value
5. Residual Life
Specimen Temperature Stress Cyeles to
Number o {°F) MPe kst Failure
1B 538 {1000) 890 (100) 12,380
21 — — 690 {100) 5.319




“Specimen Blank

Type a - Strain Control
LCF Specimen

Type b - Crack Growth
Specimen

Section A-A
Rim

Bore

iy
B
2

2.0

‘ j-pl——1 .62
dia

22:‘3— -
18.27 dia} .
| 0.74
9.80 dia
T

7.58 dia

Dimensions in Inches

/

Tree Pan

Scale = 1/4X

FD 14B0O19

Figure 2. Material and Specimen Layout Plan for HIP and Forged Rend 95
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TABLE 6

QUALIFICATION TEST RESULTS — ALLOY 3, WROUGHT

WASPALQOY PRODUCED FROM INGOT

Producer; Ladish Company
Heat Code: LRKB 2017

Required Actual
Chemical Composition:*
Carbon - 002 to 0.10 0.04
Manganese 0.75 max 0.01
Sulfur 0.020 max (0.005
Silicon (.75 max (.03
Chromium 18.0 to 21.0 19.25
Cobalt 12.0 to 15.0 13.58
Molybdenum 3.5 to 5.0 4.22
Titanium 2.75 to 3.25 3.0%
Aluminum 1.20 to 1.60 1.29
Zirconium 0.02 to 0.12 0.048
Baoron 0.003 to 0.010 0.0051
Iron 2.0 max (.68
Copper 0.10 max 0.01
Bismuth 0.5 ppm max 0.5 ppm
Lead 10 ppm max 3.0 ppm
Nickel Balance h7.48

Heat Treatment:

1010°C to 1038°C/4/0Q

1016°C /400

B43°Cr4/AC R43°C/4/AC
760°C/16/AC 760°C/16/AC
Ultimaie 0.2% Yield w EL T RA
Tensile Propertics:
Room Temperature
Required Minimum 1241 MPa 862 MPa 15 18
Actual 1376.9 MPa 1060.4 MPa 21 B
538°C
Reguired Minimum 1103 MPa 7H% MPa 15 15
Actual 1240.4 MPa 934.9 MPa 22 28
Bequired Min. Actual
Time tn KL Time ¥ EL
Stress Rupture Strength:
732°C, 352 MPa 23 hr 12 56.8 18
8162C, 293 MPa 23 hr 12 42.5 26

*Percent by weight unless otherwise noted.
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TABLE 7
QUALIFICATION TEST RESULTS — ALLOY 4, GATORIZED®
IN 100 PRODUCED FROM PREALLOYED POWDER
Powder Source: Homogenous Metal
Forging Vendor; P&WA
Heat Code: BAQQ, H105-A10

Required
Chemical Composition Min Max Actual
Carbon 0.05 0.08 <0.090
Manganese — 0.020 0.02
Sulfur — 0.010 <{1.001
Phosphorus — 0.010 0.006
Silicon — .10 <0.10
Chromium 11.90 12.90 12.21
Cobalt 18.00 19.00 18.26
Molybdenum 2.80 3.60 3.20
Titanium 4.15 4.50 4.28
Aluminum 4.80 5.15 4.96
Vanadium .68 0.98 0.72
Boron 0.016 0.024 0.018
Zirconium 1.04 0.08 0.06
Tungsten _ 0.05 <0.05
Iron . — 0,30 <0.30
Copper — 0.07 <0.07
Columbium and Tantalum — 0.04 <0.04
Lead* — 0.0002 (2 ppm) <1 ppm
Bismuth#* — 0.00005 (0.5 ppm} <3 ppm
Oxygen - 0.010 {100 ppm} 76 ppm
Nickel Remainder Balance
tleat Treatment: 1121°C/2 hre/0Q 1121°C/2 hr/0Q
8§71°C/40 min/AC 871°C/40 min/AC
to below 371°C io below 371°C
649°C,/24 hr/AC 649°Cs24 hr/AC
to below 371°C to below 371°C
TBO( /4 hrrAC 760°C/4 hr/AC
to below 371°C to below 371°C
itimaie .24 Yield % Ef %% RA
Tensile Properties 704<C
Required Minimum 1172 MPa 1014 MPa 12 12
Actual 1269 MPa 1051 MPa 26.6 34.9
Required Minimum Actun!
Time u Bl Time % Ki
Stress Rupture Strength:
732°C, 656 MPa . 23 hr 5 26.8 hr 10.3
Reguired Minimum
Time to 0.2% Offset Actual
Creep Strength:
T04°C, 552 MPa 100 hr 0.1% after 174.5 hr**

*If determined
**Creep on integral rings may be discontinued after 75 hr if 0.08% extension has
not been exceeded.

13



@@@@@@@ =T |

Bore @@@@@@@ Bore =" 58 (2.3)
@@0@®®@%/ Rim C—=_1/krim |
Section A-A Section B-B

Specimen Blank Dimensions in ¢m and {in.}

Type a - Strain Control
LCF Specimen

Type b - Crack Growth

Specimen

21.1 8.4
{8.3) rad (3.3) rad}

>

229

et 1 (0,2 ——n Scale =~ 1/4X
(4)

F0O 148011

Figure 4. Material and Specimen Layout Plan for GATORIZED® IN 100 Pancake
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Figure 5. Sirain Control LCF and Modified Compact Tension Specimens

TABLE 8
ELEVATED TEMPERATURE TENSILE PROPERTIES AT 650°C

FE 189461

Material Ultimate 0.2%

Identification Specimen Strengith Yield EL RA
Material or Heat Code Number  (MPa) (MPo) (%) %)
HIP MERL 76 UDIMET ¥4 1369 1031 22.5 24.6
Blend 79003 5 1361 1024 24.0 25.5

Disk S/N 1022
René 95 CarTech V91085 3R-4 1475 1110 11.8 14.4
(HIP + forged) Preform C525 SR-5 1482 1124 14.8 5.9
SR-6 1482 1131 12.1 12.2
Waspaloy LRKB-2017 A4 1259 967 22.5 28,7
A8 1266 947 20.5 25.2
IN 100 BAQQ,H105-A10 19 1359 1113 9225 25.3
20 1341 1107 21.0 24.6

*Results from disk/pancake forging BAKY-H45-A5, evaluated under NAS3-20367 (Ref-
erence 1), with identical shape and processing as BAQQ-H105-A10. The 704°C tensile
results for these forgings were nearly identical.

15



1,000X 20,000X

FD 193467

Figure 6. Optical Microsiruciure and Transmission Electron Micrographs
of Alloy 1, HIP MERL 76
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100X 3,000X

1,060X 20,000X

FD 193468

Figure 7. Optical Microstructure and Transmission FElectron Micrographs
of Alloy 2, HIP plus Forged René 95
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FD 148005
Figure 8. Optical Microstructure and Transmission Electron Micrographs

of Alloy 3, Waspaloy
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Figure 9. Opticel Microstructure and Transmission Electron Micrographs
of Alloy 4, GATORIZED® [N 190
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EVALUATION OF FATIGUE AND CYCLIC CRACK GROWTH
General

Strain contrel LCF and load-controlled crack growth tests characterized the cyclic behavior
of the alloys under both cyclic and cyclic/dwell conditions. All testing was performed under
isothermal conditions at 650°C (1200°F) which represents a typical operating temperature for the
fracture critical areas of an advanced engine turbine disk. The cyclic tests were performed at a
frequency of 0.33 Hz (20 cpm). Held time per cycle for the cyclic/dwell tests was 900 sec (15 min)
at maximum tensile strain for the LCF tests and at maximum tensile load for the crack growth
tests. In addition, strain control LCF tests were conducted at other mean stresses, mean strains,
variable cyclic hold times, and hold modes (stress hold vs strain hold) to determine the corres-
ponding effects on LCF life. The latter two additional testing types are discussed later in this
report under Creep-Fatigue Evaluations, Further crack growth fests were run in an inert atmos-
phere {argon) to measure the effects of oxidation on cyclic crack growth rates.

The experimental results provided data to directly compare the cyclic behavior of the four
alloys tested herein and to make additional comparisons with the alloys tested under the pre-
vious NASA contracts NAS3-20367 and NAS3-20368 (reported in NASA CR-159409' and
CR-159433,% respectively).

Strain Control LCF Testing

Currently, there are no industry-wide accepted ASTM procedures for strain control LCF
testing at elevated temperatures. The techniques for data generation and analysis used in the
program appear in the following paragraphs.

Testing Methods
Specimen

The specimen used in this program appears in figure 10 and the specimen print is shown in
figure 11. Four basic requirements guided specimen design and development: (1) strain distribu-
tion be known over the gage section, (2) axial strain be accurately measurable, (3) minimum
strain concentrations exist, and (4) failure location be in the gage section. Additional require-
ments included ease of installation and simplification of calculations necessary o establish
machine operating parameters.

The specimen configuration, which includes integral machined extensometer collars, was
determined experimentally using photoelastic and elastic/plastic strain analyses. A calibration
procedure was established to relate the maximum strain to collar deflection during both the
elastic and plastic portions of the strain cycle. Subsequently, finite-clement and mathematical
model analyses analytically verified the specimen design and calibration procedures®

All test specimens were visually examined prior to testing in normal light and with fluores-
cent penetrant to screen for machining anomalies or surface discontinuities. Additionally, ran-
domly selected samples underwent thorough dimensional inspection to ensure conformance to
print requirements,
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Figure 10.  Strain Control LCF Specimen
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Figure 11.  Strain Control LCF Specimen Details
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Testing Procedures

All testing machines were controlled under a system of calibration and preventative main-
tenance schedules. System accuracies are within 2%. Approved calibration procedures, records,
and National Bureau of Standards (NBS) traceability were retained for all test equipment from
which data were obtained.

Isothermal strain controel LCF characteristics were determined for this program using ser-
vohydraulic, closed-loop-on-axial strain LCF testing machines designed and built at P&WA/
Florida. A typical test machine with controls and readout instrumentation is shown in figure 12,

Specimen axial strain was measured and controlled by means of a proximity probe exten-
someter. Split extensometer heads were attached to the specimen by mating the grooves in the
heads with the integral collars on the specimen and bolting the assembly together. Collar deflec-
tion is measured and controlled via proximity probes. Load measurement is obtained by a com-
mercial tension-compression load cell.

An x-y recorder was used for recording load vs strain plots at predetermined cyclic intervals
during testing. The recorder was calibrated with the extensometer so that the ratio of specimen
collar defiection to x-y recorder pen movement in the “x” direction was known. The “y” axis of
the x-y recorder was calibrated with the load cell so the ratic of specimen load to x-y recorder “y”
axis pen movement was known.

The strain control LCF tests were conducted at constant total strain ranges to establish
cycles to failure generally in the 102 to 10° cycle life range.

The cyclic tests utilized a triangular strain-time waveform at a frequency of 0.33 Hz (20
cpm) with either a mean strain equal to zero (completely reversed strain cycle, R, = -1), as shown
in figure 13, or a mean strain equal to one-half the maximum strain (all-tensile strain cycle, R, =
0), as shown in figure 14.

The cyclic/dwell test utilized the same ramp frequency and mean strains as the nondwell
tests, but incorporated a hold time of 300 sec (15 min) at the maximum tensile strain. A typical
dwell test waveform for the mean strain of zero case is shown in figure 15, Figure 16 details the
all-tensile strain case.

All specimens were cycled to failure in the strain-controlled test mode with load-strain
hysteresis plots obtained at intervals throughout the life of the specimen.

The number of cycles to complete specimen separation (N, and the number of cycles to
produce a 5% drop in the cyclic load range (N, were determined for each test. The change in
specimen compliance causing the drop in cyclic load range was used as an indicator for crack
initiation.

The total strain and the elastic, inelastic, and creep strain components were determined
at the specimen halflife (N/,) from the hysteresis plots taken during each test. The strain
components are described and presented in figures 13 through 16.

All tests were conducted in air at 650°C (1200°F). Temperature was controlled uniformiy

over the specimen gage section using calibrated thermocouple and temperature readout and
control instrumentation.
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Figure 12  Servohvdraulic Closed-Loop LCF Test Machine
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Figure 13. Typical Cyclie (Nondwell) LCF Cycle, R, = -1
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Low-Cycle Fatigue Test Results

A minimum of six cyclic tests and four cyclic/dwell tests were performed on each of the
four turbine disk alloys involved in this contract. In addition, supplemental tests were con-
ducted to investigate heat-to-heat or forgingto-forging LCF property variations in certain
alloys, effects of high strain range on LCF life for several alloys tested in earlier contract

work (NAS3-20367), and the effects of mean strain (strain R ratio) and mean stress of fatigue
life.

Stress range and mean stress vs cycles for each test were determined from hysteresis
plots generated periodically during the test. The data were analyzed by computer to estimate
cycles to 5% stress range drop (N; life) and then the results were plotted. The 5% stress range
drop occurred approximately within the last 10% of the total cyclic life for the majority of the
tests. Typical stress-strain hysteresis loops at the specimen halflife {N/2) were recorded and
are presented herein for all tests. Total strain range vs cycles to 5% stress range drop (N life)
and cycles to complete separation (N} are presented for each alloy. Each figure includes a
strain range vs mean life regression curve, '

The regression model used for the cyclic (0.33 Hz, 20 cpm} tests is a composite exponen-
tial function of the form Y = ANP + CNPD + E, which relates total strain range (Y) to cyclic life
(N). The inelastic strain component in this model is the ANP term, and the elastic strain
component consists of the CNP + E terms. The inelastic strain was statistically regressed as a
log-linear (straight line on log-log paper) function {Y; = ANP), The elastic strain had the best
statistically regressed curve fit as a nonlinear log (curved line on log-log paper) function (Yy =

CNP + E).
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The regression model used for the dwell (800-sec hold at max tensile strain) tests is a
composite exponential function of the form Y = ANB + CNP, which relates total strain (Y) to
cyclic life (N). The inelastic strain component in this model is the ABYN term, and the elastic
strain component is the CND term. The inelastic strain was statistically regressed as a log-
linear function (Y, = ABV), The elastic strain was also statistically regressed as a log-linear
function (Y, = CNT) dye to the limited quantity of dwell LCF test data.

Inelastic strain range data for all alloys has heen adjusted to conform to the following
reporting system:

If measured Ae; was: Then reported Ae; was:
Ag; < 0.00005 <0.0001
0.00005 = Ag < 0.00008 =0.0001
0.00008 << Ae, < 0.00015 (.0001

Required use of this system stemmed from the relative inaccuracies of the inelastic
strain data on this order of magnitude and the significant effect that these data could exhibit
on the linear regressions of inelastic strain. Inelastic strain range data less than 0.0001 was
estimated based on plots of stress range vs inelastic strain constructed from test results with
measurable inelastic strains, and was used for regression analyses.

The methodology of summing independent log-linear {or nonlinear) regressions of the
elastic and inelastic strain components (Y = Y; + Y, where Y = total strain, Y, = inelastic
strain, and Yy, = elastic strain) has been used with excellent agreement with the actual total
strain data generated in this program. Figure 17 illustrates this method of component strain
summation.

Fully Reversed LCF Tesls (Mean Strain = 0, R. = -1)

Fully reversed strain cycle LCF tests were run for fully HIP’d MERL 76 and HIP plus
forged René 95, These tests produced typical hysteresis loops and strain-time waveforms, as
shown in figures 13 and 15. The following discussion details the test results achieved with
each of the four alloys.

HIP MERL 76

Six cyclic tests (0.33 Hz) and five cyclic/dwell tests were completed with a fully reversed
strain cycle. The dwell tests utilized a 900 sec hold time at maximum tensile strain. Three
additional tests were conducted with an all-tensile strain cycle. (See Supplementary discus-
sion.) Table 9 presents the test data.

Stress range and mean stress vs life plots are shown in figures 18 and 20 for the cyclic
tests and figures 19 and 21 for the cyclic/dwell tests. Typical stress-strain hysteresis loops at
the specimen halflives for the cyclic and dwell tests are presented in figures 22 and 23.

Strain range vs life curves are presented in figures 24 and 25. These figures indicate
that the 900 sec dwell reduces the fatigue life by a factor between 2 and 5, depending on total
strain range. The stress range vs inelastic strain range relationship for the cyclic tests s
presented in figure 26.
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Figure 26. Stress Range vs Inelastic Strain Range for HIP MERL 76

HIP Plus Forged René 95

Seven cyclic tests (0.33 Hz) and four cyclic/dwell tests were performed for this alloy.
Three additional tests were run with an all-tensile strain cycle. (See Supplementary discus-
sion.) Data are presented in table 10,

Stress range and mean stress vs life plots are given in figures 27 through 30. Typical
stress-strain hysteresis loops appear in figures 31 and 32. Strain range vs life curves are
shown in figures 33 and 34.

Fatigue testing of René 95 was also conducted to compare Contractor (P&WA and GE)
test results. Data from the previous NASA Contract NAS3-20368° with GE appears in table
11 and in figures 35 and 36. The mean curve for the cyclic P&WA data is generally parallel
to the mean of the cyclic GE data, however the curves are offset with the P&WA results
somewhat greater in cyclic life than the GE data. It must be noted that these curves were
generated with a limited quantity of data, and that the variance in the GE data itself is of
this order of magnitude.
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Figure 27. Stress Range vs Cycles for René 95 (0.33 Hz, K. = -1)
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Figure 28. Mean Stress vs Cycles for René 95 (0.33 Hz, R. = -1)
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Figure 30. Mean Stress vs Cycles for Rend 95 (900-sec Dwell, R, = -1)
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Figure 33. Strain Control LCF Resulis for René 95 (N; Life)
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Figure 34. Strain Control LCF Results for René 95 (Failure)
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Figure 35. Strain Control LCF Results for René 95 — Contractor Data
Comparison (N; Life)
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Figure 36. Strain Control LCF Results for René 95 — Coniractor Data
Comparison (Failure)
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For specific tests where the total strain ranges are comparable (between P&WA and
GE), both stress ranges and strain components are similar. Figure 37 illustrates the stresa va
inelastic strain range behavior for this alloy. The figure includes both P&WA and GE eyclic
data, and a strain R comparison for the P&WA data. The P&WA and GE data agree well,
except for three GE data points which appear anomalous. This indicates that both P&WA
and GE measurements of inelastic strain are reasonably close, and the factor of 2 difference
in life is probably attributable to specimen machining and surface preparation. Strain R ratio
has little or no effect, as would be expected from the general relationship: A = Kg¢] for the
stress range (Ag) and inelastic strain (Ae).

The cyclic/dwell vs life data from P&WA and GE agree quite well with the exception of
one apparently anomalous GE test point. In this case, however, for the tests that are compar-
able, the stress ranges are similar for given total strain ranges, but the strain components
themselves differ. When compared with P&WA data, GE elastic strain components are lower,
inelastic strain components are higher, and creep-strain components are similar.

{Tests Conducted in Air at 650°C, Frequency = 0.33 Hz)
| Legend I
—  ()- Strain R=-1 Tests

| /\- Strain R=0 Tests
[-]- Strain R=-1, GE Test Data (Not Included in Regression)

= Closed Symbols - Estimated

% — from Regression Equation

= —

q .

g Regression Equation: A (MPa) = (Aep)0'1243

& 3000+

o

E’j /
& 2000+ X

1500 |
1000 EEunsl muanil LI
0.00001 0.0001 0.001 - 0.01

Inelastic Strain Range, Aep {m/m)
i FD 193475

Figure 37. Stress Range vs Inelastic Strain Range for Renéd 95
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All-Tenslie Strain LCF Tests (Mean Strain = % Max Strain, Strain R. = Q)

Alltensile strain cycle LCF tests were run for wrought Waspaloy and GATOQRIZED
IN 100. These alloys were tested in earlier contract work (NAS3-20367) with a fully reversed
strain cycle (R, = -1), Under actual turbine engine operating conditions, however, the strain
cycle for many critical aircraft turbine disk locations can be better simulated with the all-
tensile strain LCF cycle. For this reason and to obtain a better understanding of the effect of
R, on LCF life, this test cycle was chosen. Typical hysteresis loops and strain-time waveforms
appear in figures 14 and 16,

This LCF cycle induces significant mean stresses into the specimen when running at
low strain ranges, and the corresponding LCF life may be substantially reduced. These effects

are discussed in more detail in a later section of this report entitled “Effects of Mean Stress
and Mean Strain.”

The following paragraphs present a discussion of the test results for Waspaloy and
GATORIZED IN 100.

Waspaloy

Seven cyclic tests and five cyclic/dwell tests were conducted for this alloy. Table 12
details the test data. The stress range and mean stress vs life plots are shown in Figures 38
through 41. Note in figure 41 that the relaxation of mean stress vs time is nearly a straight
line (log-linear) relationship. This could be approximated by a functional relationship of the
form o = A log t + B, where 5 equals mean stress and t equals time, and with further work
could show promise in being integrated into an LCF life prediction model to describe the
effect of hold time, mean stress, and strain range on LCF life.

Figures 42 and 43 illusirate typical stress-strain hysteresis loops at half'life. Figures 44
and 45 detail the total strain range vs life curves. These figures indicate that there is no sig-
nificant difference in LCF life between the eyclic and 900 sec dwell tests below a total strain
range of 0.85% at 650°C, and sirain R = 0. To confirm the relationship of the cyclic and dwell
LCF curves at these conditions an additional cyclic test was run at a similar atrain range
(~0.90%) as the long life dwell test. This test agreed with the cyclic LCF curve life prediction,
and therefore the cyclic and dwell curves do indeed converge at approximately 0.85% strain
range. This may be explained in terms of mean stress relaxation. From figure 40, it can be
seen that the cyclic tests at the low strain ranges have mean stresses in the 250-350 MPa
range which remain essentially constant for the duration of the test. And from figure 41, the
mean sitresses for the dwell tests relaxed to zero or even compressive in a relatively short
time, At the lower strain ranges then, it would be expected that the LCF curves may tend to
converge, The cyclic life of the no-dwell tests would be reduced due to the high mean stress,
and the c¢yclic life of the dwell tests would be higher than expected due to mean stress relaxa-
tion (both of the above conclusions are made in reference to results for mean stress of zero,
mean strain of zero tests). It is interesting to note that the degrading effect of the dwell time

iz completely offset by the beneficial effect of mean stress relaxation for these dwell tests at
low strain ranges.

The stress range vs inelastic strain range relationships for Waspaloy at the R. = 0 condi-
tion tested under this contract and R. = -1 condition tested under NAS3-20367 are presented
in figure 46. The relationship is leg-linear.
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Figure 38. Stress Range vs Cycles for Waspaloy (0.33 Hz, R, = 0)
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Stress Range vs Cycles for Waspaloy (900-sec Dwell, R, = 0
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Total Strain Range %

Total Strain Range %

24

29 - Controlled Strain LCF Tests Conducted at 650°C (1200°F)
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Figure 44. Strain Control LCF Results for Waspaloy (N; Life)
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Tests Conducted in Air at 650°C, Frequency = 0.33 Hz
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Figure 46.  Stress Range vs Inelastic Strain Range for Waspaloy
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GATORIZED IN 100

The pancake forging of IN 100 used in this contract (BAQQ-H105-A10) differed from the
forging used for IN 100 evaluations tested previously (Heat BAKY-H45-A5) under NAS3-
20367. In order to ensure that there were no significant differences in the LCF properties
between the two pancakes, several supplementary tests were conducted from the new pancake
forging at comparable strain levels with tests run during the previous NASA contract. As can
be noted from the data presented in the “Supplementary Tests” section of this report, there
was no significant difference in the LCF properties of the two forgings.

8ix cyclic tests and four cyclic/dwell tests were conducted using an all-tensile strain
cycle. Table 13 lists the test data. Stress range and mean stress vs life plots are shown in
figures 47 through 50. Mean stress relaxation (figure 50) for dwell tests of IN 100 also shows
a roughly linear decay with log (time) or log (life), as noted with the Waspaloy dwell tests.
Mean stress exerts a significant effect on LCF life for both cyclic and cyclic/dwell test
conditions.

To further investigate this mean stress vs life phenomenon, supplementary strain control
LCF tests were conducted where the mean stresses were held constant. This work is discussed
further in a later section of this report entitled “Effect of Mean Stress and Mean Strain.”

Figures 51 and 52 illustrate typical stress-strain hysteresis loops at the specimen half
life. Figures 53 and 54 present total strain vs life curves.

Stress range vs inelastic strain data for IN 100 is plotted in figure 55. Both R. = 0 and
R. = -1 (tested previously) are included. R. has little or no effect on the stress range vs inelas-
tic strain relationship.

Supplementary Testing
Supplementary tests were conducted under this contract to resolve special problems and

questions which arose during the progress of testing. These supplemental tests investigated
four areas of concern:

1. Forging to forging LCF property variations (in IN 100 and NASA IIB-7
pancake forgings)

2. High strain range tests for 5 alloys tested previously under NAS3-20367

3. Effects of strain R ratio (for HIP MERL 76, René 95, Waspaloy, IN 100,
and NASA TIB-7 materials)

4, Effeet of mean stress on LCF life (IN 100).

The latter two items are dealt with in the following section entitled “Effect of Mean Stress
and Mean Strain.” A discussion of the first two items appears in the following paragraphs.

Forging to Forging Low-Cycie Fatigue Studies

Four strain control LCF tests of alloy 4, GATORIZED IN 100, were conducted using a
completely reversed strain cycle (mean strain = 0), as shown in figures 13 and 15. The inttial
tests of this alloy were run at comparable strain ranges with the tests run under Contract
NAS3-20367 to assure that there were no significant differences in the LCF properties of the
pancake forging used in this contract (Heat BAQQ-H105-A10) and the pancake forging tested
previously {Heat BAKY-H45-A5).
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TABLE 13
CONTROLLED STRAIN LOW.CYCLE FATIGUE RESULTS FOR TURBINE DISK ALLOY,

GATORIZED# IN 100
Testing Conducted at 650°C (1200°F)

Mean Stress

Stress Range

ki

-G

-ELT

-5.6

-10.7

41.4

A

K0

g2

Strain B
Spec Type* Ratio Strain im/m at Np2) at N2
SN Fesi ‘min/max) Range Elastic Inelastic reep MPa
4 Cyelic -1 00147 00134 (LTS U -2
3 Cyelic -1 19101 000 (L0001 0 -6
W Cyelie -1 00080 00030 =(hoo0t 0 -8
9 Cyelie/Thwell -1 00124 00115 0009 00002 -3
1 Cyclic [ G0l44 00134 n.aOmo 1 -T4
K Cyelic (] 004 00021 0.0003 1} 161
3 Cyrlie 0 Q0099 00044 00001 o 286
&  Cyrlic 0 QOUT3 00075 =I00KIN ] AR
T Cyelic . : 1] {UHAT  O0SA (.00 (] B
f Cyeolie 4] 00065 00063 <0001 4] 476
11 Cyelie/ Dwell 4l 00122 O.m0g (RO .00 -84
12 CxcliesDwell [} 00 OmET 00K 0K 56
1 CvelicTwell Ll 00111 A0S 00006 DON2 Y
14 CyelicsDwetl 1} 0060 D.00AH DG =0.0001 150

*Cyelie tests conducted at 1.4 Ha {20 cpm).

Cyelic/Dweli tests have a 900 see (15 min) hold time at the maximum tensile strain.

218

Mvele §

(332.3 kai)

1796 MFPa
(2604 ksi)

14t0 MFa
{233.5 ksi)

2075 MPa
3008 ksi)

2275 MPa
1329.8 ksi)

1957 MPa
(2688.2 ksi}

1654 MPa
(244.2 ksiy

1255 MPa
(182.0 ksi)

1510 MPu
(2159 ksi)

1125 MPa
(1636 ksi)

1591 MPa
{2REH kei)

1721 MPa
1249.6 ksi}

14K M2
(2756 ki)

15366 MPa
(2272 kei)

‘2

{344 A ksi}

1791 MPa
(258.7 ksi)

1600 MPa
12321 ko)
2065 MPa
1295 5 ksi)

2321 MPa
{336.6 kai)

20t MPa
{2916 hyi)

166t MPa
124408 heit

1255 MPa
A2 ksit

1456 MDa
(2169 ksiy

1142 MPa
(165.6 ksid

1996 MPa
(2895 ksi)

1716 MFPa
{24R.9 ksi)

1#79 MPa
(2726 hsi}

1364 MPa
(226.7 ksi)

2377 MPa

Cveles
Evetic to Failure
Swbitiny N N,
tarden 8 412
Stable 4,968 3,448
Stable 52 861 T
Btable 351 475
Slight Aal 165
Hardening
Stabde = 1y b
Stabie 2 559 15,1034
Stuble 270155 2,5
Stable AT 642
Stahle ARG14 i, HHE
Btable Eanil R
Stable T L]
Stahle R 4500
Htahle 2122 2,247

Ramp frequency is the same ss the cyelic tests.
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Figure 47. Stress Range vs Cycles for IN 100 (0.33 Hz Tests, R. = 0)
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Figure 48. Stress Range vs Cycles for IN 100 (900-sec Dwell, R. = 0)
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Figure 49. Mean Stress vs Cycles for IN 100 (0.33 Hz Tests, R, = 0)
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Figure 50. Mean Stress vs Cycles for IN 100 (900-sec Dwell, R. = 0)

ils]

Mean Stress (ksi)



15Y - RS

s189] ook Q01 NI ‘Sd00T 8182.0)8Kf] jondAf, '] 2Ny

BdR WA

19650¢ 40 ) ' —oue-
(usfm Z0O'0) UTRRS - aoSH|l._ Tl :
oz - . .
—loov1-
o0 |—
081 — —agzt
091~ —
—t o001
0% 1- —
ori-— - 008"
o —f (15~
o8- —
o — N
o — 0o
o2~ p—
1] 0 0 k \ 1] 0
4]
0T — -~ 007
gﬂ .
—loor
0o L
08 = —loo9
001 o
—{ 008
0zI p—
orl = — 000!
091 |—
: - - : —{oaz1
Wy [0 C (ujm oz 1070) {ufor 6600°0) O (ujw £300°0) (ufw 2000} (R 5900°0) .
o8t ﬁ?.ﬁﬁ% %971 = oV o600 poppeinie pti %50 e _
o0t b— NS TN/S £N/S L N/S : oS 2 N/S oot
o7z —




159 - Y0118

SOEMA
LGt 40

noc-
v

ael-

0%

o
as
Ml
ol
url
ol

09t

ooz

8183f, NI 001 NI 'sdoory stsauasAfr pondL] ) ‘&8 aunsny

(fw Z00'0) urRzs - ¥ 00027 I..r_ I

{w/w nnmo,o,_
HLT[ =37
11 N/S

(ujur 171070}
BIIY =y
CIN/S

(wjer 0010°5) (usfit 0600'0)
%001 = 1oy %OE0 = 17
ZUN/S FIN/S

0o%-

03

e

bl

OGv

5Ot

ot

onot

57

BN S



Total Strain Range (Percent)

2.4
Controlled Strain LCF Tests Conducted
at 660°C {1200°F)
2.2 - Ramp Frequency = 0.33 Hz,
Mean Strain = 1/2 Max Strain
20 ® )
() - GATORIZED I 100, Cyelic Tests (No Dwell)
] - 6ATORIZED ® IN 100, Dwel! Tests {900 sec
1.8 Tensile Strain Dwell}
Typical Cyclic Typical Cyclic/Dwell
16 - Test Cycie Test Cycle
a ¥ |
1.4
[ E
3] 0
1.2 tmean = 1/2€max  ‘mean = 1/2¢max
Strain R =0
1.0
08 % \(-)\O--—-_.___
0.6
0.4

100

R

000

10,000 100,000 1,000,000

Cycles to b% Stress Range Drop

i . FD 162756
Figure 53. Strain Control LCF Resuits for GATORIZED® IN 100 (N, Life)
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Figure 54. Strain Control LCF Results for GATORIZED" IN 100 (Failure)
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{Tests Conducted in Air at 650°C, Frequency, = 0.33 Hz}

— Legend I
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Figure 55. Stress Range vs Inelastic Strain Range for IN 100

Three cyclic tests and one cyclic/dwell test were completed with test results tabulated in

table 13. The test data indicate that there were no significant differences in the LCF proper-
ties of the two forgings.

Stress range vs cycles for each test was determined from load-strain hysteresis loops
generated periodically during the test, as shown in figures 56 and 57 for the cyclic tests and
figures 58 and 59 for the cyclic/dwell tests. Test data generated during this program are iso-

lated in figures 56 and 58 and are shown superimposed on previous test data (NAS3-20367)
for comparison in figures 57 and 59.

Total strain range vs cycles to b% stress range drop and cycles te complete separation
are detailed in figures 60 and 61. Data from earlier contract work are presented for compari-

son. It can be observed that there are no significant differences in the LCF properties of the
two forgings.

Test specimens had been machined from a crosstoll pancake forging of NASA IIB-7 to
study the effect of strain R ratio, This pancake material was forged from a HIP-processed

powder billet from heat KR-376 which is the same heat of material used for testing of this
alloy under Contract NAS3-20367.

59



Stress-Range (MN/M2Z)

Strass-Range {MN/M2}

‘J
T IN1D0 S/N 4 1.47% 20 cpm r
{ o IN1BO 5/N 5] 101% 20 epm |
] A INI00 S/N 10] 000% 0 em | |
; - L 372
2500
&
2000{— - g
L =
1 272 E'}‘;
N . o L ]
g T o l D
1500 rL —
- . i L
; P
| i f r
i L172
1 | |i' ' |
N H Cpt 1 b
1000 - L rlil : "|||| : J_|‘I.H= 1 1!1_5_"" |]||i||
rol 15! 102 . 10 10t 105
Lyeles
FOr 1934B4
Figure 56. Stress Range vs Cycles for IN 100 (0.33 Hz, R. = -1)
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Figure 57. Composite Plot of Stress Range vs Cycles for IN 100 for Com-
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Figure 59.  Composite Plot of Stress Range vs Cycles for IN 100 for Com-

parison with Previous Contract (NAS3-20367) Test Resulits, (900-
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61



2.2
20
) Previous Contract ‘ GATORIZED® IN100, Alloy 5, 0.33 Hz iHeat BAKY H45AS5)
1.8 Results GATORIZED® IN100, Atlay 5, 900 sec {15 mint
[NASI-20367) ( Tensile Strain Dwell, {Heat BAKY.HA45-AB)
15 Current Contract ‘OGATOHIZEI.'J@ IN100, Alloy 4, 033 Hz (Heat BAQQ-HIO5ATD}
: Results @ GATORIZED® IN100, Alloy 4, 900 sec (15 min
N {NAS3-21379) [ Tensile Strain Dwell, {Heat BAQQ-H105-A10)
T 14 : .
5
& V\
o2 \ L J O\\
<
£ 1.0 \
& _
=
06
04
0.2
A 1 N A1 e 111 il
102 103 1 109 : 108
Cyeles to Failure I5% Stress Range Drop! D 145276
Figure 60. Strain Control LCF Results for Alloy 4, GATORIZED® IN 100,
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Five cyclic tests with a fully reversed strain cycle (strain R = -1) were conducted to
determine if there was any billet-to-billet variation between this material and that which was
previously tested under Contract NAS3-20367. The data are plotted in figures 62 and 63. The
data generally agree; however, there is some divergence at the lower strain ranges. The two
test points at approximately 1.0% strain range had much longer LCF life than expected. Upen
failure, the fractures were examined and the initiation sites were found to be internal at
probable nonmetallic inelusions (see figure 64). It has heen experienced with high strength
powder alloys that, at low strain ranges, the fatlures frequently initiate at internal inclusions,
and the LCF lives associated with this type fatigue initiation are often longer than normally
expected for surface initiations.

Billet-to-billet comparison data were examined statistically with a confidence level of
95%. Differences were found to be insignificant. Stress range and mean stress vs life plots are
shown for this testing in figures 65 and 66. The test resulis for NASA IIB-7 appear in table
14. Subsequent strain R ratio tests were then run and reported in the “Effects of Mean Stress
and Mean Strain” section of this report.

High Strain Range Tests

Five tests have been run on the five alloys (one test of each) investigated under the pre-
vious NASA contract NAS3-20367, The five alloys were: Waspaloy, wrought Astroloy, NASA
I[IB-7, HIP Astroloy, and IN 100, Strain ranges under the previcus contract were necessarily
low in order to generate test data in the long life regime typical of military aircraft engine
operating conditions. These tests generally yielded low inelastic strain ranges, and made the
inelastic strain vs life regression lines highly dependent on extremely small strain values (less
than 0.0001 m/m), which are below the resolution and accuracy of the test equipment. In
order to increase confidence in the slopes of these curves (A¢ vs life), these tests were con-
ducted with high strain ranges (Ae, ~ 2.0%) and consequently with large inelastic strain
ranges (Ag). The tests were cyclic (0.33 Hz) with a fully-reversed strain-time waveform, as
shown in figure 13. Test results are shown in table 15. Data analysis proceeded to reevaluate
the strain range vs life curves generated under the earlier contract using this new data. New
strain range vs failure life curves for these five alloys are presented in figures 67 through 71.
New life equations and coefficients are given in the Alloy Comparison section of this report.

Effecis of Mean Stress and Mean Strain
Strain R Ratio Effects

minimum strain
maximum strain

t

Testing of Waspaloy and IN 100 was conducted at R, = 0 for comparison with earlier
work (NAS3-20367) on these same alloys at R. = -1. In general, strain R ratio tmparts little
effect at high total strain ranges and large effects at lower strain ranges. At the lower strain
ranges, mean stress 18 generally high. At high strain ranges, mean stress approaches zero.
This effect of decreasing mean stress with increasing strain range (for all-tensile strain tests)
is shown in figure 72. Note also in this diagram that yield stress is a critical factor in deter-
mining at what total strain range the mean stress reduction begins.



Total Strain Range (%)

22

Total Strain Range - %

a0 Temperature = 650°C {1200°F), Ramp Fregueney = 0.33 Hz (20 CPM), No Dwell_|
’ B\ ="y Strain R = -1, Data from Contract
18 M, NAS3-20367, Heat KR 376-8 _
\ [ Strain R - 1, Data from Additional Flat
1.6 Disk Forging, Heat KA 376, Tested
- Under This Contract
o
14
12 e O
1.0 0 85—+
Typical Cyclic ‘g‘\
31 ] Test Cycle -_—O-
a
06 F .
04 R =t
0z
L | 1] | 1] RN
20 100 1,000 10,000 140,000 1,000 000

Cycles to 5% Stress Range Drop, Ng
£ 3348
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Figure 64.  Photomacrographs of Fracture Foces on Two NASA IIB-7 LCF
Specimens with Failure Sites at Probable Inclusions

65



Stress-Range {MPa)

Mean Stress (MPat

3000

|
) : El NASA S/N 36 1B6% 0.33 Hr |

- | & NASA S/N 31 1.47% 0.33 Hz :

A B : | 4 NASA 5/N 32 1.18% 033 Hz - 400
MM * NASA 5/N 34 1.01% 0.33 Hz

| % NASA 5/M 3-3 1.00% 0.33 He r

2500 g

Qe ——

g

E
. . | ' -300 g
2000 —— T 5
- -4
;."_ " : - 3 MM %
; bt Lo N 4—»(—*"‘-7—».—'0“!’ : g b
- ' ! I ! rzm
; ' f | ; : | ‘
1500- ! o I ; ; | -
B | | . ' ‘ L 200
- i l ! I 5
: e ¢ |
: " " ! x
1000 NIl N N | N I 11 22
109 10! 102 103 104 105
Gyel
Yces FD 193481

Figure 65. Stress Range vs Cycles for Billet-to-Billet Comparison Supple-
mentary Tests of NASA IIB-7 (0.33 Hz, R. = -1)
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Note that for Waspaloy (figure 40) and for IN 100 (figure 49} at the high strain ranges,
the mean siresses are near zero due to large first cycle yielding (and similar to mean stress
data taken from fully reversed strain tests conducted in the previous Contract NAS3-20367).
At the lower strain ranges, the mean stresses significantly deviate from zero (in the 300-500
MPa range). The effect is not as great for Waspaloy due to its lower yield sirength (hence
lower mean stress at similar strain ranges when compared with IN 100) and the generally
flatter monotonic stress-strain curve shape,

Data for Waspaloy from the previous NASA Contract NAS3-20367 with P&WA is pre
sented for comparison with current contract testing in figures 73 and 74. These figures show
the effect that mean strain and mean stress have on LCF life. It can be seen in figure 74 that
at high strain ranges (where mean stress ~ 0) there is no significant difference between tests
run with a fully reversed strain cycle and those with an all-tensile strain cycle. However, at
the lower strain ranges (less than (.7%, with mean stresses => 300 MPa) the effect of mean
strain becomes evident. This same phenomenon is observed more clearly with IN 100. Dwell
tests for Waspaloy do not exhibit any clear behavior of this type, possibly due to rapid mean
stress relaxation and, hence, longer than expected life for the R, = 0 tests or possibly due to
the limited guantity of tests used to define the curves.

Data from current testing and previous contract work with IN 100 are presented in fig-
ures 75 and 76. For the high strain range tests, the effect of mean strain is not significant.
However, at low strains (with corresponding high mean stresses) the differences in LCF prop-
erties between test runs with R. = -1 and tests with R. = 0 are significant. Dwell tests for IN
100 exhibit similar behavior.

In addition to expressions for cyclic strain ranges, mean stress {rather than mean strain)
appears to be the critical parameter for LCF life predictions for these alloys.

Three supplementary tests have been performed to examine the effect of R, on LCF life
for HIP MERL 76. Strain range and mean stress vs life plots are shown in figures 77 and 78.
Strain range vs life curves are illustrated in figures 79 and 80. At the higher strain ranges
(greater than 1.20%), there appears to be no significant difference in fatigue life. At the lower
strain ranges (approximately 0.80%), the LCF life at the all-tensile strain condition exhibits a
reduction of one to two orders of magnitude. This effect, due primarily to mean stress, was

observed on several other alloys investigated under this contract. The test data appears in
tahle 9.

Three supplementary tests were also run to determine the effect of strain ratio on the LCF
life of HIP plus forged René 95. Stress range, mean stress, and strain range vs life plots for these
tests are presented in figures 81, 82, and 83, respectively. Strain ratio produced a significant
effect on LCF life, An approximate order of magnitude reduction in life occurs at low strain
ranges {<0.80%). The long-life test failure initiation site however, was at a probable internal
inchusion, This may have contributed to a longer life than anticipated. The entire long life regime
for the all tensile strain curve shown in figure 83 is dependent on this one test peint and should
be viewed with caution. Had the failure initiated at the surface, then it would be expected that an
even greater reduction in life would occur due to strain ratio. It would require a number of addi-
tional tests to confirm the degree of effect of strain R ratio. Test data appears in table 10,
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Four cyclic tests with an all tensile strain cycle (strain R = 0) were conducted to observe
strain ratio (R) effects for NASA IIB-7. Stress range, mean stress, and strain range vs life
results are shown in figures 84 through 87. As was experienced with the other high strength
alloys reported previously, there was a significant degradation in life (one to two orders of
magnitude) caused by the higher mean stresses encountered with the R, = 0 testing at the
lower strain ranges. At the high strain ranges, the mean stress would approach zero for the
strain R = 0 case, and the effect of strain ratio was negligible. Strain ratio produced no effect
on the stress range vs inelastic strain range behavior, as shown in figure 88. Test data for
NASA TIB-7 is given in table 14.

Constant Mean Stress Testing

To further investigate the mean stress vs life phenomenon, five supplementary controlled
strain tests were conducted where the mean stresses were held constant. Figure 89 shows a
typical hysteresis loop for this type of test. Test results are shown in table 16 and figure 90.
These results show that variations in the tensile mean stress cause roughly linear shifts in
the basic LCF curve. Compressive mean stresses, however, exert much less influence.

Alloy Comparisons
Fully Reversed Low-Cycle Fatigue Tests (R, = -1)

Testing under this contract for fully reversed strain control LCF evaluations involved
primarily two alloys: HIP MERL 76 and HIP plus forged René 95. In addition, supplementary
tests were conducted for each of the five alloys tested under Contract NAS3-20367.

Composite regression curves for all seven alloys at 0.33 Hz are compared in figures 91
and 92. Table 17 lists the mean curve equations and coefficients. The general rank order from
best to worst at low strain ranges (those which yield approximately 100,000 cycles life) is:

Rend 95 H+ F
HIP MERL 76
NASA IIB-7

IN 100

Wreought Astroloy
HIP Astroloy
Waspaloy

This ranking is in general agreement with the rank order by tensile strength (highest to low-
est} listed below:

NASA I1IB-7
Rend 95 H + F
HIP MERL 76
Wrought Astroloy
IN 100

Waspaloy

HIP Astroloy
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TABLE 17

MEAN REGRESSION EQUATION COEFFICIENTS FOR

LCF CURVES FOR ALL ALLOYS

Test Temperature = 650°C (1200°F), Cyclic Test Frequency = 0.33 Hz,
Dwell Time = 900 sec at Max Tensile Strain, B = Strain R Ratio (min strain/max strain)

Equations are of the form . .. TSR = AN®* + CN® + E
Where TSR = Total Strain Range (%), and N = Cycles

To Failure (N}, or to 5% Load Range Drop (Ny)

Alloy Mode R N A B c D E
Waspaloy Cyelic 0 N; 936948 -1.150M1 1.93315 -0.0966144 0.0
Waspaloy Cyclic 0 N 741717 -1.13499 1.89583 -0.0853074 0.0
Waspaloy Cyclic -1 N; 331304 -1.06045 260090 -0.220823  0.469
Waspaloy Cychic -1 N, 277.18 -1.05643 3.30207  -0.272627  0.536
Waspaloy Dwell 0 Ny 11.1136  -0.662964  1.92005 -0.0954342 0.0
Waspaloy Dwell 0 Ny 10.4326  -0.659782 190049 -0.0948072 0.0
Waspaloy Dwell -1 Ny 174.506 -1.028 2.49034  -0.133992 0.0
Waspaloy Dwell -1 N:; 105453 -0.976823 232937 -0.127169 0.0
IN 100 Cyclic N 6.47614 -0.742463 519399 -0.285168 0.4565
IN 100 Cyelic 0 Ny 6.34148 -0,744273 515103 -0.285836 (.425
IN 100 Cyclic -1 N 6.13167 -0.h80313  2.7693 -0.224129 (.64
IN 100 Cyclic -1 Ny R.73815 -0.B87497  2.69893 -0.224924 0.64
IN 100 Dwell ¢ Ny 40.0167  -1.02353 207428 -0,111397 0.0
IN 100 Dwell 0 N; 31.727 -1.00941 1.97707 -0.106343 0.0
IN 100 Dwell -1 N¢ 5.04254 -0.672029  1.79707 -0.0835582 (.0
IN 100 Dwell -1 Nk 3.52309 -0.634389 171731 -0.0787505 0.0
Wrought Astroloy Cyclic -1 Ny 43.1896 -0.911588 4.75333 -0.343688  (.B48
Wrought Astroloy Cyclic -1 N, 41.1255 -0.916571 4.54908 -0.342337 0.648
Wrought Astroloy Dwell -1 Ny 27.8907  -0.822963 214405 -0.108223 0.0
Wrought Astroloy Dwell -1 Ny 17.7961 -0.775867 202414 -0.102246 0.0
HIP Astroloy Cyclic -1 Ny 224.175 -1.04752 6.32319  -0.369926 0.603
HIP Astroloy Cyclic -1 N; 227915 -1.06715 6.31806 -(.376058 0.603
HIP Astroloy Dwell -1 Ny 335797  -0.8454356 217623 -0.116679 0.0
HIP Astroloy Dwell -1 N, 26.1559  -0.821618 2.10282 -0.113414 0.0
NASA IIB-7 Cyclic 0 N 10.735 -0.826323  2.65865 -0.116753 0.0
NASA IIB-7 Cyclic 0 N; 992219 -0.823956 263281 -0.116592 0.0
NASA IIB-7 Cyclic -1 N; 105751  -0.730747 220074 -0.205722 (.68
NASA TIB-7 Cyclic -1 N, 9.80921 -0.730275  2.1638 -0.205787 0.68
NASA IB-7 Dwell -1 N; 1.13662 -0.482994 1.76866 -0.069406 0.0
NASA IIB-7 Dwell -1 N; 0.984671 -0.486046 1.73737 -0.0673532 0.0
René 95 H+F Cyclic 0 N 27.0814 -0.832871 59552 -0.399425  0.801
René 95 H+F Cyclic 0 Ng 21.4514 -0.811924 5318756 -0.389216 0.801
René 95 H+F Cyelic -1 Ny 6.87115 -0.577588  2.30477 -0.204706 0.72
René 95 H+F Cyclic -1 Ng 6.22047 -0.5B2488 220082 -0.201343 0.72
René 95 H+F Diwell -1 N; 6.8949  -0.779243 193584 -0.0802282 0.0
René 95 H+F Dwell -1 N, 6.34249 -0.770933 1.91887 -0.0793418 0.0
HIP MERL 76 Cyclic 0 Ny 334444 -1.29965 8371656 -0.353545 0.546
HIP MERL 76 Cyclic 0 N, 384.81 -1.33284 6.88222 -0.312189 0.468
HIP MERL 76 Cyelic -1 Ny 33.9208  -0.949977 5.B441 -0.352211 0.819
HIP MERI 76 Cyclic -1 Ng 31.765 0948028 569177 -0.351242 0.819
HIP MERL 76 Dwell -1 N: 15.519 0.775396 255542 -0.117991 0.0
HIPF MERL 76 Dwell -1 N; 14,2086  -0.770022 253148 -0.117747 0.0
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At the higher strain ranges (approximately 2.0%), the rank order reverses somewhat in
accordance with the tensile ductilities:

Waspaloy

HIP Astroloy

HIP MERL 76 Rank Order by LCF Life
Wrought Astroloy (highest to lowest at Ae, = 2.0%)
René 95 H+F

IN 100

NASA IIB-7

HIP Astroloy
Wrought Astroloy

Waspaloy Rank Order by Tensile Ductility
HIP MERL 76 (highest to lowest)

IN 100

Renéd 95 H + F

NASA IIB-7

Cyclic stress-strain curves were reconstructed from these strain control tests and are pre-
sented in figure 93. The curves were obtained by plotting one-half the total stress range vs
one-half the total strain range as measured at the specimen halflife (N;/2).

Composite regression curves for all seven alloys tested with the 900-sec dwell at the
maximum strain are compared in figures 94 and 95. The mean curve equations and coeffi-
cients are given in table 17. The rank order of the alloys at low strain ranges (for 10,000
cycles life) under these test conditions is:

NASA [IB-7
Rend 95 H+ F
HIP MERL 76
IN 100

Wrought Astroloy
HIP Astroloy
Waspaloy

This approximates the cyclic test results, with the exception of NASA TIB-7.

The effect of the 900-sec dwell time on fatigue life varied from alloy to alloy. A compari-
son of N, lives obtained at a total strain range of 1.0% is detailed below:

N; Life N, Life Percent

Alloy (0.33 Hz) (900-sec Dwell) Reduction in Life
 Waspaloy 2,580 1,500 42

IN 100 10,050 1,500 85

Wrought Astroloy 2,400 1,700 29

HIP Astroloy 2,450 1,340 45

NASA IIB-7 12,500 4,800 62

Rend 95 H+ F 36,5600 4,100 89

HIF MERL 76 19,500 3,200 84
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Wrought Astroloy exhibited the smallest reduction in life (29%) due to the hold time;
Waspaloy and HIP Astroloy showed similar reductions at 42 and 45%, respectively. The
higher strength alloys preduced large reductions with NASA IIB-7 at 62%, followed by HIP
MERL 76 (84%), IN 100 (85%), and René 95 H + I (89%),

All-Tensite Strain LCF Tests (R_ = 0)

Testing under this contract for all-tensile strain LCF evaluations involved primarily
Waspaloy and IN 100. In addition, several supplementary tests were performed on HIP
MERL 76, HIP plus forged René 95, and NASA IIB-7 to evaluate the effect of strain R ratio
on these alloys. Testing of this type was conducted to better simulate surface strain behavior
at LCF-limited locations of aircraft turbine disks under actual operating conditions.

Composite regression curves for all five alloys at 0.33 Hz are compared in figures 96 and
97. The mean curve equations and coefficients appear in table 17. The rank order of the
alloys at low strain ranges (approximately 100,000 cycles life) appears below:

Rend 95 H + F
NASA IIB-7
HIP MERL 76
IN 100
Waspaloy

Again, this closely approximates the order expected based on relative tensile strength. The
only exception is the unusually high life of the René 95 H + F. It should be emphasized that the
curve for René 95 H 4 F in figures 96 and 97 should be viewed with caution (hence it is shown
dotted) due to (1) the limited quantity of tests used to generate this curve and (2) as mentioned
earlier, the longer life test point where failure initiated at an internal inclusion.

The rank order at higher strain ranges {approximately 1.5%) is:

Waspaloy

HIP MERL 76
Rend 95 H + F
IN 100

NASA I[IB-7

This is identical o the rank order for these alloys for the strain R = -1 tests.
Composite regression curves for the two alloys tested with the 900-sec dwell at the max-
imum tensile strain are compared in figures 98 and 99. Waspaloy proved superior to IN 100

under these test conditions at all strain ranges.

The percent reduction in N LCF life at 1.0% total strain range due to the 900-sec hold
time is given below:

N Life N; Life Percent
Alloy (0.33 Hz) {900-sec Dwell) Reduction in Life
Waspaloy 2,500 1,900 24
IN 100 2,950 840 72
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Load-Controlled Crack Growth Testing
Test Methods

Test Specimens

A compact-type (CT) specimen was used in this test program to obtain erack propagation
data for each of the alloys. Figures 100 and 101 present the specimen configuration and dimen-
sions. A specimen thickness of 1.270 ¢m (0.500 in.) was utilized whenever possible. In the case of
Waspaloy (Alloy 3), material availability forced the use of 0.635 em (0.250-in.) thick specimens. In
several other instances, material limitations necessitated the use of CT specimens of smaller
overall dimensions than shown in figure 101. For those smaller specimens, the dimensional
ratios for CT specimens in ASTM-647 were maintained.

Test Proceduire

Test specimens were precracked using the procedures outlined in ASTM-399. Precracking
was performed at room temperature at a cyclic frequency of 20 Hz.

Crack propagation testing was performed on servohydraulic closed loop test machines
operated under load control, Cyclic tests were conducted using triangular load waveforms or
triangular waveforms with a hold time at the peak tensile load. Specimen heating was provided
by resistance clamshell furnaces.

Crack lengths were measured on both surfaces of the propagation specimen using a travel-
ing microscope. This was facilitated by interrupting the cyclic loading, opening the furnace
(allowing the specimen to cool), and applying the mean test load. This procedure held the speci-
men rigid while increasing crack tip visibility. A high intensity light was used to provide oblique
illumination to the crack and further increase crack visibility. In general, crack length measure-
ments were taken at increments no larger than 0.50 mm (0.020 in.). Crack length measurements
are considered to be accurate to within +0.025 mm {0.001 in.).

All tests were conducted at 650°C (1200°F) with a stress ratio (minimum stress/maxi-
mum stress) of 0.05. Table 18 details all crack propagation tests.

Data Analysis Procedure

Two methods were employed to reduce crack length (a) vs cycles (N) data to a more
usable form of stress intensity range (AK) vs crack growth rate (da/dN). The following para-
graphs detail the two data analysis methods.

Direct Secant Method

Crack length (a) vs cycles (N) are not regressed. Discrete values of Aa and AN are computed
from raw laboratory data. Discrete values of AK are calculated using the mean value of crack
length over the interval, The expression used to calculate AK for a CT specimen is given in
ASTM-647. By not smoothing the a - N data, the actual local Aa/AN perturbations are observ-
able in the final SINH curve. The idea of plotting instantaneous slopes (da/dN) is not unique*
and reveals information of a fundamental nature: the observed perturbations may have subtle
metallurgical implications,



FE 169459
Figure 100. Photogroph of Compact Type (ASTM CT} Specimen
1.27 om

77 (050 in.)

<81 om 7.82 cm
(1:51n} ; (3.00 in.)
AR 1
T
{80¢
Crack Length | 6.38¢
(0.75 in.) | orack Lengt 35 em
(2.50 i

FD 119166

Figure 101, Compact Type (ASTM CT) Specimens

g7



TABLE 18
CRACK PROPAGATION TEST SPECIMEN

Alloy Material  Specimen Cyclic

Number  Name Number Freguency  Enuvironment Comments
1 MERL 76 1810  0.33 Hz Air
1 MERL 76 1700 0.33Hz Air
1 MERL 78 1701 0.33 Hz Adr
1 MERL 76 1702 990 secdwell Ailr
1 MERL 78 1612 800 sec dwell  Air
1 MERL 75 1608 900 secdwell Air
2 René 95 1398  0.33Hz Air
2 René 95 1400 0.33Hz Air
2 René 85 1403 900 sec dwell  Air
2 René 95 1589 900 sec dwell  Air
2 René 95 1580 900 sec dwell  Air
2 René 95 1616 900 sec dwell  Air GE specimen config.
3 Waspaloy 1367 0.33 Hz Argon
3 Waspaloy 1368 0.33 Hz Argon
4 IN 100 1385  0.33Hz Argon
4 IN 100 1388 0.33 Hz Argon
4 IN 100 1389 0.33 Hz Air Environment

chamber calibration

Note: All specimens tested at 650°C (1200°F), R =0.05

Seven-Point Sliding Polynomial

The seven-point sliding polynomial is a smoothing function which reduces the amount of
scatter observed in da/dN vs AK data. This method for computing da/dN involves fitting a
second-order polynomial (parabola) to sets of seven successive data points.” The equation takes
the form for local fit as:

X N, - Ny- & 2
%:b0+bl[_j__§}~j+b2[__i___§*_ } (1)
& &

where:

43{%%}5«»1

and by, b;, and b, are the regression parameters which are determined by the least squares
method (that is, minimization of the square of the deviations between observed and fitted
values of crack length) over the range a, to a.. The value 34 is the fitted value of crack length
at N, The parameters, £ = % (N, + N,) and £ = % (N, - N,), are used to scale the input data.
The crack growth rate at N, is obtained directly from the derivative of eguation 2 as follows:

b,
(da/dN)g, = g— + 2 byN, - £)/& @)

The AK associated with this da/dN is calculated using the fitted crack length, 214. Again, the
AK expression comes from ASTM-647.
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After caleulation of da/dN and AK using the first seven a vs N data points, another
da/dN vs AK value is calculated using actual a vs N data points 2 to 8 {renumbered 1 fo 7
for use in the equations). The local fit is moved zlong the data one point at a time until the
last seven points are used in the calculation. Since seven points are required for each local fif,
the firgt three and last three points in the data set ave lost in the calculations.

The seven-point sliding polynomia! method of data reduction was used when sufficient
data was available, while the direct secant method was used in all other cases. On da/dN vs
AK plots, data reduced by the seven-point sliding polynomial method is distinguished by a
“7AN" preceding the specimen number. A “100” prefix to the specimen number implies divect
secant data reduction.

A computer-drawn plot of actusl crack length vs cycles is produced when the da/dN and
AK caleulations are made, allowing the actual data to be scrutinized prior to further analysis.
The da/dN vs AK date are modeled using the hyperbolic sine equation (described below), and
da/dN vs AK computer plots are produced.

Hyperbolic Sine Modsl

Crack propagation under constant amplitude loading conditions is & function of the apphed
stress intensity range (within the Hmits of applicability of linear elastic fracture mechanics). The
applied stress intensity, AK, is the driving force for crack propagation. Many relationships have
been developed to correlate observed crack growth rate and stress intensity. Paris® presented the
gimpie relationship:

da/dn = C{aK) 3

where C and n are material constants. At elevated temperatures, however, the crack growth
process is a complicated function of stress ratio, temperature, load history, and environment.
These dependencies make the general use of equations such as Equation (3), more difficult. A
mode! developed at P&WA Florida has accurately and efficiently described the effecis of
siress ratio, cyclic frequency, and temperature on the crack growth characteristics of selected
high temperature nickel- and iron-base alloys. The model is based on the hyperbolic sine

log(dasdn) = C, SINH (Cylleg AK + C)) + {4}

where the coefficients have been shown to be funciions of test freguency, stress vatio, and
temperature:

C, = material constant
Co=6 3R, v, T
Co=f R, », D
C,=6L (R, T

The hvperbolic gine eguation was selected as the model for the following reasons:

@ It exhibits the oversall shape of typical da/dN vs AK piots obtained over
several decades of crack growth rates.

& All or part of the equation may be used to fit dats since the SINH has
both @& concave and = convex haif and & nearly linesr portion nesr
inflection. Alsc, the slope at inflection can vary with the fiting con-
stants. {By comparison, the slope of an x® model is always zers at
inflection.)
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® The SINH is not periodic {(e.g., trigonometric tangent) nor asymptotic
{e.g., tangent, or inverse hyperbolic tangent); therefore, when extrapola-
tion becomes necessary, the SINH behaves well at distances removed
from the data, guite unlike most polynominals, periodic, or asymptofic
functions.

® This model requires no information cother than a, W data. By compari-
son, some other models in current use require both K, and Ky, in
addition to a, N data, to model crack growth behavior. Both K, and Ky
are difficult to obtain experimentally; K, because of the extremely small
crack growth measurements necessary, and K. becauss of gross plastic
ity at the crack tip encountered in fracture-toughness testing at elevated
temperatures.

The hyperbolic sine iz defined as

y = SINH % = w?;xmf-éf"

16y
and when presented on Cartesian coordinates, it appears as shown in figure 102. The fune-

tion is zero at x = § and has #s inflection there,

The intreduction of the four regression coefficients, C, through C,, permits relocation of
the point of inflection and scaling of both axes. In the equation

{y - Cy=8INH (x + Cy, (6}

C, establishes the horizontal location of the hyperbolic sine peint of inflection and C, locates
its vertical position.

To scale the axes, C, and C, are introduced

¥ -Cp
C,

= SINH (C, (x + Cg) (7

which can be rewritten as

y=C BINHC,x+C+C, 8

of which equation 4 is a special case where y = log (da/dN) and x = log (AK}. Note that s has
units of log (AK) and C, has units of log (da/dN); C; and C, are dimensionless and can be
conceptualized as stretching the curve vertically and horizontally, respectively. Experience indi-
cates that, for a given material, C, can be fixed without adversely affecting model flexibility.”

Once the coefficients for the hyperbolic sine equation have been established by regres-
sion analysis, the equation can be used to estimate crack propagation rates for any given
level of stress intensity range at the temperature, frequency, and stress ratio under examina-
tion.
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Limftations of Linsar Elastic Fraciure Mechanics

A fundamental assumption implicit in the use of the data anslysis procedure detailed
above involves the applicability of lnear elastic fracture mechanics (LEFM) for each of ‘the
alloys tested. Consideration of nonlinear fracture mechanics was beyond the scope of this cur
rent comiract. A brief examination of this LEFM assumption is presented in the following
paragraphs,

The presence of a crack in a stressed component necessitates redistribution of stresses
around the crack. The stress intensity factor is a parameter that reflects this redistribution
and is a function of nominal stress, flaw size, and specimen and crack geometries. The con-
cept of stress intensity factor was originslly defined for an infinitely sharp crack in a per
fectly elastic medium. In most engineering materials, localized plastic deformation occurs due
to high stresses at the crack tip, and i is this deformation that gives the material resistance
to crack propagstion.

The degree of brittleness of a material (and the Hmit to the applicability of Hnear elastic
fracture mechanics) is divectly related $o the iype of siress redisiribution process that ocours
at the orack tip. In the high temperature faligue process, this redisiribution of siress is
expected o depend on the relative degree of elastic, plastic, creep, and chemical work
expended at the crack. In a completely brittle material, relazation of the crack tip stress fleld
is negligible, and simple reinitiation of a stopped crack is sufficient to promote complete frac-
ture. The absolute Himit to the applicability of fracture mechanics is general yielding,
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The usefulness of LEFM depends on a unipsrvametrical relationship between crack
grcew.fh rate and the stress intensity factor. Crack tip inelasticity, due o material response at
elevated temperatures, can preciude general utility of K as the correlative parameter.

Under these considerations, tests should be designed such that the crack tip experiences
sufficient geomeiric constraint and/or envivonrental embrittlement as {o render da/dN vs aXK
reizaitmnsthg independent of specimen geometry (e.g., thickness).

Alloy Comparisons

TW@ alloys, BIP MERL 78 (Alloy 1) and HIP plus forged Rend 95 {(Alloy 2, were tested
in air at 850°C (1200°F) and R = 0.05. Two freguencies were tested for each alloy: (.33 Hz (20
cpmn) and 900-sec dwell at maximum tensile load. A minimum of two specimens of each alioy
were tested at each condition.

Figures 103 and 104 depict crack growth rate curves at 9.23 Hz for HIP MERL 78 and Rend
95, reapectively, Figure 105 is a composite plof showing how these two alloys compare with the
five alioys tested under MASA Contract NAS3-20987" As illustrated by fgure 105, Rend 95
exhibited the fastest crack growth for a given AX level HIP ’%EQL 76 also showed a relatively
fast crack growth rate at apporoximately the same rate as MASA IIB-7 and IN 100, A rank
ordering of all seven alloys based on crack growth rate from lowest growth rate o highest is
presented below:

Waspaloy

HIP Asircloy
Wrought Astroloy
IN 100

HiP MERL 78
NASA [IB7
Hend S5 H+ F

Table 19 Hsts the hyperbolic sine coefficients for each alloy tested at .33 Hz.
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TABLE 13
HYPERBOLIC SINE COEFFICIENTS FOR ALLOYS TESTED AT 0.33 Hz IN AIR

Y=Clxsinh{C2xX+C3)+C4
Where, ¥ = Log (da/dN) and X = Log (8K}

Curve i 2 <3 C4 AK Range &2 SEE
i 4,5000 8.1690 -1.5740  -4.5250 (20.36, 80.69) 0.9032 0.1891
2 (.5000 43160 -1.4800  -4.4880 (18.08, 41.66) 0.8774 0.0888
3 0.5000 53510 ~-1.4800  -4.2320 (16.28, 4848) 05780 00783
4 0.5000 4.4380 -1.4640  -4.5500 (19.85, 3540} 09786 0.0526
B 0.5000 4.2360 -1.5240  -4.1850 {(14.71, 2L.2B) 0.8657 5.0653
8 0.5000 55220 -1.4480  -4.3280 (2312, 63.92) 0.8547 0.1238
7 0.5000 B8.1010 -1.3720  ~4.3880 (1240, 49.33) 09710 0.,1243

Curve  Spec No. Material Temp Atm Freg B Type Thik
i 1000730 Waspaloy 1200F Adr 20 cpm R =008 T 0,447
2 1000806 Wrought Astroloy  1200F Air 20 cpm R =008 CcT 0.501
3 1000787 NASA [IB-7 1200F Ar 20 cpm K =005 T 0.5600
4 1000726 HIP Astroloy 1200F Alr 20 epm R =008 cr 0.420
5 1000710 IN 100 1200F Air 20 cpm R =005 Cr (.828
] 1001810 MERI-76 12007 Ajr 20 cpm R=005 iy 0.5015
7 1001400 René 95 1200F Air 20 cpm R =005 cr (.499

One aspect of the cyclic crack growth rate testing of HIP MERL 76 requires further discus-
sion. As indicated by figure 106, one of the four HIP MERL 76 specimens {8/ 1607) tested at
0.33 Hz displayed a slower crack growth rate for a given AK. A review of parameters for speci-
men 1607 reveals that the specimen was run at a lower net section stress than the other three
specimens. Note that specimens 1700 and 1701 were smaller CT’s than specimens 1607 and 1610,
but this should not affect crack growth rates.

Microstructural examination of the material tested, as shown in figure 107, shows a signifi-
cant number of visible prior powder particle boundaries. Examination of several fracture sur-
faces indicated that a crack propagates through these at low stress levels, and around them at
higher stress levels, as shown in figures 108 and 109

A comparison of the fracture surfaces of specimens 1607 and 1610 at approximately the
same AK appears in figures 110 and 111. Apparently, a difference exiats in the fracture mecha-
nism of the prior powder particles, and/or their boundaries. This difference may account for the
variation in observed crack growth rates, and warranis further investigation.
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Figure 107. QOptical Micrograph of Typical
Microstructure of HIP MERL 78
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Figure 108. SEM Fractograph of the HIP Figure 109, SEM Fractograph of HIP MERL
MERZL 76 Fast Fracture Region 76 Precrack Region (Low Net
{High Net Section Stress) Section Stress)
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Figure 110. SEM Fractograph of HIP MERL Figure 111. SEM Fractogreph of HIP MERL
78, Specimen 1610, Fracture Sur- 76, Specimen 1607, Fracture Sur-

face at AK = 32.3 MPa/m face at AK = 31.5 MPa\/m

Figures 112 and 113 give the crack growth rate curves for the 900-sec dwell at maximum
tensile load for HIP plus forged Rend 95 and HIP MERL 76, respectively. Figure 114 presents a
composite plot showing how these two alloys compare with the five alloys previously tested at
the same conditions (NAS3-20367).1 Again, René 95 demonstrates the highest crack growth rate
for a given AK. Note that the MERL 76 data covers only a limited da/dN range, and that
extrapolations beyond that range may be inaccurate. As indicated by figure 114, the alloys
generally follow the same trends as the 0.33 Hz data, but the absolute differences in crack
growth rates are much larger, as high as two orders of magnitude for René 95 vs Waspaloy. The
following listing is a rank ordering of all seven alloys with respect to crack growth rate from
lowest to highest growth rate:

Waspaloy

HIP Astroloy
Wrought Astroloy
IN100

HIP MERL 76
NASA [IB-7
HRené 95 H+F

Table 20 lists the hyperbolic sine coefficients for each alloy tested with 900-sec dwell at maxi-
mum tensile load.
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TABLE 20

HYPERBOLIC SINE COEFFICIENTS FOR ALLOYS TESTED AT
90¢-sec DWELL IN AN AIR ATMOSPHERE

Y=Clxsinh(C2xX+C3)+C4
Where, ¥ = Log (da/dN) and X = Log (AK)

Curve C1 2 O3 C4 AK Range R SEE
1 0.500¢ 8.1490 ~1.6280 ~3.5580 {30.93, 89.51) {.9443 0.1566
2 0.5000 51950 ~1.5440 -3.4320 (23.84, 71.39) §.7815 0.3505
3 0.5000 £.1800 -1.4150 ~-2.0000 {15.49, 44.80) 3.9390 0.2009
4 0.5000 4.8890 -1.8440 -3.5080  (32.60, 24.11) £.9363 0,147
5 4.5000 5.0470 ~1.5440 ~2.7880 {38.30, 94.84) 0.7635 0.2805
[ 0.5000 £.5000 ~-1.3840 -1.8500 {18.62, 36.01) 0.8216 £.1878
7 3.5000 12.2388 -1.5000 ~3.0000 {20.82, 25.5%) 0.77520 0.6024
Curve  Spec No. Material Temp Atm Freg R Type Thik
i 1000731 Wasgpaloy 1200F Air 900SD  R=005 CT 0.417
2 1000814 Wrought Astroloy  1200F Alr 008D R=005 T 0.381
3 1000800 NASAIIB7 1200F Alr 90080 R=0.05 T 0.500
4 1000728 HIP Astroloy 1200F Air G083 R=005 CT 0.501
5 10007 5 IN 100 1200F Air 9008 R=005 CT 0.500
3] 10614403 Rend 95 1200F Adr 008D R=005 CT 0.500
7 1001702 HIP MERL 75 1200F Air 300580 R=005 T 0.503




Test Methad Comparison

A comparison of Contractor testing and data analysis procedures was conducted for HIP
plus forged Rendé 95 (Alloy 2). Crack propagation tests were conducted at 850°C, B = 0.05, and 2
frequency of 0.23 Hz. Similar tests were run with & 900-sec dwell st maximum tensile load. The
results of these tests were compared to test date derived by General Electric.” Testing conducted
at P&WA/Florida duplicated the test conditions of temperature, stress ratic, and freguency fo
produce comparable data. However, each contractor used a different specimen geometry, P&EWA
used the ASTM CT specimen for all tests, while GE used a K, bar surface flaw specimen.®

The results of the data comparison for 0.33 Hz testing appear in figure 115, This fgure
shows the crack growth rates obiained with the K, bar specimen to be approximately a factor of
b £
2 slower than those obtained with the compact specimens.

The results of the data comparison for 800-sec dwell testing appear in figure 116, These data
indicate that a considerable difference exists in the crack propagation rates, with the difference
increasing as siress intensity increases. Alsc included in figure 116 is data from a K, bar speci-
men that was tested at P&WA in an attempt to rescive the large differences in observed crack
growth rates, Unfortunately, no conclusion could be drawn from this Hmited dats. Lack of mate-
vial precluded further testing of specimens in the K, bar configuration.

Another possible source of discrepancy in Contractor data Hes in the stress intensity sohuy
tiens utilized in data reduction. The CT specimen is a standard specimen with well-established K
solufions, while the X, bar specimen is a nonstandsrd surfaceflaw specimen. The K sclution
atilized by GE is given in Reference 2. To astablish the validity of that ¥ solution, Sha® per-

o
£

formed a comparative survey of existing K solutions for surface flaws as applied to the K, bar
specimen gecmetry. The findings of the survey indicate that the GE K solution corresponds well
with other sclutions in regions of low net section stress and where bending stresses arising from
the presence of a relatively shallow crack are negligible. Oonsiderable deviations occur when the
surface crack area becomes large enough, as compared to the gross cross-sectional area of the
specimen, to cause high net section stresses (approzimately 0.8 o,,), and when induced bending
stresses due to a deep flaw hecome significant as compared to tensile stresses. At an a/t (crack
depth/thickness) ratic of (.8, induced bending stresses become approximately 30% as high as
tensile siresses due to the applied loads. However, this calculated difference in stress due to
bending is not of sufficient magnitude to account for the large difference in crack growth rates
between the two specimen types in the 900-sec dwell teat.

Further testing and analyses are needed in order 4o reconcile and/or refute the differences
in crack growth rates observed in the data presented here.

Controlied Environment Testing

Testing to determine the effect of oxidation on crack growth rate was conducted using
Waspaloy {Alloy 3} and IN 100 {(Alloy 4). These alloys were selected because they represent
extremes in strength, processing technigue, and microstructure of turbine disk alloys currently in
use, Tests were conducted at 850°C, B = (.05, and 0.33 Hz for both allovs. Similar tests were
conducted utilizing a 900-sec dwell at maximum fensile load. All tests were run in an argon
atmosphere in order to minimize oxidation effects on crack growth rates. Data from these tests
are compared to tests run at the same conditions in an air atmosphere in order to determine the
effects of owidation on crack growth rates.
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Testing in an argon aimosphere required several specialized fest procedures. The inert
atmosphere was maintained within the environmental chamber depicted in figure 117. To min-
imize the amount of oxygen remaining, the chamber was evacuated and backfilied with argon a
minimum of three times before beginning each test. During testing, argon pressure was main-
tained at slightly greater than one atmosphere. Specimen heating was provided by external
radiant heaters. Crack length readings were obtained by direct optical messurements taken
through the glass windows of the chamber.

In the case of IN 100 specimen S/N 1385, heating was provided by a resistance susceptor
furnace. In that configuration, crack length was continuously monitored on one side only, since
obtaining crack length readings on the second side reguire compleie teardown of the chamber.
Complete crack length readings were obtained on both sides of the specimens four times during
the course of the test. This awkward test procedure was made necessary by multiple failures of
the glass windows in the environment chamber.

Calibration of the environment chamber was accomplished by running an IN 100 test in air
in the chamber at 650°C and comparing the results with data from previous experience. Figure
118 details a comparison of the environmental chamber air test resulis with tests performed
under Contract NASS-20367." Differences in crack growth rates fall within the expected heat-to-
heat variations.

The most recent analysis of inhouse argon at P&WA /Florida gave the following specifi-
cations for the argon utilized in this test phase:

Water — 3 ppm
Oxygen — 5 ppm
Nitrogen — 20 ppm
Hydrogen — 3 ppm

Water and oxygen levels were checked at the argon line in the Fracture Mechanics Labora-
tery and showed slight degradation to:

Water — 16 ppm
Ozxygen— 5 ppm

It was not feasible to obtain an accurate analysis of gases actually in the environment
chamber.

Figures 119 and 120 present comparisons of argon and air data tested at 0.33 Hz for
Waspaloy and IN 100, respectively. As indicated in figure 119, there is little difference in
crack growth rates for Waspaloy above AK value of about 44 MPa+y/m. Below this value, the
crack growth rates for the argon environment tests are slightly lower than the air tests. Fig-
ure 120 shows a small difference in crack growth rates between IN 100 tested in air and in
argon. The data gathered in argon is a factor of 2 to 2.5 times slower than air data up to a
AK value of about 33 MPa+v/m. The data converge at higher values of AK.

Figures 121 and 122 show curve fits and hyperbolic sine coefficients for 0.33 Hz, argon
environment tests for Waspaloy and IN 100, respectively.



(Une possible explanation of the difference in crack growth rates observed in argon at
0.33 Hz is presented by Gell and Leverant.® Formation of oxides at the crack tip results in a
region depleted of oxide-forming elements. This region will be somewhat weakened and
embrittied by the loss of these elements and, thus, subject to relatively easy cracking. If the
increment of crack growth per cycle in the absence of oxygen is less than the size of the depleted
zone, the crack growth per cycle in the presence of oxygen will be controlled by the size of the
depleted zone, resulting in an increased crack growth rate. In terms of intergranular fracture,
this process can oceur due to preferential grain boundary oxidation.

Cyclic-dwell crack growth tests incorporating a 900-sec hold at maximum load were con-
ducted in an inert environment for both IN 100 and Waspaloy. Results however, were judged to
be anomalous and consequently the data are not presented. Causes of the anomalous results are
not known, but equipment malfanctions combined with the extreme test conditions of long hold
periods, high temperature and discontinuous crack growth are suspected contributors. Further
investigations are being conducted to resolve these difficulties.

FE 1503583

Figure 117. Argon Environment Chamber
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EVALUATION OF FATIGUE CRACK INITIATION MECHANISMS
General

The cyclic behavior evaluations of turbine disk alloys performed under this and previcus
comtracts’ ghowed relationships between alloy tensile strengths and fatigue cvack initiation and
fatigue crack growth behavior. Generally, the higher strength, finer grained alloye exhibite
superior crack initiation behavior at strain ranges of interest for turbine disk applications, but
showed somewhat faster crack propagation rates than the lower strength, generally coarser
grained alloys. Alsc, the higher strength alloys exhibited a significantly higher degree of degra-
dation due to hold times. Failed strain control test specimens were subjected to fractographic and
metaliographic examinsation fo determine failure modes for the fatigue crack initiation and early
crack propagation stages. The investigation included the relationship of failure mode and rela-
tive Hfs to types of cycles (0.33 Hz or 800-sec dwell), grain size, and local microsiructure.

Fractographic and metallographic studies were performed on strain control low-cycle
fatigue samples test in air at 650°C (1200°F) from the nickel-base turbine disk alloys Waspaloy,
wrought Astroloy, NASA [IB-7, HIP-formed Astroloy, GATORIZED® IN 100, HIP plus forged
René 95, and HIP MERL 76, Representative high and low strain range cyclic and cyclic/dwell
samples from each of the slloys were characterized to determine the mechanisms of crack initia-
tion and propagation. Table 21 presents a detailed Hsting of the samples. These studies were
performed with a high-resclution transmission electron microscope (TEM) using two-step carbon
replicas of the fracture and by direct viewing of the fracture with a scanning electron microscope
{SEM).

A metallographic section taken through the origin of each sample enabled cbservation of
the microstructure and crack progression. These results were then correlated with those obtained
in the fractographic studies.

Fractographic and Metaliographic Resulis

Waspaioy

The high and low strain range cyciic Waspaloy samples (8/N A-2 and A-7) exhibited multi-
ple origins, whereas cyclic/dwell samples (8/N A-11 and A-14) showed single origins, as shown
in figure 123. The fracture faces of both cyclic samples showed cleavage at the origin and fatigue
siriations throughout the remainder of the propagation ares, as shown in figure 124, indicating
that both initiation and propagation were fransgranular. Both cyclic/dwell samples showed
heavy oxidation. The low strain range sample (8/N A-14) showed initistion and propagation to
be predominantly intergranular, as shown in figure 125. A few isolaied facets indicated some
evidence of striations. The high strain range sample (8/N A-11) revealed crack initiation to be
transgranular as evidenced by cleavage at the very origin and propagation o be predominantly
intergranuler, as seen in figure 126, As in A-14, a few isolated facets of striations were observed.
Metallographic sections taken through each of the origins demonstrated similar results, as seen
in figure 127,

Grein structure varied from sample to sample. The cyclic samples (A-2 and A-7) exhibited a
coarser grain size (ASTM 3 to 5 with occasional 2) than the cyclic/dwell samples. The high
strain range cychic/dwell sample, A-11, showed a duplexed grain size that was predominantly
ASTM 3 to 6 with occasional 1 and 2, with grains ASTM 7 and finer necklaced around the coarse
srains. The low steain range cyclic/dwell sample (A4-14) had a finer grain size (ASTM 4 to 5 with
some 7 and finer) than either the cyclic or high strain range cyclic/dwell sample.
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Weought Astroloy

The high strain range cyclic wrought Astroloy sample (8/N 1A) showed multiple small
origins almost completely arcund the civcumference of the sample, whereas all of the other sam-
ples had & major origin with one or minor origins, as shown in figure 128. The major origin of
the low strain range cyclic sample (S/N 44A) exhibited cleavage at the origin and fatigue siria-
tions throughout the remainder of the propagation area, as shown in figure 129. The high strain
range cyclic sample shown in figure 129 was smeared at the origin, but showed striations
through the propagation area. It appeared that both samples initiated and progressed trans-
granularly. The high and low strain range cyclic/dwell wrought Astroloy samples showed
extremely heavy oxidation, as seen in figure 130. However, both samples (S/N 8A and 104A)
appeared to initizte and propagate intergranularly. Metallographic sections taken through each
of the origins showed similar results, as seen in figure 131. There were isolated areas of trans-
granular propagation in the cyclic/dwell samples, possibly through coarser grained areas. The
grain structure in all of the samples were duplexed with an ASTM grain size of 4 to 8 necklaced
by fine recrystallized grains having an ASTM grain size of 7 {0 8.

TABLE 21
CONTROLLED STRAIN LOW-CYCLE FATIGUE SAMPLE
CHARACTERIZED BY FRACTOGRAPHY
Tested in Alr at 650°C, 0.33 Hz Ramp Freguency
Mean Strain = 0

Spec Type®
Materinl S/N Test AegfY N
Waspaloy A-2 Cyclic 1.48 819
Waspaloy A7 Cyclic 0.81 10,822
Waspaloy A1l Cyclic/Dwell 1.13 1,061
Waspaloy A14 Cyclie/Dwell 0.81 3,608
Wrought Astroloy 1A Cyclic 1.50 400
Wrought Astroloy 4A Cyelic 0.85 9,350
Wrought Astroloy 8A Cyclic/Dwell 1.24 518
Wrought Astroloy i0A  Cyclic/Dwell 0.84 8,087
NASA 1B-7 1B Cyelic 1.50 420
NASA 1IB-7 4B Cyclic 1.00 18,744
NASA IIB7 9B Cyclic/Dwell 1.26 254
NASA IIB7 0B Cyclic/Dwell 1.01 3,835
HIP-Astroloy DB1 Cyclic 1.42 861
HIP-Astroloy DBS  Cyclic .81 8,901
HIP-Astroloy DB-1¢ Cyclic/Dwell 1.23 335
HIP-Astroloy CB-13 Cyclic/Dwell 0.76 7,780
GATORIZED® IN 100 7 Cyclic 1.48 561
GATORIZED IN 100 3 Cyelic 0.94 15,774
GATORIZED IN 100 9 Cyelic/Dwell 1.24 285
GATORIZED IN 100 11 Cyclic/Dwell 1.00 2,515
HIP Plus Forged Rend 95 i Cyclie 1.50 585
HIP Plus Forged Rend 95 3 Cyclie 1.60 31,728
HIP Plus Forged Rend 85 4 Cyclic/Dwell 1.31 285
HIP Plus Forged Bend 95 13 Cyelic/Dwell 0.99 5144
HIP MERL 76 D2 Cyelic 1.84 280
HIP MERL 76 D9 Cyclic 8.91 124,323
HIP MERL 76 ¥7 Cyclic/Dwell 1.08 2,085
HIP MERL 75 F8 Cyclic/Dwell 1.52 264

DTotal strain range.

@Cycles to failure.

BCyclic/dwell tests incorporated a 900-sec (15 min) hold time at the max-
imum tensile strain.
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FAL 48583 5
A A FAL 49584 B

FAL 49585 C FAL 49586 D]
A - S/N A-2, Cyclic, 1.43 A, 810 Cycles C - S/N A-11, Cyclic/Dwell, 1.13 A¢, 1,081 Cycles
B - &/N A-7, Cyclic, 0.81 A«, 10,622 Cycles D - S/N A-14, Cyclic/Dwell, 0.81 A, 3,608 Cycles

FD 168331

Figure 123. Waspaloy Sirain Control LCF Fracture Faces, Mag 10X
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Mag: 250X A Mag: 1000X B

Mag: 250X C Mag: 500 X D FD 156352

Figure 124, BEM Fractographs of Waspealoy Samples A-2 (Top) and A-7 (Bot-
tom) Showing Clequvage (A and C) at Origin and Fatigue Stria-
tions (B and D} Away from Origin
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Figure 125.

C
Mag: A, B,- 100X C - 3500X FD 156333

SEM Fraciographs of Waspaloy Sample A-14 Showing Inter
granular Initiation (A), Propagation (B), and TEM Fractograph
(C) Showing Isolated Facet with Remnant Siriations
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Mag

Figure 126.

A - 100X
B - 250X
G - 1000X FD 156334

SEM Fractographs of Waspaloy Sample A-11 Showing Cleavage
(A) at Origin and Intergranular Propagation (B). Fractograph (C)
Shows an Isclated Area of Strintions.
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A FAL 49578 B FAL 49580

C FAL 48581 a FAL 49882
Mag: 10X
A - 8/N 1A, Cyclic, 1.5 4¢, 400 Cycles ¢ - 8/N 8A, Cyclic/Dwell, 1.24 Ae, 518 Cycles
B - 8/N 4A, Cyclic, 0.85 Ag, 8350 Cycles D - S/N 10A, Cyclic/Dwell, 0.84 L, 8087 Cycles

FD 158335
Figure 128. Wrought Astroloy Strain Conirol LCF Fracture Faces
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Mag: A, C,- 250X
B, D,- 1000X D 156838

Figure 129. SEM Fractographs of Wrought Astroloy Samples 1A (Top) and
44 (Bottom) Showing Smear (A) and Cleavage (C) at Origin and
Fatigue Striations (B and D) Away from Origin
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Mag: A, C,- 250X
8, D,- 500X

FD 156337

Figure 130. SEM Fractographs Showing Heauily Oxidized Fracture Surfaces
of Wrought Astroloy Samples 8A (Top) and 104 (Botiom) with
Isolated Paotches of Remnant Striations (B and D
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HiP-Formed Astroloy

The high strain range cyclic HiP-formed Asiroloy (8/N DB-1) showed multiple origins
around the circumference of the sample, whereas the low strain range cyclic sample had only a
single origin, as shown in figure 132. The cyclic/dwell samples exhibited a major origin with one
or more minor origins, Figure 133 detaile the major origin of the low strain range cyclic sample
(8/N DB-5) showing cleavage at the origin and fatigue stristions throughout the remainder of
the propagsation area. The high strain range cyclic sample (8/N DB-1) was smeared at the origin,
but showed striations through the propagation area. If appeared that both samples initiated and
progressed transgranularly. The cyclic/dwell samples (8/N DB-10 and DB-13) exhibited ex-
tremely heavy oxidation and smear at the very origin. Figure 134 shows typical fractographs of
the fracture faces. Microsections through the origins gave the appearance of intergranular prop-
agation, as shown in figure 135, All of the samples had a recrystallized grain structure with an
ASTM grain size of 5 to 7 with occasional 4.

NASA HB-7

The high strain range cyclic NASA IIB-7 sample (8/N 1B) and the low sirain range cyc-
lic/dwell sample (8/N 10B) exhibited two origins, whereas the low strain range cyclic sample
(8/N 4B) and the high strain range cyclic/dwell sample (S/N 9B) exhibited single origins, as
shown in figure 136. The fracture face of the low and high strain range eyclic samples were too
smeared to discern any features. The high and low sirain range cyclic/dwell samples showed
extreme oxidation. TEM gave some indication that both cyclic/dwell samples propagated inter-
granularly, as seen in figure 137, The low strain range cyclic sample and the high strain range
cyclic/dwell sample both had a small erack through the origin on the fracture surface. All of the
samples were fine-grained recrystallized with an ASTM grain size of 12.5 o 13.5.

GATORIZED IN 100

The low and high strain range GATORIZED IN 100 cyclic samples (8/N 3 and 7) had
single origine, whereas the cyclic/dwell samples (S/N 8 and 11) had a major origin with one or
more minor origins, as shown in figure 138. Both cyclic sample origins were at an aluminum-
silicon nonmetallic inclusion, as seen in figure 139. There were no apparent inclusions at the
origin of the high strain range cyclic/dwell sample and the low strain range cyclic/dwell sample
origin was too smeared to identify features. Both the cyclic and cyclic/dwell samples appeared to
have propagaied intergranularly, as shown in figures 139 and 140. The high strain range cyelic/
dwell sample (8/N 9) also showed some intergranular cracking away from the origin. All of the
samples were fine-grained recrystallized with an ASTM grain size of 12.5 to 14.5 with oceasional
iL.5.

HIP Plus Forged Rend 95

The high strain range cyclic HIP plus forged René 95 sample (8/N 1) showed multiple
origins, whereas the low strain range cyclic and both eyelie/dwell samples had single origing, as
shown in figure 141. A machining mark was observed going through two of the multiple origins
of the high strain range cyclic sample and through the major origin of the low sirain range
cyclic sample (S/N 3), as seen in figure 142, Both the high and low strain range cyclic samples
{figures 143 and 144, respectively) originated and propagated transgranularly, whereas the high
and low strain range cyclic/dwell samples originated and propagated intergranularly (figures
145 and 146, respectively). All of the samples had a grain structure consisting of 60% unrecrystal-
lized grains with the ASTM size of 5 to 6 with occasional 4 neckiaced by recrystallized grains
finer than 8.
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A FAL 40681 B FAL 49592

c FAL 49593 D FAL 49594

A - 8/N DB-1, Cyclic, 1.42 Ag, 861 Cycles C - 8/N DB-10, Cyclic/Dwell, 1.23 Ae;, 335 Cycles
B - 8/N DB-5, Cyclic, 0.81 bey, 8801 Cycles D - 8/N CB-13, Cyclic/Dwell, 0.76 Dy, 7780 Cycles
¥D 156338

Figure 132. HIP Astroloy Strain Control LCF Fracture Faces, Mag 10X
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Mag: A, ©,- 250X
B8, D,- 1000X

C

FI» 156338

Figure 133. SEM Froctographs of HIP Astroioy Samples DB-1 (Top) and
DRB-5 {Botiom) Showing Smear {A) and Cleavage (C) at Origin
and Fatigue Striations (B and D) Away from Origin
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Mag: 250X

FD 158340

Figure 134, SEM Fractographs of HIP Astroloy Samples DB-10 (Top) and
(B-13 (Botiom) Showing Origin (A end C) and Away from
Origin (B and D)
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B FAL 48576

G FAL 49577 D FAL 48578
Mag: 10X
A - 8/N 1B, Cyclic, 1.5 A¢, 420 Cycies C - S/N 8B, Cyclic/Dwell, 1.26 Ae, 254 Cycles
B - S/N 4B, Cyclic, 1.0 Ag, 18,744 Cycies D - S/N 10B, Cyclic/Dwell, 1.01 Ag, 3,935 Cycles
FD 156341

Figure 136. NASA HB7 Strein Conirol LOF Fracture Faces
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Mag: AB - 500X
©,0 - 3500X
Top: SEM Fractographs Showing Smear and Crack at Origin of Cyclic Sample
8/N 48 (A) and Crack Through Origin of Cyclic/Dwell Sample 88 (B)
Bottom:  TEM Fractographs Showing Evidence of Intergranular Propagation in
Cyclic/Dwell Sampies S/N 88 (C) and /N 10B (D) FD 156342

Figure 137. Fractographs of NASA IIB-7 Strain Conirel LCF Frocture Faces
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FAL 40888

Mag: 10X C FAL 49588 D FAL 49590

A - S/N 3, Cyclic, 0.94 Ag, 15,774 Cycles
B - S/N7, Cyclic, 1.48 Ae, 561 Cycles o

O
®

8/ 8, Cyclic/Dwell, 1.24 Ae, 285 Cycles
S§/N 11, Cyclic/Dwell, 1.00 Ag, 2,515 Cycles

¥

Figure 138. GATORIZED IN 100 Strain Control LCF Fracture Faces
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Top: SEM Fractographs from Sample 3 {A) and 7 (B) Showing Aresa at Crigin
Containing Nonmetallic inclusion. Note Heavy Smear on Both Samples

Bottonm:  TEM Fractographs Showing Evidence of intergranular Propagation in
Cyolic/Dwell Samples of 8 (C) and S/N 11 (D). Note Heavier
Oxide on Surface of Sampls 11. FI 156344

Figure 138. Fractographs of GATORIZED® IN 166 Strain Control LCF Frac-

ture Faces
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FD 164806

Figure 141. Renéd 95 Strain Controlled LCF Fracture Faces (a) S/N 1, Cyclic,
1.5 Ae, 583 Cycles, () 8/N &, Cyelic, 1.0 he, 31,728 Cyceles, (c)
S/K 4, Cyclic/Dwell, 1.31 Ae, 285 Cycles, (d}
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Mag: 250X

FD 164807 A

Figure 142. SEM Fractographs of René 95 Samples Showing Machining
Groove at Origin
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Figure 143.

Mag: 100X

SEM Fractograph (o) TEM Fraciograph (b), and Micrograph (c)
Through Origin of Rend 85 Sample 8/N 1 Showing Typical Frac-
ture Features and Microstructure
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Mag: 100X

Mag: 100X

Figure 144. SEM Fractograph (o), TEM Fractograph (b), and Micrograph (c)
Through Origin of René 85 Sample 8/N 3 Showing Typical Frac-
ture Features and Microstructure
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Mag: 100X

Mag: 3500X

fMag: 100X

Figure 145. BSEM Fractograph (a), TEM Fractograph (b}, and Micrograph (c)
Through Origin of Bené 95 Sample 8/N 13 Showing Typical
Fracture Features and Microstructure
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Mag: 100X

Mag: 100X

Figure 146. SEM Fractograph (a), TEM Fractograph (b), and Microgroph (c)
Through Origin of Eené 95 Sample 8/N 4 Showing Typical Frac-
ture Features and Microstructure
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HiP MERL 78

The high strain range HIP MERL 78 cyclic specimen (8/K F8) and the high strain range
cyclic/dwell specimen (8/N DZ) had multiple origins around the periphery, as shown in figure
147. The low strain range cyclic and cyclic/dwell samples (8/N F7 and D9) showed single ori-
gins. The low strain range cyclic specimen fracture originated at an internal void and prope-
gated transgranuciarly, as seen in figure 148, The high strain range cyclic specimen fractare
originated in veoids at the surface or just slightly subswface, as seen in figure 149, and then
propagate fransgranularly, as seen in figure 150. The fracture faces of both cyclic/dwell speci-
mens were heavily oxidized. The low strain range specimen fracture appeared to originate and
propagate intergranularly from the surface, as seen in figure 151. The high strain range cyclic
specimen (S/N F8) fracture showed evidence of origins both at the very surface and st voids just
below the surface. The surface origins appear to be intergranulsr, and propagation was inter-
granular, as shown in figure 152, All of the samples had an ASTM grain size of 8.5 through 18.5.

Discussion
The fractography and metallography can be sumrmarized as follows:

#  Crack initiation in the Waspaloy, wrought Astroloy, HIP-formed Astroloy,
and HIP plus forged René 95 cyclic samples was transgranular and did not
appear to be affected by grain size or structure, based on the limited
number of samples reviewed. Crack initiation in the finergrained HiIP
MERL 76 and GATORIZED IN 100 started at voids and inclusions, respec-
tively. NASA IIB-7 samples were too smeared at the origin to discern any
mode of crack initiation.

¢  Crack propagation in all of the cyclic samples, except the very fine-grained
GATORIZED IN 100, was transgranular. The IN 100 samples propagated
intergranularly. NASA IIB-7 samples were too smeared to determine any
mode of crack propagation.

&  Crack initiation in the wrought Astroloy, HIP plus forged René 95, and
HIP MERL 78 cyclic/dwell samples was intergranular. The origin areas of
the HIP-formed Astroloy and GATORIZED IN 100 samples were smeared
and the NASA IIB-7 samples were heavily oxidized.

¢ Crack initiation in the Waspaloy cyclic/dwel] samples was influenced by
grain size. The coarser-grain high strain range sample failed transgranu-
larly, whereas the slightly finer grain low strain range samples failed inter-
granularly,

s  Crack propagation in all of the eyclic/dwell specimens was intergranular.

Table 22 summarizes the combined results of the fractographic and metallographic studies.

15%



FAL 55795 FAL 55796

{a} S/N D2, Cyclic, 1.84A¢,, 290 Cycles {b}) S/N D9, Cyclic, 0.914¢,, 124,323 Cycles

Mag: 10X FAL 56137 FAL 56132
{c} S/N F7, Cyclic/Dwell, 1.064¢, 2,065 Cycles {d} S/N F8, Cyclic/Dweli, 1.524e,, 264 Cycles
FD 1883562

Figure 147. HIP MERL 76 Strain Conirol LCF Fracture Face
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Mag: 100X

Mag: 100X

FD 188353

Figure 148. SEM Fractograph (a), TEM Fractograph (b), and Micrographs (c
and d) Through Origin of HIP MERL 76 Specimen S/N DS
Showing Typical Fracture Features end Microstructure
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Mag: 100X Mag: 100X

Mag: 500X A Mag: BOOXK

FD 1893564

Figure 148. SEM Fractographs Showing Two Typical Origins on HIP MEREL
76 Specimen S/N D2
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Mag: 1000X

Mag: 6500X

b FD 189355

Figure 150. Micrograph Through Typical Origin (o), and SEM (b) and TEM
{¢} Fractographs Showing Typical Transgranular Propagation
on Fracture Face of HIP MERL 78 Specimen S/N D2
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Mag: 100X

Mag: 3500X

o

Mag: 100X

Fi 188356

Figure 151. SEM Fractograph (a), TEM Fraciograph (b), and Micrograph (c)
Through Origin of HIP MERL 76 Specimen S/N F7 Showing
Typical Features and Microsiructure
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TABLE 22
SUMMARY OF FRACTOGRAPHIC AND METALLOGRAPHIC STUDIES

Spec Type*
Material S/N Test Initiation Propagation ASTHM Grain Size
Waspaloy A2 C-11 Transgranular Transgranular 3-5, Occasional 2
Waspaloy A7 C-L Transgranular Transgranular 3-5, Occasional 2
Waspaloy A1l C/D-H  Transgranular Intergranular Duplexed-3-6, Gccasional 2, 1, Neck-
laced with 7 and finer
Waspaloy A-i4 /DL Intergranular Intergranular Duplexed-4-5, and 7 and finer
Wrought Astroloy 1A C-H Transgranular Transgranular Duplexed-4-8 Necklaced With 7-8
Wrought Astroloy 4A C.L Transgranular Transgranular Duplexed-4-6 Necklaced With 7-8
Wrought Astroloy 8A C/D-H  Intergranular Intergranular Duplexed-4-8 Necklaced With 7-8
Wrought Astroloy 10A C/D-1.  Intergranular Intergranular Duplexed-4-8 Necklaced With 7-8
HIP-Astroloy DB1 C-H Transgranular Transgranular 57, Occasionsal 4
HIP Astroloy DB-5 C-L Transgranular Transgranular 57 Oceasional 4
HIP-Astroloy DB-10 C/D-H Smeared Intergranular &7, Occasional 4
HIP-Astroloy CB18 /DL Smeared Intergranular 57, Occasional 4
NASA I1B-7 i C-H Smeared Smeared 12.5-135
NASA IIB-7 4B C-L Smeared Smeared 125135
MASA 1IB-7 9B C/D-H Heavily Oxidized Intergranular 12.5-13.5
NASA IIB-7 10B C/D-1L. Heavily Oxidized Intergranular 12.5-135
GATORIZED IN 100 7 C-H Inclusion Intergranular 12.5-14.5, Occasional 11
GATORIZED IN 100 3 CL Inclusion Intergranular 12.5-14.5, Occasional 11.5
GATORIZED IN 100 ¢ C/D-B  Smeared Intergranular 12.5-14.5, Oceasional 11.5
GATORIZED IN 1060 11 C/D-L  Smeared Intergranular 12-5.-14.5, Occasional 11.5
HIP Plus Forged 1 CH Transgranular Transgranular 60% Unrecrystallized grains — 56,
Rend 95 occasional 4. 40% Necklaced —
Finer than 8
HIP Plus Forged 3 C-L Transgranular Transgranular 60% Unrecrystallized grains — 5-6,
Rend 95 Occasional 4. 40% Necklaced —
Finer than 8
HIP Plus Forged 4 /D-H Intergranular Intergranular 60% Unrecrystallized grains — 586,
René 85 QOccasional 4. 40% Necklaced -~
Finer than 8§
HIP Plus Forged 13 C/D-L Intergranular Intergranular 60% Unrecrystallized grains — 586,
Rend 95 Occasional 4. 40% Necklaced —
Finer than 8
HIP MERL 76 D2 C-H Voids Transgranular 8.5-10.5
HIP MERL 76 D9 C-L Voids Transgranular 8.5-10.5, Occasional 7.5
HIP MERL 76 7 C/D-L Intergranular Intergranular 85105
HIP MERL 78 8 C/D-H  a. Intergranular Intergranular 8.5-10.5, Occasional 7.5

*C = Cyclic, C/D = Cyclic Dwell
H = High Strain Range
L. = Low Strain Range

b. Subsurface
Voids
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The tendency of the high-strength, finegrained alloys to initiate fatigue cracks either
intergranularly or at microstructural defects, such as voids or inclusions which are large rela-
tive to grain size, and the subsequent intergranular crack growth, even under relatively rapid
{0.33 Hz) cycling, indicates higher susceptibility to grain boundary failure mechanisms (such
as oxidation) compared to the coarse-grain alloys. The hold-time tests, where effects such as
grain boundary oxidation would be expected fo increase, resulied in intergranular propagation
in all of the alloys and a change in initiation mode from transgranular to intergranular for
all of the samples where failure mode at the origin could be distinguished. Only in the Wasp-
aloy samples with a relatively coarse structure at the origin was the failure mode {ransgranu-
lay under cyclic/dwell conditions, further substantiating a strong velationship between grain
size and failure mode. The apparent higher susceptibility of the fine grained alloys to inter-
granular failure modes and probably to grain boundary oxidation is assumed to be the reason
for the substantially higher degradation shown by these alloys under cychc/dwell conditions
in both fatigue crack initiation and crack growth comparisons at 650°C.



FURTHER CREEP-FATIGUE EVALUATIONS
General

In addition f{o fotal strain range and mean stress, cyclic hold (dwell) times and cyclic
creep strain magnitudes represent important variables which affect fatigue life. Actusl engine
components may experience dwell conditions which are not represented by the 900-sec strain-
hold or siress-relaxation type of dwell cycle utilized previously in this program. For example,
while & turbine disk bolthole may experience sufficient elastic constraint to locally relax
under sustained exiernally applied loading, the highly siressed region of & disk-blade attach-
ment may be kinematically free to creep. The sivess-sirain hysteresis loops which represent
these types of cycles are significantly different. Improved LUF life prediction systems must be
capable of accurately modsling the material behavior under both types of dwell cycles, includ-
ing determination of the effect of hold thnes.

To determine the differences in LCF life due to different hold times and types of cyciic/
dwell fests, axial strain control LUF tests of IN 100 were performed at 650°C (1200°F). Sev-
eral teste with 30-sec and 120-sec dwell times 2t maximum tensile strain were conducted, sl
with a folly reversed strain cycle (B = -1). In addition, several cyclic/dwell waveforms were
evaluated to compare stress-hold with strain-hold types. All of the cycle types employed dwell
only during peak fensile conditions of the stress-strain cycle. Table 23 describes the cycle
types which were evaluated.

Test specimens and general test methods were the same uiilized for other cyclc and
cyciic/dwell tests contained in this report, except that for some of the desired waveforms the
controlied parameter during the dwell was atress or load rather than strain, and the variable
which determined switching into and out of the dwell periocd was not limited to time. Differ-
ences in test cycles are desecribed in the following paragraphs.

Yariable Hold-Time Tesling

Strain bold times of 30 and 120 sec were used fo determine the effect of dwell on LLF
life in addition to the 800-sec dwell tests run previcusly. These tests utilized a fully reversed
strain-time waveform with dwell at maximum {fensile strain. All other test condifions and
methods duplicated the 800-sec dwell tests.

Table 24 presents the resulis from this {esting. Stress range and mean stress vs life curves
appear in fgures 153 through 158, Strain range vs life curves comparing the effect of strain dwell
on LOF life are shown in figures 157 and 158, Also shown in these last two figures ave the results
frorn earlier Contractor testing, including cyclic (no dwell) and 900-sec cyclic/dwell data.

Increasing hold fime per cycle could be expected to influence LCF lfe by increasing the
time-dependent inelastic, or creep, sirain coraponent and also by increasing the exposure time of
the material to the elevated temperature environment. Comparison of creep strain magnitudes
for 80, 120, and 900-sec held periods for the IN 100 alloy indicates that for sl sirain ranges of
interest {1.2% Aer or below), the cyclic creep strain components are very small (0.0007 m/m or
less) and are the same within experimental measurement capability for all hold-time cycles. Con-
sequently, under the conditions evaluated, changes in the creep sirain component could not be
directly related to reductions in life with incressing hold time per cvcle. Figure 159 shows time
per cycle va LCF life resulis for the 0.33 Hz cyclic and all three cyclic/dwell conditions. The
linear (log-log} relationship between cycle time and life for various strain ranges indicates that
the systematicaily reduced LCYF life is, in some way, due to increased exposure time of the alloy
to the elevated temperature (650°C) envirenment.
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TABLE 23
STRAIN-HOLD AND STRESS-HOLD CYCLE TYPES

Dwell Control

Cyele Begin Dwell Reversed Initial
Type Duwell at Control at E, Remarks

ia Peak Strain  Peak Strain 900 sect -1 Stress relaxation dwell

b Pezk Sirain  Peak Strain 900 sec 0 Stress relaxation dwell; mean stress decreases
during test.

2 Peak Stress  Peak Stress Fixed max -1 Creep dwell; reguires high Ae, to obiain dif

strain ferent strese ranges. Ae, and hold time per
cycle decrease during test.

3 Peak Stress  Pesak Stress 900 sec -1 Creep dwell; moderate progressive increase in
mean strain during test due to unreversed
creep.

4 Pesk Stress  Peak Stress 900 sec 0*  Creep dwell; significant progressive increase in
mean strain during test due to unreversed
creep.

5 Peak Stress  Peak Strain 900 sec 0  Modified stress relaxation dwell; mean stress

constant during test, but significant unre-
versed creep contributions to failure.

ITests of this type with hold times of 30 and 120 sec also conducted.

2Specimen 8/N 48 run with this cycle type, except R =05
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Creep-Fatigue Cycle Bvaluations

Bignificant differences oveur in the local stress-sfrain-dime maiedal response for different

f‘”r’tﬂ‘" ve eriviee? Jorations of atrcraft engine turbine disks, Bolitheles in 2isk web aveas, for exarm-
e, may be sufficlenily constrained by r}urfounding esgentiallv elasiic "pafﬁnai g6 that they
..&;F ~creen pehavicr may be aporoximaisd by a streer reloysiion, or strain-dwell, oyole. Blade
attachment avese as the disk i, however, may experience somie nat section creep and, conse-

guenily, may be hetier ropresenied by « orsep dwell, or constant siresahold, oyale.

Imifial waveloems for this phase of torting were sslecied in ag a*wmpt te ovaluste differ-
eneces netweern & swess-hold oyele (preep dwell) and 2 sfrain-hold cvole {sirvess relaxation) Add.
tional waveloring seperated the contributions of mean stress and progressively increasing mean
strains (due to oyodically unreversed creep! on the LCF Hie

Table 22 desoribes the qf"en,m mu,w; syole tvpes, Typleal cydle schematios and reeubiing
siress-strain-time responises appesar in fgurss 13, 15, 16, snd 180 threugh 163

*

T ownder to invest? g&te differenices between s basic oreep, or siress dwell cyele and the relaz-
siton, or girain dwell cyvcle provieusly deserd ‘ecdg three testa ware conducted asing the wavelornsm
described in Sgure 180 and defined in fabis 23 gz ovcls type 2. Sovers] tosts wers mannest for the
same pesk stressz ¢ ory with differeni gtrain anges akiatned by conirofling the maximam
stredo Hmit, Vse of this wavefurmn prodoced severa] 8iflnultien. In arder to cbdain sufficions oreep
1o gnsvre significantly Jifferent strain ranges, the peak styess condition and the res "tinﬂ total
strain range were very high, cauvsing low LOF Hves. Alse, dwell dime per evcdie condinuellv
decreased during the course of the test as the menn zivess hecaming increasingly ccam‘pr&smve.
Bacanse of these difficultics, slfernative siress-dwell waveforms weare selecied. Test resulis for
this evele are pressnted in table 28 and Sgare 164,

orchied

To eliminate diffevences in hold pevied duvstion, subsequent siress dwell cyeoles were

selected ic ensure a Bﬁf}«qe dwell for besi comparizon with stvain-dwel r&suitm For dwell povicds
of the same duration, LIV life differepcss between a peak sivess, or creep dwell, evele and 5 peal

strain, or relaxation dwcf: cvele can be attributed 1o thres factors: {13 iuffb?&i’l(’% I mealy stress
dize %o mean stress relgration in the sirein dwell Rycie, {2y differences in mean strain due o
cyelically unreverssd m*e-:»:p in the streze u‘W 11 cvels, and (3Y 2 slightly lerger creen sirain tn the

N

creel gwell cycle sines all of the hold period is zpen® at peak siress.

The first cresp dwell cvels W seleciod to produce & mean stregs of zers with a 900-sec
dwml, a5 shown in Sgure 181 and desprbed in tabie 25 ae ovels tvpe 3. Heaults ave prese‘nte-d i
table 28, Plgure 165 presesds a wiol of this dota for comparison with strainbhwold date, Thers
appears to be no sggnifivant differsnce for the two oycle types at these conditions whick lovolve
neaﬁy zere nﬂmn xiizzreaaea f@r ot cycie tvpes and 2 minimum amount of accumidaied creep

f Y an-twsll cycle. Although the cresp strain ranges ave
sme.?-i i@r inase c‘w-e. , iit 1'9. apparem from the—?.' reaulls thel vo significant differences in LOF life
cecur due te the basic cvele bype (stvens ve strain dwell)

The BEINE Creep- awsll cyele was uri:?.m“‘ evaluated with an sll-tensile sirain cycie (&, = 0} 1o

determine the effects of mean siress. The cyele is tlineirated in fure 152 and described in fable

i

3 as vc?@ ype & This cvele produced significant cvclieally unreversed creep in addition to u‘w
constant téansile raean stress aod resulfed in substantially reduced LOF Lfe when compared ¢
stratn-dwell tesiz at simdlar stariing condditions of sivain range and mean siress. Resuils are
presented in table 26 and pistied 1 Agurs 186
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Figure 186,  Comparison of Stress-Hold ond Strain Hold Tesving Modes on
the LOF Praperties of IN 100 (Mean Stress Greoier than Zero)

1y an atternpt to separaie effecis of the bigh net accumulaied creen strain and the effects of
mean siress, en additionsl dwsll cycle was run with s constant peak (and mean) stress, dut
utilized a strajy canirel’ dwetl cycls to prodove A cyelically unreversed creep comuanent eanal io
zero, Nigore 163 detaile the ovele described in table 23 as eyde type 5. Heaunliz are presented in
tahle 26 snd plotted in Hgure 165, Bigrificant cyclically wnreversed creep also oocurred for these
tests, but wae subsiantielly lese {by spprozimately half then the corresuonding creen-dwell
cyeies. However, witlle LUF lives for hoth cvcle types weve niot very ditferent fromn epch otiver,
they were subatantially | {;we-r than for the typical sivaln dwsl] test where mean shress relgxation
ocoave, Alse differsnces in ife for sll thyee cydie fypes were lowest s high strain ranges whers
eyelicauly unreversed creen is maximum for ine creep Swell test nod mean stress differences

etwesn the three eycie types are minhiown, Conseguently, alibough complete separation of
raean stress and cyelically trveversed creep sirain offects was not atained, it appenrs that mean
stress played a move imporiant rele than the unreversed creep sivain in reducing LOF Bfe for the

sirese-dwell eyeles pver stvain-dwell oyoles.

Resulig of standaxd creep tests, as well as comparigsonis of net creep, for both stress-dwall
and strain-dwell conditions at several peak stress conditions are vresented in fgures 188 through

172,
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One additionsal test was pexformed (8/N 48} wiilizing a cvcle type simdlar to that deseribed
aa cycle type 4 in table 28, excepd that the twial gyclic strain range was one-half that for other
comparable stress-beld testing (B, = (.5). When plotted 3s 2 funciion of total sirain renge, 85 in
figure 188, no covvelation with the other dadn is found, However, when the data are replotted in
figore 167 baged on peak styess, it falls in reasonsbly weil with the other rasaiis, Under these
conditions, the vate of scoumwation of unveversed creso was higher than for any of the other
eyeie ypes evaluated, as shown in figure 172, This testing ndicates that the unreverzed cresp
girain which accumclates in ihe oreep dwell cycle significantly affects LOF Hfe and must be
considered along with mesn shess in any approach to moedel LOFereep nteractions for wnve
etvained {creep-dwell} conditions, as has previcusly been svegesisd by Monson ard Halford ©
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CORCLUSIONS AND SUMMARY OF RESULTS

Sevees turbine disk 2llnvs represeniing various tensile strenging, wrocessing rdstories, and

coioreatruciures were evaluated for resisiance to fatigue crack iitiation and proprgation ander
both cvohie and cychie/dwell conditions =t 830°C. Fi¥ucta of meen Shress, inert envirenments,
veyious oyelic/dwel] conditions, snd Condractor test mothods wers also evakuated for selected
ailove and conditions. Besults of this testing ave gurmmarized below

Axizt Straln Control L0F Tesly

5 Fully Reversed Strain Cyele (K. = -1} Low Stramn Banges ~ A total strain ranges of infavesl
- &= e

for atrcralt bubine disk applications, LOF Jife is generplly relafed o tensile stvength. The
highest {c lowest fife for low strmin vanges 8 ghown in

rank order of the aliovs tested from
tabie 27,

High Strain Banges — Rank order of the allovs by

TOF imigistion Bfe chonged substantislly ot higher sirmin renges, approacnng the rank

erder expocied from monotenic tensile anctilities. For nyelic 0.33 Ha) tests, the rank evder of

the altove Som highest to lowest LOF initisBon e i ahwown i table 28

¢ Fully Beversed Strain Cyele, Cyclic/Dwell Generally, the higharairength, finer-geained
allows exhibited more sigmficant veductions in faligue Hin due to the dwell AL low straln
ranges, the percent reductions in Hfe for the alloye appears in table 28,

s Al Tensile Strain Oyele (B, = 0} — At total sirain ranges ol intersst for turbine disk spplica-
Hiong, LOF Lfe again ie generally related fo tensile strength. The rank order, which aporoxi
mates the R, = -1 results, from highest to lowest LUF life fiy low strain ranges s preseatad
in table 30,

LOF life at higher stiain rangss is related o ductilidy, and the rank order is identical to the
fully reversed test vesulte.

* Megn Stress, Mean Strain Effects — Iu general, the efects of mean sivain were found to he
negligible for the conditions evsluated bul ihe effects of mean siress were pronouwnced. At
high strain vanges the mean slvess was near z2ere and did not contribute to reduction in Hfe
At low strain ranges, howevey, mean giresses wore large and significantly reduced LOF life
comppared %0 tosts wan with somparable strain vanges bel zere mesn sivess (B, = 1L

¢ Coniractor LOF Test Methsd Comparison — Low-cycle fatigus daia gonerated by P&EWA
and OF generally agreed. Cyclic (0.33 Ha) test data show the mean curve for P&WA testing
to be preater in cyelic Bfe than the mean curve for GE tosting. However, the data were
Hraited and variance was significant. Dwell (800-sec hold time} data agreed reasonably well.
Differeness in LOF hife are probably attribetable to specimen machining and surfnce prepar-
ation.

Fatigue Crack Growth Evalustions
5 Crask growth rates generally insveased with increasing tensile srength. Crock growth test
ing conducted with 2 80C-sec dwell at maximuwm tensile load in alr showed the samne frends

as the (.33 Bz testing with lurger absolute differences in crack growth raies. Bes fabie 31 for
rapk crdering.
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®  Comparison of Contractor testing and data analysis procedures for HIP plus forged Rend 35
showad cyack growih dats obtained a3 .23 Hz for the ¥, boy specimen to be approximately
two times faster than that obtained from the compaet type specimen. A% §00-sec dwell times,
By, bar dats was much faster than the OT spaciinens, with divmin vighing differences at jow 2K
levels. Further investigation of these differences is needed.

®  Waspaloy and [N 100 wsted in an argon environment st 3.32 Hz demonstrated crack growth
rates at low AK levels approxiemately a factor of 2 g’owez than the same alloys test e\‘ﬁ 1 atr
Adr and argon crack growth rates converged at higher AX levels. Oxidation a appe d i)
degrads the cyvelic orack growth rates of IN 106 ’“i ghily more than Waepaloy, t,-‘;c.i dws:li
fesia in argon were inconciusive,

Ketalivoraphic and Fractograpsic Byaluslicns

Metaliographic and fractogrsphic svalustions were pc—:; formed on Ts

pecumens of Waspaloy, wrovght Agtroloy, BIP Astroloy, BIP MERL 78,

Hend 85 and NASA 1157, Resulis, where failure modes mai be distinguist
ized as follows:

¥ Orack nitiation for cyolic tests was i,ranngra)mi?r for alf the alloys, smoept
BIP MERIL 76 and IN 100 where oracks Initiated in veide and inclusions

®  Urack growth for oychic tests of ail the sllove was {ransgranuizy, excent In
the Sne-grained IN 100

¢ Crack initiation was generally intergranuiar for eyelie/dwell tesis, excent for
w3

ne enarse-greined Waspaloy sample.
*  Crack growth in 2@l the cyclic/dwell test samples was intergranular,
Creap-Faligue Cyole Evalugiions

Remulis of additional ereepFfatigos evaluations performed on the IN 100 samples 2t 85050
can be sumimarized as f&iiows:

& iha z dwell fime from zero to 30, 130, and $00 see resulted in a:err@spamiv
i Ble with vary minizal changes in cyelic cresp sivain range.
R&*:mrvwnﬁ 7 1ife ars atiribuiad primearily to exposure fime ag B50°0 rather

tian Cyu%’“ TIesn gfvrmarion mmag&

showed no signi <x‘&:;t dzf:cfmf; sew provided o
steoss, sivam range, and bold Gme wors compars ;,;._

® "V!\ an gtress snd sccumulated creep swaln Gr b
icantly affected LOT e, Life difforences buiwe

T

eyclos ave ativibuled o mean sirvess snd cumblative cresn esr"i;ﬂa—:.
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TABLE 2V
BRANK QORDER FREOM BIGHEAT TO LOWEST
LOP INITIATION LIFE FOR 8TRAIN
RARGES BELOW APPROXIMATELY 1.0%
FULLY REVERSED STRAIN CYULE

e, .

LCF Life with LOF Life with
Tenstle Strength 085 Hz Hesnlts  900-ssc Duell Rewulis

HABA BAT Heod 85 H4F KABA 1IB7
Hone 95 Ba¥ HiF MERL T8 Hend 86 H+¥
B WERL T8 HARS TIRT BiF MERL 7%
W I H e Is 0

Woovgnt datoolay Wrought Astealey Weangat Sebroloy

Waswonlor LHIF Astroloy HIP Agtrolsy
MIP Asiroloy Waspaloy Wazpatoy

TADBLE 28
HANK ORDER FHOM HIQHEST
T LOWERY LOYF INITIATION
1IPE FOE 8TRAIN BANGES
ABOVE APPROXIMATELY 185,
138 M, FULLY REVERSED
STRAIN OVCLE

LOF Life with
Tersile Duotifity $.8% B Beeults

HIP Astvoloy Waspaloy
Woreght Astralay  HIP Asiroloy
Wasprioy HIP MERL 8
WIP MERL TR Wrnoght Astroloy
N W René 45 H+F
Hond 85 H+¥F TR

MASA UBY NABA Y

TABLYE 8.

FEMCENT REDIOTION OF LCF
LIFE A8 A REBULTY OF
Fsec DWELL (Total Baain
Hange of 1.0%)

Allay Beduction {%;
Reod 88 H4F
1IN 00

HIP MEEL 76
MABA RS
HIP Astroloy
Waspakoy
Wrought Astveloy




TABLE 30,
BANK ORDER FEOM HIGHEST TG LOW.
3T LOF INITIATION LIFE POR
ALLTENSILE STRAIN CYCLES, 0.33 Hp

LAF Life with Total ECF Life with Toial
Strain Ronge Below 1.9%  Strain Range Above 1.8%

Hené 85 HAF Waspaloy
NABA ITR-7 BIP MERL 7o
HIiP MERL 76 Rend 85 H+F
IN 189 N 1080
Waapaioy MASA TIB7

TABLE 31
RANK ORDERING ¥ROM BEST
TO WORST CRACK GROWTH
RATES, 0.33 He

0.20 Yield Strengtn

Alloy at B5G°C — BiPa

Waspaloy 987
HIP Asiroloy 281
Wrought Astroloy 286
N 150 1ii

HIP MERL 7% 1527
NASA IIB.7 1277
Rend 85 H4F 122

Joreh
A
By |
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