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1.0 SUMMARY

The high temperaturve (650¢ ) eyelic life capability of two
advancod airveraft ongine disk alloys and one conventional disk alley has
boon ovalunted, Thoe cyelice life capacity of an advanced turbine disk
design has been prodictod uging the materials boilvior data to establish
the relative impact of those advancod allovs on engine disk life, Powder
motallurgy Rone'9d processed by the hot isostatically pressed and forgod
mothod and by hot isostatically prossing alone was compared to
conventionally forged Inconel 718, Program test materials were taken from
disk ashapos or material processed to disk material specifications,

The low c¢ycle fatipgue under strain eycling conditions and the
crack growth boehavior of all threo alloys wore evaluated at 650072 which
was idomtified as a reprosentative tomperature for advancoed disk
applications, Cyelic data wore gonorated under both continuously cycling
conditions and hold time eyeling where a tensile hold time ar maximum load
of 15 minutes was imposed. Tihis 16 minute hold period was to simulate
high stregs conditions at tomperature for long durations typical of
advanced turbinge disk operation,

Low c¢yele facigue under continuous cyeling demonstrated expected
behavior, Sipgnificant reductions in tho cyclice life of two of the
matorials were obsorved with the suporimposed hold time,  As=HID Ronoe '95
had only minor life loss with hold time while Inconel 718 had very
significant 1ife loss with hold time, HIP and ftorged Rene '95 had
neassroable lassoes in life with hold times, However, both forms of Rene'9H
wore quite superior to Inconel 72% in strength for a given lifetime with o
15 minute hold time superimposed,

The low cycle fatipgue datn were analyzed to evalunte the usefulness
of possible life pmdiction criteria, Ductility Nomanlized Strain Range
Partivioning and the strain cnergy concept for nomalizing low cyele
fatipue and hold time low cycle fatigue datn were evaluated, Using the
Limited data of this program, the strain enevgy approach appeared to offer
more potential for life prediction,

The continuous cyclie crack growth behavior of both [orms of
Rene '95 were identical and both were somewhat inferior to Inconel 718
in this respect, With hold times, the erack growth rates of all three
alloys were greatly offected, The threshold stress intensitics for erack
growth were increased ovor those for continuously cycling in all matorials,
At stress intensities above the throshold of growth, the hold time greatly
increased the crack growth rates, The effoects of hold times, particularly
on the threshold values wore shown to be test stress level deopendent and
domonstrated that linear eolastic fracture mechanics mothods could not
normalize this materials behavior,



Using the generated materials data, life predictions were made for
the low cycle fatigue orack initiation and crack propagation lives of an
advanced turbine disk using the throe alloys, An assumod transport mission
profile was simplified to use the isothermal program data, Two potential
life limiting areas in the disks were nnalyzed, Only one of those
locations had finite life and indicated that both forms of Renc'05 had
equivalent crack initiation lives and wero superior to Inconel 718, At the
conditions of the simplified cycle, Li-«nel 718 had superior crack growth
tolerance, However, at this life limiving location, the actual temperature
was 363°C rather than 650°F of tho test data, Using data available from
other sources, crack propagation lives wore predicted at this more realistic
condition, With this refinement, Rene'85 was shown to be far superior to
Inconel 718 in both crack initiation and crack propagation lives,

2,0 INTRODUCTION

Continued demand for higher performance jet engines with highor
officioncy, longer opeorating lives and improved reliability has
encouraged the continued developmont of now turbine disk materials with
higher strengths and higher temporature capabilities, Alloy developers
have provided now disk matorials for use on current developm.nt enginos
and are working towards oven higher strength materials for advanced designs,
Many of their recent efforts in alloy developments have been directed at
powder metallurgy processing which helps avoid many of the forging
difficulties of those very high strength materials, The recont advancos
in wrought powder=motallurgy superalloys offer disk life oxtension
potontial, The selection of these advanced materials omploying such new
tochnologies thus dictated a comprehensive evaluation of these materials
under realistically simulated ongine disk operation, During alloy
development programs, couiiventional mechanical propertics are evaluatod,
These typically include somec assossment of cyclic life behavior, but
seldom include i thorough study of crack initiation and propagation needed
to establish life limits, Usually, these are not established until well
into the production cycle of the engine, This development cycle has
generally proven adequate for conventionally cast and wrought disks,
However, with the general commitmont to powder metallurgy for advanced
turbine disk materials, a critical assessment of the life limiting
properties earlicer in the development cycle was essential, This program
was conducted to obtain a relative comparison of the cyclic life
capabilities of turbine disk materials produced by three current
processing methods of forging from billet, hot isostatically pressing
powder followed by hot die forging, and by hot isostatically pressing
powder alone,

The materials evaluated in the program were Inconel 718,
representing a conventionally forged alloy with wide current usage, powder
metallurgy wrought Rene '95 as typical of the next generation of turbine
disks, and powder metallurgy Rene'95 in the as-hot-isostatically pressed
condition, The latter two matorials are representative of significant
advances in both strength and temperature capabilities over current turbine
disk materials., These three allovs represent approximately a third of the




major materials boing uwsed or developed by the tndustry for advanced turbine
disk applications, Under a parallel effort, United Technologion, Ine,,
undor NABA Contract NAS 3-20867 is ovaluating scoveral other competing
alloys,

Concuvrront with the alloy developmont, much offort is boing
directod by the jot engine industry to improve the 1ife management of engine
hardware, Critical to thia improvement is relim .o dofinition of the
ernck indtintion and erack propagation lives of ongine turbine disks, This
emphagis on improved life managoment has highlighted the need for early
agsodsmont of new matorial developments for their eyelie propertics and the
impact of those on disk component lives, This program accomplished this
evaluation by generating cyelie behavior data on the three allovs under
tost conditions simulating advanced disk operation, Of particular interest
in advance disks is the oxtended oporation at relatively high temporatures
(630¢C) in some disk locations wheve time dependent creep effects ean be
significant, The seleetod test conditions of G50°C coupled with hold times
up to 10 minutes, are typieal of conditions projected Por these loeations
in advanced disks,

Bocause pf the emphadgis on tie dependent effeets on low eycle fatigue
behavior, researeh has boon directec on developing predictive nnghnda tor this
phonomenon,  Most prominent are the eifforts of Halford, ot al a4t NASA=-
Lowis on the Strain Range Partitioning although others have indicvated some
suecess in this arcea, The data goenorvated in this program hag provided an
opportunity to assess these technigques for turbine disk use,  Similarly,
mich effort has boon divected at extonding elastic fracture nechanics
methods into the c¢vaep defommation repgime oxperionced in turbine disks, As
a result, emperical methods have been doveloped at tempevatures to 65000
(1200YF) but with short hold times, The erack growth data from this
program hasg permitted the assessnent of these methods for the long hold
times of advanced engines,

Essential to the undemstanding of the eyelic bohavior of disk
materials is the identification of active mechanisms controlling crack
initiation and prowth, Notailed fractopraphy of the fadled spocimons can
provide much insight into these mechanisws, Under a NASA grant, Dr,
Antolovich(2) at the Univergaity of Cincinnati has done oxtensive
fractographic examinations on the tost specimens from this NASA “General
Electric program,

The assossment of thoe potential life capabilities of the disk
mrtorials was accomplished by life anulysis of ceritieal locations of an
advanced turbine disk design under assumed ongine operating conditions, As
n first approach, the life of the componont was analyzed utilizing a mission
cyele which was reduced to isothermal conditions that allowed direct use of
data gonerated in this paogram, As a refinement, whon it was obsorved that
invalid comparison could result with the isothermml approach, the life
capability was analyzed utilizing a mission cyele with more appropriate
temperatures and strosses, but requiving approximate materials life data,



3.0 FATERIAL AND TPYAT METHODS

Three materials were selectod for cyclic testing under this contract,
Material selection wan baged on the ¢ jective of evaluating the cyelice
behavior of advanced turbine disk alloys which arve being developed for
future engine applications as compared with currvent conventional disk alloys,
Inconel 718 was selectod as vepresontative of the family of conventional
wrought=from=ingot alloys in wide curront usage as turbine disk materials
in both military and commercinl engine applications, Inconel 718 has been
well characterized and an extonsive data base is available for this alloy,
As an alloy representative of the more advanced wrought-trom prealloyed-
povder family, the next gencration of advanced disk materials, hot=
isoatatically=pressed ami forged Rone '93 (H+F Rene '95) was melocted, This
alloy offers higher strength and temperature capability coupled with life
eatonnion and cost reduction capability compared to existing wrought alloys,
As=hot-isostatically=precscd (As=-HID Rone '93) was selected as the alloy to
represont the as-~hot=isostatically-pressed family of advanced diak alloys
being doveloped for future advanced ongine applications, The As=HIP procosa
oliminates the forging operation usually associated with suporallovs and
affers the potential for further strongth {improvemont and cost reduction,

Subsequont paragraphs in this Section describe the components
geloctod for evaluation du this program as typical for each selected alloy,
Goneral requirements for each alloy, as well an spocific qualification tests
imposod on each alloy for uae in this contract, are described,

J.1 Inconel 718

Ag proviously indieated, Inconel 718 was selectod as roprosentative
of the family of conventional wrought=from=ingot alloys in wide usage in
aurront airveraft ongine turbine disk applications, Inconel 718, a
dovolopmont of the Inteornational Nickel Company, was first ovaluated by
engine manufacturers in the ecarly 1960's, Subsoguent deovelopment,
ovaluation, and asvplication have thoroughly cstablished its producibility
in various mill pooduet foims, and it is available from at least ten large
mill suppliors, For ongine disk or spool applications, it is produced
by conventional it ingot and forging or rolling,

Inconel 718 18 an ago~harvdening alloy which achieves ita high
tengile gtrength by precipitation of the compound Ni, (Al, Ti, Cb), It
containg five porcont columbium which when added to the Ni=Cr<Fo bame,
roesults in outstanding age-hardening capability despite low levels of
titantum and aluminum, Thig departure from conventional gamma prime
strongthening slows the kinetics of aging, making the alloy less sonsitive
to heat treatmont practice, This relative insensitivity is achioved,
however, at the disadvantage of an overaging tondency at tomperatures above
700°C, Accovdingly, most applicationa of Inconel 718 are limited to below
650°C, With the widespread application of Inconel 718, a wealih of
processing and operational oxperience exists,



Extensive materin) propoerty data, inelwling low cyele fatigue, hold time
low cyele futigue, and cyclie erack growth rato data,are nvailablo as
background to this contract,

Belectod an o typical Inconel 718 forging for qualifieation and
evaluation undor this contract wins a commoercial ongine (CF6=6) high
pressure compressor rotor spool, General Electric Company part numboer
A013083=857P02, sorial number 93120, This forging wak procured to the
requirements of Goneral Electrie materinl specilication CS0TF37, CLASS B,
Promium Quality Inconel Alloy 718 Forged Parte, The forging was
manufactured by Wyman=Gordon Company from billet (Heat #93120) supplied by
8pecinl Metals Company. The actual chomieni analysis and C50TF37
specification requirements for chomical analysis arve as listed in Table I,
Al) eloments listod meot the specifircation requiroments, Figure 1 ahows
a schomatic cross-soction of the rough machined forging, with spocimen lay=-
out skotehod for oach compressor stage soction which was uwtilizoed for the
contract tost sorics,

Figure 2 shows the microstructual variation seon within o typical
atage of this gpool forging, with a duplex partially recrystallizod
microstructure ovident at the rim area and a fully recrystallizoed fine
grain microstructure evident throwghout the remaindor of the eross-~gection,
In addition to the goneral process and inspection requirements of CHOTHF3?,
specific mechanieal property testing, with minimum aceeptable property
lovels was vequired, CH0TEFS7 requires minimum RY and §509C {(12009F) tensile
properties, micimuom 6509C (120091)/689,5 Mba (100 kei) styess rupture life,
minimwn eve' . cupture life (10=00=10 second eyvele) at 593°C (110071 ,/689,5
MPa (100 «».) wmaximwun stress, and finally, o minimum residual cyelie
fatiaae ire dn the presence of a L20 mmox 1,00 mm (C,01 in, x 040 in,)
deofort, Tho specified test condition for the residual eyedice 1lifo test
woere 538°C (1000°F) 7689,5 .Pa (100 ksi) maximum siress, a load A ratio of
o958 (R=,05), and a test frequency of .33 Hz, The speeimen in this
vosidual life test has a rectangular cross=section test meetion which L8
a surface crack introduced by fatipue eveling Crom a small EDM slot,

Table II lists the results of the CHOTF37 vequired mechanical
property tests which were performed on the solected Inconel 718 forging
to qualify it for cvaluation under this contract, The selectod forging
met all mochanical qualification test requirements and domonstratod an
oxcollont combination of strongth and ductility levels, This forging was
acceptable for the evaluation planned under this contract,
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Table I, Chemical Composition for Alloy 1, Inconel 718,
PERCENT BY WEIGHT

Bupplier: Special Motals
Heat No. 93129

Required Actual
Chemical Composition

Carbon 0.02-0.08 0.035
Phosphorous 0.015 Max, 0.005
Sulfur 0.015 Max, 0.002
Titanium 0.75-1,15 0,92
Aluminum 0.30-0.70 0.47
Manganese 0,35 Max, 0.03
Iron 15.0-21.0 18.43
Cobalt 1.00 Max, 0.03
Molybdenum 2.80-3.30 3.03
Chromium 17.00-21,00 17.76
Copper 0.30 Mox, .03
Silicon 0.35 Max, 0.12
Nickel 50-55 53,81
Columbium } {5.28

4,.75-5,50
Tantalum 0.03
Boron 0.006 Max, 0.0041
Magnesium 0.01 Max, 0.0004
Calcium 0.01 Max, 0,006

Heat Treatment: Solution at 954-982°C for 1 hour/Air, oil or water

quench

Age at 718 oy 14?0 for 8 hours: Furnace cool at
56°C per hour to 621 ¥ 140C, hold for 8 hours and
alr cool
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2,

3.

4,

Table I1., Qualification Test Results for Alloy 1, Inconel 718,

Ultimate
MPa (ksi)

Tensile Propertioes:
Room Temperature

Required Minimum 1275(185)
Actual 1454(210,9)
1300°C

Required Minimum 1000(145)
Actual 1162(168.5)

Required Min,
Time, Hrs, % El1

Stress Rupture

Strength:

650°C/689,5 MPa

(1200°r/100 ksi) 25 5,0

Time, Hrs, Cycles

Cyclic Rupture

(10-90-10 Sec,

Cycle)

593°C/689,5 MPa

(1100°F/100 ksi

Max, Stress) 72 2000

Cycles

Residual Fatigue

Life A~-Ratio ~

0,95 20 cpm

538°C/689,5 MPa
(1000°F/100 ksi

Max,) 5000

0.2% Yield El RA
MPa (ksi) % %
1034(150) 12, 15,
1167(169,2) 15,8 23.9
862(125) 12, 15,
972(141) 20,8 43.8
Actual

Time, Hrs, %EL %RA

254,58 17.3 40,0

TimeI Hrs, Czclel

111.5 3,618

Czcles

7824 (TR)

6945 (TA)



3.2 HIP + Forged Rene '95

Hot isostatically pressed and forged Rene '95 was melectod as
roepresentative of the family of wrought-{rom-prealloyed=-powder alloys being
developed for advanced engine turbine disk applications, A number of
critical rotating advanced engino parts have been designed and are being
produced from prealloyed Rene'95 powder by the HIP + forged procoss,
Utilization of the HIP + hot die forgal process offers the potential of
highwr strength alloy developmont compared to conventional cast-from=ingot
tlloys where segregation probloms tond to limit maximum hardener content,
while retaining the benefits associated with the forging oporation, The
ability to thermomechanically process HIP Rone'95 to provide the "mecklace"
partially recrystallized microstructure is seen as a major process ndvantiage
for HIP + forgedRene'os,

Rene '95 strengthoning, in the cast + wrought and the HIP + forged
versions, is achieved by a combination of y' precipitation [Nia(Al, Ti, Cb)],
solid solution lattice strain, and thormomechanical processing. Rene'95
develops approximately 47 volume percent y' in the partial solution-treated
and aged condition, Solid solation strain hardening is predominantly
achieved through refractory metal additives, while minor boron and zirconium
additions impart beneficial grain boundary effects to enhance creep
resistance,

Rene '95 heat treatment has been established snd consists of a
partial solution of the yv' followed by a rapid quench and aging to
precipitate fine v's The 4' solvus temperature is 11490C#%6°C (2100°F10°F) ,
A one/hour 1092°C (2000°F) partial solution heat treatment followed by a
538°C (1000°F) molten salt bath qucnch has been the typical solution
practice, Aging for 16 hours at 760°C (14000F) is spocified as the final
heat treatment step,

The F101 engine HPT forward outer seal forging, part number
4013211-141P01, was selected as representative of Rene'95 HIP + forgal engine
components, This forging serial number EX091 was forged by Ladish Company
frym Cartech preform number C525 which in turn was made from Cartech master
porider blend number 55 (VIM heat number V91085), Chemical analysis results
of this master powder blend 55 is listed in Table IXII and is compared to
the chemical analysis limits specified in C50TF54., Nominal values are
evicent for all elemants listed, Figure 3 is a sketch of the F101 forward
oute. seal component used showing the overall part configuration and the
spacimen blank locations for qualification and cyclic life testing, Figure
4 shows 100X and 500X photomicrographs of the resuiting micros{ructure of
the HIP + forged component, As noted a pseudo-necklace structure was
achieved, This microstructurce is typical of HIP + forged Rene'95 components,

In addition to the general process and inspection requirements

specified in C50TF54 specifications, mechanical property testing to specified
minimum acceptable levels were required,

10



Table 111, Chemical Composition for Alloy 2,
Rene' 95 (HIP + Forged).

Chemical Analysis of The Master Powder Blend No, 55
CarTech VIM Heat No. V91085, Preform No, C525
Ladish Company Forging Ex 091

General Electric F101/CFM56 Forward Outer Seal
Part Number 4013211-141P01

GE Specification

Element MB No, 55 C50TF 54
Carbon 0.08 0.04-0.09
Manganese 0.01 0.15 Max.
Silicon 0.06 0.50 Max.
Phosphorous 0.005 0,015 Max.
Sulphur 0.002 0.015 Max,
Chromium 12.8 12-14
Molybdenum 3,56 3.3-3.7
Cobalt 8.05 7-9
Titanium 2.56 2.3-2.7
Aluminum 3,57 3.3-3.7
Boron 0.01 0.006-0,015
Niobium 3.60 3,3-3,7
Tantalum 0.01 0.2 Max.
Tungsten 3.59 3.3-3,7
Zirconium 0.053 0.03-0,07
Iron 0.39 0.5 Max,
Hydrogen 2 ppm 0.001 Max.
Oxygen 66 ppm 0.010 Max.
Nitrogen 0.003 0.005 Max,

Nickel Balance Balance
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csogrsa requires minimuwm RT and 650°C (1206°F) tonsile properties, minimum
650°C_(1200°F)/1034 MPa (150 ksi) stress rupture life, minimum 3949C
(1100°F) /1034 MPa (150 ksi) creep life, minimum cyclic rupture life
(10-90-10 second cycle) at 650°C (12000F)/100 MPa (145 ksi) maximum stross,
and finally a minimum res!dual cyclic life in tho presence of a .25 mm x
1,02 mm (,010 in, x ,040 in,) dﬁfﬂct.o The spgeifiod tost conditions for

the residual cyclic lifc test are 538 C (1000 F)/689 MPa (100 ksi) maximum
stress, a load A ratio of ,95 (R=,05), and a test frequency of ,33 Hz, Table
IV lists the results of the qualification tost sories porformed to ostablish
acceptability of this part for the evaluation planned under this contract,
Review of the data in Table IV indicates this forging wet the mechanical
property requirements of C50TF34, CLASS C, and was acceptable for further
evaluation conducted under this contract,

3,3 Rene '95 As-HIP

The third alloy selocted for evaluation under this contract, as-
hot-imostatically=-prossed Rone'95, is representative of an advanced turbine
disk material designed to bo uged in the As=-HIP condition without additional
thermomechanical processing. Use of powder metallurgy alloys in the As-HIP
condition offers the advantages of reducing forging difficulties, reducing
oxcess material by pommitting shapos closer to finish part geometry ond
offers the potential for further strength improvemonts through higher alloyed
chomistries,

The microstructure of As~-HIP Rene'95 represents a radical doparture
from the necklace structure required in cast + wrought and HIP + forged
components, Tho As=HIP process is incapable of producing a '"necklace"
microstructure, since dovelopmont of a duplex structure is dependent on
application of mechanical work to a coarse grain preoform. Initial results
from the As=-HIP fine grained microstructure were encouraging, but prior to
initintion of this direct contract, only limited LCF testing had been
completed,

As no engine disk component was roadily available for this program,
a cylindrical log shape was procured to meet all processing and strength
requiremonts of an congine component, This Ag=HIP Rene '95 cylindrical
compact, 0,2M ( 6 in,) by 0.6M (18 in,) was produced by Crucible, Inc,, to
the requirements of Goneral Eloctric materials specification C50TF64, CLASS
C, Premium Quality Powder Metallurgy As-HIP Rene'95 Alloy Parts, The powder
used was Crucible =60 mesgh powder from Crucible master b._ond MB048, The
HIP cycle utilized was 103,5 MPa (15,000 psi), 1121°C (2050°F), for three
hours at temperature, Prior to heat ticatment the log was scctioned into
disks approximately 25 mm (1,0 in,) thick, Heat treatment was perfoimod by
Sunsteel, Inc, Solution treatment was performed at a temperature of 1150°¢
(2100°F), 17°C below the y' golvus temperature for one hour, followed by
quenching into a 538°¢ (1000°F) salt bath, The aging heat treatment employed
was 871°C (1600°F) for one hour, followed by 650°C (1200°F) for 24 hours and
a final air cool,

14
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Table IV, Qualification Test Results = Alloy 2 Rend 9%, HIP + PForged,

IDENTIFICATION: CarTech VIM Heat V91003/Praform Ne, C528

Ladish Company Forging En 091 DFL Sevies -2
SPECIFICATION) OK CIOTFS4

o Tensile
Specimen Jomperature
Number. G [}
BR-) Room Temperature
SR-2 Room Temparsiure
| L O] Room Tempersturs
Average Rasvm Tempersture
Values
1 2
Valuss
ci-B Room Tompersture
ct-C Room Temperature
BR-4 650 {1200)
SRS 650 (1200)
BR-6 650 (1200)
Average 650 {1200}
Ve s
BSpac
Values
cl-n 650 {1200)
Cl.C 650 {1200)
2, gtyees Rupiyre.
Bpecimen  Tempersture .
Number . 2C. Lr)
SR -7 680 {12000
BR-8 650 {1200)
Bpec
Valuas
cl-p 650 (1200)
Ci-C 650 {1200)
3. Qresp,
Specimen Jempersture,
x© £8
S8R-9 593 (1100)
SR-10 493 {1100)
Spec
Values
Ci-p 593 (1100}
Cl-C 593 (1100)
4. Cyclic Rupture,
Specimen Tempcrature |
Number e (F)
} 650 {1200)
3 650 {1200)
Spec
Minimum 650 (1200)
Value
5 Residusl Life
Specimen  Temperature
Number e [U3]
1.-B 538 (1000)
2-B .- e

Bl

1 {170)
111} 1311)
1i8e (172)
1nM um
1207 (17%)
e {(mn
o (e
124 (163
1 (164)
12z (162, 6)
m? (162)
1009 (158)
11111 N
MFe JLTITIN
1034 {150)
1034 (150)
1034 (150)
1034 (s
1.1 1 X—
MPa {ksi)
10%4 {150)
1034 (150)
1034 {150}
1034 (150)
gtuu
MEs kai
1000 (145)
1000 (145)
1000 (148)
§!l’.ll
MPa kei
690 (100)
690 (100)

) | —
MPs [LTT)] BAR  EL%
1620 {238) 2.} 151
1627 (338) 22 (I N
164} (238) 2.6 i 4
1629 (236) 2.7 84
1544 {224) 12 Vo
1524 {221
1473 (214) I, ¢ inLe
1492 (218) 15,9 14,6
1482 (218) 12,2 12,1
1480 (214, 6) 14,2 12,8
1427 (207 10 [}
1407 (204)
to b
Hours RA% E%
200,48 6.3 2.2
M54 1,6 2.2
3
3%
Time 10 0,2%
Plastic Deformation
{Hours)
208
2%
100
100
Cycles 1o Fajlure Hours
533 17.1
610 19.1
300 .

Cycles to Failure

12,380
5,319

15



Chemical composition for master powder blond MBOAS is listed in
Table V in comparison with the OSOTFG specification requimements, Reviow
of the analysis shown in Table V indicates all the eloments listed are
within the spocification vequired vanges, ¥iguw b showa 100X and 500X
photomicrographs of the microsiructure of the As-HIP Rone'08 material,
Evidont is o uniform dense Fine=prainad microstructure,

In addition to the goneral process and inspection requiremonts
of CS0TFG4, speedfic mechanical property testing, with minimum nvvoptnblu
proporty lovcla is mequired, »orrud xvquirna minimm RT and 650 A\ (1“00 F)
tonsile propertics, minimum 650" O (1200"F) 71034 MPa (150 kui) erecp lite,
mindmum eyelic rupture life (10=-00-10 second evele) at ss0" o (1200 F)/xnon
MPa (145 kai) maximum stvoas. and finally, o mintmum residual eyxelic fatiguo
life in tho presonce of a .26 mm and 1,0 nm (L01¢ in, N ,040 in,) dnfﬂet$
The specified test conditions for the residunl eyvelic lifo test were 538"
(1000 F)./689 MPa (100 Kksi) maximum stress, a load A ratio of .95 (R=,05), amd
a tost froquoncy of 33 Mz,

Table VI lists thoe results of the OSUINFGd required nechanieal
proporty teosts which wore performed on the As-HIP Rone '95 log to gqualify it
for evaluation under this contract, A review of the qualification fost data
listed in Table VI veveals accoptable proporty levels in all the requdred
qualification testy, As such, the As-HIP log war accoptable for the
planned evaluation wider this contract,

The locations of the sllices for heat treatment and all test
spocimons for the As-HIP Roeno 'S log are shown in Fipure o,

3.4 Materialy Testing Meothods

In the evaluation of the ¢ycelic behavior of the three turbiane disk
matorials botlt low evele fatipue (LOF) and vxv\ic cvnvh rrowth rate {CCGR)
testing wis conducted, All tosts were at ss0e (200 ) and wore eun ofthor
with a continuous cycle at a froquency of 0,33 He (20 ¢pm) or with a hold
time of 15 mintues at the maximum tensile load, ‘The loading and the unleading
rataes for the LOF hold time tests wereachieoved using a ramp rate equivalent
to 0,330~ frequoncy, L.o., 1.6 seconds each {or loading to maximum strain
and unloading to mininum steain wore utilized, The loading and the unlonding
rates for the COGR hold time tests wore achiceved using a 10-900=-10 gocond
eyele, 1,0,, 10 scconds cach for loading o aaximun stress and unloading to
minimum stress were utilizod, In the continuous eyveling LOPF testing, a
mindmum of six spocimons wore tosted for ecach alloy at a strain ratio R
(ratio of minimum to maximum strain) of minus one, Straip ranges for each
test wore selected in an iterative sequence to define the cyelic ife from
approximately 1000 to 100,000 cycles, In the hold time testing, at least
four specimens wove teosted for cach material at R ratio of minus one, Two
gpecimens woere tested at each of two strain range levels, which resulted in
1000 and 10,000 cyeles, rvespoctively, under continuous eyeling,
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Table V,

Element

Cr
Co
Mo
Fe
Ta
Cb
Zr
Ti

Al

Ni

Producer: Crucible, Inc,

12.86
8.28
3.53
.05
.01
3.50
.04
2.49
3.61
. 009
3. 42
. 0065

. 0030

. 00024
Balance

Chemica)l Analysin of Master Powder Blend
Alloy 3, As=HIP Rend 05,

GE Specification
C50TFb64

.04/.09
+ 15 Max,

« 50 Max.
. 015 Max.
+ 015 Max,
12714

719
3.3/3.7

« 5 Max,

« 2 Max,
3.3/3.7
«03/.07
2.3/2.7
3.3/3.7

. 006/.015
3.3/3.7

+ 010 Max,

. 005 Max,

. 001 Max,
Balance

17
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Table VI, Qualification Test Results - Alloy 3 Ron-'ia, As-HIP,

3,

4,

5,

IDENTIFICATION: Crucible, Inc,

Master Bland - MBO4S

Janeile,
fpeciman Jempgrature,

L L5}
V2.2 Room Temperature
L 1Y) Reom Temperature
2.2 Room Temperature
Avg, Values Room Temperaturs
CAOTFG4-Cl
C = (Min,) Rooms Temperature
42 850 {1200)
12-3 60 (1200}
2-1 850 (200§
Avis Values 50 (1200)
CHOTFO4-C)
€« (Min ) 480 {1200)
Cyclic Rupture,
Specimur Jemparature
Number A [W4)
7.1 480 (1200}
81 850 (1200}
AvE: Values
CSOTFO4-C1
C - {Min,)
Btreas Rupture
Specimen Temperature
Number e CFL
741 850 {1200
10-2
Avg, Values
CROTFOA-CL
C » (Min,}
Cresp,
Specimen Temparature
Number L, L5
10-1 593 {1100)
8-1
C50TF64-Cl

C - (Min, 0,2%
Plastic Deformatian)
Renidual L.ife

Specimen Temperature
Number AN U 5]
2-2 537 {1000
10-1

C50TF64-Ct

G - (Min,)

O 2% Yo, 18
MPs  fEaf) MbEe k) .}
21200 (758 163%4 (2369 145
15,5 (176,3) 16388 (2317 14,5
12158 (376,0)  1636.0 230 » 16,7

1214,2

1144, %

{175, 1) 1636,

(166,0) 1434, 8

19,7 (le2. 4 15148 2191 18,2
1LY (164.4) V5292 (2.8 16.8
1105, (160,4) 98,9 (218 1197 ]
19,7 {162, 4) 8141 (219,6) 17,3
10%4,9 (1330} 12824 {100, 0) 10,0
aBtrens
MPy {hyt} €ye to Failu Hours
999, 7 (145} 025 18,9
999, 7 {14%) 634 19,0
999,7 (145) 300

Btyesa
MPa Wng Lime to Fatlure
1034,2 (150 A4, 4
1034,2 (150} 84,7
10%4,2  {1%¢C, 35,0

Stress Tiwie to 0. 1%
MPa (kei) Plastic Deformation » Hours
1034,2 {150} 161, 0 (Discontinued)
10348 (150) 136, 7 (Discontinued)
1034,2  (150) 24

Stress
MPs {ksi} Cyclas to Fellure
689, 4 (100} 765)
689, 4 {100) 7453

5000
- ls
ORIGINAL PA(:&W
OF POOR QUA

(23 15,2

(208,0) .0

16,4
18,7
16,4

16,2

1,0

16,8
15,9
16,4

16,4

’lo
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Cyclic crack growth rate testing was conducted under load control with
a load R ratio of 0,05 using both continuous ycle (0,33!z) and the 15 minute
hold time cycle at maximum tensile load. Ik« ..r specimens were tested under
each of the cycle profiles and for each turbine disk material, In the four
0,331z tests, the starting stress intonsity range was selected to result in a
crock growth rate of approximately 1078 meters/cycle and continuwed under
constant load cycle with increasing stross intensity range with crack
extension until the bar fractured, In the hold time CCG testing, the
starting stress intensitics were selected based on tho rosults of 0,334z
tests and the initial hold time CCGR tests. Since the hold time tosts
exhibited enhanced crack growth threshold as will be discussed in later
soctions, it was necessary to incrementally increase test bar load until
measurable crack growth was achieved, Once growth was notod the load range
was hold constant through the test, In some tests, rapid growth was
axyerienced immediately upon loading and in some cases it was so rapid that
crack growth measurements were not obtained,

3,4,1 Test Specimens

The 1CF test specimen used in the strain controlled LCF testing is
shown in Figure 7. Spccimens were tahen from the location in the material
shapes as indicated previously., Specimen gage sections were finished using
low atress grinding techniques, followed by polishing in an axial direction
to a sucface finish less than 0,2um (8 microinches) RMS, In order to
congerve material, MIP and forged Rene'95 specimens were made by inertia
welding the gripping areas on to the center sections, The weld and its heat
effected zone were located outside the critical gago section of the specimen,
This technique was successful as no weld cracks or failures were encountered
during testing,

The surface flawed rectangular temnsile specimen, the “K." bar, used
in the cyclic growth rate testing is shown in Figure 8, The specimen
has been tested extensively at General Electric to evaluate crack growth
behavior of turbine engine disk materials, This specimen configuration has
been used when evaluating conditions which may result in time dependent
effects, By simulating directly the component stresses and crack sizes that
might result from fatigue loading, the test data are directly applicable to
components, Since elastic-plastic fracture mechanics methods are not mature
enough for translating conventional CCGR data to disk design, the direct
correlation of the specimen is essential to the comparison of the turbine
disk alloys, Specimeén locations in the material shapes were as proviously
described. The critical test sections were finished using low stress
grinding techniques followed by longitudinal polishing. Button head specimens
as shown in Figure 8 were utilized for the 0,33 Hz continuous cycle tests
which were performed on closed loop electrohydraulic testing equipment, For
the hold time CCGR test series, which were conducted in cyclic rupture test

stands, the basic bar specimen was modified to incorporate standard
ground threads instead of the button head ends., The starting crack required
in the bar was prepared by fatigue extension of a starter notch, A

rectangular notch 0,5 mm (0,020 in,) long by 0,1 mm (0,005 in,) deop was
machined into tho center of one face of the KB bar specimen gage area by
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electrical discharge machining (EDM). This EDM notch was then fatigue cracked
in high cycle fatigue at room temperature in a 3-point bending mode, This
precrack was measured during the precracking stage, and finished to a final
surface crack length of 1,00 to 1,5 mm (0,04 to 0,08 in,), The corresponding
crack depth for this length was approximately 0,2 mm (0,01 inch), Stress
ranges utilized for the fatigue precracking conformed to the guidelines of
AST™ E-399,

3.4,2 ICF Testing Methods

low cycle fatigue tests were conducted on closed-loop servo hydraulic
testing machines under constant strain range control, Specimen strain was
measured and controlled using a longitudinal extensometer spanning tho
specimen gage section, Gage lengths were 12,7 mm (0,500 in,) in the
Genexral Electric tests and 19,1 mm (0,750 in,) in the tests conducted by
Metcut Research, Gage lengths were compensated for the expansion due to
heating from room temperature to test temperature, Accuracy of strain
range control and measurement was % 0,5%,

Specimen heating was direct induction heating from a water cooled
coil which was designed and checked to provide a uniform temperature
distribution along the gage length of the specimen, Temperature control at
General Electric was maintained using an infrared remote pyrometer which was
focused through the coils on the center of the test specimen which had
constant emissivity paint, At Metcut Research, the gage section temperature
was sensed, controlled and recorded by the use of thermocouples attached to
the specimen gage section and transition region, The accuracy of the
temperature control using these two methods, was equivalent and equal to

3 2°¢c,

For the continuous cycle series, a triangular wave shape at a test
frequency of ,33Hz (20 cpm) was utilized, All tests were conducted using
a completely reversed strain cycle (R= -1, A=00), The hold time tests were
conducted similarly, except a 15 minute hold time was incorporated during the
strain cycle at the maximum tensile strain level,

During testing, continuous records of hysteresis loops, load range
versus time and displacement range versus time were recorded for each test,
Load range versus time records for each of the strain controlled LCF tests
are included in Appendix A,

3.4.3 Crack Growth Testing Methods

Cont.nuously cycled crack growth testing was conducted on closed-loop
servo hydraulic testing machines under load control at a rate of 0,33 Hz
(20 cpm), A triangular wave load cycle with a load R ratio of 0,05 was used,
The specimen gnge section was heated by induction heat and controlled by use
of thermocouples attached to the gage surface of the bar, T.ie induction coil
was used with a susceptor shield to protect the crack tips from overheating,
Surface fatigue crack extension was measured manually using a 10X microscope.
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Visual access to the crack was through a space allowed in the induction coil
and susceptor, After specimen failure, heat tinted beach marks and final
crack front shape were used to establish a correlation between su::'face and
depth crack lengths, This crack depth measurement versus test cycles was
used as the critical dimension to establish crack growth rate data, These
experimental results listed in Appendix B were reduced to crack growth rate
properties as a function of stress intensity factor range (AK) by procedure
outlined in Appendix C,

Tensile hold crack growth testing was performed in cyclic rupture
machines and specimen heating was accomplished by radiant heating in a
muffled, electrical resistance furnace, Temperature was maintained using
thermocouples tacked to specimen surface in conjunction with proportionate
controllers which regulated the electrical power to the furnace heating
coils, The crack length was measured through a quartz window provided in
the furnace wall, using a travelling microscope as described previously, A
15 minute hold time cycle was utilized, where the load was maintained constant
at the maximum tensile stress and the loading and unloading cycles were 10
seconds each, Both lever arm cyclic rupture machines and direct mechanical
loading were used in the General Electric testing while direct loading
through a hydraulic cylinder was used by Metcut Research, In all testing
the loading cycle was trapizoidal with the hold time applied at maximum
tension loading., Crack growth test data was obtained and reduced to crack
growth rates, similar to those used on the continuous cycle tests,

For the ,33 Hz tests, identical size surface flaws were useu at the
ditteregt stress test levels to define the continuous cycle CCGR curve in
the 10~/ to 3.4 x 10" ° meters/cycle regime, Hold time test conditions of
crack size and stress level were varied first to explore the slow crack
growth rate regime, by selecting test parameters to start the tests at
initial stress intensity factors near the fast cycle threshold level, Using
this threshold stress intensity as a guide for the hold time crack growth
tests, proved useless as the threshold was increased signifiuantly by the
hold times compared to the continuously cycling conditions, Combinationa
of crack sizes to give the desired stress intensity and remote stresses to
avold excessive creep deformation were tried until slow crack growth was
accomplished, Once this was defined, the crack size/stress combinations
were selected to define the mid range cyclic crack growth rate (CCGR)
regimes, Initial crack sizes and stress levels for each specimen are
included in the tables listing the CCGR test results, In hold time CCGR
testing, the number of specimens used varied depending on the difficulties
encountered in defining the crack growth over the range specified,

4,0 RESULTS AND DISCUSSION OF LCF TEST

4,1 LCF Test Results

ICF data collected under this contract and the observations made
during the LCF test series are presented in the following paragraphs, The
information for each of the three alloys under investigation are presented
separately, with a final section devoted to comparative observationsg, Results
of LCF test are presented as Ni -cycles to a discernible change in load range,
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which correspond to approximately one percent drop in the gtabilized tensile
load, N, =cycles to 8 percent drop in load range and Nt =gycles to failure
(complete separation) of the test specimen as a function of total strain
range =~ Ac_, For the continuous cycle tests, the total strain range for the
nid=11ife lsop (N /2 loop) has been anulyzed and separated into its elastic
(4,) and 1no1ul£1c (be4,)) strain components, In the hold time LCF tests, the
inelastic strain component has been further soparated into its time
independent inelastic component - (8¢ ), and its time dependent inelastic
component (40g)., The time dopendent gtrnin component was calculated by
dividing the test stress relaxation Xb&ch occurred during the hold time
period by the test elastic modulus (_ + Test stress range history has
been summarized by listing the stress Tanges (P/A) observed for the first
cycle and tho mid-life cycle, For the mid-life cycle the mean stress and
the maximm tensile stress are also prosented, The prosented test stross
analyses help in determining the hardoning or the softening behavior of the
alloys under consideration.

For each material, continuous cycle tests were porformed to estnblish
the cyclic life regime from 1,000-100,000 cycles uasing a minimmm of six
tests gor each alloy, As previously indicated, all tests were perfomeod
at 650°C (1200°F), in longitudinal strain control, at a strain R ratio of
~1,0 (A=), Subsequently, four 15 minute hold time tests for each alloy weore
conducted, These tests were conducted in duplicate at each of two different
strain ranges which were selected ag equivalent to that which resulted in
1,000 and 10,000 cycles life, respectively in the continuwous cycle tests,

Aftor the test ICF data was reduced into terms of strain range versus
life, they were regression analyzed to establish the best it strain-range
life curves for each material and testing condition,

As indicated previously, testing was shared between General Electric
and Metcut Research Associates, Inc, Tosts perfommed at Metcut are indicatod
in the tables of results, A review of the data indicated no systomatic
variation between test sources,

4,1.1 Inconel 718 LCF Data

A total of 8 continuous cycle LCF tests and 4 hold time LCF tests were
porformed on Inconel 718, Results of the continuous and hold time cycle LCF
tests are tabulated in Table VII, and are presented in graphical form in
Figures 9 through Figure 11 where total strain (Aet) is plotted versus LCTF
life criterion, In each of these figures, the open symbols aro the
continuous cycle data points, while the filled symbols represont the hold
time data points., The solid curve reprosonts the continuous cycle data,
while the dashed curve reprosents the hold time behavior, The curves weare
obtained by regression fitting the data to the equation:

B
bey = Ace + Aeiu = AN + CND. where

A and B are the elastic coefficient and exponent, respectively, and C and D
are the inelastic coefficient and oxponent,
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Table VII., Strain Controlled Low Cycle Fatigue Data, Inconel 718,

IDENTIFICATION - BHeat No. Specisl Metals 93129/Forged by Wyman Gordon Co.

TEST TEMPERATURE 630°C (1200°F); R—1 (i==);

TRIANGULAR WAVE, 0.33 Rz (20 cpm)
TRAFEZOIDAL ¥AVE, IS MIN. ROLD TLIE AT THE ¥AX, TEXSILE STRAIN

SPEC. Tier  TERCENT LONGITLY . STRAIN AT X,  SINESS RANGE (P/A), MPa  SEAX SIRESS WX, TEXSILE CYCLES TO FAILURE

%0, TEST  Be, L e, Ay K+ Ng/2 € Frze M2 STRESS @K, x* 5~ X,
4 Cont.  0.608 0,048 - 0.637 1mo1.7 1060.4 -1 512 - - 138165~
1 Cont.  0.632 0,123 - 0.755 1106.5 9777 -n 488 30866 31800 32316
5 Cont.  0.625 o0.081 - 0.706 is.6 1020.4 o s 21168 21200 21938
3 Cont.  0.661 0,198 =~ 0.859 1316.6 0.7 o 552 437 4600 $¢37
79 Cont.  ©0.779  0,55¢ - 1.329 1747.3 1285.7 -21 €5 653 90 1027
27 Cont. 0,752 0,138 . 0.891 1284.3 1175.4 -3 579 4150 4415 4356
67 Cont.  ©0.716 0,323 - 1.039 1446.2 1102.4 -12 552 2020 2446 2530
™ Cont.  0.640 0,033 - 0.673 10438 1008.0 - 510 - 164635 165405 166759
3  Hold Time  ©0.830 0.499  0.078  1.329 162% 1418 -57 €56 28 128 178
8 Hold Time 0,835 0.505  0.051 1.342 1496 1425 -32 &7 155 158 162
10T Hold Time  0.7%  0.0v  0.03° 0.77 1229 1193 -119 455 2310 2480 283
78 Bold Time  0.68° 0,09 o.04”  0.77 1250 1181 ~147 oy 7000 7300 7653

N* -~ Pirst Cycle

li Defined as cycles to discernible deviation from stabilized lsad range

1{5 Xumber of cycles to 5% drop in stabilized lcad range

BRarout
¥etcut Test
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Total Strain Range, Percent (% Act)
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®
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Ni - Cycles

Figure 9. Percent Total Strain Range Vs. Cycles to Discernible Change in Load Range
(Ni) for In-718 at 0.33 Hz Test Frequency and 15-Minute Hold Time Cycling.
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In-71% at .33 Hz Test Frequency and 15-Minutes Holdé Time Cyeling.
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Figure 11. Percent Total Strain Range Vs. Cycles to Failure (Ng¢) for In-718 at
0.33 Hz Test Frequency and 15-Minute Hold Time Cycling.



Values of the coefficionts and oxpononts for the curves arve tabulated in
Table VIII along with the values of the constants for the two forms of Rene'
P53,

4,1.2 Inconel 718 ICF Obmorvations

Tho most significant obsorvation for the Inconel 718 testing was the
life reduction associated with introduction of the 13 minute hold at maximum
tonsile strain, Tho greater the total strain range, the greater was the 1life
reduction which was obsorved, At 1.3% total strain range, reduction of
approximately 90% of continuwous cycling life was noted,

Inconel 718 oxhibited cyclic strain softoning as observed by a
comparison of the stross range changes botweon first cycle (N') and mid=1ifo
eyele (Nt 3). The dogree of atrain softoning was higher for the high strain
range tosts than for the lower strain range tests, The deogroe of strain
softoening in torms of the ratio (in poveent) of the stress range betwoen the
firat cycle and the N, ., eycle as a function of total test stvain range is
shown in Figure 12, 10 obsorved strain softoning during hold time cycle
tosts wag significantly less than that observed for the continuourly cycled
tosts,

The perceontage of time indopendent inclastic strain to total tost
strain range (Ae‘/Ae,) is shown plotted versus total strain range in Figure
13 for both the Ennt nuous cycle and hold time tests, As shown, thore was an
increanse in fast cycle plastic strain with increasing strain range for both
the continuous and hold time tosts, Comparing the hold time to continuous
viluns in Figure 13 it is noted that the hold time values fall consistently
below thoe continuous values, If the time independent inelastic strain were
truly indepeondent, this data should fall in a single population, Accordingly,
the "time indepondent inelastic strain” as defined in the literature is, in
fact, not time independent,

4,1,3 NIV + Forgod ene'95 LCF Data

Rosults of the continuous and hold time ¢ycle LCF tests for HIP and
forged Reno'95 are listed in Table IN, This data is plotted as total strain
Iange versus Nl' NS’ and Nf, rospectively, in Figuwre 14 through 16, The
indicated curvos weore reogression annlyzod from the data in an tdentical
manner to the Inconel 718 data, Coofficionts and coxponents of the equation
av listed in Table VIII, Generally, tho data was woll behaved and
consistont with oxcoption of the ono hold timo test result at 1,0% strain
range which had a N, 1ife of only 700 cycles, As will b discussed in a
later scction, this spocimen had a significant materinls defoct and was not
used in the regression analysis to dofine the best fit curve,

4,1,4 HIP + Forged Rene '95 LCF Obsevvatiors

The 15 minute dwell time at maximum tensile strain resulted in a
LCF life reduction compared to the contintous cycle life for a given total
strain range, The degree of life reduction had a trend to increase with
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Table VIII. Linear Regression Coefficients and Exponents for IK-718, HIP + Forged Rend 95

and As-HIP Rene 95,
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Table IX,

SEEC,
NO.

-z
I1-16
I1-2
11-6
I11-5
I1-8
11-14

Strain Controlled Low Cycle Patigue Data, Alloy 2, Rene 95, HIP + Forged.

YDENTIFICATION =

N1I-9 Hold Tipe
NII~19 Hold Time

NII-12 Hold Tive
NII-1 Hold Tine

Cartech Viz Heat No. V91085/Ladish Co. Forging EXO91

o o TRIANGULAR ®aVE, 9.32 Hz (20 cp)
TEST TEIPERATITE 650 C (1200 F); R=-1 (S==); TRATEZOIDAL ¥aVEZ, 15 MIN. HOLD TINE AT THE MAX, TEXSILE STRAIN

?;;: _szcr.\'r L’Q:GIZ’;DIS,:L STRAIN J:T !"sz S‘.’?E.S? BANGE (P/A), ¥Pa  MZAN STRESS YAX, TEXNSLILE LYTLES 7O FAILURE
< Ley £ s b Nr N [ 9 - e -
e ] Te t 7z G ¥gppe P2 STRESS @ Ny, P2 X%y 5 Ny
Cont. 1.131 6.059 - 1.210 2048 2058 a 1654 1 1.0 1232
Cont. 1.u32 0,026 - 1.0868 1881 1sge ~34 936 4160 4450 4454
Cont., 0.534 0.0279 - 0,962 1729 1707 50 809 9250 9257 9292
Cont. 0.987 0,023 - 1,01 1838 1830 14 ae 925C 31068C 10680
Cont. 0,970 0.016 -~ 0.986 iT2¢ 1789 32 Sle 14200 14750 14827
Cont. 9.892 0,028 - ¢.%920 1632 1623 37 864 16550 16900 169362
Cont. 5.893 4,028 - 0,921 1697 1603 ~-59 778 84000 63700 96205
1.138 138 016 1.27% 2023 2095 -224 914 425 438 444
1.176 Q.08 020 1.275 2096 2091 -158 982 465 520 543
¥11~11 (T)Hold Time .951 058 L013 1.007 1889 18431 -253 865 690 @97 701
353 070 .013 1.023 1831 1781 -330 728 3446 3547 3547
0.8591 0.066 .0l9 G.957 1861 1763 -~104 832 5060 5160 5162
N' - First Cycle
!s'i bDefired as cyeles to discerrnible deviaztion Trom s. ikilized lcad range
X ¥k r of excles to 5% dreop in stabilized locad range
Funout

Metcut Test

H00d 40
YNIOINO

1
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H+F René 95 at 0.33 Hz Frequency and 15-Minute Hold Time Cycling.
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docreasing total atrain rango, This trend i8 opposite that obscrved for the
Inconol 718 apocimens and will be discussed further in Soction 4,3,

A comparison of the stress rango ratio changes between N' and Ny o
(Table IN) fndicates that H+F Rone '95 exhibited cyelic strain atabilitv
over the range of tosts both with and without hold times at the higher
total strain rangos, As shown in Figure 17, in this respect H4F Rene '95
is quite stable cowpared to Inconel 718, A comparison of the ratio of the
time indopendont inelnstic strain range to tho total strain range
(Ae,. / A&¢ ) continuous cycle and hold time tosts indicated that the time
1ndgpandont ahelastic strain was algo time dopondent as shown in Fipure 18,
whore the observed plastic strain was consistontly higher for the hold time
togts,

It was obsorved that H+F Rene'05 relaxed loast during the hold time
tasting, Its A, for any wiven total strain range was the least of the
three alloys, With minimal stress relaxation occurring during the hold time
test, tho alloy maintained n high maximum tensile stress level throughout
the hold time cyeling with the result that load rvatio shifts wore minimal
for this alloy,

An extensive investigation was conductad to detemmine the location
and natuwre of the crack initiation sites for the M+F Rone '95 10V spocimens,
Optical Microscopy and Scanning Hlectron Micrascopy (SEM) were employed in
thoe evaluation, Most Catipue origin sites for this alloy wore observed to
be associnted with processing imperfections, Table X lists the type, natmwe
and location of the fatigue origin sites for all the AOF tests conducted for
this alloy, As indivated, the imperfections were microporosity, mefractory
oxide inclusions, and 8 larpge metallic inclusion, Crack initiation
associatod with impervfections wore obsorved both at the specimon surface
and within the specimen volume, In the hold time LOPF tosts, oxidation of
the spocimon fracture surfaces impeded identification of the nature of the
failure inftiation sites on two spocimons,

One hold time test specinen, YI=11, failed after 701 tost cyeles,
with an expectod cyclic life of 4,000-3,000 cyeles, Detatled SEM and
Electron Microprobe (EM) analysos were performed on this specimen to
identify its fatigue orvipgin, The observed initintion site was shown to be
a 0,64 wun x 0,13 mm x 0,84 mw (L0025 dn x L0050 in x ,033 in deoep) Fo-rich
inclusion located in the surfaceo, Figurve 19 shows SEM views of this
inclusion, a skoteh of its apparent shape and EDAX analysis at the conter
of the inclusion, Figure 20 shows the results of an EM microanalysis
conductod on a polished metallographic scction through the inclusion,
Examination of the tracos for the various eloments analyzed indicates an
intordiffusion botween the original inclusion chemistry and the Rene '95
alloy chomistry, Basoed on observed trends in the analysis of the individual
eloments, tho conclusion was reached that the unreacted inelusion was o
300 sorieos stainless steel, The source of such an inclusion could be ¢
burr or machining chip from the HIP container (304 stainless steel in this
case) or from tho weld sonl on the HIP container (307 stainless weld rod
was used for this containor), It should be notod that this H:P Rone '95
material mepresents oarly powdeor metallurgy practice and with improved
process procodures already in place, the chance occurvence of such flaws
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Table X,

TEST
NO,

CONTINUOUSLY CYCLING TESITS

Location, Nature, and Size of the Failure Origin Sites for

for LCF Test Specimens for H+HF Rend 95,

LOCATION

-7
11-16
I1-2
I1-6
11-5
11-8
I1-14

Subsurface
Surface
Surface
Surface
Surface
Surface

Subsuriance

HOLD TIME TESTS

NIX-9
NII-10
NII-11
NII-1
NIXI-12

42

Surface
Surface
Surfaco
Surface

Surfuce

NATURE SIZE
Porosity 0.02 mm
Porosity 0.02 mm
Porosity 0.02 mm
Oxide (8102) Small
Porosity <0.02 mm
Oxide (Alzos) «<0.02 mm
Porosity <0.02 mm
Undefinable Small
Porosity <0.02 mm

Stainless Steel Incl, Large
Undefinable Small

Connected Carbides

N

£
{Cyclos)

1,232
4,454
9,250

10,680

14,827

16,963

96,205

446
543
701
60
47

(9]
-

w
(5]
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ORIGINAL PAGk &
OF POOR QUALITY

Specimen No, 11-8 30X

Specimen No, I1-14

30X

Alloy 2 - Rene’ 95 (HIP + Forged)
Figu~e 21, Scanning Electron Micrographs of the Fracture
Surfaces for Specimens II-8 and 11-14, Whereas
II-8 has a Refractory Oxide for Fracture Origin,
Located on the Specimen Surface; the II-14 has

a Pore for Fracture Origin, Located Subsurface
(About 0,25 mm from the Froe Surface),



in eurmont products is extremoly roemcte, By comparving the cyelie life of
spocimons mmbor II-8 and II-14, an assessment can be made of relative
soverity on 1lifo assocliated with surface vorsus subsurface imperfeoctions,
Each of these tosts wore perfomed at 33Uz and at a total strain range of
0,92 porcent, The eyeclic life for spocimon II-8 was 17,000 cyeles, while
for spocimon II-14, cyclie life was 96,000 eyelos, Figure 21 shows low
magnification SEM views of the dnitintion sitos for those two spocimons,
The indtiation site for test II=-8 was a surfaco related vefractory oxide
(A1,0.) imporfections, while the indtintion slite for specimon II-14 was a
subsuirface micropoe, The genoral expectation that surface related
impertfections tond to voduce cyelic life more than similar sized subsurface
imporfoctions is valid for thias alley,

4,1,85 As=HIP Rone '95 LCK Data

Test results on As=HIP Rene'95 for the continuous cycle and hold
time ICF teosts are listod in Table XI and graphically displayed in Figumw 22
through 24, As in the case of the previous mnterinls, theose curves were
rogrossion fitted through the data and values of t(he mwgression constants
listed in Table VIII,

4,1.6 Ag-HIP Rone'9s 1OF Qbservations

For As-HIP Rone'95, the LCF life moduction associnted with the 16
minute hold at maximum tensile strain was the least obscrved for the three
alloys tested. Similar to the H+F Rone '9, hold time life loss tonded to
incrvase with deereasing strain range, It should be noted that baseod on the
vory limited data and the observed seattor, it is difficult to fimly
conclude that there was a significant hold time effect on As-HIP Rone '™
evenr though the regression analysis resulted in curves which showed sowme
offocts,

As~HIP Rone '95 demonstrated stability relutive to cyelice strain
softoning hardening similar to the H+F product as shown in Fipure 256, Hold
timos did not appear to change this behavior although seattor in the test
rosults at high cyclic strain ranges prevent fim conclusions,

For Inconel 718, more time indopendent strain was observod for the
continuous eyeling condition and for H+F Rone'95 more time indopordent
strain was observod for the hold time cevele conditions, The comp.rison of
the ratic of the time independent inelastic stradn range to the total
strain rango (AepKAet) for As=HIP Rene '95 under continuous and hold time
tests indicnted that the time fndepondent inelastic stradn was, in fact, time
indopendent as shown in Fipure 26 wheoro no change in fast cyele plastic
strain was seon with the addition of hold time,

Idontification of the nature of tatipgue initiation site was also
performmed on the As=HIP Rene'95 LOF specimens, The fatigue initintion sites
wore associated with a processing imporfoction, Table NXIT lists the
location, size, and nature of the discontinuity associatod with the
inttiation site of each LCF specimen,
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Table XI. Strain Controlled Low Cycle Fatigue Data, As-HIP Rene 95.

IDENTIFICATION -~ Crucible, Inc. - Mastar Blend - MBOL3

o TRIANGULAS WAVE, 0.33 Bz (20 cpm)
TEST TEMPZRATURE 650°C (1200°F); R=—1 (A==~); TRARGZOIDAL ¥AVE, 15 MIN. HOLD TIME AT THE NAX. TEXSILE STRAIN
<

SPEC, TYPE PERCENT LONGITUDINAL STRAIN AT Ny /72 STRFSS RANGE (P/A), 3Pa  MEAX STRESS SAX, TEXSILE CYCLES T0 FAILIRE
+ » L4
X0, TEST 2, Aa:-iu Le, Acy u* Nes2 € xt,z, MPa STRESS @ a‘n_m t ’5 ,‘
8-1737 Cont. 1.096 0,159 - 1,255 2136.6 1998 8 ~-81 247 192 700 67
7-37 Cont. 0,938 0.066 - 1.004 1712.2 1762.1 -58 360 2,052 3,054 3,073
6-2 Cont. 0.879 0.030 - 0,882 163¢.9 1644.0 ~68 2 5,514 5,900 6,200
6-1 Cont, 0,813 0,017 - 0.839 1568.2 1580.6 0 837 22,317 30,277 30,277
9-3n Cont, 9,878 0,020 - 0,898 1537.2 1550.9 -27 kL ) 26,925 31,132 31,356
6-3n Cont., 0.78% ¢.007 - 0,793 1411.1 1411.3 -19 7ne 66,030 74,537 74,906
917 Hold Time 1.077 0.211 0.053 1.288 1943 ax -257 852 420 485 615
8-2 Hold Time 1.083 0,191 9054 1.274 2081 1872 -349 =27 [ 74 ™5 T
9-2 Hold Time 0.838 0,058 0.016 0.896 1696 1896 -~416 663 5,000 35,800 6,200
5-27 Hold Time 0.858 0,053 0.026 0,911 1617 1550 ~338 504 - - 10,000
'

+  ¥' - First Cycle &

* Ei Defined as cycles to discernible deviation from stadbilired load range

~ xs Xusber of cvcles to 5% drop in stahilized load range

- Runout

o detcut Test

Y



-3 4

Total Strain Range, Percent, (% Aet)
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Figure 22, Percent Total Strain Range Vs. Cycles to Discernible Drop in Load Range
(Nj) for As~HIP René 95 at 0.33 Hz Test Frequency and 15-Minute Hold
Time Cycling.
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Figure 23. Percent Total Strain Range Vs. Cycles to 5% Drop in Load Range (N5) for

As-HIP René 95 at 0.33 Hz Frequency and 15-Minute Bold Time Cycling.
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Figure 24. Percent Total Strain Range Vs. Cvcles to Failure (¥g) for As-HIP René 95
at 0.33 Hz Test Frequency and 15-Minute Hold Time Cycling.
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Table XII.

SPEC
NO,

Location, Size, and Nature of the Fallure Origin Sites for

Ag=HIP Rend 95,

CONT'INUOUSLY CYCLING TESTS

8-1
7-3
6-2
6-1
9-3
6-3
HOLD TIME TESTS

9-1
8-2
9-2
5-2

LOCATION S1ZE

Subsurface 0.03 mm
Surface 0.05 mm
Surface 0.04 mm
Subsurface 0.04 mm
Near Surface 0.04 um
Subsuriace 0.04 mm
Surface 0.04 mm
Subsurface 0.03 mm
Surtace 0.04 mm

Untoiled Specimen

NATURE

Porosity
Oxide (A1,0,,810,)
Porosity
Porosity
Porosity
Hollow Particle

Porosity
Porosity

Porosity

N¢ LIFE
(CYCLES)

967
3,073
6,200

30,277
31,366
74,537

485

795
6,200
10,000 —p»



As wasg noted for the caso of H+P Rone'95, the initiation sites wore
observod to bo surface rolated, and associntod with small rvefractory
inclusions or microporosity,

4,2 DISCUSSION OF ICF TEST RESULTS

The comparative LCF of the three alloys under the continuously
cyeling and hold timo cyeling conditions are covored in this section of the
roport, Tho LCF bLehavior discussion considors the effect of tensile strain
hold timo and the effoct of PM procoss imporfections on the cyclic life of
the alloys ovaluated., In addition, ILCF life predictions are included for
each teost spocimon using the Strain Range Partitioning approach and the
Hysteresis Loop Enorgy approach,

4,2,1 LCF Behavior Comparisons

Figures 27 and 28 show the regression fitted Ae, vs, N, curves for
the throo alloys under continuous cyeling (L33 Hz) and 15 minute hold time
cycling conditions, vespectively, Review of Figure 27 for the 0,33 Hz
condition roveals HIP + Forgal Rone '95 matorial as the superior alloy in the
2,000-100,000 cyclic lite region, As=~HIP Rene'95 talls slightly bolow
HIP + Forged Rone'95 while Inconel 718 falls significantly below, In this
roegion, the suporior strength of the two forms of Rone'95 rosult in
superior ICF porfomance comparad to the weaker Inconel 718,

For the oxtreme low cyclic life regime of the curve («10J cyeles)
the lives of the two forms of Rone '95 converge, such that the suporiority
of HIP + Forged Reno'98 ovor As-HIP Rene'96 is lost, and the Inconel 718
curve crosses over the Rene '96 curves at 2,000 cycles, In this rogion, the
gaporior ductility of Inconel 718 resulted in its suporior lite,

In goucral, the continuous cyeling LCE behavior ftor the throee
matoerinls was controlled by thelr xv}g;ivu rosistance to plastic deformation
as defined by the Manson-Coffin law:**

Aep NIE = Q
whore As) and N, are the total plastic steatn range and the fatipgue life
rospectiboly, and B and ¢ are matoerinl constants, HIP and forged Rene '95
cyclic softencd the least and exhibited the best LCF capability, followed in
ordor by As-HIP Rene'9d and Inconel 718, For the extremely low cyvelic life
regime (<103 cycles) Inconol 718, which is more ductile than the two fomms
of Roene'95, was superior in ICF as would be expected, This improved 1OV
capability for Inconel 718, at high strains, however, is of little
consequence for engine disk application, where the cyvelic strains
oxperienced are of lower lewvel,

Reoview of Figure 28 for the 15 minute hold time cycle clearly
gshows the superiority of the two forms of Rene'9d over Inconel 718 under
thoese tost conditions, The two forms of Rene'95 tall nearly on the samo
curve and show very little strongth reduction compared to the continuously
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Total Strain Range, Percent, (% Acy)

R'95 (H + F)
R'95 (HIP)
1.2r
1.0
R'OS (H + F)
0.8~
R'95 (HIP)
i ! IN-718 '
0.6
102 100 10" 10
Nf - Cycles
Figure 27. Total Strain Range vs, N_ - Life (Cycles to Specimen

Failure) for the Three A
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oys - Test Frequency of 0,33 Hz,




Total Strain Range, Percent, (% Act)

R'95 (HIP)
R'95 (H + F)
1.2
1.0
R'95 (HIP)
R'95 (H + F)
0.8 e IN-718
0.6 [ )
102 10° 10? 10°
Nf - Cvcles

Figure 28, Total Strain Range vs, Ng Life (Cycles to Specimen Failure)
for the Three Alloys - Tests with 15-Minute Hold Time.




cyclod condition, while Inconel 718 suffors large hold time associntod

life roductions rolative to its continuous cycle curve, The two forms of
Rene '95 by virtue of thoir significantly higher tonsile strength and creop
rupture capability, clearly demonstratod superiority over the entiroe cyclic
life spoctrm,

Figuro 329 shows a plot of the ratio in percont of tho mid=lifo

atross range relative to tho first cycle stross range (% °N£/2) vorsus test
KENl

total strain rango for all three alloys, Individual curves with actual data
points worr presentod in the previous section, Evident in this figure is
the relative strain softening characteristic of the two Rene '95 alloy forms,
compared to Inconel 718, The two Rene'9d alloy foms resulted in equivalent
strain stability over the total teost strain rangos evaluated, for both
continuous and hold time cyeling, The Inconel 718 on the other hand, shows
significant strain softening bohavior for the continuous strain cyele, and
less significant softoning for the hold time cyele,

Similar to Figure 29, plots of time independont strain, as a
percent of total strain range (% 8¢ /8¢ ), vorsus test total strain rango
(de ), for all threec nlloys, are shgwn n Figure 30, Individual curves
witﬁ actunl data points for this figure were also presented in the previous
goction, This figure further accents the cyclie softening beohavior of the
alloys, The cyclic softening for Inconel 718 was greater during the
continuous cycling than for the hold time cycling. For H+F Reno'95, the
obgserved oyclic softening behavior was greater during the hold time eyeling
than for the continuous cyeling, finally, for the As-HIP Rone'95, the
cyclic softening incrensed with the inerease in total test strain range, and
was more than H+F Rene'95; howevor, the resulting time indepondeont inelastie
strain was found to be truly time independont with or without hold time,

Anothor obscrvation for the two forms of Rone '95 rogards their timo-
depondent inelastic strain occurring during the test hold time(de ), and the
roesulting shift in the test mean stross ov thoe wlaxation of the peak
tonsile stress, Migure 31 shows the mid=1life cyele maximum tensile stresses
as a function of total strain range, The maximum stress for As-HIP Reno '95
was about 10% lower than that for H4F Rene'95, This difforonce was caused by
the higher time dependent inelastic strain (Acc) resulting during the hold
timo for As=HIP Reneo'95 than for H+F Rence'95, This increased A for As-HIP
Rene '95 was compensated by incrcased compressive stress, which sﬁifted the
mean stress relatively more into compression, and rosulted in reduction of
the maximum tensile stress.

The observed cyclic lifo loss for all three alloys during the 15
minute hold time cycling appeared to be associnted with increased plastic
strain which was a result of stress rolaxation during the hold time and/or
the increased time at temperature during which envirommental damage could
occur, For Inconel 718 envirommental effects appeared significant, as
ovidonced by the observed intergranular failure mode which is usually
caused by oxidation weakening of the grain boundaries,
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For the two forms of Rone'83, the euvironment {g not believed to have
had o significant effect on hold time LCF lifo, The inercased inelastic
atrain due to time dependont stross relaxation (8¢.) was the more significant
life loaw tactor, Although the time dependoent fatigue life for the two Rene "85
forms wore comparable, MIP and Forged Ronoe '95 appeared more sensitive to hold
time than As-HIP Row "45, Ag shown in Figure 31, HIP and Forged Rone '05
oxporionced the least time dependent dnelartic strain for a given total
strain range, The minimized time dopendent inelastic steain resulted in
wtontion of the ) ghest poak cyelic tensile atroas during the hold time
tost, and ¢an be ¢onsidered to have resulted in the more significant life
redie tion for the HIP and Forged Rene '95,

Comparison of the hold time LOF curves to the continuously cyveling
ICF curves (Figure 32 for Inconel 718 and Figure 33 for the two bres of
Rene '95) ahows

1) For Inconel 718 the percent cyelic life loss due to hold time
is approximately 80 porcomi at the two strain levels which resulted iun 10
and 107 cyeles lives in the continuously cyvcled testas,

3

2) For the two forms of Rene'05, although the covelic 1ife loss was
smallor than observed for luconel 718 o trond was observed where the life
loss increased as the strain range decreased, A possgible explanation Jor
this cbservation could be the stress depondence observed for the hoeld time
eyelice crack growth rate tost specimen asy will be discussed in detail later,
In the hold time CCGR tests, the hiphor stross level teosts domonstratoed
enhanced thresholds compared to the continuously cyeled tests and to the
lower strvss hold time COGR tests, If the LOCF behavior of PM alloys is
partially controlled by the propagation of existing prior provess
imperfections, the apparent threshold enhancement associated with hold time
could actually improve LCF life by wducing the number of potentially active
inttiation sitos for crack propagantios with increasing tost stress,  Fower
noetive failure sites should result in some improvement in expected WV
bohavior reductions nomally associated with hold times,

4,2,2 Failure Origin Comparison

Tables X and NIT presonted ecarlior doscribod the size and the natu
of the prior process imperfoctions which were observed at the failure origin
sites for both foms of PM Rone '895, This section tfurthor discusses the mole
of these PM provess imperfoctions on ICF life in tomms of their size, natumre
and location, Yor the conventionally forged Inconel 718 such analyses were
not conducted since PM related deofects wore not presont and all of the Inconel
718 ICF failures started in classic crack initiation on the specimen
surfaces,

The S=-N ¢ .»ves of Figures 16 and 24 for the two Rene'95 powder
alloys ae repoated here as Figures 34 and 35 where signitficant data points
are highlipghted., OQbserved size and nature of the initiation sites arve
labeled adjiacent to the data points for ecase of comparison,



Figui> 34 shows the curves obtained for the HIP + I'orgedRene'95,
The circled hold time test data point - specimen number II-11 - failed by
initiating a fatigue crack at a large matrix interacted stainleas steel
inclusion (extonsive failun: analysis for this test in Section 4.1.4) was
presented, Th: cyclic life (N_) for this test was 700 cycles, A similar
hold time test without a large imperfection, lasted 3,500 cycles, as compared
to a continuously cycled test life of 10,500 cycles, The large, metallic
inclusion was unique to specimen II-11 and the more commonly encountered
imperfections in the powder metallurgy products of small oxide inclusions and
porosity were found in all other specimens., The other three data points
shown in Figure 34 were for the 0,33 Hz tests and were chosen because the
observed total plastic strain range for the tests was identical (e = 0,028
percent), The shortest N, life was 9,250 cycles with the initiatiog site
for this test (I1-2) being a small surface pore, The other two tests shown
as II-8 and II~14 were discussed earlier and low magnification SEM electron
micrographs c&re shown in Figure 21, Specimen II-8 ( 17,000 cycles N_)
initiated failure at a very sma'l surface inclusion while Specimen I1-14
( 96,000 cycles Nf) initiated failure at a very small sub-surface pore, These
three test specimens demonstrate the general life trend which has heen seen
with powder metallurgy disk alloys, that is, surface imperfections are seen
to be more damaging, for the same size range, than sub-surface imperfections.
For either case, the larger the imperfection the larger the effect on life.
Also, for these specimens, tke refractory oxide imperfections appeared more
damaging than the porosity, posgsibly as a result of their relative acuity,

In the As~HIP Rene'95 tests, initiation sites were generally smril
porosity, Exceptions to this generalization were Specimen Number 7-3, which
initiated failure at a small surface refractory oxide imperfecticn with below
average cyclic life, and Specimen Number 6-3, which initiated failure at a
small sub-surface hollow particle (formed by argon entrapment) with above
average cy.lic life, Figure 35 shows these two data points, For the
balance of the test specimens, where initiations were at small porosity,
the scatter appeared to be associated with location of the initiation site
(short 1life - surface initiation; longer life - sub-surface initiatiun),

4,2,3 LCF Behavior Predictions

Several different fatigue life prediction techniques have been
proposed in the literature for estimating the effects of hold time on high
temperature LCF behavior of engineering materials, An effort has been made
to utilize two such methods., The first of these methods is the strain range
partitionin% method (SRP method), introduced in 1971 by Manson, Halford and
Hirschberg ‘I), This method, coupled with the recent Halford et al (4°
development of ductility normalized strain range partitioning (DN-SRP) have
been evaluated for the data generated under this contract, The other method
evaluated is Ostergren's hysteresis loop-energy method (5), The DN-SRP
relationships were established on the basis of tensile and creep ductility
of the material at the temperature of interest, with adjustment factors
incorporated into the predictive method to handle potential changes in
failure mede from transgran'lar to intergranular during the tensile hold
strain cyecie., The loop-energy method utilizes the frequency modification
as propos2d by Coffin (6) into the fatigue behavior predictions to account

62



£9

(% Aet)

Total Strain Range - Percent

650°C, A=

1.2 L

\

\

IN-718 TH = O

Figure 32,

Nf -~ Cycles

Low Cycle Fatigue Curves for Inconel 718.




id%

Aet)

(%

Total Strain Range -~ Perceont

1.2

As-~-HIP Rene'95 TH=15

HiF Rene'95, TH = 15

10 10

Nf Cycles

Figure 33. Low Cycle Fatigue Curves for H + F and As~-HIP Rene '95.




Total Strain Range, Percent, (% l¢y)

650°F

1.2r.

w4
TEST

NO.

\

4

H+F Rene '95 \\\

I1-11 @

LDCATION

NATURE

CONTINUDLSLY CYCLING TESTS

o 0,33HZ

[ | 15 Minutes Hold Time

-

\\\\\\ (::) ~, <§§>II-14

11-7 Subsurfsace Porosity

11-16 Surface’ Porosity .02 == 11-8 -

11-2 Burface Porosity 0.02 ex \

11-8 Surfsce Onide (5101) S=all

11-% Surfsce Porostiy <0.02 ma
O.*I!-G Surlsce Oxige lAlzoa) <0.02 =2 \

11-14 Subsurface Porosity <0.02

HOLD TIE TESTS \

Nil-9 Surface Undefinadle Scail

¥11-10 Surfece Porosity <0.02 == \

N11-11 Surface Statnless Steel Imel. Large

—N-l-l~—l Surface Undefinable Smell

NI1-12 Surfsce Coruectecd Cert:ides - l '
0. ” vy -

10 10 10 10
N -Cycles

Figure 34.

The Location, Nature and Size of the Process Imperfection Related Failure Origin
Sites for Four of the LCF Tests are Circled. The Deleterious and the Beneficial
Influence of Such Process Imperfections of the Fatigue Lives are Depicted.

SI 4HVd TVNIDINO

ALITVAd 400d J0



929

Total Strain Rangc, Percent, (% Aet)

\ A o331z
‘\ A 15 Minute Hold Time
As—HgP Rene '95
650 F A
-
7-3
SPEC LOCATION sizx NATURE
NO. -
8-1 Subsurface ¢.03 =m Porostity
7-3 Surface 0.05 o Oxilde (Alzoa,Sloz)
6-2 Surface 0.0 nm Porosity
= 8-1 Subsur{ace 0.04 wm Porosi*v @ 6-3
8-3 Noar Surface 0.04 um Porostty \
6-3 Subsurface 0.04 == Hollow Particle
9-1 Surface 0.04 a» Porosity \
8-2 Subgurfsce 0.03 mm Porosity
9-2 Surface 0.04 == Porostty
5-2 Unfailed Specisen
] { ]
3 3 -
10 10 10
Nf - Cycles
Figure 35. The Location, Nature and Size of the Process Imperfection Related Failure
> P

Origin Sites for Two of the 0.33 Hz LCF Tests are Circled. The Deleterious
and the Beneficial Influence of Such Process Imperfections on the Fatigue
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Table XIII. LCF Effective Stresses in Advanced Disk.

Rib Region
(1) Stress Range
Condition MPa (ksi) R-ratio
Take off 1152 (167.5) 0
Take off/descent 216 ( 28.9) 0.63

(1) See Figure 6-5C for defi:itions,

Rim Region
Stress Range

MPa (ksi

621 (90)

107 (15.5)

R-ratio

0.63
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for potential time dependont fatiguo offects,

4,2,3,1 BStrain Rango Partitioning Prediction

The proposed DN=-SRP oquations that could be utilized are:

wp = (2 Bepppp) )
- -1.87 ,
Nep = Dy (5 B¢,) (2)
-1,67
Nop = Dg (10 &e..) &)

whore the Equation 1 establishes the relationship between tho tensile plastic
strain roversed by compression plastic strain (Acp ) and the cyclic life

(NY ). Equations 2 and 3 establish the relations gotWeen the inelastic strain
de.omation which is generated by tensile creeop revised by compressive pl?stic-
doformation (Ae p) and the cyclic lite (N, ). As recommended by Halford 4),
Equation 2, witﬁ a coefficient of §, is usod when the cyclic creep rupture
cracking mode is transgranular, and Equation 3, with a coofficient of 10 is
used when the cyclic creep rupture cracking mode is intergranular, As
observed in the testing program, all three materinls had transgranular

failure modes in the continuous cycling LCF testing, In the hold time LCF
tosting, Inconel 718 had all intergranular failures, H & F Rene'95 had
transgranular failures at the short lives and intergranular with the loniger
times while the As-HIP Rene'95 had all transgranular failures, In the
analysis of the program data, Equation 3 was used to roiduce the data from the
Inconel 718 and long time tests of H & F Rene'95, Equation 2 was used for the
test data of As-HIP Rene'95 and +he short time data on H & F Rene'95,

The creep ductility (D,) values obtained during the qualification
tests were utilized to establisﬁ the DN-SRP-CP relationships for the three
alloys. To illustrate the procedures used, the steps utilized for deriving
the DN=~SRP-CP relationship for Inconel 718 apre shown:

DN-SRP=-CP relationship ~-

-1,67
Nop = g (10 decp)

where D, = In {1 - (R.A.) creep]

for Inconel 718 (R,A,) creep = 40%

or DC = 1ln (1 - ,40)

= 0,511
Resulting in the final relaticaship:

-1,67 .
NCP = 0,011 (Aecp) - for Inconel 718 (4)
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Similarly, the DN-SRP-CP relationship for the two forms of Rone '93
wore derivod and aro:

-1|67 "
NCP = 0,0044 (A‘cp) transgranular HIP and Forged (5a)
- 1
NCP = 0,0014 (depp) 1.67 intergranular Rene '95 (5b)
N.., = 0,0023 (d¢,..,) -1.67 As-HIP Rone '95 3

For the SRP-PP relationships, the equations used were obtained from
continuously cycling data, whore the total inelastic strain range (Ae,)
versus cycle to failure (N,) provided tho Np vs, Aepp relationships, The
leoast square bost fit curves for the three alloys are shown in Figures 36
through 38, The obtained PP relationships aro:

-0,593
Asin = Aepp = 0,33 (NPP) - Inconel 718 (7)
-0,480
Aein = Aspp = 0,024 (NPP) - H&F Rene '95 (8)
_ _ -0,640 _ , _ '
Acin = Aepp = 0,118 (NPP) As-HIP Rene '95 (9)

utili%igg Equations 4 thruagh 9 in conjunction with the interaction damage
rule :

Fop + Fec + Foc 4+ Fop = 1 (10)
Nep Noc Npo  Nop Norep

where the Fpp and FCP fractions were for the actual hold time tests performed
for the three alloys, tho hold time cyclic life Np ED was derived, A sample
calculation is shown for one of the tests, Tho %@st illustrated is for
Inconel 718, specimen number 3, For this .est, the following data from

Table VII was used to establish FCP and Fpp:
Be, = 0,00499: Bep = 0.00078: Bepp = 0,00421
where Fg, = Becp = 0,00078 = 0,156
Be 0.,00499
in
and  Fp, = 2pp = _0,00421 - o.844
B, 0.00199 = e

The NCP and NPp cyclic lives were obtained using Equations 4 and 7 to calculate

NCP:
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Figure 36. Least Square Fitted Curve for Ae Vs. Nf Which Also
Establishes Aepp Vs, Npp SRP Relationship.
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Total Inelastic Strain Range, Aein - “PP
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Figure 38. Least Square Fitted Curve for Aey, Vs. N, Which Also

Establishes Aepp Vs. Npp SRP Relationship.
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-1.67

whore N, = 0.011 (4¢,,) (1)
or Nop # 0.011 (,00499) 187 . 77 eyelon

and to calculate NPp

-0,593 .
Be, = Beny 0,33 (V) \7)

i
or N - 1 . 686

p 0,154 (A@Pp)

Npp = 0.154 (0.00499) "+ 886

N, = 1171 cycles

pp
using interaction damage rule (10)
pp+ fop . 1

NPP NC p Nl’RED

wo got: I

t.0,, 0,814 0,156

L
{ ——— L Sw——

1171 77 360

NPRED a 360 cyeles

Compared to =

- b woele Pey m \
NOBSERVED : 128 eyeles (See Table VII)

Similar calculations wore performed for all of the hold time LCF tests,
and tho rosulting Npl’n cyclic lives have heen plotted as a function of the
obsorved cyclic 1ife in Figure 39, The figure also includes the obsorved
versus predictod data points for the three alloys when tested at 0,33 i
frequency (20 cpm). Herve the predicted lives were obtained for each of the
tests using the tost total inelastic strain range (Ae, ) as Aep and the N 's
wore calculated from Equations 7, 8 and 9 (these uquu}guns are Rousl square
fitted line cquations to the actunl data),

The degree of correlation obgerved for the SRP method, as porformed by
the techniques previously described, was low, (Sec Figure 39), Only 3 of the
12 tonsile hold cycle LCEF test results could be predicted within a factor of
two in life, Howover, most of the continuously cyceled LCF data could be
predicted within a factor of two in life, The general underprediction of the
tonsilo hold strain cycling data by this moethod is not cleoarly understood,
However, a possible explanation could be due to the value of rupture ductility
utilized in assessing the N predictod cyclic life, Gonerally, for most
accurate predictions, the tgﬂv duration for the rupture ductility aud thoe
predicted LCF life should be equivalent, This was not possible in these
predictions as only average rupture ductilities assossed during alloy
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Figure 39, Strain Range Partitioning Predicted Lives Using Least Square
Method for PP Relationship and Ductility-Normalizes SRP for
CP Relation Vs, Observed Lives.



qualification tosts wore available and those were used to detemine the N

cyclic lifo, ep

4,2.3,2 E"“EE? Approach Prodiction

This mothod assumes that the major portion of the LCF life is consumed
in propagating vory small flaws which initiate early in the fatigue testing,
Such similar carly fatiguo crack initiations have been noted and rop?;Lvd
clsowhore in the literature, ., Using this approach, Ostorgren \/
proposed that the fatipgue damage accumulates due to the tensile loop-cnorgy,
which goes to oxtend the cvack, The environmental effoct (oxidation of the
crack tip) occurring during the test which may further docrease the fatigue
lifo is considerced by the incorporation of a frequency modified tomm, which
was proposod by Coffin,

Tne resulting goneralized fatigue life corvelation equation is:
aw,, e g, NP VP D g (1)
whore AWT = tonsile hysteresis loop=onorgy
mearured for the hf/2 loop,
Y= {requency
B,K, and C are material constants

Nf = the cyclic life
This correlption has been evaluated for all of the program LCPF data,
The materinl constaats £, K and C were eostablished for the alloys by regression
curve fitting of the data,

Figure 40 shows typical hygieresis loops for both continuous and hold
time cyeling tests, The shaded area (tensile half of the loop) for all the
tests was measured accurately using a planimeter for the Nf ) loop., This area
was appropriately multiplied by the stross and the strain scale factors to
arrive at the loop-cnergy (AW.). TFor Inconel 718, tho AW, v K-1) yersus
cycles to failure - N plot is shown in Figure 41, For the two foms of
Reno'95, the frequency modification temm -yB (K-l) was found to ke equal to 1,
ginco K~ 1, Figures 42 and 43 show the plots for the (v alloys whoere N
is plotted as a function of AWT - leop=~eonergy, Finally, Fipgure 44 {¢ a plot of
obsorved fatigue life versus predicted fatigue life, The predicted iives were
calculated for both the continuous and the hold time cycling for the three
alloys using Ostorgren's damage function,

The correlation for the hold time aycling tests obtained using
cnergy approach was oxcellont as shown in Figure 44, All holed time tests
could be predicted within a factor of two of the obsorved life, For the
continuously cycling tests, all except four tests could also be predicted
within a factor of two,
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The four tests that Iell outsiae the factor of two predictions were on

Rone '95, As discussed earlior in Section 4,2,2, all of the continuously
cycling LCF tests for the two forms of Rene'95 had failed et material defects
(either inclusions or pores). The overpredictod tests were on for HkF fone'95
(Test No, II-7) and one for As-HIP Rene'95 (Test 6-2), In both of these tests,
failure initiated at surface dofects., An oxide (Al,0,) inclusion was found

at the origin of specimen #II-7, The initiation si%csfor spoecimen #6-2 was a
surface pore, For the undurpredictod tests, the initiation sites were small
subsurface pores., This obsorved trond has been found to be generic for all

of powder motallurgy alloy ICF tests, where the surface initiation,
particularly if associated with an oxide inclusion, results in shorter lives,
Conversely, subsurface initiation resulted in significantly longer fatigue
lives for a given size of anomaly,

5,0 RESULTS AND DISCUSSION OF CCGR TESTS

5,1 Cyclic Crack Growth Test Rosults

The reduced crack growth data from the raw testing measurements are
listed in tables in the Appendix B, These crack growth data were curve
fitted to a six parameter sigmoidal curve relationship which has been
demonstrated to be vory useful for this purpose by General Electric, Details
of this analysis are covered in Appendix C. The best fit sigmoidal curves to
the data are included in plots of the test data,

5.1,1 Inconel 718 CCGR Data

Four continuously cycling and four hold time cycling tests were
performed on Inconel 718, Of thesce seven CCGR test resultis are presented.
One specimen, tested at a stress level of 621 MPa (90 ksi) failed in creep
rupture before any crack growth could be detected, thus no dita for this test
was obtained,

The experimental data presented in the Appendix B, Tables B-1 and
B-2 1list the test data for the 0,33 Hz and 15 minute hold time conditions,
respectively for the CCGR tests on Inconel 718, These tables list the stress
range (8¢), the observed cyclic crack growth rate (8a/ON), and the computed
stress intensity parameter range (K) from the crack size and the test bar
stress, The composite crack growth plot of the four tests under continuously
cyeling conditions is shown in Figure 45, For these continuous cycle results,
the data was normalized with the stress intensity parameter, and formed a
single population independent of test stress level, Very little experimental
data scatter was noted and all data fitted the single sigmoidal curve shown
with the equation constants which are listed in Appendix C,

The hold time CCGR data failed to demonstrate a unique correlation
with stress intensity factor, and instead, demonstrated a test stress range
dependence as shown in Figure 46 which indicates threc bestfit sigmoidal
curves depending on stress level, The higher test stress ranges resulted in
a greater degrec of threshold stru.ss intensity enhancement and a more rapid

81



increase in crack growth rate once the threshold was surpassed, The constants
for the three difforont sigmoidal curves used to fit this data are listed in
Appondix C,

65,1,2 Inconel 718 CCGR Obscrvations

As proviously indicated, one Inconel 718 hold time CCGR spocimen,
being toste., at 621 MPa (90 ksi) stress, failed in short time stress rupture.
No cyclic growth rate data were obtained for this specimen as crack growth and
fracture was abrupt, The failed spcelmen exhibited signifieant plastic
deformation within the gage section and failure mode was intergranular which
is typical of creep rupture in this alloy at 650°C, In fact, all Inconel 718
hold time CCGR specimens showed intergranular crack growth and exhibited
significant fracture surface oxidation,

A comparison of the curves in Figure 45 and 46 roveals an increasing
threshold stress intensity with incroasing test stress for the hold time tests
{all the hold timc tests oxhibited higher threshold stress intensity than the
continuous cycle tests), and increasing crack growth rates with increasing
stress level once the enhanced thresholds are surpassed, Tha trend in these
data is seen to be toward a single vertical line at an undefin~d, but very
high, enhanced threshold, whore cracking would proceed very rapi.ily and
independent of cy.ling, in a stross rupture mode,.

5,1,3 _I''P + Forged Rene '95 CCGR Data

For this advanced engine disk alloy, a combination of four
continuously cycling CCGR tosts and four hold time cycle CLGR tests were
performed, Tables B=3 and B-4 (Appendix B) list the experimental test data
for the 0,33 Hz cyclic tests and hold time cycle tests, respectively, These
data are presented in graphical form in Figures 47 and 48 for the
continuous cycle and hold time cycle, respectively, For the continuous cycle
tests (Figure 47), the data correlated well with the stress intensity
parameter and formed a single population independent of the test stress level
and only typical experimental data scatter were seen, All the data could be
fitted to a single sigmoidal curve (the constants listed in Appendix C),

As with the Inconel 718, the hold time CCGR data (Figure 48) on
H+F Rene '95 failed to demonstrate a unique correlation with stress intensity
factor, aud instead, demonstrated a test stress range dependence, For these
tests, in a manner similar to the Inconel 718, the higher test stress rangos
resulted in a greater dogrec of threshold stress incensity enhancement and
more rapid crack growth once the enhancoed threshold was surpassed,

5,1.4 HIP + Forged Rene'95 CCGR Observations

The most significant observation for the CCGF behavior exhibited by
HIP 4+ Fovged Rene'95 was the effect of test stress range on the hold time CCGR,
Evident from a comparison of Firures 47 and 48 are the observations that,
for the hold time data, an enhanced threshold was encountercd compared to the
continuous cycle threshold, and that the degree of threshold cnhancement
increases as the test stress range was increased., Once this enhanced threshold
was surpassed, the hold time CCGR increasc¢s rapidly, surpassing the
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continuous cycle test data by one to two orders of magnitude in growth rato,

5,1,5 As=HIP Rono '95 CCGR Data

For As-HIP Reno'88, a total of oight CCOR tosts were porformed, Four
of those tosts wore porformed with the ,33 Hz continuous ¢ yclo; four with the
15 minute maximum tonsile stress hold time cycle, The tosting was oqually
dividod Lotween Gonoral Eloctric and Metcut, One of thw initial hold time
tost spocimens of this alloy failed rapidly without any crack growth data
collectod, This spocimon contained a large fatigue precrack and was boing
tosted at 21 MPa (90 ksi), Failure occurred after only 148 cyclos, The
romaining seven CCGR tosts provided valid data and are roported in the
subsequent paragraphs,

Tables B-5 and B-6 (Appondix B) presont the CCGR data for As-HIDP
Rene'93 for tho continuous cycle .33 Hz tosts anu the 15 minute hold timo tesis,
respectively, These data are presented in graphicenl form in Figure 49 and 30
for the continuous cycle and hold time tests, respectively, The continuous
cycle dnta corrolated well with stress intonsity paramotor and formmed a single
population independent of the test stress level, Only minor oxperimental data
scattor was soen, All the data could be fitted to a single sigmoidal curve,
with the constants listod 1in Appendix C,

Hold time data (Figure 50), once again, failod to show a unique
correlation with test stross intensity factor and demonstrated a test stross
range dependence., The hold time CCGR data for As-HIP Rene'95 could not be
fitted to a single signoidal exprossion and the three differont sigmoidal
curves wore used to fit this data,

5.1.6 As~HIP Reno '95 CCGR Obsgervations

Comparison of Figures AL and 50 demoitstrates an enhanced threshold
for the hold time CCGR tests compared to the continuvous cycle tests and rapidly
accelorated CCGR once the enhanced threshold was surpaszed as with the other
two materials, The hold time CCGR stress depondency, however, was limited to
the mid=growth rate regime (Figure 50), Although the data wore very limited
in the threshold regime, there appears to be little if any stress dependence
there, in contrast to the Inconel 718 and HIP +Forgod Rone'95 hold time CCGR
data,

5,2 DISCUSSION OF CCGIt TEST RESULTS

5.2,1 CCGR Behavior Comparisons

For ease of comparison for cach of the three alloys, both the
continuously cycling CCGR curve and a band representing the hold time CCGR
behavior are presented in Figure 61 for Inconel 718, Figuve 52, for H+F
Rene '95 and Figure 53 for As~HIP Rone '95, Tho hold time CCGR band, for cach
alloy, represents three tests performod over a range of test stresses., The
rosulting stress dependent threshold stress intensity enhancement and the
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accoleratad cyclic orack grewth behuvior observed during the hold time CCGR
tosts for the three alloys are discussed in the subsequent paragraphs,

All the COGR data previously presented was generated using a surface
flawed rectangular tonsile bar, the bar, as the selected specimen, The
selection uf this bar specimen was based on General Electric experience with
this specimen desigit over the years, and its demonstrated ability to provide
CCGR data applicable to turbiny disk operating conditions, The bar bettor
simulates the small flaw, high stress state experienced in a turbine disk
application, and has been demonstrated (11) to predict hold time CCGR behavior
in model disk testing more closely than compact tension type specimens, The
development of CCGR data using the bar and the small flaw, high stress
approach automatically incorporates the potential effects of creep or stress
rupture into the test date, if in fact, the test parameters being examined
are in the ranges where the material of interest would be expected to
experience creep or rupture effocts. The use of the bar approach, then,
oliminates the need to analytically factor potential creep or rupture effects
into the CCGR data,

In a provicus discussion several observations were wmade of the CCGR
data, One of the more significant observations was that for the continocusly
cycled tests for all three alloys, the data were well behaved and conformed
to a single population for each alloy, The continuously cycled CCGR data for
each alloy could be regression fitted to a single sigmoidal curve, exhibited
a stress range independence, and conformed to the assumptions inherent in a
linear elastic fracture mechanics appreach,

Cowmparison of the continously cycled CCGR results for the three alloys
revealed equivalent CCGR behavior for the two fomms of Rene ‘95 and slightly
superior behavior, both in the threshold regime, for the Inconel 718 material,
Based on the continously cycled data, one would conclude that Inconel 718 exhibits
better crack growth resistance than the higher strength lower ductility fomms
of Rene'95 evaluated,

For the 15 minute hold time at maximum tensile stress cycle, the
effects of creep damage accumilation become factored into the CCGR data, For
each material these creep damage effects result in a throshold stress
intensity enhancement and significantly accelerated growth, compared to the
continously cycled test condition, The creep damage accunulation mechanisms
active at the different test stresses employed have apparently resulted in the
stress dependencies noted for ecach material for the hold time cycle,

5.2,2 Stress Dependence

For the A=1l, load controlled K¥ bar CCGR testing with the 15 minute
hold period, the state of stress at the Tip of the propagating fatigue crack
represents a difficult analytical problem, The response of a material being
loaded in a temsile hold cyclic manner in the creep range might be expected to
differ depending on the specific level of peak tensile stress being evaluated,
or the actual stress intensity range being tested, The hold time CCGR data
for each of the alloys revealed a stress dependence which varied depending on
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the crack growth rate vegime boing evaluated., Compared te the wunique
continuously cyeled test threshold stvess intonsity values obtained for ecach
alloy, the hold time cycled data showed enhanved threoshold atroas intensity
values, the degree of enhancemnont wag an invorse fmetion of the applied astveas
lovel, The phenomenon may be accounted for by considering the basic cveep
phonomenon to be oporative 1n the threahold stross intensity range to b a
ovack tip blunting mochaniswm, Using thizs wmochanism as a model, 4t was
anticipated that as the test stireaa lovel was mwduced, the degree of erack

tip bMlunting by creop during the tonsile hold periad would also be veduced,

At sufficliently low tost stress ranpes, creop fatiguwe orvack tip blunting

would cease to ocour, such that the threshold obtained for the continuously
vyeled CCGR test could be considered the limiting caxe for low streas hold time
teat cvoling, As teat strvess level was increased (or conversely, ag the pworack
aige war increased at the same stross level), blunting of the fatigue cweack

tip could overcome the effeot of cyeling, sueh that the fatipgue crack would

not propagate,

As test atreass level was increased, ultirwtely the creoep cvack tip
blunting wevhaniswm changes to a creop orack extension meohanisw, sueh that
accelerated cyelie cvack growth was the result, The limit in COGR behavior as
test stress ia inowreased may be cousideved to bo a vertical tine, In that
situation onve a crack of sutticiont sive was tntroducod into the specimen,
ovacking by a oreep rupture wode during the tonsile hold poriod, indepondont
of evoling, would ocour to vapid ultimate tailuve of the spocimon, Roview of
the Inconel 718 and HIP and Forged Rene '95 CCGR data indicates that both of
these alloys followed this trend, Increasing test stross vange did result in
increasing threshold enhancewment over the continuous ¢yele throshold, The
352 MPa (80 Kail) Inconel TI8 hold time COGR data approached that ot a vevtical
line, with growth rate nearvly independent of stvess Intonsity eange, A single
Inconel 718 test portomed at 631 MPa (90 ksi) fatled to yield any CCGR duta
because the apecimen faitlod vapidly in a cveoep tupture wmode, ‘The hold time
data tor As-HIP Rene '05 showod an enhanced threshold relative to the
continwous cyele test ¢ ta, but fatled to demonstvate a stvess dependence in the
threshold regime, Thi. - wvarent stmwss indopendence may be a conseguence of
the limited data in the near tloahold vegime, which was winimal compaved to
the othor two alloys, In the interediate ceack growth vate vegtme, As-UHID
Rone "985 demonstrated an overlap in tho data such that the highov fost stvews
data (621 MPa) falls botween the 414 MPa and 5352 MPa test data,.  In the cawe
of the As-HIP Rene 95, the test data may stmply dndicate a goneval data
seatter band rather than a stwsy depondence, In this sonwe, the As-HIR
Rene 93 data may ditter from the HIP and Forged Rone '8 and fneonel 718 hold
time data,

5,2.% Threshold Enbhancewment and Accelervated Crack Gerowth

The significant obsorvation regavding hold tiwme COGR thyeshold
onhancement fov the three allovs have woen discussod in the preceeding
paragraphs dealing with strews depondence, As shown by the COGR data, once
the threshold for orack growth was exceooded, the OOGR was pveoatly
aceelovated with the 138 winute hold times, Sintlar bebavior of threshold
onhancement and accelorated CCGR with holtd tiwmes have been noted by
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Shahinian and Sadananda (12). In their investigations, they have proposed a
mechanicistic model to accomodate such behavior, Two separate, and somewhat
competing mechanicism could be operative at the crack tip. The hold time
enhancement could be caused by the increase plastic flow at the crack tip
with time exposure and result in crack tip blunting. This extended plastic
zone could provide increased energy absorbing sinks and thereby reduce crack
growth, The cyrlic crack extension mechanism, of course, is competing with
the retarding mechanism. As cyclic stress intensity range (and concurrently
the cyclic plastic zone size) is increased to exceed the size of the time
dependent 2xtended plastic zone, cyclic crack extension became the
cnntrolling mechanism, Shahinian and Sadananda (12) suggest that creep
induced microcrack voilds and embryonic cracks ahead of the crack may facilate
growth during the cyclic portion and result in accelerated crack growth once
the threshold is exceeded, Such a mechanistic model appears reasonable to fit
the CCGR data of this program. In fact, the model can justify the enhanced
threshold with increased test stresses, Higher gross stresses would cause

a more rapid increase in the time dependent plastic zone than in the cyclie
stress intensity plastic zone and the beneficial effect of the time formed
plastic zone would persist to a higher level of stress intensity. This
possible mechanism agrees with the CCGR data of this program,

8, DISK LIFE PREDICTION

A major objective of this program was to compare the relative cyclic
life capablilities of the turbine disk alloys evaluated in this effort. The
purpose was to assess the potential of advanced alloys and powder metallurgy
processing to improve the cyclic behavior over existing production materials,
As a means of comparing the relative life capabilities of the three materials,
predictions of the low cycle fatigue (LCF) crack initiation life and the cyclic
crack initiation lif» and the cyclic crack growth (CCG) life of an advanced
high pressure turbine disk design were performed. The sum of these two cyclic
lives which gives the total cyclic life of a disk provided the proper basis
for comparison of the disk alloys., The following sections provide the details
of these life predictions and comparisons,

6.1 Advanced Turbine Disk

The disk selected for the comparison of the alloys was the integral
multidisk design of the high pressure turbine disk for the GE23 demonstrator
engine, which is the potential core design of a new family of advanced engin: 3,
It was designed to meet initial demonstration life of 2000 cycles and service
life of 36000 cycles in the final production design, The disk configuration
as shown in Figure 54, was of the bore entry cooling air design and had ribs
in the internal passages to join the two structual halves, Preliminary
analysis of the disk showed the temperature and stress distribution versus
radial direction to be as indicated in Figure 55. These conditions emphasized
the need for high creep rupture resistance at the disk web and dovetail post
locations for the high turbine inlet gas stream temperature conditions near
the rim and for high tensile strength requirements at the bore to satisfy burst
speed margins and cyclic life,
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At the disk rim hold time LCF would be expected to be the life limiting
property while at bore's lower temperature the oyclic strength without hold
times would likely be limiting. With such demanding stress and temperature
conditions which are typical of advanced engine turbines, this disk was a
suitable vehicle for evaluating the cyglic behavior of candidate materials for
advanced engine applications, The 650°C temperature ranye and the 600 MPa
stress level range in the dovei i1 region are too high for adequate burst and
creep margins in Inconel 718 which would not be used under such conditions,
Inconel 718 was selected to provide the LCF and COCG compatrisons with a
representative turbine disk material used in current production engines, All
current production engine disk materials would have these shortcomings in
creep and burst when applied to advanced turbine disks.

6.2 Method of Analysis

In this section the analytical techniques used to detemmine the
relative cyclic life capacity of the three materials are presented and
discussed, In making these comparisons, three separate analyses were used:

1) Analysis of the crack initiation life and cyclic crack
growth life utilizing a mission cycle that allows dircet use
of the data generated in this program,

2) Perametric studies of tho effect of variation of stress
and/or strain beyond the range of the disk values while
maintaining a constant temperature of 650°C (1200°F),

3) Improved analysis of the cyclic crack growth life capability
utilizing a more representative mission profile with more
appropriate temperatures and stresses, but requiring

approximations of the materials behavior data at these temperatures,

The technique of each of these approaches to the life prediction
will be discussed in subsequent sections,

6.2.1 Assunptions

Specific technical assumptions are discussed as encountered, It has
in general been assumed, however, that the overriding prupose of this endeavor
was to employ standard analytical methods to obtain relative comparative
information on the three alloys., This approach allows simplification and/or
omission of extreme detall that would usually be required in a normal design
analysis used to detemine actual expected part life, The life values obtained
in this study show valid trends and viable comparisons between tho alloys but
they should not be taken as actual expected part lives, More extensive stress,
temperature and cycle definition as the design develops would be required prior
to setting those values with high coufidence,

6.2,2 Disk Stresses

As cited in the introduction to this section, the first approximation
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of the stresses in high pressure turbine disk was made using a coarse "ring"
model of the disk and this s#ress distribution was shown in Figure 55. In
order to achieve a more oxact definition of stresses at local stress
concentration, which would be the life limiting regions, a finite element
analysis of the disk was performed, The finite olement mesh and the peak
stress locatious are shown in Figure 56, Two are:s were considered as life
limiting, Ono peak stress condition was at the iunur base of the rib at

the intersection with the umain body of tho disk where a maximum effective
stress of 1152 MPa (167 ksi) and the tomperature was 566°C (1050°F), The othor
was at the intersection of the dovetail slot and the aft rabbet radius whore
the temperature was approximately 650°C (1200°F) and maximum offective stroess
was G621 MPa (90 ksi) and the maximum principal stress was 745 MPn (108 ksi).
The two locations were the life limiting areas considered for the life
predictions of this program and were analyzed for cyclic lifo capability,

6.2.3 Mission Cycle and Critical lLocation Definition

The stress and temperature conditions in Figumes 55 and 56 are at
the maximum engine RPM, Although no final mission (stress, temperature, time
profile) has been defined for this engine, a representative mission typical
of advanced transport engine operation is shown in Figure 57, This mission
was constructed by scaling the stress and temperature indicated in Figures 55
and 56 s a function of ongine RPM,

Since relative comparisons of cyclic lives of the disk materials were
involved, the themmal mechanical ecycle of Figure 57 can be simplified
considerably for ease of analysis while still ndequately assessing material
response, The mission simplification is illustrated in Figure 58, The overall
giress cycle was comprisod of three parts:

1) Zoro-maximum=-takeoff portion (with hold=tiwme)

2) Cruise-descent-approach portion

3) Approach-idle-thrust reverse portion
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This was further simplified and tailored to the current data by assigning
a 15 minute hold time to the takeoff portion and considering the other two parts
as approximately similar cycles of the same stress range. Further to the intent
to make relative comparisons and to utilize the data generated here, the thermal
cycling portion of the mission was simplified to a constsnt maximum temperature
of 650°C, Similarly, the temperature variation shown in Pigure 55 was con-
sidered to he approximated by a constant 650°C, It should be noted that the
calculated stresses did include the influence of thermal gradients that actually
would exist in the disk,

6.2.4 Crack Initiation Life Amalysis

Low cycle fatiguve (ICF) life is assumed to be dependent on surface
effective stress. When sufficieat constraint is provided by surrounding material
as in the two identified life limiting areas, the locally plastically yielded
peak strain area is considered to undergo straim cycling conditions. Thus, for
this study ICF life was determined by using surface effective pseudo-stress
(elastically calculated) divided by the modulus of elasticity to obtain a total
strain range. This strain range was used to compare to material data curves of
strain range versus life to obtain life values.

Based on the detailed stress analysis, the effective stresses applied
to all three materials were as listed in Table XIII. These stresses were deter-
mined for a Rene'95 disk configuration. Upon substitution of Inconel 718
material, these stresses would be expected to change somewhat due to density
and thermal conductivity differences. It was shown in Referenc: 13, hcwever,
that the change in stress is minor and only on the order of 14-21 MPa. As such,
tnis change was neglected without significant effects on the comparisonms,

To arrive at a mission cycle life, the life values for the separate
components of the cycle in Figure 58C were first evaluated and then summed by
linear damage summation rule:

1

N= (= + %) -1
2

Y

vhere N=mission cycle life

N.=cyclic life for first component (15 min. hold time)

N,=cyclic life for second component (continuous)
The two in the second factor recognize that there were two cruise-descent
approach cycles (Nz) to every one hold cycle (Nl).

In assessing the crack initiaiion life of a component, several diffe-
rent material cyclic life values can be used. As defined earlier, these events
were used to define LCF life. They were:

Ni = cycles to crack initiation as determined by first major deviation
of load versus time trace

N5 = cycles to crack initiatiom as determined by 5% load drop in load
trace
Nf = cycles to failure of ICF specimen

103



Since the N, 1ife as measured by Geuweral Electric has generally been
shown to relate to a fatigue initiated surface length orack of 0.76 mm (30 mil)
and {t was the first measure of orack initiation, N, was considored the wost ro-
prosontative of disk orack initiation in the LCF analysis of the disk., As the
fatigue propagation life was calculated from a 0.28 wm (10 mil) deep, 0,76 mm
(30 mi1) long fatigve crack, the selection of N, was appropriate to predtet the
crack initiation life as o portion of the total life exhaustion process,

As sp»itfied by NASA in the contract requirements, the low oycle
fatigue data was gonerated under constant strain conditions at a R ratio of
winus one. As shown in Pigure 58, the representative mission cyole has an R
ratio between zoro and plus one. Translation of the LCF data of this program
to mission conditions was accomplished by the mothod described in Appendix D,

6.2.5 Cyoclic Crack Growth Lifo Analysis

In the process of comparing the materials behavior in the advanced
disk design, soveral crack growth analyses wore comploted. In all casos, an
initial crack, prosumed to be caused by tatigue crack inttiations, and of a
0.35 x 0.76 mm tnitinl sive wus assuned present in the two previously defined
life limiting regions, The 1ife prediction mothod discussed in Appondix E was
omployed and the cyclic corack growth rate data genoeratod {n this program wns
curve fitted as discussed in Appondix C., The wmethod used was a conventional
eyelie orack growth analysis whore crack growth cycles torminate when tho crack
tip stress intonsity achieves the eritical eyclie fracture toughness of tho
matorial.

Use of the matorials date gonerated on this contract was direct for
the major stross cycle of the mission cyecle. However, for the crulse-doscont
portion of the mission the stress ratio translation of the c¢rack growth data
was accomplished using the Walker relationship as doscribed in Appendix D,

As for ICF, the crack propagation life was calculatod for the separate
components of the mission cycle and summed using the linear damnge rule. Note
that this s a simplification that ignores ordering offects that may be signi-
ficant in crack propagation but becausa of the comparative nature of this
study should not adverseiy influence the results. Ordering offiocts would be
oxported to bo similar for the alloys being ovaluated.

The asso: mont of the relative total cyclic life capacity of the ad-
vancod disks using the throe alloys was acoomplished by adding tho crack infti-
ation and the cycles for crack propagation,

Several CCG life analyses were conducted tn this program in effort to
lmprove tho comparisons of the matorials wnder more relevant conditions. The
CCG life analyses prosonted in this report diffeored primarily in the treatwmont
of local plastic stross effocts at the two stress concentrations and in the
local motal temporatures.

€.2.6 First CCG Lifo Annlysis

In the first prediction of the disk CCGQ lives, the wisston cycle of
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Figure 38C was assumed to apply. The elastically calculated stresses normal to
the assumed crack plane at various distances from the surface are shown in
Figures 69 and 60, The elastically calculated curve was obtalned by fitting a
polynomial curve to the peak stress at the center of the finite elements. The
peak surface stresses were determined by assuming purely elastic stresses for
the first CCG analysis. As shown in Figure 59 and 60, the pesk stress levels
are different than cited under the ICF analysis. In the CCG analysis, maximum
stress normal to the crack was used while in the LCF analysis, the maximum
effective stress was used,

6.2.7  Parametric Studies

It will be shown in Section 6.3 that the simplified mission cycle of
Figure 58C is extremely severe in terms of CCG from the relatively large 0.25 x
0.76 mm fatigue crack and the oveor-temperature condition at the rib location,
This severity hinders the suitability of the life values in comparison studies,
To overcome this shortcoming, a parametric study was made for a simply cycle
(O=maximum=0) with and without hold time: over a wide range of initial starting
crack sizes. This permits an overall comparison of the relative capability of
the three alloys instead of a test at one particular condition.

Similarly, a parametric study of ICF mission cycle life was also con-
ducted. This was less informative, however, since it merely involved an R-
ratio correction to the data curves of strain range versus life.

6.2,8 Improved Cyclic Crack Growth Life Analysis

After reviewing the results of analysis using the simplified mission
cycle of Figure 58, derived in an attempt to fully utilize program generated
data, it was obvious that it was overly severe for the actual turbine disk. In
order to maintain the proper perspective in terms of an acturl disk, an attempt
was made to obtain more realistic disk CCG life estimates. This was done by:

a) Accounting for localized plasticity which reduces the effective stress,

b) Using crack growth data representative of the actual disk temperature
in the Rib region (566°C instead of 650°C), and

¢) Accounting for the fact that in the Rim region the hold timo takes
place at a lower stress than the maximum.

At the operative stress levels at the bore rib the local stress was
above the elastic limit. In order to improve the CCG life analysis, the remote
stress field used in the analysis was reduced from the elastic calculations of
the first CCG life analysis to reflect this yielding and stress redistribution.
As shown by Popp, et. al. (11) this method can significantly improve the accuracy
of predictions when gross stress fields are near the elastic limit. At the rim
regions, the maximum stress was below the yield strength for all three materials
as shown im Figure 59 and no stress redistribution would occur.

Reduced localized stresses at the rib stress concentrations were deter-
mined using the NEUBER program (Appendix F). These reduced local stress values
for Inconel 718 Rene'85 are shown in Figure 60. Using these rediuced surface
stresses, regression analysis fit equations were obtained for the stress distri-
bution. Using these values, more realistic CCG life predictions were made.
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In order to analyze the CCG life at 566°C in the rib regions, esti-
mations of the materials properties at this temperature worenecessary. For
Inconel 718, previously generated data for 337°C with a 22 minute hold time,
and 537°C continuous cycle, were used for the hold time portion and secondary
cycles respectively. For PM Rene'98, it was assumed, based on unpublished
data that no hold time effect is present at 566°C. Previously generated data
for As-HIP Rene'98 at 527°C and using a continuous cycle was employed and was
assumed applicable to HIP + Forged Rene ‘95 as well, based on experience with
life prediction for these alloys at 337°C. CCGR constants for this data are in-
cluded in Table C-1 of Appendix C.

Based on detalls of the thermal transients in the rim region, it was
concluded that thie applicable stress would be reduced by 10% from the maximum
peak stress when the steady state thermal condition was reached. This is based
on behavior in the rim regions of other similar engine disks and implies that
this reduced stress is the operative stress during the prolonged hold time.
This reduced stress hold time period provides a realistic assessment of disk
CCG life under more representative conditions,

6.2,9 QOther Design Considerat ions

The overall comparison of the ::lloys for disk applications must also
consider other criterim than just cyclic life. For example, the burst strength
capability which is principally a function of ultimate strength and ductility
should be examined, as should creep rupture capability. Ranking of the alloys
for disk applications may vary depending on the criterion selected and all design
requirements must be considered to obtain the most suitable material. The data
necessary to assess other behavior besides cyclic life was not part of this pro-
gram. However, based on available data the relative performance of these alloys
in burst and creep resistance was compared.

6.2.10 Use of Materials Data

The ICT data from the program was regression analyzed to provide a
means of establishing the best data fit., Limited amounts of data caused some
overlapping of N, , NS’ and N regression curves in the regions where data was
not available. &hen this occurred in the region of interest for the selected
disk locations and it was necessary to assume that N, and/or N_ approached N,
in these reglons and hence when this crossover occurred, N1 ana/or N_ were
limited to be equal to N. 0

As only limited amounts of data were generated in this program, all
life prediction results were based on average best fit curves to the data.
Normally, in life prediction, minimum expected materials properties would be
used so that the influence of material variation is incorporated into the com-
parison, Since the property variation of these three alloys were expected to
be similar with only subtle differences, this qualitative comparison would be
valid. Minor differences in material properties variations were considered far
less influentinl than the uncertainties in the life prediction methods, them-
selves.
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As discussed in Section 5.2, there was a strong influence of test
stress level on the crack growth data with hold times. The expected singulart
of the stress intensity range in correlating crack growth data was not observe
As no one test stress level was appropriate for the life predictions, througho
the CCG analysis when hold times are a consideration, results are presented ow
the range of test stresses.

Extrapolations boyonid the actunl data were necessary in the CCG analy:
both in the slow and rapid growth regions. In the extrapolations, the regres-
sion analysis sigmodial cruve equation as described in Appendix C was used.
This analysis which depends on curve fitting to establish the threshold stress
intensity and the cyclic fracture toughness has significant effect on predictec
lives, With the limited data of this program, particularly with hold times,
these extrapolations must be recognized as tentative, at best, until wore under
standing of creep hold time effects on crack growth is available.

6.3 Disk Life Prediction Results & Discussion

Using the methods described previously, predictions were made of the
cyclic life necessary to initiate cracking and to propagate those cracks to
fracture. The mission cycles selected for comm rison was that assumed to be
representative of a transport mission which was shown in Figures 87 and 58.

6.3.1 Crack Initiation Life Predictions

The results of the LCF crack initiation analysis of the advanced tur-
bine disk for the assumed simplified mission cycle (Figure 58C) are listed in
Table XIV. As noted previocusly, results indicated were for average lives based
on the best fit of the test data. As listed in Table XIV, the LCF life in the
rim of the disk was greater than 108 cycles for all materials regardless of the
crack initiation criteria for the life of the test bars. Even at the most re-
strictivo de{inition crack initiation, Ni {first discernible change in compli-
ance of the specimen), the lives were over 109 eycles, At the rid location,
however, there werc significant difforences between Inconel 718 and the two
Rene'85 alloys, which were ossentially equal. The lives for all three alloys
were established by the major stress cycle with the 15 wminute hold time. As
expected the superior creep and tomperature capability of Rene'95 was demon-
strated.

The comparison of the three materials at this single disk condition
was limited and does not give a broad view of the capacity of these materials,
This was a consequence of attempting to use simplified analysis tochniques
while simultanecusly incorporating all of the contract generated data. In order
to achieve an overall comparative description of each material on a consistent
basis, it was more informative to utilize the parametric plots for CCG and ICF
life predictions, Parametric comparison and results for the advanced turbine
disk are also presented.

Figure 61 shows the influconce of take-off strain level of the mission
cycle on LCF crack initiation life using Ni as the failure criterion., Similar
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Table XIV. Crack Initiation Life Predictions of Advanced Disk tol
Assumed Mission Cycle (Figure 58C).

Constant Temperature of 660°C Elastically Calculated Strains

Test Data Failure Criteria

Rim Location N, Ng Ng¥
Alloy Mat'l (Cycles) (Cycles) (Cycles)
1 IN718 >10° >10° >10°
2 ROSH+F " " "

3 RQSAH " 11] [1]
Rib Region
Ni N5 Nf
Alloy Mat'l (Cycles) (Cycles) (Cycles)
1 In718 3,150 2,850 3,450
2 ROSH+F 48,000 48,000 48,000
3 ROSAH 53,000 57,000 58,000

*Note: N_. in this table is mission cycles to failure for a test specimen
not for a disk. In this case, the FCP life is defined as N_.-N_. or
Nf-Ni° They could be significantly longer for an actual compoiient.
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camparisons were obtained using the N, and N failure criteria for LCF crack
initiation lives. Since the secondar cyclefo! the mission contributes very
little damage for the strain ranges of interest, the mission cycle life was
dictated by the major cycle (holdtime) part of the mission. Hence, these re-
sults were equivalent to the holitime data curves with an R-ratio correction
from R = =1 to R = 0, As can be seen from the comparison, Rene'93 in both
process forms were equivalent and significantly stronger than Inconel 718 over
a wide range of strain levels.

6.3.2 First Cylic Crack Growth Life Predictions

Results of the fatigue crack growth anulysis of the advanced turbine
disk for the assumed simplified mission cycle (Figure 58C) are listed in Table
XV for the three materials. For comparison, the CCG lives for each portion of
the mission cycle are shown. The predicted life total (N) is the linearly
accumulated life. As discussed in the material data section, the holdtime crack
growth behavior of these three materizls was stress level dependent. Accord-
ingly, the predicted lives for the disks reflect this stress level dependency
and the CCG lives are shown as a cyclic range when hold times were active.

For the rim region, the Inconel 718 appears to have a slight advantage
over both forms of Rene'98 without the hold time effect. MHowever, when hold
time is applied, As HIP Rene'93 and Inconel 718 have very long CCG lives. The
H+F Rene ‘95 using materials data at the maximum stress level which is closast
to the disk stress al)so demonstrates very long life. On the other hand, if the
very conservative approach is taken (using crack growth data for lowest stress
test data) then H+F Rene'93 is inferior to the other alloys. For meaningful
comparison, this stress dependency of crack growth needs to be better understood.

At the rib region, Inconel 718 shows superior CCG lives under all con-
ditions while the two forms of Rene '95 appear to be essentially equivalent. It
is believed that this comparison may be misleading as Inconel 718 would never
be used in a disk with such high stress levels to cause significant gross stress
field creep and therefore, the predictions are unrealistic as creep deformntion
would be life limiting. The effect of this test stress level dependency on CCG
lives is shown in Figure 62. The Rene'95 materials demonstrates a gradual in-
crease in predicted lives with increasing test stress while Inconel 718 demon~
strated an abrupt change as gross creep deformation was encountered. These
improvements with hiigher test data stresses are a direct result of the crack
growth threshold enhancement.

Results of a parametric study of the cyclic crack growth life versus
stress level of a 0.25 mm x 0.76 mm surface flaw in a semi~infinite plate with
uniform stress field are shown in Figures 63 thvough 65. From these plots it is
obvious that lifetime would be very short if any growth was experienced under
hold time conditions. Increase in life were very abrupt as stress levels were
decrensed and local stress intensities were below the threshold for growth.

€.3.3 Improved Cyclic Crack Life Prediction

As discussed in the Methods of Analysis Section, the assumed simplified
mission cycles besed on elastically calculated stresses at constant temperature
was far too severe for proper alloy comparisons. A more realistic mission pro-
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Table XV.

First Cycle Crack Growth Life Predictions.

Initial (.25 x .76 mm) Fatigue Crack, Constant Temperature Cycle at 650°C (1200°F)

CYCLES OF CCG_PROPAGATION

2526

164-15,561

5-52

14-139

Rib Region
(Max, Stress 181 ksi)
N
Material Allcy o 1
5%

inconel 718 1 1507 168-10
HLF Rene'95 2 859 5-52
As-HIP Rene'95 3 818 14-156
Ro = Major cycle life without hold time
Nl = Major cycie life with hold time
82 = M. nor cycle life

N =

Number of Mission Cycles

e e————

sExcessive creep beyond usable

o/T range of alloy Incomel 718.

Ria Region
(Max. Stress 108 ksi)
5, X, 5, Y
1431 >10° >10°0  >10°
7127 167510° >10° 167->10°
6251 s10°  >10°0 >10°
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Figure 62, Predicted Cyclic Crack Growth Life as Effected by Test Data
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Figure 63.

Cyclic Crack Growth Life of Inconel 718 Versus Stress
Range.
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Figure 64, Cyclic Crack Growth Life of H+F Rene'95 Vergus Stress Range.
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Figure 65. Cyclic Crack Growth Life of As-HIP Rene'95 Versus Strain Range.
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Table XVI, Total Life Predictions Including Improved CCG Life Predictions,
lvsi
Rim Region - ngnﬁ'i':iﬁ;f 668 MPa/97 ksi: 650°C
CCG Life
Alloy Material (Mission Cycles) ICF (Ni)Life Total Life
1 Inconel 718 >105 >105 >1()s
S G 5
2 H&F Rene'95 1100->10 >10 >10
S 5 S
3 As-HIP Rene'95 >10 >10 >10
Rib Region - (05 AMalysis  ypooney 718 - 1075 WPas1se si: sesec
onditions: Rene '95 - 1206 MPa/i75 ksi: 565°C
CCG Life
Alloy Material (Mission Cycles) ICF Life (Ni) Total Life
1 Irconel 718 457 3,150 3,607
2 H&F Rene '95 208 48,009 48,908
3 As-HIP Rene '95 908 53,000 53,908



file was taken for the disk locations. At the rib, the maximum temperature was
taken at 566°C as boing ropresentative. At the rim, the maximum temperature
(650°C) of the hold poriod was takon to ocour at 90% of maximum stross after
the peak transient stress was oncountered. Furthermore, the elastic strosses
in the rib wore reduced to reflect stross redistribution due to local yiolding,
(Figuro 60).

The prodicted lives for theso refined mission profile are shown in
Table XVI. At the rim rogion, the CCG lives for all three matorials were gener-
ally very long and ossentially the throoe alloys were equivalent. The shortest
lifotime for tho M+P Rene'95, 1100 cycles, caleculated from the data for the
lowest stress lovel, (s not bolioved to bo relevant since this low stress level
was not repreosentative of the disk stress at this looation. The CCO livea at
the rib location show thoe expectod superiority of Rene'95 ovor Inconel 7:8 since
Rene '98 does not have any significant hold time offoct whore a significant hold
time effect on Inconel 718 is well establishod (reforence 11). Also, shown in
Table XVI are the orack initiation lives from Tabe XIV, No attompt was made to
recalculate those livos with the rovised wission profile conditions ax theso
relative ranking would not change with that rofinewent. In total 1lifo (sum
of the ICF and COG lives) the two forms of Rone'95 gave ossentially oquivalont
lives and both are suporior to Inconel 718 whon ronlistic wmission profile con-
ditions wore used.

6.4 Disgusgion of Prodictoed Lives Sultability lor Design Uae

It is again omphasived that the mission cycle stross levals wore
approximate, based on prolimtnary analysis and that thoe cyclic life values ro-
ported hore do not constitute destgn lifo valuos.

Of eritical importance in the selection of a material for a turbine
disk application is its capability to meet burst and croep defurmation limits
in addition to the cyclic life requiroments. Indicators of a materials poteon-
tial to woot theso roquiromonts aro tho tonsile ultimate strength and tho 0,2%
creap strongth, rospoctively. As shown in Piguroe 66, a comparison of those
properties for the throe alloys ovaluatod tn this program, {s presonte’. The
propertios for As-HIP and H4P Rono'9% arve ossontinliy equal and & single curve
is prosontod for both procossing forms of this alloy. From this comparison, it
is quite obvious that Rene'9% has a stgnificant advantage ovor Inconol 7I8 in
both burst and creop detormation. In fact, Inconol 718 doos not possoss suf-
ficiont burst margin and creeop strongth for the advancod disk design considored
and thorefore comparison of {ts predicted cyclic life capablilities with that of
Reno'95 is of no direct tmplication on disk matorial selection.

8.4.1 Direct Comparison of Ronon'95 and Inconol 718

There are soveral subtle distinctions nocessary in assessing the com-
parison of the two alloys in (his program. To the extent that Rone'95 was boing
considored as a substitute material for Inconel 718 in a prodefined stress fiold
at 650°C, the direct comparison atismpted in this study is valtd. That is,
suporior capability of Rona'85 at this tomperature would indeed indicate that it
was the bettor material for this application. On the othor hand, 1i{ one were
seeking a comparison of the two alloys tn tarms of tholr respective capabilities
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under normulized conditions, wherein both alloys were tested at their res-
pective yield points for example, the comparisons in this study would be in-
valid. Analyses that woulli evuluate the alloys at the same relative point
(stress and temperature) within their range of use would provide a "fairer"
comparison on this basis.

It is also importsnt to note that in Table XVI for example, the
localized (plastic) stresses are different for Rene'95 and Inconel 718 because
of the different strain hardening characteoristics. These stress differences
impact on the CCG life differences above and beyond the actual CCG material data.
If these stress adjustments were applied to the ILCF crack initiation lives
Rero'05 would have a slightly greater total life advantage. ) -

6.4,2 Threshoid and Toughness Stress Intensity Factors

The availabla crack growth data from this program were restricted to a
region between approximately 10~8 and 10~5 meters/eycle. This is typical for
this type of data generation program and is necessitated by the need fer a
special testing procedure at the two oxtremes that is costly and time consuming.
To facilitate life predictions, CCGR curves (per the model discussed in Appendix
C) were regression fitted to the available data. Threshhold (k*) and cyclic
toughnoss (k ) stress inteusities were assumed on the basis of lowest standard
error and observation of the fracture surface. In this program, curve fits were
obtained that closely follow the data generated but required, in some cases,
substantial extrapolation into the threshold region. In general, the precision
of these values is of minor importance since: 1) for practical crack sizes
(>.25 mm) and typical elastically calculated stresses (700-1400 MPa) initial
giress intensities are well above the threshold; and 2) only a small fraction of
the cyclic lif e remains once k reaches the vicinity of the cyclic toughness.
However, for the 1S5-minute hold time tests conducted here, the thresheld regions
have an important impact. For this case, because of the test level dependency
of the cyclic crack growth data, the extromely steep slope, and the relatively
high k* value, and subtle stress (stress intensity) changes in the region of the
threshold have substantial influence on life prediction. The effect of the
test stress level dependency 1s illustrated by the N, results in the rib regiom,
Table XV, where Inconel 718 has infinite life capabiiity predicted at high test
datu stresses while at lower test data stresses the life ts 168 cycles. This is
the results of the rim region stress intensity threshold for crack growth going
from 35 to 19 MPa m (Appondix E) with test stress level.  Similar effects are
seen in crack growth predictions of Rene'95. This type of phenomenon will de-
mand a more precise definition of k* for accurate life assessment. Since life
prediction is very dependent on these limits, particularly the threshhold stress
intensity, any conclusion from this work must be highly qualified until a wmore
precise definition of a normalizing stress intensity is deoveloped. It is un-
likely that a quantitative understanding of the stress dependency will be avail-
able in the near term. In any case, it should be remembered that CCG predic-
tions in the very short and very long life regimes are not preciss and this
situation 1is further complicated by stress level dependency of the crack growth
data. The impact of these extreme k values on crack growth is very obvious in
Figures 63 through 63§.

For geeralized comparisons of the cyclic crack growth behavior and



CCG analyses at 880°C, it is suggested that the crack growth behavior at the
maximum tost atross data Le usod as the remote strese fields in turbine disks
are usually higher than those used to genorate the data., Further, it is sug=
gosted that test data which wore gonerated whore gross croep doformation was
exporionced (Inconel 718 at GSO°F) not be used for disk CCG iife prodictions
since sweh conditiona are outside of good disk design practice. When signifi-
cant gross croep is oncountorxod, inadequate deformation and burst margina would
oxist. Accordingly, Inconel 718 is unsuited for application in this advanced
diak dosign and Inconel 718 would not meet the LCF and COG lives prediocted in
actual hardware. Thereforo, both forme of Rene'95 have even a greater life
advantage than indicated in Table XVI, Furthermore, it should be recognimed
that for engine operation, cowmplex wmission cycles interaction may alleviate

the apparent beneficial effect obwerved for the hold time arack growth data,
gince intormediate continvous cyeling may resharpon the blunted cracks and thus
result in continuved rapid growth. For these reoasuons, the interprotation of the
CCG life predictions should not be takon as representative of actual cowmponont
lives but rather a2z a relative comparison only.
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7.0 CONCLUS IONS

1, The comparison of materials for turbine disk application is very
dependent on the specific service conditions and locations on the component.
For the advanced turbine disk selected for study in this program, Rene'95, in
both the HIP and Forged and the As-HIP condition, had essentially equal cyclic
l1ife capability and both were superior to Inconel 718. At the life limiting
location where the tomperature was 566°C, the superiority was noted both in
the cycles to crack initiation and to crack propagation.

2. Since slow cyclic crack growth bohavior of all three materials
with hold times was shown to be dependent on the remote test stress, the sin-
gularity of the stress intonsity value to normalize the data was not valid,
Accordingly, any conclusions from the cyclic crack growth predictions using
linear elastic fracture mechanics must be highly qualified until a more precise
definition of normalizing stress intensity is developed.

3. At the isothermal 650°C,temperuture of this program's tests the
comparison of the alloys by proparties were:

a. In gemeral, H&F Rene'95 was superior in continuously cycled
ICF, followed by As-HIP Rene'95 and then Inconel 718, For
short lifetimes, (less than 1000 cycles), Inconel 718 was
superior in strain cycled ICF,

b. Under 15 minutes tension hold time conditions, both forms
of Remne'95 have virtually the same ICF behavier while In-
conel 718 was significantly inferior. Hold time reduced
Inconel 718 LCF capacity to the highest degree, As-HIP Rene 95
to a lesser dogree and had only minor effects on H&F Rene'95.

¢. Incontinuous cycling crack growth tests, both forms of Rene ‘95
had equivalent crack growth behavior and both were inferior
to Inconel 718 in this respect.

d. Crack growth under hold time conditions of these materials
demonstrated a test stress level dependence, an enhancod
threshold for crack growth, and a highly accelerated crack
growth behavior once the threshold was excecded. With this
stress dependency comparisons between alloys is of doubtful
meaning. However, in general, Inconel 718 appeared to have
the highest crack growth resistance, followed closely by As-
HIP Rene'95 and then H&F Rone'95. But, as Inconel 718 does
not possess sufficient tensile and creep strength for the disk
design considered, this apparent advantage of Iriconel 718 in
CCG life may be of academic interest only.

4. The Ostegren Hysteresis Loop Energy approach was reasonably

accurate in correlating the continuously cycled and hold time
low cycle fatigue crack initiation results.
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8. Small inclumions and pores were frequently the initiation sites for
crack initiation in the powder metallurgy Rene'08. Scatter in the
1ICF results indicated some correlation with the location and size
of these anomalies.
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8,0 Appendixes

APPENDIX A

PLOTS OF LOAD VS, CYCLES FOR STRAIN CONTROLLED
ICF TESTS
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INCONEL 718

A) Continuous Cycling - 0,33 Hz (20 cpmn) Tosts

Spec, Ae t N

4 . 6567 138165

1 « 735 32516

8 . 706 231928

9 858 5437

79 1,329 1037

2 « 885 4556

1,039 2530

7 .673 166759

< Run Out - test discobtinued,
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INCONEL 718

B] 15 Minute Hold Time at Maximum Tensile Strain Tests

Spec Aet N
ID Cycfes
1,329 128
8 1,342 le62
10 0,77 2838
78 0,77 7653
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HIP AND FORGED RENE'95

A] Continuous Cycling - 0.33 Hz (20 cpm) Tests

Specimen ID 8¢ N, Cycles
117 1.210 1,232
Il-16 1,068 4,454
I11-2 0.962 9,292
II-¢ 1.010 10,680
0 0.986 14,827
II-8 0.9520 16,963
II-14 0.821 96,205

140



OF POOR QUALITY

ORIGINAL PAGE IS

mac._ X suojmeN - aSuey peorq

[
TaY

s7ki

Cycles x 1072

SPECIMEN II-7

141



142

62

[ T [ETR R
i ¥
. I
o
I
LYY IR TY RN PETES B

.
TR N ) .
:
. +
£ S - waerf [ -
! :
! i
!
, JUES SIS S
t

RS RN S DNN RN SIS SN S
i

TP NS SN SN

DR 3% I SRS P TN S
IR T
et g oo
R ﬂmw.~;. ¥ Y EA S S
A» SRl & T OO PO SORE P ey
e U S

e g
TS BN

Q N Q [3ng ©
0 n

0T X suojaeN ~ oduvy pvoq

61
601
5
5

€

3.0

Cycles X 103

SPECIMEN II-16



-3

cles x 10

Cy
SPECIMEN 1I-2

Jise ey
i

14§ 34444 IREN G0 AERBIRNNARS

EpERRRERIENIN T T

3
t
)
T

00 ~ © n < ) ~
5 5 .J 5 5 \ n

g-0T X suojmaN - d8uey peoq
143



144

60

verofaore

oo vy e

v}.wl..
I

4 rupuay
3
Il

0N W M~
iy Y 3l

01 X suoanon - ofuwy prot

t

]

11

10

6

5

<t

Cycles x 10.3

SPECIMEN 11-6



ORIGINAL PAGE IS
: OF POOR QUALITY

[Ta]
Qﬁw 1In L1 @ 111 L 1
! it 3
;L;,x 14 i | - U
R L i RS CATRERRRRA RESRRE
il “ N
Him m =
it A Wt
LRI . : . ! i1
.{ 4 1 ; : ~
% 1 i RIHE IR iy
1 i | 1 ! =
1h n it ik ~
SHME il m.& J ,.M : bR
AR ik '} o
i 1 : ! .ﬂ : b o
i | LT i wn i /
(il At i 2
ittt N ® w
.:MF.LA, 1. ] . ~ ~ SRAEARNI 1 L.UA 0 ]
; i Ll ~
, Tht i 5
n w | ' j% - HF m
sk 88 V]
;y 4 44 { f i m
. 3 1. 4 . _ _ 4xT J413 T . .4 4 [7>)
: H! n
i 14 ] $4 144 _‘ 1
| -
{14
31! 4 ]
4 | “
1 { . : o~
{1 11 b MJ i HH
T ; 1 !
e -
by -4 h 01r 1 ,, ! L.A = 4 L1
L o
N [>.} ™~ O
" A A 3 n P A R e 3 < < q

¢ 01 ¥ suojmaN . a8uey pwvoq

145



o

I ! '
fibi) i
1 : fig
et
i m_ T | 1
1 [N b
o A
o . A v.
Lt S L
4_. ”
,‘w. b L
SHTHIELE ]
ST i | i )
DL
WQ i .M i ]
Nm; +
i
..ﬁ..

P SRR S

RIS SHPT SN

s

54

146

51

[\
~

22}
~r

47

X SuojmaN - o8uey proq

15 16 17

14

S 10 11 12
=3

8
Cycles x 10

SPECIMEN II-8




-3

Cycles z 10
SPECIMEN 1I-14

01 X Suoimdp - oSuwy pworn

147



148

HIP AND FORGED RENE '95

B] 15 Minute Hold Time at Maximum Tensile Strain Tests

Spec,
ID

NII-9
NII-10
NII-11
NII-12
NII-1

1,276
1,275
1,007
1,023
0.957

N
Cycfes

446
543
701
3547
5163
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AS-HIP RENE'95

al Continuous Cycling ~ 0,33 Hz (20 cpm) Tests

Specimen Ast , N
ID C!cfes
8-1 1,258 967
7-3 1,004 3073
6-2 0,882 6200
6-1 0,830 30277
9~-3 0,898 31356
6-3 0,793 74986
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AS-HIP RENE'95

B] 15 Minute Hold Time at Maximum Tensile Strain Tests

Specimen I,D, 4, N, Cycles
9-1 1,288 615
8-2 1,274 798
9-2 0.896 6,200
5-2 0,911 10,000 - R.0,*

R.0. = Run Out
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CYCLIC CRACK GROWTH RATE (CCGR) TEST
DATA FOR THE 3 ALLOYS
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Table B-1. Cyclic Crack Growth Rate (CCGR) for Incomel 718 Alloy 1 as a Function of Depth
Measurement (A,/Ay), 650° C (1200° F), Ay = 0.95, 0.33 Hz {20 cpm).

Initial A A
Specimen Stress Stress Crack Aa/ An K 1% K %
Number MPa (ksi) mm  m/Cycle (in/Cycle) MPa (m) ksi (in)
3 620.5  (©@0) 1.5 8.89 X10__  (3.50 X 10_) 22.3 20.3
: x0.6 3.66 X 107 (1.4k X 10_7) 29.5 26.9
6.91 X 10 (2.72 X 10 ) 36.5 33.2
1.35 X 10 ° (5.33 X 10 ") 43.4 39.5
2.08 X 10> (8.21 X 10"2) 48.5 hi,1
2.67 X 0. (1.05 X 10 ) 53.8 49.0
3.22 X 10 (1.27 X 10 7) 60.4 55.0
A 482.6 (70) 1.5 9,14 X 10 °  (3.60 X 10°°) 23.7 21.6
x0.6 3.94 X 107 (1.55 X 10 >) 30.0 27.3
1.36 X 1072 (5.37 X 10_7) 38.8 35.3
1.92 X 1o==,s (7.56 X 1034) 42,2 za.&
2.56 X 10 (1.01 X 10 ) L7.4 3.1
9 482.6 (70) 1.5 4,34 X 10“3 (1.71 X 10°°) 16.8 15.3
x0.5 1.39 X 10_.  (5.49 X 10_) 21.5 19.6
2.77 X 10_,  (1.09 X 10_) 27.4 24.9
5,49 X 10 (2.16 X 10 ) 31.8 28.9
8.28 X 0. (3.26 X 10_:) 35.8 32.6
1.25 X 10 (4.92 X 10 °) 41.0 37.3
1.66 X 10 ©  (6.54 X 10 ) 47.9 43.6
2.56 X 10°°  (1.01 X 10 %) 57.5 52.3
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Cyclic Crack Growth Rate (CCGR) for Inconel 718 Alloy 1 as a Function of Depth

Measurement (A,/4y), 649° C (1200° F), Ay = 0.95, 0.33 Hz (20 cpm) . (Concluded).

Initial

Specimen Stress Stress Crack
Number MPa (ksi) mm
2 482.6  (70) 1.5
’ x0,.7

[l s

B B b e s QO Y

o L) L] ® [ ] L ) ® ®
O FEO NN RO = O

DW=l RWwd awm

P4DG P D4 6 D4 B e b ¢

Aa /8N

m/Cycle

108

(1.15 x i0™°

(in/Cycle)

(1.20 X 10°°)
(1.64 X 10°°)
(2.36 X 10 %)
(3.20 X 10 %)
(3.99 X 10°)
(L.99 ¥ 10°°)
(6.45 x 1022)
(7.75 X 10@8)
(9.58 X 10 )

)

A
K

MPa (m)"

16.3
16.4
17.6
18.7
19.9
21.1
22.5
23.3
24.1
25.4

A
K

ksi (in)®

(14.8)
(16.0)
(17.0)
(18.1)
(19.2)
(20.5)
(21.2)
(2:.9)
(23.1)

0 J0ud gy
d TVNIoIyo

n
A/

ALI'TY
81 @9
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Specimen

Number

I-2

Table

MPa /m

20,68
22,01
23,59
25,09
26,44
27.66
29,20

30.61
33.48
34.74
36.26
37.94
40,15
42.35
45,08
51.41

35.49
35.79
36,30
37.10
38,74
40.60
42,42
14,28
46.13
48,06

for Inconel 718 Alloy 1 Data Generated at 650° C

ksi /in

(18.83)
(20,05)
(21.48)
(22.85)
(24.08)
(25.20)
(26.68)

(27.88)
(30.49)
(31.69)
(33.02)
(34.55)
(36.57)
(38.57)
(41.06)
(46.83)

(32,.30)
(32,57)
(33.23)
(33.76)
(35.25)
(36,95)
(38.60)
(40.30)
(41.98)
(43.74)

B-2. Cyclic Crack Growth Rate (CCGR)
(1200° F), with a 15-Minute Hold Time at Maximur Tensile Stress Using Ag; = 0.95.
Initial
Stress Stress Crack da/dn
MPa (ksi) mm m/Cycle (in/Cycle)
482.6 (70) 1.8 4,68 X10° (1.84X 10°%)
x 0.5 3.81 X 10_7  (1.50 X 10_°)
6.83 X 10_  (2.69 X 10_°)
8.23 X 107 (3,24 X 10_°)
8.50 X 10 ' (3.35 X 10 %)
8.91 X 10 '  (3.51 X 10°5)
9.50 X 1007  (3.74 X 10™%)
1.55 X 10° (6,09 X 10_°)
2,90 X 10°  (1.14 X 10°%)
3,81 X 10>  (1.50 x 10 %)
4,90 X 10 °  (1.93 X 10°%)
6.71 X 10°  (2.64 X 10 %)
8,71 X 10 °  (3.43 X 10°%)
1.48 X 10°°  (5.81 X 107%)
4.57 X 10_°  (1.80 X 107%)
7.80 X 10 °  (3.07 X 10°%)
5516 (80) 4.9 8.89 X 1u° (3.50 X 10°%)
x 2.4 1.52 X 10 °  (6.00 X 10°°)
3.68 X 10/ (1.45 X 10°°)
5.97 X 10_° (2,35 X 10_°)
1.82X10° (7.15 X 10°%)
2,41 X 10> (9,49 X 10_°)
3.96 X 16> (1.56 X 10 %)
5.94 X 10°  (2.34 X 10_%)
9.91 X 10° (3,90 X 10 %)
2,15 X 10 °  (3.47 X 105}
3.15X 10 (1,22 X 10°%)

50.24

(45,72)
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Table B-2.

Specimen
Number

I-3

Cyclic Crack Growth Rate

(CCGR) for Inconel 178 Alloy 1 Data Generated at 650° C

(1200° F), with a 15-Minute Hol
(Concluded).
Initial
Stress Stress Crack da/dn
MPa (ksi) mm m/Cycle
517 (75) 2.8 4.68 X 10 ©
x2.0 2.24 X 10_
3.30 x 10_
4.09 X 10_°
4.80 x 10_
5.26 X 10__
5.87 X 10_.
6.15 X 10

(in/Cycle)

(1.83 X 10 °)
(8.83 X 10 °)
(1.30 X 10°°)
(1.61 X 10 °)
(1.89 X 10_%)
(2.07 X 10_)
(2.31 X 10_°)
(2.42 X 10 °)

x>

MPa//m

22.67
22.91
23.17
23.48
24,07
24,86
25,56
25,56

d Time at Maximum Tensile Stress Using A; = 0.95

ksi /in

(20.63)
(23.85)
(21.08)
(21.37)
(21.90)
(22,62)
(23.26)
(23.26)
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Table B-3.

Specimen

Number

5B

Cyclic Crack Growth Rate (CCGR) for HIF + For
(1.200° F) and 0.33 Hz (20 cpm) Using hy =

lnitial
Stress Stress Crack
MPa (ksi) mm
4 60 1.5
14 (60) g
414 (60) 1.5
x0.7
448 (€5) 1.5
x0.6

0.95.
da/AN

m/Cycle fin/Cycle)
1.3X 1007 (5 X 10°)
2.5X 1077 (1X1077)
5.1 %10 7 (2X10°)
7.9 X 10 (3.1 X 10 °)
1.2X10° (4,6 X 10 )
2,0 X 10° (7.8 X 10 >)
2,5X10° (9,7 X 10 °)
5,3X10° (2,1 X10°%)
7.6 X 10° (3 X 10°%)
8.6 X 10> (3.4 X 102)
1.9X10 ' (7,5 X 10 °)
2,54 X 10 (1X10°)
3.05 X 1077 (1.2 X 10_°)
3.3X 107 (1.3 X 10_°)
3.6 X 107 (1,4 X 10°)
4,1 X 10 (1,6 X 10 )
1.5 X 107 (5.8 X 10 °)
2.2 X 107 (8.7 X 10 °)
3.1X10 ' (1.2X10°)
3.6 X10_' (1.4 X 10_°)
4.6 X 107 (1.8 X 10_9)
5.8 X 10 (2,3 X 10 °)
9.4 X 10 ° (3.7 X 10>)
1.3X10° (5.1 X 10 )
2,5X10%° (9.8 X 1075)

-

MPs /m

17.8
21.3
25,6
28,9
34,6
43,5
46.8

14.9
16.2
17.3
19.3
21.1
22.8
24,7
26.5
28,4

19.1
21.1
23.1
24,6
27,5
31i.4
35.1
40,0
46,0

ged René 95 Data Generated at 650° C

e

ksi Do

(19.4)
(23.3)
(31.5)
(39.6)
(42.6)

(13.58)
(14.70)
(15.75)
(17.59)
(19.21)
£20,79)
(22,51)
(24,12)
(25.84)

(17.37)
(19.21)
(21,02)
(22.41)
(25.02)
(28,53)
(31.97)
(36.30)
(41.86)
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Table B-3.

Specimen

Number

7B

Cyclic Crack Growth Rate (C
(1200° 7) anu .33 Hz (20 cpm) Using Ag =

Stress
MPa

Stress
(ksi)

Initial
Crack

mm

CGR) for HIP + Forged Rene 95 =

Ba/BN

m/Cycle

552

(80)

X

1
0.

3
6

« o o o * s * @
H O WL WM W=N
D¢ D De D DE D p¢ P

CO L B b k=t 0 OV DN
.

(in/Cycle)

(7.0 X 10 °)
(9.0 X 10 °)
(2.1 X 10 °)
(2.1 X 10 °)
(3.2 X 10 °)
(5.2 X 10 °)
(7.1 X 10 °)
(9.8 X 10_°)
(1.2 X 10 *
(1.4 X 10 %)

:+- Cz=e-ated at 650° C
0.95 (Concluded).
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Table B-4. Cyclic Crack Growth Rate (CCGR) for HIP + Forged René 95 Data Generated at 650° C
(1200° F), with a i5-Minute Hold Time in Maximum Tensile Stress Using Ay = 0.95.

Initial

A
Specimen Stress Stress Crack da/dn K
Number MPa (ksi) mm m/Cycles (in/Cycle) MPa /m ksi /in
11-1 448,2 (65) 2.16 2,67 X 10°  (1.50 X 10_%) 18,53 (16.86)
x1.24 1.61 X 10 °  (6.35 X 10 %) 19,54 (17,78)
2,69 X 10> (1.06 X 10 °) 20,85 (18.97)
3.56 X 10 °  (1.40 X 10 %) 22,04 (20.06)
4,57 X10° (1.80 X 10 °) 24,35 (22.16)
6,35 X 10 °  (2.50 X 10 °) 29,09 (26.47)
1I-3 448 .2 (65) 2.57 7.37X10° (2.9 X 10 %) 19.59 (17.83)
x1.27 1.42 X 10 ° (5.6 X 10 %) 22,13 (20.14)
2,11 X 10> (8.3 X 10 %) 24.26 (22,08)
3.06 X 10_° (1.2 X 10_°) 25,77 (23,45)
3,81 X 10 ° (1.5 X 10 °) 27.34 (24.88)
4,98 X 10°  (1.96 X 10 °) 29,15 (26,53)
6,10 X 10 - (2.4 X 10 °) 30,95 (28.17)
7.11 X 10 ° (2.8 X 10_°) 32.87 (29.91)
8.64 X 100 (3.4 X 10°%) 34,05 (30.99)
1.17X 10°* (4.6 X 10°°) 35,72 (32.51)



€Ll

Table B-4.
{Concluded).
Initial
Specimen Stvess Stress Crack da/dn
Number MPa (ksi) mm m/Cycles
II-2 55.6 (80) 3.23 1.69 X 10 ©
%1,52 2,62 X 10 >
4,52 X 10 °
5,79 X 19 °
8,19 X 10 °
1,25 X 10 ¢
1,70 ¥ 10
1I-4 551,6 (80) 2.16 7.16 X 10 ©
x0.91 2.28 X 107
2,44 X 10_’
3.51 X 10 7
‘11-4 620.5 (20) 2.72 1,14 X 10°®
x1.24 3.63X10°
7.37 X 10 °
1.95 X 19 °
9.40 X 10 °

'Step Loaded

from 20 tc 90 ksi.

(in/Cycle)
(6.67 ¥ 10 ¢
(1.03 X 10 °)
(1.78 X 10 %)
(2.28 X 10 °)
(3.22 X 10 3)
(4.91 X 10 °)
(6.71 X 10 %)
(2.82 X 10 ®)
(8,97 X 10 %)
(9.61 X 10 °°)
(1.38 X 10 %)
(4.50 X 10 ®)
(1.43 X 10_%)
(2.90 X 10_*)
(7.28 X 10 %)
(3.70 X 10 °)

R

MPa /m

29,96
29,60
36.25
40.67
44,86
46,87
49.86

22,22
22,81
23,45
23,94

28,34
29,34
31.24
33.52
49,22

Cyclic Crack Growth Rate (CCGR) for HIP + Forged RenZ 95 Data Generated at 650° C
(1200° F), with a 15-Minute Hold Time in Maximum Tensile Stress Using Ag = 0.95

ksi /in

(24,53)
(26,94)
(32,99)
(37,01)
(40,82)
(42.65)
(45.37)

720,22)
(20,76)
(21.34)
(21,79)

(25.79)
(26,70)
(28,.43)
(30.50)
(44,79)
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Table B-5. Cyclic Crack Growth Rate (CCGR) for As~HIP René 95 Data Generated at 650° C (1200° F)
and 0.33 Hz (20 cpm) Using Ay = 0.95.

Initial é

Specimen Temp Stress Stress Crack da /8N % %
Number :g (°F) MPa {ksi) @m m/Cycle (in/Cycl- MPa (m) (ksi (in)™)

10-2 650 1200 620.5 (90) 1.5 1,63 x 10°: (6.42 X 107) 22.3 (20.3)

x0,6  3-28 X 10 (1.29 x 10°°) 32.1 (29.2)

1.88 X 10°°  (7.39 x 10°%) 38.9 (35.4)

2.87 X 10°°  (1.13 x 10°%) 43,3 (39.4)

3.76 X 1077 (1.48 X 10°%) 46.9 (42.7)

4.83 X 1o;: (1.90 X 109:) 50.9 (46.3)

5.79 X 10 (2.28 x 107%) 58.0 (52.8)

limly 650 1200 457.8 (66.4) 1.5  1.38 x 10"  (5.42 X 107%) 16.4 (14.9)

%0.5 1.82 X 10:: (7.17 X 1022) 18.8 (17.1)

3.56 X 10 (1.0 X 10 ) 21.9 (19.9)

b4k X 1077 (1,75 X 10::) 26.8 (24.4)

5.84 X 10__ (2.30 X loas) 32.3 {29.4)

1.13 X 1o=; (k.52 X 10,4) 38.2 zzk.g)

2.77 X 10 (1.09 x 10°%) 45.9 41.8)

12-1 650 1200 436.4 (63.3) 1.5 7,19 x 1o°i (2.83 x 107%) 14 (12.7)

¥0.5  1.61 x 107 (6.33 X 1077) 17.5 (15.9)

2.43 X 1067 (9.50 X lo_s) 21.5 (19.6)

hoh2 X 10 (.72 x 1095) 26.1 (23.7)

7.44 X 10 . (2.93 x 10_) 29%.1 (26.5)

8.94 x 10 (3.52 x 10 ") 32.2 (29.3)

1.44 X 10°°  (5.67 x 10°%) 35.5 (32.3)

1.67 X 10°  (6.56 X i0°%) 39.8 (36.2)

3.00 X 10°  (1.18 X 107%) 43.9 (40.0)

6.38 X 107°  (2.51 x 107%) 50.4 (45.8)



Table B-5. Cyclic Crack Growth Rate (CCGR) for As~HIP RenZ 35 D
! & ata Generated at 650° C 00°
and 0.33 Hz (20cpm) Using A; = 0.95 (Concluded). (12007 £

Temp Initial A
Specimen o o Stress Crack A /BN ) % K R
Number c F MPa  (ksi) mn m/Cycle (in/Cycle) MPa (m) (ksi (in)
2-3 650 1200 552 (80) L8 27x 10";' (1.06 X 10':) 23.8 21.7
4.2 X 107 (1.65 X 10 ) 26.3 23.9
5.5 X 107 (2.15 x 10°%) 28.5 25.9
7.06 X 107 (2.78 X 10°%) 30.3 27.6
8.2 X 1077 (3.21 X 10°"%) 32.2 29.3
9.9 X 1077 (3.92 X 10™°) 34.2 3.1
1.13 X 10 (4.45 X 10°°) 35.8 32.6
1.32 X 10  (5.21 x 10°%) 38.2 34.8
1.8 x 10°°  (7.28 x 10°%) 45.9 41.8
3.6 X 10°  (1.42 x 10°%) 54.6 49.7
1.7 X10°  (5.82 X 107%) 62.2 56.6
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Table B-6. Cyclic Crack Growth Rate (CCGR) for As-HIP René 95 Data Generated at 650° C (1200° F),
with a 15-Minute Hold Time at Maximum Tensile Stress Using Ag = 0.95.

Initial

Specimen Stress Stress Crack da/dn ﬁ
Number MPa (ksi) mm m/Cycle ip/Cycle MPa /m ksi /in
10-3 413,6  (60) 5,00 5,08 X 10 °© 2,00 X 10 = 25,53 23,23
%x2.03 8.89 X 10 °© 3.50 X 10 * 26.64 24,25
1,33 X 10 ° 5.25 X 10 * 28,13 25,60
2.26 X 10 ° 8.90 X 10 % 30.40 27.66
4,06 X 10 ° 1.60 X 10 ° 34,23 31,15
4-2 620.5 (90) 1.63 8.76 X 10 ° 3.45 X 107 21.14 19,24
¥0.53 3,07 X 10 ° 1.21 X 10 © 21,37 19.45
2.67 X 10 1.05 X 10 ° 23.20 21.11
3.42 x 10 1.34X 10 > 24,21 22,03
6.41 X 10/ 2.52 X 10 ° 25,91 23,58
8.65 X 10 7 3.41 X 10 ® 26.56 24,17
1.40X 10 ° 5.52 X 10 ° 27.42 24,55
2,61 X 10 °© 1.03 X 10 * 28,49 25,93
4,92 X 10 °© 1,94 X 10 2 30,01 27,31
7.01 X 10 ° 2.76 X 10 * 31.70 28.85
2.26 X 10 > 8.92 X 10 ¢ 32,59 29,66
2,70 X 10_° 1.06 X 10_° 35.46 32,27
3.57 X 10 ° 1.40 X 10 ° 38,21 34,77
6.03 X 10 ° 2,83 X 10 ° 39,38 35,84
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Table B-6. Cyclic Crack Growth Rate (CCGR) ior As-HIP René 95 Data Generated at 650° C (1200° F),
with a 15-Minute Hoid Time at Mazimum Tensile Stress Using Ag = 0.95 (Concluded).

Initial

Specimen Stress Stress Crack da/dn ‘3’
Number MPa (ksi) mm m/Cycle in/Cycle MPa /m ksi Jin
12-3 551.6 (80) 2.03 2,03 X 10 8.10 ©  _ 21,36 19,44
x0.8 2.69 X 10 ° 1,06 X 10 ° 23,58 21,46
4,11 X 10 ¢ 1.62 X 10 ° 25,03 22,78
6.60 X 10~ 2.60 X 10 ° 26,58 24,19
9.47 X 10 | 3,73 X 10 ° 28,44 25,88
1,47 X 10 ° 5.79 X 10 ° 30.57 27.82
3,61 X 10° 1.42 X 10 * 32,65 29,71
4,06 X 10 ° 1.60 X 10 ¢ 34.68 31,56
1,18 X 10 S 4,66 X 10 ¢ 38,74 35.25
5.08 X 10 ° 2,0X 10 ° 42,90 39,04



APPENDIX C

CYCLIC CRACK GROWTH RATE CURVE - CURVE F1TTING PARAMETERS

Cumparisons of data on IN718 and Rene'95 lave been made using the six parameter
formulation, described in Appendix C, The six parameter sigmoidal expression
seems especially useful for thigﬁstudy since the inclusion of the asymptotic
values of K, K* (threshold) and K, (critical stress irtensity) may prove useful
in assessing relative material capability, The K* and %’ values may be more
clearly related to metallurgical parameters than intermeaiate values of K, and
the six parameter formulatign permits development of empirically fit curves
based on changes in K* and c only,

The general influence on the da/dn curve shape of each constant is depicted
schematically in Figure C-1, Recall:

da_ +® @R0P .1 RAN m &AD - D
dn

or:

A A
In (da/dn) = B +P (1nk - k% + @ [1n (nK - lnﬁ*)] + D[ln(anc - lnﬁ)]

or:
Y=B+P (x-x;) +Q ¢ 1In (x-xo) +D - 1n(x1 -X)
where
Y = da/dN
A
X = 1InkK
N
Xo = lnK*
X1 = lﬁﬁc

A standard CCGR curve is shown in Figure C-1A, 1In Figure C-1B contributions of
the D and Q terms are shown to influence primarily the curvature of the upper

and lower ends of the curve allowing for extreme 'non-symmetric' cases. Figure
C-1C shows that B and P generally permit translation of the inflection point

with B in particular contributing a purely upward or downward shift. Hence,
while allowing extensive curve fitting flexibility the constants have fundamental
relations to the overall curve shape changes that should prove useful in relating
their variability to microstructure/metallurgical variability,

A summary of the curve fitting constants obtained for the data in this contract
is given in Table C-1, A comparison between actual data and the computer fit
curve are provided as Figures 45 through 50 of the main body of this report,
The sigmoidal equation is:
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da/BN = eB
fn -
AN -
K* -
Ki -
B,P,Q,D

Crack depth increment
Cyclic life increment
Threshold stress intensity factor
Toughness stress intemnsity factor

- Constants
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Table C-1.

Test Hold
Stress Time
Alloy ksi min
650°C
Inconel 718 + 0
" 70 15
" 75 15
" 80 15
H+F Rene' 95 * 0
" 65 15
" 80 15
" 920 15
As HIP Rene' 95 * 0
" €9 15
" 80 15
" 90 15
538°C
Inconel 718 * 4]
" * 22
As HIP Rene' 95 * 0

* Not Stress Dependent

Sigmoidal Crack CGrowth

x

Curve Constants.

K K
ksi/in ksi/in B P

10 °g -11.732 0.896
17 55 -7.779 -2.828
20 55 -8.089 -3.397
32 50 -11.214 -27.812
10 65 -10.185 -0.725
13.5 a5 -0.127 -9.325
19.2 60 -0.013 -12.428
24.3 60 -1.075 -13.322
10 65 -8.856 -1.817
20 60 -0.525 -16.847
19 60 -€.595 -11.547
19 65 -9.868 " 5.355
12 100 -13.04 1.996
12 92 -12.63 3.28

6.5 66 -14.549 1.886

1.569
1.918
1.212
1.613
1.614
4.386
4.137
3.206
2.354
3.145
1.548
1.016

0.505
0.771
1.898

-1.051
=2.829
=3.003
=7.522
-1.727
-3.169
=5.516
=4.173
=1.835
-8.740
-10.883
-1.906

=0.356
-0.180
-0.243

1OV "'TVYNIDIHO
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APPENDIX D

STRESS RATIO EFFECTS IN FATIGUE CRACK PROPAGATION & FATIGUE LIFE PREDICTION

A,l Fatigue Crack Propagation

A nomalized stress intensity factor was used to account for non-
unity stress ratios. An equivalent stress intensity was defined based on
the Walker (14) relation:

= _py
K= Kﬁax (1-R)

WHERE K = equivalent stress intensity factor
Kﬁax = maximum stress intensity factor

R - stress ratio
n = material dependent constant
and tiic W= O da/dn curve was entered at K to obtain life estimates,

For this study n was taken as .55 for IN718 and .25 for Rene'95 based
on previous work within the General Electric Company,

A2 Low Cycle Fatigue

Since the program data were generated for R = -1 and the simplified
cycle requires R = 0 and 0,63 data, additional calculation wes required to
obtain predictions., Figure 0-1 is a schematic illustrating the procedure
used. The figure is a plot of alternating versus mean pseudo-stress and shows
the influence of stress-ratio on cycles to failure. Strain cycled data for
IN718 and cast and wrought Rene'95 at 650C were used to obtain the behavior
between R = =1 and R = O, A postulated trend is used to predict this
behavior for R>0, The ratio between the R = O and R = -1 stresses for a given
list, from this figure is assumed to apply for the alloys in this program,
Further this behavior is assumed to similarly apply to continuous and hold time
LCF results (the two nickel base alloys have similar behavior except that the
IN718 shows a stress-ratio effect for lower lives, This adds at least some
qualitative support to the above assumptions, Figure 0-2 shows IN718 data and
the constructed R = O curves for continous cycling and 15 minute hold time
{since the data are in terms of total strain ranges, the pseudo-stress rangeg
for the disk are divided by the 650°C design modulus of elastici&y 23.5 x 10
psi, to obtain the total strain ranges). A modulus of 26,1 x 10  psi was used
for Rene '95 As~HIF and HIP + Forged.
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APPENDIX E

CRACK GROWTH - RESIDUAL LIFE ANALYSIS METHODS

Residual cyclic lifetimes in the presence of small surface macrocracks can be
calculated accurately if the appropriate crack growth rate curves are used and
the functioned relationship between crack size, stress intensity factor and
operative stress are accurately known. The method employed is schematically
shown in Figure E-1 where the cyclic crack growth rate curve (da/dN as a
function of K) is converted to a cycle density curve (dN/da as a function of
crack length) by the relationship K = Co (a) 1/2,

The area "A" under the cyclic density curve equals the residual cyclic life
and is the number of stress cycles required to increase the crack length from
6, to ag. The basis of this calculation is the crack growth rate curve which
can be mathematically described for computational convenience by the following
expression:

a/ N = & [x/lcm]Q * [in (k/K*JQ ‘ 1ln (Kc/K) D

where:
a/ N = the crack growth rate, in./cycle

K* = the threshold stress, intensity factor, ksi (in.) 1/2

Kc = the cyclic toughness, ksi (in.) 1/2

1
K = the stress intensity factor range, (ksi (in.) /2

and B, P, Q. and D are shape constants.

The six parameters are evaluated by fitting the equation to a given set of
data by regression analyses. The above equation was developed to provide
flexibility in fitting asymmetric curves and improved efficiency in life
prediction studies. The influence of the various constants is described in
Appendix C.

The life calculation method described above is the basis of the General Electric
Company ‘s "SET-CRACK" computer program, the output of which (Figure E-2a) lists
cycle intervals, crack lengtli and depth and corresponding stress intensity ranges
K and X , at the respective locations. With these outputs, crack propagation
méasurements and residual life observations may be compared to actual test data.
A typical comparison is shown in Figure E-2b for As~HIP Rene'95 where an initial
crack size was 56 mils. The excellent agreement obtained encourages evaluation
of cyclic crack behavior with this analytic tool.



LOG Aa/AN

AREA =f (4N/ps) da = Np

Figure E~1. Residual Cyclic Lire Calculation Method.
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Surface Flawed Tensile Bar

Stress intensity factors for the surface flawed tensile bar were analyzod by
Popp, et gl (11) using formulntions based on the part-threugh crack equation

of Irwin ‘15) after suitable modification to account for the goomotric fontures
of the specimoa, The basgsic cquation used was:

m:0
K = 0 Py o(Fl) L] (Fz) . (Fg) » (F4)
where:
K = stress intensity factor either at the maximum depth, location a,

r on the frec surface, location ¢

a

|

o, + 0.7 (do/dx) a; fovr calculating K at n

c

o, + 0.15 (do/dx) a (a/c); for calculating K at c¢

as = uhverturbed stress on the cracked surface
(do/dx) = stress gradient normal to the cracked surface)

X nomal to the cracked surfaco

a = crack depth (minor elliptical radius)

]

2c = total surface crack length

o

1

elliptical integral of the second king

F

L}

goome try correction factor

To modify Irwin's approximation for the free surface along the c-axis as a
function of position around the elliptical crack front:

1,1 - 0,7 (a/c), for K at location a,

Fy

1.1 + 0,12 (a/¢), for K at location c

To account for loss in load-bearing area with crack extension not considered
in factor F,, below, writton for uniform tension, only:

1.0 + 0.25 (A,/A,)/(1-A/A))

2
Ac = crack area
Ag = gross section arca
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To account for small crvack tip plantic zones (note that the stress used is the
unperturbed value at the location whew K {8 to be detormined)

-0
!‘3 - (1 - (t!.l + aldo/dx) )./o”)

-0
= (1 - a“!vy.)

a" « uniaxial tenstle vield strength
T account for proximity to the back surface of location a or to the side
surfaces at location ¢
2.5

F, = 1,0 « (a/D)

4 oxp ' 2.8 (a/¢) ' for K at location a,

= 1,0 ¢ (2(\,", 2,0

oxp ' 2.8 (¢/a) ' for K at location ¢
B o« apecimen thickness
w o« Epecimen width
The loss of area correction factor, t‘z.urmlnully was given for both tenstion

and bending stresses but was programmed for digital computer use for tension
only, which s sutted to the work described in this contract,

L&Y
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APPENDIX F
METHOD FOR OBTAINING LOCALIZED STRESS DISTRIBUTIONS

There are nimerous situations during life annlyses wherein the stross at a
stress concentration exceeds the material yield strength (e.g., bolt holes,
fillets, dovetails)., The question arises as to how to apply fracture mechanics

in such a situation. Consider the exampie of a hole in a biaxially stressed
unifomm thicknes. plate:

The elastic stress distribution is readily obtained:

1, Elastic Solution

A possible approach is to ignore plasticity at the hold edgo, If this is
done one can employ the locnl surface gtress and gradient away from surface
to predict N“.

)



ORIGINATL. Pagp IR
OF POOR QUALIT Y
¥, Plasticity Included

Bocause of vedintribution of stvedres due to plastic deformation, how=
ever, 1t hecomex apparent that thwe elaktic soiution probably doos not
aceurately describe the true fracture mechanics situation, In principle it
wallld oot posrible to ume the approach dexeribod in 1 except that the wirvess
distribution should he given in temms of acvtual loeal st resnes,

Ay Mantiv Solution

Ideally an olantic=plagtic solution could be uged to detemine thoe
actual atress dianteibuation, ~ elaatie

<

Thiz would inclwde the compresgive streases whon unloading occurs,

residual

B, Approximate Plastic Bolutions

Since 220 cannot be aehioved without extoendive finite eloment wmodeling
LU 48 desirable to use an approvimate approach to defining the actunl stross
dinteibution

1} =g Lvurve
By uxing a 0-8 curve the sotual maxinum stress for a given proudo=strosd
ean be extimated, Assuming theve id no consteatnt provided by survounding
olastie material o, AT L constant, thisz method can provide an estinnte of
the actunl ¢ dixteiimtion,

2) Neuber Mrogram

In thoe ease of stross concentrations such as holes and Fillets, loeal
pPlagtic deformation van oeccur which i constrained by the surromuding olastic
material suel that upon unltoading o comprossive atress oxists at the stross
vatser, Additionally as the material is eyelod the eyelie stross-strain curve
tr more desesiptive of materinl bohavior honee 1 should be incorporated into
the annlysia,  The Neuber Program does this, By using the Noubee resulis at the
wutfacee and fatringg in o disteibution that connects the olastic and plastie
solutions an estinate of the actual disteidbution is possible,

The Noubor program uxes the theory of Nettboy m to ealenlate a loeal
atrora that includes the relaxation due to plartic redisteibution at stross
conventeations,  The program s desevibed in detail in Referenco
Rastically, thoe program relies on the egquation:
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where

K, = "Hookian" or elastic stross concentration factor

Kﬂ = stross concentration factor

K‘ = gtrain concentration factor
By substituting definitions and postulating a strain hardening relation:

n

O =A tp
whero:

¢ = cyclic stress

tp = plastic cyclic strain

A = gtrongth coofficiont
and:

n = ptrain hardening oxponent
expressions enn bo obtained for the local notch root stress and strain in toms
of the net soction stress and Ky, By using the cyclic stross strain curve to
doetermine A and n, us opposed to the monotonic curve, an attempt is made to
account for cyclic hardening or softening, Reference 16 ghows good correlation
with fnrtigue tost data whon fatigue life predictions are made using stresses
from this program,

It is anticipatod that this correlation carries over to the fracture mechanics
application to the same degree.
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