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of Rene 95 under creep—fatigue conditions at l2Ot~F. When compared to the
SRP approach , the Frequency Modified approach appears less cumbersome and ,
hence , more advantageous. The present study indicates , however, that the
FM approach using the frequencies calculated on the basis of the actual
cycles holds only a slight edge over that involving unmodified inelastic
strain range versus cyclic life representation. At present, the damage
approach proposed by Ostergren seems to offer more potential as it takes
Into account the aspec t of loop shift that accompanies fatigue cycling of
Rene 95.

Most of present data have been generated in the very low cycle range
which may not be f interest to the designers who are concerned about fatigue
lives representative of the conditions of actual service in an engine.
Because Rene 95 is a high strength , low ductility alloy, the inelastic strain
ranges encountered in fatigue cycling are small. It becomes difficult to
measure them experimentally when the lives are in the range 10,000 to 50,000,
not to mention any attempt at separation of components. In this regard , SRI’
approach is clearly at a disadvantage ; FM approach based solely on the
inelastic strain range , and the damage approach are probably less so. Between
the latter two methods, FM approach is less sophisticated at it does not
involve determination of the peak tensile stresses.

Therefore , considering life prediction from the point of view of total
strain range (elastic plus inelastic) — cycles to failure behavior instead of
elastic or inelastic strain range alone may be the best approach suited to 

-
‘

Rene 95 at this temperature. Here , the FM approach is still applicable. As
the field measurements of strain are in terms of total strain , total strain
range — life representation is also more advantageous from a design point of
view.
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SECTI ON I
INTRODUCTION

The design of recent jet engines entering USAF service has

emphasized high performance and high thrust/weight ratios , resulting

in high~r stresses and temperatures on rotating components . Superimposed

on the performance increases are new requirements for longer service life .

Thus , the need has emerged for increased consideration of the low cycle

fatigue (LCF) behavior of the engine disks , since the high stress cycles

seen by the disks have in many instances made the LCF life the limiting

design criterion for these components. Accurate predi ction of LCF life

has therefore become of increasing importance , for design of new engine

disks.

The increased temperatures and stresses that a disk is likely to

see as a result of these trends in the design of the jet engine components ,

has necessitated consideration of the problem of elevated temperature low

cycle fatigue deformation and also deformation under the combined effects

of LCF and creep . To meet the need for reliable life prediction that take

into account the above mentioned time dependent mechanical behavior , a

number of methods are currently being developed and evaluated . These

approaches have in comon an appreciation for the time dependency of the

fatigue process at elevated temperatures. One area whi ch has received

increased attention in recent years in this regard is the prediction of

service life of disk materials in advanced gas turbine engines . As the

cost of replacement of the advanced disks is many times more than that of

an older disk , it is extremely important that further work be done in the

I 
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area of elevated tempera ture LCF behav i or of the advanc e d dis k mater i als

and to tes t the validity of the var ious life pred ict ion methods in real

engine situations. An improved understanding of the elevated temperature

fat ig ue p roblem should not only lea d to more rel i ab le pred i c ti on metho ds ,

but also to improved design operating and environmental control procedures ,

as well as to the develo pmen t of better mater ials to i ncrease fa t ~ue

performance ca pabil iti es at elevate d temperatures .

The primary objective of the present program was the establishment of

the relevant parameters required for the application of the two current

predictive models to the LCF behavior of Rene 95 at 1 200°F. These two

models have been receiving increased attention in recent years and will be

discussed in the next section. Also it was hoped that the present study

would el uc idate further the mechanisms of LCF damage in Rene 95 under the

infl uence of time dependent deforma tion .

2 
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SECTION II
CURRENT PREDICTIVE MODELS

The well known “Method of Uni versal Slo pes ”1 p redi cts LCF life

for comp letely reverse d , strain-controlled conditions at low temperatures

thus:

= ‘
~ e 

+ 
~~ in

- u N -0.12 + D°6N -0.6 (1)
t E  f f

where Ac
t ‘ 

~~e 
a~d are total , elastic and inelastic strain ranges

= the ult imate tensile strength

E the elastic modulus

Nf = LCF life

0 = ln 
~1O~

°
~~A~~ 

, the tensile ductility

R.A. = the % reduct ion in area at frac ture .

The power law shown in equation 1 between cycles-to-failure and plast ic

or total strain range is well established. The engineering significance of

this law l ies in the fact that the fatigue life can be predicted with

engineerin g accuracy from the properties measured in a tensile test.

Ini tial attempts to use this law at elevated temperature showed in

many cases tha t the pre d ict i on was unconservat i ve when compared wi th ac tual

test results . It was then recognized that time-dependent effects which

are not present at room temperature have to be considered in the prediction

techn iques for elevated temperature.

3



p.- 
~~~~~~~~~~~~~ 

-_--- .-_- 

~~~~~~

_

~~~~~~

- - -

~~~

- _ - - —_- -- ._ ------._- -- --

~~~~

-. .-,- _ _ . , _ .---—_ -. .

In elevated temperature LCF , if the frequency of application of

stress or strain is high enough to preclude any creep effect , life may

still be predicted on the basis of the Method of Universal Slopes. 1

Howeve r , a reduction in the frequency of application of the stress or

strain or introduction of a hold time in the tensile portion of the stress

or strain cycle reduces the number of cycles needed to fail the specimen .

This is because thermal activation can modif y the deformation processes

at elevated temperature . For exam p le , plastic deformation can occur more

readily and a number of diffusion controlled processes can be operative if

sufficient time is allowed . Any life prediction method which fwms the

basis for prediction of service life under such conditions must i ncorpor—

ate the time dependent modification of the fatigue process , wh i ch i s

often termed the creep-fatigue interaction.

Two most notable approaches that have been gaining increased attention

are : (1) Strain Range Partitioning Method (SRP method) by Manson et al ~
2 ,3

an d (2) Frequency Modified Method (FM method) by Coffin.
4

STRAIN RANGE PARTITIONING APPROACH

Th i s met hod , develo ped by Manson and co-workers is based on the con-

cept that there are two forms of inelastic strain; plastic strain and creep

strain which may exist separately or concurrently and that their inter-

ac ti on ca n i nfluence the frac ture behav i or of mater i als to a cons id erab le

degree . An important feature of the method is t hat it d r a w s  a fu rther distinction

between the manner in which tensile inelastic strain is reversed by the 1- u 1 u l p r c s s i v e

1111 ’ .I~ ,t  I, s t r a i n  o est;,hl islu 0 I l o s1 d l I v s t u r u s i s  111 10. In the l r l sent. f o r m , i l l I r e—

I I  r . this met hod Is SI L  I ted onl y for fu, 11 v rove rsed 1W c l i ng ( 1111 ( 1  i t  I O n S

4
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As shown by the hyst c r~ s is loop in F I gure I , t her e  are four

basic strain reversal possibilities:

Ac : tensile plastic flow reversed by compressive plastic
~~ flow

tensile creep reversed by compressive creep

~
cpc : tensile plastic fl ow reversed by compressive creep

Ltccp : tensile creep reversed by compressive plastic flow

Having recognized the four basic components of strain that must be con-

sidered , the next step is to devise separate tests in which the major

st ra i n component woul d be one of these bas i c types , and to determine the

l i fe rela t i ons assoc i ate d w it h each one of them , i .e., rela ti ons such as

vs N~~; Ac~~ vs Ncc~ 
Ac
~ p vs 

~~ 
and Ac

~~~ 
vs 

~~ 
where 

~~ 
represents

the life that is characteristic of the cycling loading in which the in-

e las ti c stra in was ~~~~ Figure 2 shows a schematic of possible rela-

tionships in a hypothetical material.

\s has been noted • any general 1 o ; I u I  lOg I V I  11 15 l O I 1 S I  1 1 1 I 1 d  L ,~ he m:Idl up

of these to ur Il a sic t V j l e s  b y e s t . - u h l  i s lu in g t i l e  I r : I c t  11)11 ,u I (itt t o t a l  iiu ~~1 a o I  1 5 t  1 , i i : 1

range, f~~, fo r each , the expected life , Nf. can be computed by noting the

l i fe ~~ from the basic ~~~~ vs ~~ relations for each strain range and using

the rela tion:

f f f f
(2)

PP ~C cp cc f

5
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Strain range partitioning approach which recognizes that cyclic

life is governed by the capacity of a material to absorb inelastic strain

is indeed a useful concept. In isotherma l , continuous strain cycling

lives for the Type 316 stainless steel over a wide range of temperatures

and frequencies , the above approach has been able to provide upper and

3 l ower bounds on cyclic lives .
3 

Also the partitioned strain range-cyclic

life relatio nships were found to be insensitive to test temperature to

within a factor of two on cyclic life . Where such temperature independent

correlations have been obta i ned , it has been observed that the monotonic

tensile (plastic) and rupture (creep) ductilities are also insensitive to

temperature within a factor of two. Variation of tensile and rupture

ductilities with temperature is believed to affect the partitioned strain

range-cyclic life relationships in the same manner as in the Coffin-

Manson equation for low temperatures.

2. FREQUENCY MODIFIED APPROACH

This approach is due to Coffin
4
and is essentiall y an extension of

the low temperature fatigue equation of Manson and Coffin. In the Manson-

Coffin approach the basic governing equation is

= C1 N~~ (3)

where Nf is the number of cycles to failure and 8 and C1 are constants.

There is no frequency or time factor in the equation , which is appropriate

for low temperature fatigue . To extend the equation for use at elevated

temperatures , Coffin introduced a frequency term , v , to give

6

-
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Ac jn = C 2 (Nf v ) (

K i s a constan t and C2 is regarded as a measure of ductilit y . Another

equation that is simila rly modified for the effect of frequency relates

the stress range , t~o , and the inelastic strain range

n K1= A 
~

C in  ~

where A , n ’ and K1 are coefficients determined from test data by regression

analysis. Be eliminating 
~
cin from equations (4) and (5), 

a rela tion be .-

• tween the elas tic strain range , 
~
te~ 

and fatigue life , Nfl results in

— Ao - 
A’ -

~~ 
‘ K~- ~~— - —

~~

-- Nf 5) (6)

where A ’ = AC~

~~~
‘ =~~n ’

K~ = - B n ’ (K-i) + K1

The total strain range , Ac t1 can be found ana lytically be combining

equat ions (4) and (6)

Ac
t 

= C2(Nfv~~~Y~ + ~ C2
n Nf

-
~~~5)~~n

s (K~1) + K1

The total stra in range is cons idered to be the sum of an i nelas ti c

contribution and an elastic contribution . Material properties enter via

C2, a duc tility value, and A , a measure of strength . K and K1 
are constants

for a given situation which reflect the extent to which frequency is inipolt .InI .

I ut ro,It,& t ion of frequency terms in t he above I ~ t I gu~ equal I on In c i  t (‘I t mod it i t s

he st rcngt ii and duc t 11 i t  v c~u ’ ft I ci ‘n t s of the I I 1-st equat ion p r I l p I l s e t i  f o r  co m—

i 1 * t  e ly reversed , st r , l  l u — l ou t  I l l  l cd  c , 1 l 1 , I I t  ions  t I l l —  low I e n l l I , l . l t ur e s .

• 7
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The general fatigue curve is idealized as being the sum of the two terms ,

each represented by strai ght l ines in Figure 3. As stated earlier , increasing

the temperature or decreasing the frequency shifts the “inelastic ” curve and moves

it to the left; the effect of increasing temperature on the elastic curve is less

but the curve moves downwards. The point of intersection of the elastic and

the inelastic curves is called transition fati gue life , NT~ 
which moves to a

lower number of cycles. Coffin considers NT 
to be critical in determining the

method of testing and analytical procedures to be adopted. If the design life

is less than N
TI LCF data and elastoplastic solutions are required for design ;

if the design life is higher than N
T, 

high cycle fati gue data and linear elastic

stress analysis are more relevant.

Once the various constants are evaluated from LCF tests for different

strain ranges and a set of frequencies , equation 7 can be employed to

determine the LCF life under other sets of conditions . The hold time behavior

can also he predicted from equation 7 by assuming tha t

1
t + tr h

where t is the time for strain reversal
r

t h is t he hold per iod fo r  each cycle .

8
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SECTION III

MATERIAL

1. INTRODUCTION

Rene 95 is a high strength nickel-base superalloy developed by the

General Electr ic Company and primarily used for compressor and turbine

disks in advanced gas turbine engines . In addition to the conventional

strengthening mechanisms involving precipitation of a high volume fracticn

of ordered gama-prirne and , to a smaller degree solid solution hardening ,

Rene 95 derives part of its strength from the residual dislocation sub-

structure introduced into the alloy dur ing a thermomechan ical p rocess i ng

(IMP) treatment. Al so, IMP is responsible for the duplex structure of

Rene 95, often cal led the “necklace structure ” , in wh ich lar ge warm wor ked

grains are surrounded by a necklace of very small recrystallized grains.

The net result of IMP and conventional hardening treatments is a large improve-

ment in tensile and rupture strength at temperatures to about 1200°F (922°K).

2. PROCESSING AND HEAT TREATMENT

The composition of Rene 95 is given in Tabl e 1. The processing

starts wi th vacuum induction mel ted and vacuum arc remelted ingot , approxi-

7 mately 9 in. in diameter . This Ingo t i s  g i v en  a liomogen i zat ion a n n e a l  in

the  range 2125°F — 21 75°F f or 3 hours and then furnace l oItled . I t  I s

subsequentl y reheated to 2000°F — 2080°F and the  i~r m a  rv process i I 1 I ~ r e ,h i , - t  i on

is applied to brin g the Lb fckn~ ss to 40 to SO2 ~~.- i I ~,’vc the fin al va l,ie . I i i  i s

is fol l owed by a recry sta lli zation an n e a l  a t  .~ l .’~~
t 1 l 4 .’~~°F I~~r iii hour , w i t i t l i

9
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results in a un i form grain size of ASTM 3—5. The forging is cooled from

the recrystallization temperature a t  a rate greater than 150°F per hour t o

1650°F and then air cooled or taken to f i n a l  p rocess ing .  The forging is

reheated to 1975°F—2025°F and the fina l reduction is applied resulting in

a 40 to 50% decrease in thickness. This imparts residua l warm work into

the material and allows the grain boundary regions to recrystallize into

a necklace of very small grains.

h eat t reatment after forging consists of a 2000°F partial solutioning

0 , 0
treatment , oil quench to a temperature ~900 F and a 1400 F, 16 hr. aging .

3. MICR O STR II CTURE

Figure 4 shows an optical micrograph of one of the Rene 95 pancakes

with the necklace microstructure . The warm worked grains (WW ) have a uniform

distribution ot  intermediate—sized gamma p r i m e  p r e c i p i t a t e s , which  give a

darke r shade to these grains in the optical. Surrounding the warm worked

grains are the necklaces of very fine recrystallized grains , whose boundaries

a r e  decorated with overaged gamma prime that are larger than the intermediate—

sized. Figure 5 shows the residual dislocation substructure in a warm worked

gra in which was introduced during the finish forging and w h i c h  is  anchored

around and s t a b  II ized by the Intermediat e—sized gamma p r i m e . The I inest gamma

prime wh i ch Is responsible for the malor part of the st rength of Rene 95

appear  as smal I spots in the background of t h e  r aus m i ss ion elect ron micro—

graph (FIgu re 5).

to
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TABLE 1

COMPOSITION OF RENE 95

C Cr Co Fe Mo W Ti Al

0.15 13.8 8.0 0.13 3 .50 3.57 2.50 3 .55

Nb B Zr Mn Si S P N

3.50 0.012 0.04 <0.10 <0.10 0.002 <0.01 0.003

O Ag Pb Bi Ni

7ppm ~5ppm <0.001 <lppm Balance

Ii

_ _ _ _ _ _ _ _ _ _ _ _ _  ~~~
• - • - - •  - 



• - - ,-,-~~ —~ _ -_-.--- - - - - —
~~~~~~~~~ -

_—-.- .- • —.--.-- -—- -_ -.- -_ -.- — - _—.—- ——.-—-—— --- _—_—--_ . —_ - --

I

The fine recrystallized grains of the necklace do not contain any

substructure . Strewn mostly in the neckl ace regions , however , are the

MC carb ides which are high in Ti , Cb and W and low in Ni and Cr.

Observations made in the radial direction of the forging revea led

no significant variation of either the si ze of the wa rm worked grains or

the degree of recrystallization. Since the pancake was approximately

1 1/2 inches thick (and 15 inches in diameter), two specimens each were

obtained t i t r o t i g h  t h e  t i t l e  k i t e s s  o I t h e  t o i ~~ l u g  for tens i I e and fat i gue

test 111g.

4. TENSILE BEHAVIOR

A. Experimenta l

Tensile tests were conducted in an Instron machine using

specimens that were 0.25 inch in diameter with a reduced gage length of

1.272 inches . The extensometer was attached to specimen shoulders . For

elevated temperature testing , a resistance furnace was used . The room

temperature test was run at a ramp rate of 0.05 inch per minute whereas ,

the tests at 1 200°F were run using two ramp rates , 0 .05 and 0 .005 i nch

per minute .

The tensi le data for Rene 95 at 75°F and i200°i are g iven  i n

l a b l e  2 .  I h e  f o l l o w i n g  equat ions  descr ibe  the f l o w  s t r e s s  versus strain

re I at i on sh I ps fo r  mon ot on i  c de let m a t  i o n :

a = 219. 33( c ) 0 °22 75°F (9)

a 240.94(c)
°°52 1200°F (10)

12



where a is the f low stress in KSI ( e n g i n e e r i n g  s t r e s s )  and

c is the corresponding strain (eng i n e e r i n g  s t r a i n ) .

At the low strain ranges , the strain -rate sensit iv i ty of the flow

stress at 1200 °F was found to be negligible in that lowering of the ramp

rate from 0.05 inch per minute to 0.005 inch per minute did not al ter the

magnitude of the flow stress versus strain re lat ionship. The data for

both rates of straining have been used for determining the coeff ic ients

in the equation 10.

The stress rupture properties were measured using Arcwe ld Creep and

Stress Rupture Testing equipment at 1200°F under an initial load equivalent

to a stress of 150 KSI. The creep rate along with other measured values

are reported in Figure 6.

Ii
B. Deformation Substructure at 1200 °F

Figure 7 shows the deformation substructure in the warm worked grains

of Rene 95 samples that were tensile tested at 1200°F . In examining these

foils , the mos t s ignifican t observa ti on , as has been reported previously, 1

was the absence of any intense slip bands that are commonly found in deformed

supera lloys that are conventionally processed . The accumulation of de-

formation subs tructure was gent l I t  I I V liii i t  O tall iiid ll~1illt 1g& ’iict 1uS

Figure  8 shows the process of s tack i ng faul t an d m i cro twin fo rmati on

in the warm worke d gra i ns of necklace Rene 95 under cree p cond iti ons i n

accordance with the mechanisms proposed by Leverant e t .a l . (1 In addit ion ,

• t i

1 1

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . • _~~__~~~~~~~~~~~~~~ • - ---



TABLE 2

TENSILE DATA OF RENE 95

75°F

0.17~ off set yield strength : 189 .06 KSI

0.27~ offset yield strength 
192.61 KSI

U.T.S. : 237.20 KSI

Elongation : 1l.76%

R.A. at fracture : l2.887~

1200°F

0.l7~ offset yield strength : 167.77 KSI

O.27~ offset yield strength : 173.34 KSI

U.T.S . 217.95 KSI

Elongation : 13.10%

R.A. at fracture : 14.967c,

Gage length : 1.272 inches

Ramp rate 0.05 inch/mm .

14
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the exam i na ti on also revealed substructure accu mulation by ordinary sl ip

of ~<l1O> pairs of dislocat ions. Thus , at 1200 °F and 150 KSI , Rene 95

deforms by a comb i nation of viscous slip of partial dislocations con-

tri buti ng to the format ion of microtwins and s tac ki ng faults , and ordinary

sl ip movement of perfect dislocations which results in a general accumu-

lation of tensile deformation substructure .

15
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SECTION IV
LOW CYCLE FATIGUE BEHAVIOR

1. EXPERIMENTAL

Low cycle fatigue tests were conducted using standard hour glass

button-head specimens . The minimum section was heated by means of an in-

duction co il. A diametra l extensometer along with a computer developed

by Mar-Test Inc., C i nc i nnati , was used to monitor and control the strains

devel oped in low cycle fatigue . The computer was calibrated to provide

the ax ial strain and to control by the computed axial strain.

The following three modes of testing were employed in generating

data for the present program:

(1) Continuous cycl ing under total computed axial strain

control for var ious tota l axial strain ranges at a frequency

of 20 cycles per minute (cpm).

(2) Continuous cycling under computed inelastic axial strain

contro l for various computed axial inelastic strain ranges

at a frequency of 0.05 cpm .

(3) Cycling under total computed axial strain control with a

hold at the peak tensile stra in , compressive strain or both .

All the tests were conducted at 1 200°F. A triangular cyclic mode was

chosen for (1) and (2) whereby the strain varied linearly between two equal

and opposite limits (zero mea n strain). The same linear mode was used for

the continuous cycling part of the t i S t  s w i t  Ii ito I d  f ines  in  w it  i cli

the rate of straining in the continuous part corresponded to a frequency

of 20 cpm . In the above mentioned classif icat ion , tota l strain range refers

16



to the sum of the elastic and the inelastic components. The three modes of

fatigue cycling are f u r t h e r  i l l u s t r a t e d  in Fi gure 9. Although the diametral

extensometry used in the present testing limited the highest frequency at which

the closed ioop hydraulic testin g machine could be used for fatigue cycling to

20 cpm , this is believed to be a high enough frequency for preclud ing all

time depcadent deformation in Rene 95 at 1200°F, as discussed below .

2. RESULTS

Figure 10 shows the plot of the strain range  versus c y c l i c  l i f e  to

failure relationships obtained for the 20 cprn and 0.05 cpm tests at 1200°F.

AT 20 cpm , there is negligible time dependent deformation introduced in low

cycle fatigue because of the high rate of straining. This is also evidenced

• by the appearance in  these tests of Stage I type of crack initiation . Conse—

quently, the inelastic strain range (Ac .) versus cyclic life (N F ) relation-

ship at 20 cpm will  also be referred to as Ac versus N , in accordance
pp pp

with the definition following the SRP approach , and can be modeled along the

lines of classical Coffin—Manson equation .

The following equations describe the different strain range lif e

re la t ionsh ips shown in Figure 10.

20 cpm Continuous Cycling

Elastic stra in range , Ac = 2.7240 x 10 2 N f
O
~~

l6 (9)

Inelastic strain range , AC m = 1.3874 N
f
°~

998 (10)

0.05 cpm Continuous Cycfl~~
—~ —0.113El ast ic st ra in range , A c = 2.4289 x 10 N

f 
( I I )

Inelastic strain range , Al . = 8.6557 x 10 2 N — 0 . 6 4 1 (1~~)
in f

The equations describing 20 cpm cyc l ing may be rewritten as:

17
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AE
e 

= 3 . 17 4 5  ~~~~~ (1 3 )

Ac . = 8.5642 0 N 
—0.998 ( 1 4 )in f

where  a , E and D are respectively the ultimate tensile strength the Young ’s

modulus  and the  tens i le  d u c t i l i t y  (as d e f i n e d  by D = in 
~~~~~~ A 

~ a t 1200°F.

The above equa t ions  we re ob ta ined  b y l ine ar  regress ion of t he  A c — N 1 d a t a

on log—log  coordi n a t e s .  Based on A C In
_N

f p lo t , the  eq u a t i o n s  p r e d i c t  hi gher

l ives  at 0.05 cpm than  at  20 cpm for  low s t r a i n  ranges .  This p r e d i c t i o n  could -

•

not be t e s t ed  out in the present program , as the inelastic strains are very

difficult to control at such low values during testing. Also the times involved

would have been too long. It must be noted that the above prediction is based

on the assumption of a linear relationship, and more i m p o r t a n t l y  on l imi ted d a t a .

Figure 11 shows the plot of the peak tensile and compressive stresses at
N I . . o •-
~~

— developed in f a t i g u e  cyc l ing  of Rene 95 at 1200 F and 20 cpm . ih e  compress ive

stress is found to be approximately 10 ksi hi gher t han  t he  t e n s i l e  - st r e s s .  This

d i f f e rence is g e n e r a l l y  a t t r i b u t e d  to the  increased  t r u e  s t r a i ~ ic m a t e r ial

will be subjected to in  compression , whe n cy c led  between L’~-et ultl and o p p o s it e

nominal stra in limits. On a log—log plot , the best fit for a versus A i  . for

20 cpm tests would give:

0 . 1 2 5 4
= 339.86 (A 

i n~ 
( 1 5 )

Figu res 12 and 13 dep ic t the change in t In peak t en s ilt and compressive St resses

respectively o f  t h e  h y s t e r e s i s  loop  a t  halt Ii te as the t rt i I IR l1 v of cvcl i ii 1~ i s

lowered to 0.05 cpm from 20 cpm. Whereas ti lt ’ tells I Ic stre ss drops w it  Ii de - rt ist

in I req u c ncy  , I he compressive s ress is found t a rema in unchanged . F~~t ii for the

ens lie part , the cl rop in s t ress i s  not I a rge i n  V liw of t i t  niI ~ n it n i t  a I t lit

change in I r e qu en cy .

L - • 
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The relationships between the inelastic strain range (measured at half

life) and the cyclic life to failure obtained from hold—time tests involving

symmetrical holds (i.e., equal hold times at both peak tensile and compressive

strains) are presented in Fi gure 14. Also shown in the f i gure are the Ac . VS

N f r e l a t i onsh ips for  0 .05 cpm and 20 cpm con t inuous  c y c l i n g  t e s t s .  I t  is in te r -

es t ing  to note t ha t  the 10/ 10 hold ( i . e .  10 m i n u t e s  in tension and 10 m i n u t e s

in compression) was not any more damaging than the 1/ 1 hold in the highe r

• s t ra in  ranges , when compared on the basis of the A c . vs N
f 

type of relation-

shi p. Consequently , only 1/1 hold t e s t s  were employed in d e t e r m i n i n g  the s t r a i n —

l i f e  relationships at lower s t r a in  ranges.

The va r i a t i on  of cyc l i c  life with inelastic strain range under unequa l

hold— time conditions is shown in Figure 15. The compressive holds  are seen to he

more damaging,  than the tensile holds. Also shown is the line for the equal  hold

period tests  which  falls in between the 1/0 and the 0/I hold lines.

An interesting observation involving the hold time tests is that the hysteresis

loop shifts along the stress axis hen unequal times were introduced . Figures 16

and 17 compare the s h i f t s  in peak t ens i l e  and compress ive  s tresses r e s p e c t i v e l y  in

reference to the peak values observed in 20 cpm and 0.05 cpm tests. The 0/1 type

of hold tests shifts the peak tensile stress to a higher value (magnitude) while

lowering the peak compressive stress thus d i s p l a c i n g  t h e  w h o l e  hystere sis io~ p

towards a mean stress value that offsets the mean compress ive  s t re s s  assin i tte d

with the 20 cpm tests , with the result that an absolute mean t e n si l e stre ss is

produced. The reverse is found to be true for the 1/0 type of hold te st s , i n

which the mean stress for the hysteresis loop Is even more c o m p r e s s i v e  t h an  wha t

Is found in the 20 cpm tests. It is also Interesting to n o t e  t h a t  f o r n ot t oo

large  I n e l a s t i c  s t r a i n  ranges , 0 / 1  hold t e s t s  a r e  a s s o c i a t e d  w i t h  lower  I i ve~ t h i n

19
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t h a t  observed  for  1/0 type  of hold t e s t s  ( F i g u r e  15) .  Tn a d d i t i o n , the  0 / 1

m d  t h e  I / O  l i n e s  are  a l so  found to cross near a N
f 

value of 100 , ind i c a t ing

t h a t  at l i v e s  lower than  100 c y c l e s  (or e q u i v a l e n t l y  a t  i n e l a s t i c  s t r a i n  ranges

greater than approximately 0.5 percent), the 1/0 hold would be more damag ing

to Rent’ 95 at 1200 °F

The o b s e r v a t i o n s  of  hy st e r e s i s  loop s h i f t s  a s s o c i a t e d  w i t h  u n e q u a l  ho ld

t ime t e s t s  in Rene 95 arc s i m i l a r  to t h a t  found by Lord and C o f f i n 7 in f a t i gue

c y c l i n g  of  Rene 80 w i t h  unequa l ho ld  t i m e s  i t  1600°F . In t h e i r  s t u d y ,  t e n s i l e

ho ld  t e s ts  showed a compress ive  mean s tr e s s  s h i f t  and the  compressive hold tests

• showed a tensile mean stress shift. These s h i f t s  were e x p l a i n e d  in t e r m s  of t h e

t imes spent in tensile and compress ive  l o a d i n g .  Q u a l i t a t i v e l y , t h e  s h o r t e r  l i v e s

found in the compress ive  hold  t e s t s  cou ld  he e x p l a i n e d  on the  basis of the increased

t e n s i l e  peak s t r e s s  t h a t  the  m a t e r i a l  wou l d  he s u b j e c t e d  to  and vice versa, It

was a lso  noted t h a t  the  above men t ioned  b e h a v i o r  o c c u r r e d  in the life range above

t i le t r a n s i t i o n  f a t i gue l i f e , wh ich  was t aken  to  he an i n d i c a t o r  of  t h e  mean st res s

capability of the material. From the present data , the t ran s i t i o n f a t i gue l i f e

u I  Re ne 95 at 1200°F is observed to be a p p r o x i m a t e l y  80 cyc l e s  ( F i g u r e  10), w h i c h

is a l so  close to the  c ross—over  v a l u e  of  N f 
t a r  0/ 1  and 1/0 ho ld  t e s t  da t a

(Fi gure 15).

F rom the above r esu l t s , th e  p a r t  i t i o n e d  s t r a i n  range r e l a t  i o n sh ip s  were

ob t a i n e d  in the fol lowing way. th e dat-i from the e q u a l  h o l d  t ime l u s t s

we re  u sed to  o b t a i n  t h e  A vs N plot . The increme nt in t h e  iii—
cc

e l i s t  i i  St  r u  in a c c o m p a n y i n g  the hold at I he peak  S t r a i n  was t r u - u i  u u I  as

reep component , the rema i nde r of  t lie I ru t ast ic SI rain a I the loop

ho L i i  ~ t hen I lu ml n t  I c o mp o n eu i  t . It was found that in eqita 1 hold I est s 
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- - --

~~~~~~~~



- --- --—~~ —~~ c —  ~~~~~~~~~~~~~~

the creep components (and hence also the plast ic components) were equal

• in both compression and tens ion.  Therefore , the inelastic deforma t i on

in these hysteresis loops could be analyzed i n terms of cc + pp components .

The N cc life for each of the data point was computed using the interaction

rule (Equation 2) .  The i
~
Ecc vs N

cc 
re lationship thus derived is shown

in Figure 18 and is best represented by the following equation ;

Ac c 
= 0.1375 Nc~~

°’806 (16)

Similarly, Ac~~ vs relationsh i p was derived from the 0/1 hold

time data using the interaction rule involving pp and pc components .

In these tests , the creep component in the compressive cycle was assumed

• to be equal to the increment in the inelastic strain during the compressive

• hold. That would also equa l the pc component in the cycle , the remainder

being the pp type. The Ac
~~ 

vs Npc relationsh ip is shown in Figure 19
• and fol lows the equation:

= 8.2854 x l0 _2 
NPC °

~
806 ( 1 7 )

vs r e l a t i o n s h i p  may be derived , l ikewise , from the 1/0 hold time

tests . The trian gles in Figure 19 represent the Ac
~~/N~~ 

p o i n t s , w h i c h

involve an inordinate amount of scatter as compared to that associated

wi th the original Ar . —N r e s u l t s  f rom which ti n-sm l u l l ti ll -~ W et  u l u - r i  v u - u i .
in I

Tests conducted under inelastic strain control at 0.05 cpm cc ~ 5

amenable to analysis by the strain range partitioning method. As these

tests invo lve continuous cycling , the extent of creep st ra in that is intro-

duced into the fatigue deformation is calculated using the drop in the peak

stresses of the hys teres is  loop as an i n d i c a t o r .

2 1

~ 
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I
As d iscussed in R e f e r e n c e  3 , when f a t i g u e  c y c l i n g  is conduc ted  at a h igh

enough f r e q u e n c y  to p r ec lude  a l l  t i m e  dependen t  d e f o r m a t i o n , the  c o r r e s p o n d i n g

hysteresis loops show the l a rges t  peak tensile or compressive stresses . During

a continuous cycling test , when frequency is lower ed f r o m  this  h i g h va lue , t ime

dependent deformation sets in , w h i ch res u l t s in lowered peak stresses for the

loops . For each frequency, a unique e
t
(o) versus A c . curve may be drawn . As

• the curve obtained at the highest frequency indicates the exact amount of time

independent inelastic strain involved at a certain a value , any excess inelastic

strain observed for a test with the same a value is believed to be the result of

the time dependent deformation. For example , Figure 12 shows that decreasing

the  f r e q u e n c y  f rom 20 cpm to 0.05 cpm lowers  the peak t e n s i l e  s t ress  f o r  the

same inelastic strain range. In the absence of any differences in the mechanical

behavior in the compressive and tensile directions , the same stress drop would

be normal ly  expec ted  in the  compress ive  peak s t ress  a l s o .  However Rene 95 does

exhibit a lowe r creep rate in the compressive direction , as a consequence  of

which , the a vs Ac . plot fo r  0.05 cpm shows very little shift from that for the

20 cpm plo t (Figure 13). Following the manner in which the creep and plastic

• components are to be separated ,
3 tile 0.05 cpm h y s t e r e s i s  loops can be sa id  to

i nvolve cp p lus  pp components  r a t h e r  than cc p lus  pp components  whic h are n o r m a l l y

e x p e c t e d .  The cp p o i n t s  t hus computed from the 0.05 cpm data are shown in

Fi gu re  19. The cp da ta  were cons ide red  too s c a t t e r e d  to o b t a i n  a r e p r e s e n t a t i v e

r e l a t i on sh i p fo r a cp line in the form of an equation . 

~~ - - --~~~~~~~ -- ---~~~ - - ~~~~~~~- --. .•_--- —- - —-~ .— 



-

SECTION V
DISCUSSION

1. STRAIN RANGE PARTITIONING APPROACH

A. Some Genera l Comments

Strain range partitioning approach which separates the tota l

damage in low cycle fatigue into plastic (i.e., time i ndependent inelastic)

and creep (i.e., time dependent inelastic) components is indeed a useful

concept. Generally, transgr anular stage I type of crack initiation in

smooth specimen cycling is associated with time i ndependent inelastic

damage whereas intergranular type of crack initiation is associated with

time dependent inelastic damage . Any interaction between these two types
-

- 
of damage is then believed to infl uence the nature of the crack initiation

in an actual test. In the present study , crack initiation lives , which

were determined by the change in compliance of the test set-up, were found

to be equal to or greater than 90 percent of the total cycles to failure

(Nf). Hence, only Nf values were use d for al l the plots representing

various strain range vs life relationships .

In fatigue cycling involving components other than pp , the most pre-

ferred cycle for introducing creep strain seems to be the one involving a

constant tensile or compressive creep stress. However , this t ype of u v c l i n g  u u m i i l d

not he employed in t h i t ’  P rt ’sent  study f o r  two  rea sons.  F i r s t  l y ,  u h m i t i n g

fatigue cycling of Rene 95 at equal and constant stresses , the average corn-

pressive creep rate was found to be approximately an order of magnitude

smaller than the average creep rate in tension. This would have meant

a prohibitively large amount of t Im e fo r o h t a h t i  I n s t r iven amo un t  o t  cuum pr.’i-usi\u



creep strain if a value of tensile stress was used w h i c h  wo u ld  g i v e  t h u  r e q u i r e d

tensile creep strain in a reasonable length of time . On the other hand , incre is itl g

lie St  ress l ev e l in  o r d e r  to  act - c l  e r a t e  I lie compressive cr1 1-p r .i t e would have  resim It —

i i i  t t u t u  sh um r t  a t j me fum r tensile u - r eep . One Way to circumvent t h i s  pro  hi em would

have I le en  t u m  h i t s  t i n e  st ress i n  t h e  compress i vt  d i  ccc t jumi - i . ft is m e t h o d . how eve i

was no t fo l lowe d , as it was found that the creep rates did not remain

constant during continued cycling . In addition , the proportion of pp

to cc strain was observed to change drastically during the course of

fatigue cycling with a biased stress situation. Therefore , co nsta n t stress

hold cycles were not employed ; instead , constant strain hold cycles were

used .

Rene 95 was found  to be a cyclically softening ma terial at 1 200°F

i n  t h a t  the stress ran ge cont i n uousl y decrease d and the i nelas t ic stra i n

range continuously increased during the course of the test. Th is was

true even for the 20 cpm cycling . As a result, the creep component i n

the hold time tests varied slightly during the tests . Therefore , stress

or strain values at half the cyclic life was taken as representative of

the hysteresis loop and were used in all the calculations and in determining

the various life relationships.

All the test points , except two , were used i n  determinin g

Ac 1~ vs 
~~ 

relationships for the SRP model . The two test points which

could not be used were those corresponding to the 1 percent total strain

range tests with unequal hold times ( i .e. , 1/0 and 0/ 1 hold tests ) .



•
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Althou gh the tota l inelast ic strain range coul d be measured , the cree p

component could not be separated from the total va l ue because of the

extremely small value of the inelastic strain range to begin wi th.

The calculation of the cp components from 0.05 cpm tests i nvolved

first draw ing a smooth curve through the tensile stress versus inelastic

strain range data points from the 0.05 cpm and 20 cpm tests . For selected

values of total inelastic strain ranges (0.1 , 0.2, 0.3 and 0.4°c), the

tensi le creep component was computed using the method described in

Reference 3. At these same strain ranges , the Nobserve d values were com-

puted based on the best fit of all the five 0.05 cpm test points (i.e.,

equation 12). Equation 10 was used to calculate the corresponding ~~

values . Consequently, the computed c p points from the 0.05 cpm tes ts do

not show much scatter (Figure 19). Had the individual test points rather

than the smoothed-out values been used for calculations however , the scatter

would have been much larger.

B. Vali dity of Test Points

A criterion that must be met for each test poin t to be

used in the establishment of the life relationships was put forward in

Refere nce 8 . The criterion to be used is that at least one half of the

damage i~ in a test wi th an observed life Nobs must be due to the stra i n

ra nge component of interest (e.g. ,  ~ F~~ (Nobs /N j j ) >0.5 for an ij cycle) .

An examination of the present data reveals that this criterion is met

for a ll the test points except the following :

25
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(i) Equal hold test (1/1 hold); total strain range =

l~ 2% ; i ne las t i c  s t ra in  ran ge = 0 .12%.

(ii) Unequal hold tests (all 1/0 hold); total strain ranges =

1~ 8% , 1.4% and l~ 2%; i nelas t ic  s t r a in  ran ges = 0.52% ,

0.3% and 0~21 % res pectivel y

The cc point computed from ( 1) is, however , quite c lose to the cc

l i ne i n Figure 18, and shows one of the l owest amount of devia t ion . On

the other hand , the cp points computed from (ii) represent a large amount

of scatter as shown in Figure 19. Instead of discounting the importance of

these three test points , it is more h en e l  ic ia l  t o  h u l o k  a t  the has i s

of the criterion itself.

In a l l  the tests , the value of ~~ was between O~l and 0.4. Hence ,

whether or not the above cri terion is met for each test point depends

large l ,~ on the NObS/NIj ratio . As mentioned in the previous section ,

1/0 type of hold tests show a shift of the hysteresis loop in the compressive

d i r e c t i o n , thus lowering the peak tensile st ress. Probably because of the

lowered t e n s i l e  stresses, for equiva lent inelastic strains , 1/0 hol d

tests show lives c lose to those of the 20 cpm tests , the la t te r  b e i n g  the

basis for the pp re lationship. NObS /N
cP 

r a t i o  cou ld then be expected to

become sma ller , w h i c h  leads to the b reak down of the dama ge cr iter ion.

The ioop shi fts accompanying unequa l hold t ests seem to  he a g e n e r a l

phenomenon a s s o c i a ted  w i t h  f a t  igue eve 1 ing of Ii i gh  st rellgt Ii n i eke 1 base

sup era l  loys 7 and its i m por t an c e  i n  b e i n g  a b le  t o  m t  luence t u e  f a t  i gue

lives m u s t  not he d l s c o t r n t ed .  T h e r e f o r e , t h e  n re s en t  r e s u l t s  r e f l e ct  

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ --~~~~~~~- - --~~~~~~- 
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upon t h e  damage c r i t e r i o n  i t s e l f , w h i c h  is a c t u a l ly  the  bas i s  f o r  the  SRP

ru le .  I t  is f e l t  t h a t  the use of the  damage cr i t e r i o n  and thus the SRP

may have to be reevaluated f rom the  p o in t  of view of i ts  a p p l i c a b i l i t y  to

nickel  base supera lloys .

2. FREQUENCY MODIFIED APPROACH

A. Resu l t s  w i t h o u t  Frequency M od i f i c a t i o n

Fi gures 20 and 21 show a l l  the  test po in t s  when p lo t t ed  in te rms

of inelas t ic  and e l a s t i c  s t r a i n  ranges r e spec t ive ly  versus cycl ic  l i f e .  The

following equations represent the above relationshi ps on the basis of a least

squares f i t :

Ine las t i c  s t ra in  range = Ac . = 0.3147 N
1
0
~

815 (18)

Elas t i c  s t r a in  range = Ac = 2.0106 x 10 2 
N
f
°
~
°82 ( 19)

Fi gure 20 represents a d i f f e r ence  of a factor  of 8 between the ex t reme va lues

in cycl ic  lives for  a ce r ta in  value of i n e l a s t ic  s t r a in  range . This  d i f f e r e n c e

is more than two orders of magn i tude  for  the  e l a s t i c  s t r a i n  range p l o t .  On

the basis of these results , a lower bound life for the conditions similar to

those employed in t h i s  program may be estimated to be equa l to N
ff~~ 

where N
f

is tha t  l i f e  computed  f rom the  equa t ion  18.

B. R e s u l t s  w i t h  Frequency Modification

Figure 22 represents the frequency modified relationship, in

which 
~~~ in x (~~ )m

1 is p l o t t e d  ve r sus  on l o g — l o g  c o o r d i n a t e s .  I t  can

be represented by the equat i on :

A5 x ( ) O~ 10 O.h~ 07 N 
—0 .882 (2 0)

In 2(1 f
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Here , rn = (I—K) — — . 10 and

8 = 0.882

The l eas t  s q u a r e  method  g ives  an average K va lue  f o r  a l l  the  tes t  p o i n t s  a t

0 .887.  The f r e q u e n c y  m o d i f i e d  e l a s t i c  p l o t  i s  shown in F i g u r e  23 .  I t

f o l l ows  t h e  equa t ion

AL
e 

x (~~) 0.03 
= 2.5002 ~ io 2 (N

f
) 0

~~~
0

~ ( 2 1 )

The c o e f f i c i e n t s  f o r  t h e  f r e q u e n cy  m o d i f i e d  a p p r o a c h  are , t h e r e f o r e , t h e

f o l l o w i n g :

8 = 0.882 ~~
‘ = 0 .103

K = 0.887 K~ = 0 .03

C 9 = 0.6507 ~~~
— = 2 . 5 0 0 2  x 10

The complete frequency modified equat ion for Rene 95 at 1200°F is

—
~~ —o 103 v 0 03 —0 88~ v 0 10A = 2.5002x10 N

f 
- ( )  + 0 .6507  N f ~~( )  (22’l

Using the FM approach to model the inelastic strain range versus life data results

in a sca tter hand of a factor of 7. This , however , can be further reduced to a

factor of 4 if the data are p l o t t e d  in t h e  m a n n e r  proposed b y Os ter gr e n ,
9 

in

which the cyclic life is correlated with the tensile part of the iivst e r e c ti c

energy and which is frequency modified for the time dependent effects. The

damage funct ton proposed by Ostergren is g i ven by

v —ma x A c x ( — )
t in 20

whe r e o~ is t h e  peak t en s i l e  s t r e s s  of t h e  hysteresis loop at half l i t  e

The f u n c t  i on  represents an approximate value of the e n e r gy  spen t  in t h e

t ens lI e  p a r t  u s t  t h e  h y s ter e s  i s  I oop . ‘flie re I at i onsin i p he tween t lie damage

f u n u t ion and t Ine u Vt ’ ! Ic  I i fe f o r  Rene  05 is g i ven h~ tine equat ion:

i x Au x ( )
0.12 ) 

= 2 . 7 2 1 2  x 10
2 

N 
- 1 0 1 4  

( 5 ~~~)
t in  . 1)
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and is plotted in Figure 24. Figure 25 shows the plot of total strain

range versus life for all the data . Also shown in this figure are Ac t

vs . Nf curves obtained from the frequency modified equation (23) for

frequencies of 20, 0.95283 , 0.4878 and 0.06 cpm .

3. CONCLUSIONS

On the basis of the l imited data that are presented in this study ,

i t may be concluded that the effect of creep damage on the low cycle

fatigue behavior of Rene 95 at 1200°F is not very severe . This i s

probably because of the good stress rupture proper ti es of the materi~ 1

at this temperature . As a result of this limited p last i c flow , Strain

Range Partitioning approach does not seem to hold much promise for analy-

zing, and , therefore, for predictin g strain controlled low cycle fatigue

behavior of Rene 95 under creep-fatigue conditions at 1200°F. When com-

pare d to the SRP approach , the Frequency Modified approach appears less

cumbersome and , hence , more advantageous. The present study indicates ,

however , that the FM approach using the frequencies calculated on the

basis of the actual cycles holds onl y a slight edge over that involving

unmodified inelast ic strain range versus cyclic life representation. At

present , the damage approach proposed by Osterg ren seems to offer more

potential as it takes into account the aspect of loop shift that accom-

panies fatigue cyclin g of Rene 95 .
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Most of the present data have been generated in the very low cycle

range which may not be of interest to the designers who are concerned

about fatigue lives representative of the conditions of actual service

in an engine . Because Rene 95 is a high stren g th , low ductility alloy ,

the inelas tic strain ranges encountered in fatigue cycling are small.

It becomes difficult to measure them experimentally when the lives are

in  the range 10 ,000 to 50 ,000 , not to mention any attempt at se parat ion

of components . In this regard , SRP approach is clearly at a disadvantage;

FM approach base d solel y on the i n e l a s t i c  strain range , and the damage

approach are probably less so. Between the latter two methods , FM app roach

is less sophisticated as it does not involve determination of the peak

tensile stresses.

Therefore , considering life prediction f rom the point of view of

total strain range (elast ic plus inelastic) - cycles to failure instead

of elastic or inelast ic strain range alone may be the best approach suited

to Rene 95 at this temperature . Here , the FM approach is still dpp licable.

As the field measurements of strain are in terms of total strain , tota l

strain range-life representation is also mo re advantageous from a design

point of view .
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Figure 1. Hysteresis loop describing strain reversa l possibilities.
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Figure 2. Ac~~ vs N,~ curves for a hypothetical mater ial .
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Magni f icat ion:  165 X

Figure 4. Three -dimensional opt ical micro qraph of Rene 95 pan t i~ e .
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Figure 7. TEM of foils prepared from a tensile-tested sample.
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Fi gure 9. Examp les of the different modes of fatigue cycling used in the
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Figure  20. Plot of inelasti c strain range vs cyclic life from all the tests.
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Fi gure 21. Plot of elastic strain range vs cyclic life from all the
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