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I. Introduction

I ~ The broad long term objective of this research is to develop a material

life prediction method for structural engine components . One major par t of

the work is to develop a life prediction technique in the low (to intermediate)

cycle fatigue domain of an engine alloy at temperature. This should include

the ability to handle cumulative damage due to load histories in three

dimensions . The second major part is to develop a f inite element model to

calculate the stress and/or strain histories in three dimensions at various

critical locations of an engine component. The third major part is to

develop an accurate constitutive equation for use in the finite element

analysis. This should be in three dimensions and include variable temperature

and load histories , and also be capable of accounting for cumulative damag e

and creep—fatigue interactions.

This work is directed toward the third major objective, developing an

accurate constitutive equation for the typical engine material, Ren~ 95. To

begin the analysis an experimental program was conducted to establish a broad

catalogue of basic response characteristics. These include the stress—strain

response in tension at different strain rates; the stress strain response in

compression; and, the creep response in tension at five different stress levels

and in compression at four stress levels.

The monatonic response in creep data was used to develop isochronis creep

curves and to predict the stress—relaxation for short times . The Rene 95 creep

data was used to construct a constitutive model to predict the primary and

secondary creep in tension and compression at any stress level. This model will serve

as a fundamental part of the constitutive relationship for the mechanical response

due to variable load history. 
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An important factor to be included in this Ievelopment of a constitutive

equation, which is to be used for predicting low cycle fatigue failure, is the effect

of creep fatigue interaction. To explore this aspect of the response a

number of specimens were cycled prior to a creep testing . Various

combinations of fatigue and creep histories were designed to identify

critical underlying assumptions for the mathematical development of a

constitutive theory.

In general , the experimental program outlined above was conducted

in the stress and strain range of low cycle fatigue and at a constant

elevated temperature. Dispite the abundance of experimental reports,

no report contains the data base outlined above necessary for the analysis

arid prediction of phenomena like creep—fatigue interaction in the low

cycle fatigue domain with fully reversed plasticity. 

— 

2 

- J



II. EXPERIMENTAL PROGRAM

The material used for the study was Rer~e 95 , a high strength nickel—base

superalloy developed by General Electric Company and used primarily for

compressor and turbine disks in gas turbine engines . A description of the

material, processing, heat treatment, microstructure, and composition is

given by Menon [1] . The temperature of all tests was 1200°?.

The experiments were conducted at three facilities. The majority of

the tests were conducted at the Air Force Materials Laboratory, Metals and

Ceramics Division, Wright Patterson AFB, Ohio. These experiments included

stress—strain tests on a Instron testing machine &t different constant head

rates. Also, all tensile creep tests were done of this location on a

tensile creep frame using dead we~ghes as the loading device. In all tests a

constant gage length specimen was used with. an axial extensometer mounted

on the shoulders of the test specimeri.. The. extensometer extended from the

bottom of a resistance furnace where LVDT gages were used to monitor the

axial elongation of the test specimen. The true gage length was estimated

using A.S.T.M. standard E139—70.

The compressive creep tests were conducted by Met—Cut Inc.,

Cincinnati, Ohio. These tests were done also on constan t gage length

specimens only using an axial extensometer attached directl7 to the gage

section. An induction heater was used and the tests were done on a four—

pose low cycle fatigue testing machine .

Mar—Test , Cincinnati , Ohio , did one constant strain rate stress—strain

test in tension and one in compression; and applied low cycle fatigue

damage to five specimens that were shipped to AF~~/LLN for subsequent tensile

creep tests. They did all work on three—post low cycle fatigue machines

—
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using a diametrical strain gage attached directly to the test section of

a constant gage length specimen.

In the tensile tests stress and strain were recorded , and strain and time

were recorded in the creep tests . The modulus of elasticity, E , elastic
-i

Poisson ration , v~ , and plastic Poisson ratio , v , were used to calculate

total true strain , £ , and the true stress, ~ , from the engineering stress ,

and strain, ti,
. The total str4in was written as,

C (1)

the sum of the elastic and inelastic strains. Time derivatives of these

quantities were calculated using a generalized central difference

technique [2 )  . The method of data reduction employed was the same as

that used by Laflen ~3] and Laf Ian and Stouffer (4,5].

4
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III . The Stress—Strain Response in Tension
and Compr ession

Several monoeonically increasing axial strain tests were conducted

in tension over a range of head rates ranging from 0.002 in/mm to 0.500

in/mm . One constant strain rate tes t performed at 0.05 in/in/mm . The results

are shown in Figure 1. The most striking feature of the tes ts is the

• large observed variation of elastic modulus , yield stress, and yield strain

as recorded in Table 1. Further there does not appear to be any clear

ordering of the response with head rate as shown in Table 2. Using this

data and low cycle fatigue data it was determined that the nominal elastic

modulus at 1200° F is 25.7 x io6 psi.
• Suspecting that the elastic parameters could be varying due to the

instrumentation , the elastic modulus was adj usted to the nominal value

fo r all tes ts as shown in Figure 2. The results in Table 2 show that the

s tress at 1.0% strain is still random with no particular ordering within the

observed scatter band . Thus it was concluded from these tests that

the material has at most a small s train rate dependence on the range of

strain (head ) rates examined .

In addition a compressive stress—strain tes t was run at a strain rate of

0.05 in/in/mitt . As shown in Figur e 3 with the tens ile test data run at the

same strain rate , there is only a small difference in the tensile and compressive

behavior. The curves shown in Figure 3 are used as the nominal tensile and

compressive response curves for this study .
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Property Minimum Maximum Nominal

I ‘ 
Value Value Value

Elastic Modulus, 17.4 28.8 25.7
(PS~ x 10

6)

Yield Stress in Tension~~’
2
~ 172.0 184.5 178.0

(KS I)

Yield Stress in Compression~
2
~ 175.0

(KS I)

Yield Strain in Tension~~’
2
~ 0.87% 0.92% 0.90%

Yield Strain in Compression~
2
~ 

• 

0.88%

0
~ Determined with elastic modulus adj usted to 25.7 x io6 PSI.

(2) 0 2 %  offset .

~
3
~See Figure 3.

Table 1. Variations in Tensile properties of Rene 95 at 1200°F. 
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Read ~~~~ 
Mean Stress at 1.0% Strain (KSI)

(in/mitt) Modulus Not Adjusted Modulus Adjusted

0.002 185.0 183.0

0.005 182.0 185.7

0.050 177.0 179.0

0.500 186.0 182.5

S

Table 2. Effect of head rate on the stress
at 1.0% total strain.
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FI(URE 1 STRESS—STRAIN RESPONSE OP RENE 95 IN TENSION AT
DIFFERENT HL~D RATES AT 1200°F
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FIGURE 2 STRESS—STRAIN RESPONSE 0? REI(E 9-5 IN TENSION AT DIPPERENT
HEAD RATES AT 1200°? WITH THE ELASTIC MODULUS ADJUS TED TO
25.7 x 106 PSI.
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FIGURE 3 COMPARISON OF NOMINAL STRESS—STRAIN RESPONSE OF
REI~IE 95 IN TENSION TO RESPONSE IN COMPRESSION AT
1200°?.
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IV. Creep Tests in Tension and Compression

Standard creep tests were conducted in tension at 184 KSI, 175 KSI,

163 KSI , 150 KSI, and 131 KSI , a range of values from 105% to 75% of the-nominal

yield stress. In almost aU cases the load was applied in less than one

minute and duplicate tests were run at 175 KSI, 163 KSI , and 150 KSI.

The total response curves to failure are shown in Figures 4 and 5 and a

sumnary of the response characteristics is given in Table 3.

The response of the creep data has- been shifted along the strain axis

to coincide with the nominal stress—strain response of the material at time

0+. This is done to provide cons~stant1y creep response data.

Similarly , creep tes ts in compression were run at 184 KSI , 175 KSI ,

150 KSI and 131 KSI. The compressive response , except for the 150 KSI test , is

shown in Figures 4 and 5.. and tabulated in Table 3. The compression tests

were terminated at 2 % to 3% strain to avoid buckling failure; however ,

- , bu ckling did occur in two of the four compression tests .

There exists a fairly large variation in the creep—rupture behavior

between the duplicate tensile tests at 150 KSI and 175 KSI. The duplicate

test , C3, at 163 KSI is quite close as shown, but was prematurely terminated

due to a power failure. There is also considerable difference in response

between tension and compression at 184 KSI and 175 KSI; however at 131 KSI

the response in tension and compression is nearly the same up to 300 hours .

It can be seen in Table 3 that the Tertiary creep phase starts above

1.0% strain in all cases . Since the purpose of this study is to make

predictions in the low cycle fatigue range (up to 2% total strain range) ,

a close examination of the primary and secondary creep phase is shown for

all tests in Figures 6 , 7 , and 8. The predominant feature of this response data

11



is the small amount of primary creep. The slope of the straight line

(solid or dashed) th rough the data points corresponds to the minimum creep

rate. In all cases, the duration of the minimum creep rate region is large

compared to the primary creep domain. A detailed comparison between tension

and compression in the primary and secondary creep domains is given in

Section ‘VI.

F
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I

Nominal Specimen Strain At Time To Time To Initiation of 1)Stress Number Failure Failure 2.0% Strain Tertiary Creep
(KSI) (%) 

- 

(ER) (ER) Strain (%) Time (ER)

184T Cl. 8.40 1.56 0.25 2.2 0.3

l75T C2 5.15 7.21 3.25 1.2 1.0

C4 8.49 7.16 2.25 1.3 1.5

163T 19 6.27 15.5 5.0 2.0 5.0

C3 (Tes t Stopped) 4.5 1.2 2.0

l5OT 47 8.30 190.0 75.0 1.5 50.0

CS 10.8 - 69.1 16.3 1.8 15.0

l3lT 20 5.80 504 330 1.1 180.0

l84C 1 343(2) 3.0 0.8 2.4 1.5

l75C 6 —2.94 18.3 10.0 2.6 15.0

150C 17 _l.37(2) 18.0

131C • 8 —2.07 407.0 394.0 1.01 15.0

(1) Estimate

(2) Strain just prior to specimen buckling

Table 3. Suamary of creep response of Rer~e 95
at 12000? in tension and compression. 
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V. Relationship Between Creep and Stress Relaxation

The creep response curves can be reconstructed as stress—strain curves

as a function of time. This is done by plotting the strain obtained from a

constant stress creep curve at different times as shown in Figure 9. For

example, along the constant st ress line at 163 KSI, the strain is plotted

at 2, 10, 20, 40, 60, and 90 minutes. All the points at each fixed time are

then joined to form a set of tsochronis creep curves.W

An estimate of the stress relaxation can be made by replotting the stress

as a function of time at some fixed strain; ie, the intersection of a

c.onstant strain line with the family of isochronis curves. The results

are shown in Figure 10, for constant strains of 0.6%, O.7%,and 0.8%. Also

plotted on Figure 10 is stress relaxation data observed in the first cycle

of fatigue tests for hold times up to 10 minutes. Even though data is for

limited times and strains, it does however give reasonably good correlation.

Hence, there is reason to expect that the stress relaxation observed in the

first few cycles of low cycle fatigue tests with hold times can be predicted

relatively well with the creep data. If the effect cf fatigue on creep is

correctly modeled then the method may be applicable for prediction of stress

relaxation in a larger number of cycles .

~~ Ths isochronis curves were constructed using the data from specimensCl , C4 , 19 , and 20.

10 - 
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FIGURE 9 SHORT T~~E ISOCERONIS CREEP CURVES FOR REh(E 95
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FIGURE 10 COMPARISON OF PR.EDICTED AND OBSERVED STRESS
RELAXATION OF RENE 93 AT 1200°F.
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VI. A Creep Model

In Section IV the creep response in tension and compression is given

for Rena 93 at 1200°?. This response can be used to determine the functions

of a log linear equation [6],

= A(c5)[ 1.0 — e~~
(
~~

t] + ~~(a)t (2)

where is the inelastic true strain defined in equation (1). The first

• 
term represents primary creep and the second term, linear in time, represents

secondary creep. Tertiary creep is not included in the model and has also

been deleted from further consideration in the present study. The functions

ACe), 3(e), and 
~m
(e) of the true stress must be determined from the experi—

mental data. In general, Equation (2) represents the inelastic strain for a

constant stress and is not valid for time varying stress since history effects

are not included. A constitutive equation for varying stress can be

developed using (2) as a material function.

The material functions ACe), 3(e), and ~ ca) have important physical

meanings. Differentiation of equatton (2) with respect to time gives

— A(a)B(a)e 3(a)t + ç(e) . (3)

Setting t — 0 and solving for A(e) gives
I !

—- — ~—-~~~~~~~ • - -  — - ~~~~~~~~~~~~~~~~ — --~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



A(a) — (4)

S

where c~(a) — e (O,o~) is the initial or primary creep rate. Further letting

t become large shows that 
~m
(e) is the minimum creep rate of the material.

A procedure for determining the time coefficient has been established

in (7] and (31 . Equation (3) can be rewritten as

•1 - .
ln(e (e,t) — c

m
(e))  — ln(A(e)8(e)) — 8(a)t (5)

thus 1a(~~(e,t) — 
~m
(a)) is linear in t , and the slope of the curve is

3(a). This method to evaluate the tensile data was inadequate since the

primary creep response is relatively small acid the short time data was poor.

Hence, a direct curve fit method was employed and the value- of A(a), 3(a),

and ~~(ci) for each value of stress was determined, see Table 4. Equation

(4) was also used to estimate the primary creep rate £~~(C1).

The next step is to establish a representation for each of the functions

A(a), 8(a), and ~~(e). The value of A, B, and as a function of stress is

shown in Figures 11, 12, and 13. The distribution for the minimum strain

rate, Figure 11, is slightly different for tension and compression. The strain

rate in compression at 150 KSI is not the minimum, but rather the strain rate

just before a premature bucking failure. Further, a close examination of the

150 KSI compressive creep data showed that the strain rate had not obtained a

minimum. The higher strain rate at 150 KSI in the tensile data is taken as

an unexplained bad test.

23
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It is interesting to observe that the data point corresponding to

the 184 KSI test in both tension and compression is inconsistant with

the rest of the ‘~~ta for all three functions except- one, the time

* coefficient B in tension. This suggest that a different deformation

mechanism is activated at the higher stress level. This concept can be

further substantiated by carefully examining the stress—strain behavior in

tension and compression as given in Table 5. It can be seen that the

strain increment correspondir~g the stress increment between 175 KSI to 184 KSI

is much greater than all other strain increments. Hence there is considerably

more plastic flow associated with loading to the 184 KSI stress than with the other

stress levels. Since the strain at 184 1(51 is an extreme in the range of

interest, this response will, be excluded from the model.

In general, it can be seen that the tensile and compression responses

are different. The most obvious difference is in the time coefficient 3.

It is constan t in compression at increases sharply in tension.

A logrithmic linear fit for the tensile and compressive data has been

obtained and the functions are given by:

In Tension

A(a) — exp(—9.16 + O.0l58a ) in/in

3(a) — 2.66 x lO~~ (a )22.06 1/mm

— 4.22 x lo 7 (
~~.r

)
~

’7 97 in/in/nu n
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•- j In Compression

-~~ I A(a) - exp(—12.80 + 0.O422a) in/in
— I- I

8 3.096 x lO ’
~ 1/mm

= 6.17 x lO 7(
~~T
)
~~~

77 in/in/mitt

where a is in 1(51 in all equations. The scatter bands for the data are

- shown on the figures .
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Nominal Specimen Minimum A x lO ’
~ 8 Primary

Stress Number Strain (nuin l) (Mirrl) Strain
(KS!) Rate Rate(1)

(t4in” ) (Mitt—i)

184T Cl 5.30x10 4 4.78 1.209 5.88xl0”4

l75T C2 4.98x10 ’5 2.09 7.38x104 2.O4xlO 4

C4 6.83x10 ’5 1.99 6.45xlO”l l.97xl0’4

163T 19 3.95x10’5 1.40 3.l6xlO ’l 8.37xl0’5

C3 4.Sxltr5

150T C5 1.llxl,0’5 2.21 6.88xl0 ’2 l.63x10 4

47 2.63x10”6 1.42 l.5x lO” 2 2.39x10’5

131T 20 4.46x10’7 0.71 4.35xl0’3 3.S3xlO ’6

l84C 1 6.30xl0”5 9.03 9.35x10 ’2 9.7xi0’4

uSC 6 l.33x10’5 3.34 2.63xlO’3 2.20x10’5

l5OC 17 3.47~l O 6~
2
~ 1.14 3.38x10’3 9.45xl0’6

131C 8 4.73xl0’7 0.65 3.28xl0’3 2.60x10 6

(1) Calculated from Equation (4) .

(2) Strain rate just prior to failure

Table 4. Characteristic parameters for the creep

response of Rena 95 at 1200°F
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Stress Stress Strain Strain Strain Strain
(KSI) Increment (2) Increment (2) Increment

(1(51) (2) (2)

184 1.12 1.27

9 0.30 0.39

175 0.82 0.88

12 0.14 0.17

163 0.68 0.71

13 0.09 0.10

150 0.59 0.61

19 0.08 0.10

131 0.51 0.51

Table 5. Static response of Rene 95 at 1200°? at the

stress levels used for the creep tests .
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VII. Effect of Prior Cyclic Fatigue

Recently in the literature (8 ,9 ,10,11) it has been f ound that cyclic

working prior to creep reduces the creep strength of the material for a

variety of cyclic softening materials. That is, the time to failure is

shorter due to the cyclic softening. Conversly, it might be expec ted that

for a cyclic hardening material, prior working can increase the creep strength

of the material. The reverse process; ie, the effect of creep on fatigue,

does not appear to have an effect. Eliisiotu and Paterson (13) observed that

there was no difference in the low cycle fatigue data between virgin specimens

and specimens that had prior creep strain.

Since this type of investigation can reveal many important concepts about

both the mechanical response and life of Rena 95 , a preliminary experimental

program was established to investigate what aspects of fatigue—creep inter-

actions are present and if they are important .

AU the work in the literature has been directed toward showing the

effect of various amounts of cyclic damage ott creep . Generally it has been

found that- increasing the fatigue damage increases the effect.  This

phenomena is assumed to exist stud be important for Rena 95. Thus , rather than

investigating the effect of the amount of fatigue damage, it was decided to

investigate the effect of stress and strain range on creep for a fixed amount

of damage.

Consequently, seven specimens were preworked under a cyclic fatigue

program to 21% of the life (as determined from the number of cycles to failure).

Five of the specimens were cycled at 1.4% total strain range and two at

1.8% total strain range. The cyclic histories were stopped at two different

locations as shown in Figure 14 and Table 6.

- -  
— -  -
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One specimen was used for a tensile tes t to determine if the fatigue

history had any effect on the tensile properties. The results of this test

are outlined in Table 6. The characteristic response parameters are almost

identical to the nominal tensile response.

The remaining specimens were given creep histories at the three stress levels

show in Figure 14 in order to answer a number of questions. To raise these

questions it is convenient to introduce the following notation for the inelastic

strain, ~~ , as a function of the prework history:

I I— c (a, 
~~~~ 

d , t) ,

where a is the creep stress, Ae~ is the strain range , t is time , and

~ is defined by

1+1 if creep strain applied in the same direction as the

J fatigue strain

d = 0 if there is no fatigue strain

—l if the creep strain is applied in the direction opposite

to the fatigue strain.

The following questions were investigated with the creep experiments

outlined in Table 6.

a) Since Rena 95 is a material that hardens at 21% life as shown in the

Figure 15, what is the effect  of hardening on the creep response?

This cart be answered by determing if the ratios

32 
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eI (llS 1.8, +1 t)

c1(l75 , 0 , 0 , t)

£I(163 1.4, +1, t)

€I(l63 0, 0, t)

as a function of time.,are greater or less than 1.0.

b) Does the strain range of the fatigue cycle effect the creep response?

Mathematically, does

cI (150 1.4, +1, t) — cI (l50 , 1.8, +1, t) ?

c) If the fatigue cycling does effect the subsequent creep response,

is the response independent of stress ? That is , does

cI(lso 1.4, +1, t) — ~I (l63 1.4 , +1, t)

€ I (l50, 0, 0, t) c1(l63 0, 0 , t)

and

cI (15O 1.8, +1, t) ~~~ ( 175 , 1.4 , +1, t)

c1(150, 0, 0 , t) € I ( .l75 0 , 0 , t)

33
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hold, and if so for what time domain?

dl Is the effect in tension the same as the effect in compression? Since

the creep response in tension and compression is different, this can

be answered by comparing the following functions of time:

£1C163, 1.4, +l, t) C.~l63~ l.4~ +1, t)

e (163, O , 0 , t) ~~ (—l63, 0 , O , t)

e> What is the effect of reversing the direction of the fatigue cycle

with the creep loading? How does

c1(l63 1.4, +1, t)

c1(l63 1.4 , —1 , tj  -

vary with time?

An outline of the results of the creep tests are given in Table 6.

For all tests there was little change in the strain to failure except for

specimen 12, that failed 2.01% strain. However , the time to failure was

altered in several specimens. At 130 KS!, the time to failure of 69.4 hours

• was greatly reduced compared to the time of failure of 190 hours for specimen 47,

but was nearly the same as specimen c~ . Note that the response of specimen c5

did not correlate at all with the other creep tests. At 163 KSI, the time

to failure for specimen 16 with the reversed creep load was increased by a

-

~~ 

. 
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factor of two. At 175 KS! the time to failure was r educed by a f actor

of two. Similarily, the time of the initiation of the tertiary creep

changed in about the same way as the time to failure; but, tertiary creep

was initiated at about the same strain level as the tests on virgin specimens.

Since this work is directed toward the primary and secondary creep

response , the creep curves for the fatigued specimens in this t~~ e domain is

shown in Figures 16, 17, 18, and 19. Also shown is the scatter band ~~ noi;inal respons-

domain that was derived in Section Vt to characterize the virgin material.

• A few general trends can be observed by comparing the response of the preworked

creep specimens to the nominal response. First, it appears that the fatigue

working enhanced the primary creep response of the material. Second there

was relatively little effect on the minimum creep rate. Third , it can be

seen from Figure 17 that the effect of reversing the load , as presented

in (el above, is very important.

Another very important feature of FLgures 16, 17, and 18 is the extent

of the scatter band of the tensile creep data. By comparison, the scatter

band for the compressive data is much smaller . Since the material and

temperature in both cases is the same, the difference must be the

instrumentation and experimental proceedures. Further, the accuracy of the measured

response for the fatigued creep specimens is the same as the virgin response data

making precise comparisons difficult. As a result the calculations proposed

in ~~ to (e) above are omitted since there is no firm numerical basis fo r

the analysis. Hence, specific details about this part of the study remain

unanswered. 
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FIGURE 14 SCH~~ULTIC DIAGRAN SHOWING THE DEFORMATION HISTORY APPLIED
TO SPECINZ~S 9,11,12,13,14, AND 16.

STRESS

I7S ksi — -‘-- II
l63ksi—

______________ _ _ _ _ _ _ _ _  — STRAIN
cycle 40
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FIGURE 15 (a) THE INITIAL RESPONSE OF A VIRGIN CREEP SPECIMEN .
(b) INITIAL CREEP RESPONS E OF A SPECIMEN THAT HAS 40
CYCLES OF 1.8% TOTAL REVERSED PLASTIC STRAIN (SPECIMEN 11)
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VIII Sunmary

The major objective is this study is to develop a constitutive representa—

• tion for Rena 95 at 1200°F that is valid for variable loading histories.

Recall that the representation developed in Section VI gives the creep strain,

as a function !of stress and time only when the stress is constant.

A general method of analysis has been developed for deriving a constitutive

equation for variable stress his tories using £ 1(c7 ,. t) as a basic material

property W . The mos t recent results for high temperature metal creep (5 3

• proposes-aconstitutive equation of the form

£(t)  - + f~ 
3c~ci(t), t-r~ d’r + f (l_a)3C~~•~(t)~8~3 di (6)

JO ~(t t) ) O e — o
where LI is the creep response dave3.ope.d above. The material parameter a ,

0 < a < 1, controls the relative contribution of viscoelastic and plastic

strain. For example , if a — 1, the equation (5) reduces to the

viscoelastic response integral, in (123. Conversly, if a — 0 equation (6)

corresponds to a plasticity formulation. The material parameter , a ,

depends upon the his tory of the deformation and must be determined, at least

in part , by an experimental program.

Many metals at elevated temperature exhibit a strain rate dependence

and a representation for a has been established using the stress—s train

response at different strain rates . The stress—strain evaluation for Rene 95

~~~References 4 , 5, 12 , 13 .
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in Section III did not show any clear dependence on t ime. However , there

are certain reservations in presenting this as a firm conclusion. First

the stress—strain tests were run at constant head rate which is much different

than constant strain rate. Second , even if the effect is small , the results

were expected to be ordered. That is, higher strain rates should give

higher stress levels. Third , there is clearly a question of the accuracy of

the data as evidenced by the unusually large variation in elastic modulus
(2)(see Table 1) . Fourth , the experiments were over two decades of head

rates which is not a very large variation.

An alternative formulation was attempted by investigating the effect of

fatigue on creep , which is very important as a fundamental investigation.

However1 as pointed out in the last section, only general trends were clearly

observed . The reliability of the data did not permi t the evaluation
1 

of

the specific questions raised. Since this approach to constitutive equation

development is totally unique , a number of fundamental questions as to the

important effects must be answered as part of the study . These answers

alone would make an importan t contribution to the literature.

Finally, as seen in equation (6), the inelastic response for a variable

stress history is linear in the derivatives of c1. Thus the factor of ±1.7

accuracy for in would be directly reflected in the final result. Thus,

without even assuming the same level of error in the function a,the result

~
2
~The stress—strain data was taken ~at AF1~~/LLN using the same techniques as the creep

data.

~~~~~~~ for compression.
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is totally useless for prediction.

24 February 1978

Donald C. Stouffer -

Associate Professor
Department of Engineering Science
University of Cincinnati
Cincinnati, Ohio 45221
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cha racterize the mechanica l response properties of the material.  A model was developed
for the primary and secondary creep of the material.  An investi gation of the effect of
fati gue on creep was carried out to determine the importance of the creep stress level ,
fatigue strain range , and the fatigue—creep sequence. In general it was found that the
pri mary creep was greatly enhanced with relatively little effect on the minimum creep rate
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