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ABSTRACT

A three year experimental grogram for studying elevated

temperature biaxial fatigue of a nickel based alloy Hastel-

loy-X has been completed. A new high temperature fatigue

test facility with unique capabilities has been developed.

Effort was directed toward understanding multiaxial fatigue

and correlating the experimental data to the existing theo-

ries of fatigue failure. The difficult task of predicting

fatigue lives for non-proportional loading was used as an

ultimate test for various life prediction method] being con-

sidered. The primary means of reaching improved understand-

ing were through several critical non-proportional loading

experiments.	 The direction of cracking observed on failed

specimens was also recorded and used to guide the develop-

:cent of the theory. Cyclic deformation responses were per-

manently recorded digitally during each test. This constitu-

tive data is now being used for constitutive modeling

studies by a colleague at another institution and will con-

tribute to our understanding of the constitutive response of

this material. It was discovered that the cracking m.)de

switched from primarily cracking on the maximum shear planes

at room temperature to cracking on the maximum normal strain

planes at 649°C. In contrast to some other metals, loading

path in nonproportional loading had little effect on fa-

tigue lives. Strain rate ::ad a small effect on fatigue lives



the various correlating parameters the modified

e and octahedral shear stress Were the most suc-
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Nomenclature

G. L.	 = gage ] ength

E	 = Young' s modulus

G	 = shear modulus

v	 = Poisson's ratio

a	 = applied strain ratio

= phase angle

N 
	 = fatigue life

.AE	 = applied axial strain range

6y	 = appl ied torsional strain range

6P	 = appl ied axial load range

AT	 = appl ied torque range

AS	 = applied normal stress range

AT	 = appl ied shear stress range

AF- P	= applied plastic axial strain range

Ay 	 = applied elastic torsional strain range

AWP	
= axial plastic wore per cycle

Awy	= torsional plastic work per cycle
P

AW P 	 = total plastic wor} per cycle

AW P *	 = modified total plastic work per cycle

Ay 
Oct= 

octahedral shear strain rani,,e

Ay 
max	

maximum shear strain range

oyP	 = traximun plastic shear strain range
max

AE 	 = normal strain range on tre plane of mnxirnuT

rite ^: r strain range

`max	
= wide of' the plt:r.e of	 rc•:i,;c

- •Iiii -
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AE A 	 = rax imun normal strain range

AY E	= shear strain range on the plane of maximum

normal strain range

°max	 = angle of the plane of maximum normal strain range

AG^	 = maximum principal stress range

AT 	 = shear stress range on the plane of maximum

principal stress range

AT max= maximum shear stress range

Aan	= normal stress range on the plane of maximum

shear stress range

AT Oct= octahedral shear stress range

A0 Oct = octahedral normal stress range

AQeq	 = equivalent stress range

ALohr	 = Lohr-Ellison' s parameter range
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INTRODUCTION

Biaxial fatigue is often encountered in the complex ther-

mc-mechanical loading present in gas turbine engines. Engine

strain histories can involve non-constant temperature, mean

stress, creep, environmental effects, both isotropic and an-

isotropic materials and non.-proportional loading. Life pre-

diction for the general case involving all the above is not

a tractable research project. This research program was lim-

ited to isothermal fatigue at room temperature and 649°C of

Hastelloy-R for both proportional and non-proportional load-

ing.

Completely adequate life prediction methods for non-pro-

portional loading have yet to be decisively demonstrated.

Unusual non-proportional loading fatigue tests were run in

this program.

Data for multiaxial fatigue at elevated temperature is

quite limited. This program produced new data on the biaxial

fatigue behavior at elevated temperature. Multiax i-al fatigue

testing is a complex and difficult task. The data in the

literature is characterized by contradictory conclusions

even when nominally similar materials are tested (1). We

feel strongly that great care must be exercised to avoid

certain practices pointed out in a r?cent literature review

(1) that degrade data. Accordingly specimen gage secticn

strain distribution, material anisotropy and deformation re-

Ai	 r
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sponse were all carefully studied 	 prior to running the test

program.

Theal	 of the project was	 to select the	 best fatiguego	 P	i 

' failure parameters of	 the existing theories to 	 predict the

fatigue	 life or	 modify it	 if necessary.	 This goal	 was

in	 byachieved	 part,	 employing	 an experimental set-up with

several unique features that were 	 expected to give improved

data quality.	 In pursuing this goal 32 specimens were test-

ed.	 A Number of tests we-e designed to answer speci f ic ques-

tions that helped direct the search for a good parameter.

In the remainder of this report	 relevant fatigue theories

are first	 reviewed.	 This is	 followed by an	 extensive de-

scription of the test hardware the development of which con-

the	 The testsumed a substantial part of	 total effort.	 re-

sults	 are	 described	 including baseline	 teats	 and	 tests

l! designed to answer specific questions. 	 Finally the data is

used	 to select the best parameter.

1.

i _2_
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THEORIES OF MULTIAXIAL FATIGUE

Life prediction in multiaxial fatigue depends on the use

of one or more appropriate parameters to characterize the

damaging nature of the applied loading. A complete review of

the literature is inappropriate here as two recent reviews

are available (1,3). Only certain relevant points will be

discussed. It is convenient to present first the parameters

based on classical failure theory and then to present the

more complicated parameters. The classical failure theory

approach required fatigue data from only uniaxial fatigue

tests to predict fatigue lives for various multiaxial stress

states while the more complicated theories generally require

data from tests at several different stress states (tension

and torsion for example).

The three parameters based on classical failure theories

that are used for correlating multiaxial fatigue data are

maximum normal stress theory, maximum shear stress theory

and octahedral shear stress theory (Von Mises' theory). The

above classical failure theories were characterized by con-

tradictory conclusions even when nominally similar materials

are tested (1). The more complicated failure theories (2,8)

have been shown to be considerably more accurate in predict-

ing fatigue lives. For example, in one set of biaxial exper-

iments, fatigue lives predicted fror. uniaxial data ising oc-

tahedral shear theory were nonconservative by a factor of 10

- 3 -
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and 100 (4). More recently, some success has been achieved

using an energy based parameter that requires damage to be

calculated incrementally along the stress-strain path.

Three recently developed theories which use two or more in-

dependent parameters have also been shown to give better

life prediction. They will be described as follows.

(a). Gamma Plane Theory of Brown and Diller

This theory is based on the physical quantities that con-

trol fatigue crack growth, namely the maximum shear strain

and the tensile strain normal to the plane of maximum shear.

The direction of cracks initiated was measured during the

tests. The cracks were found to initiate on the planes of

maximum shear strain regardless of the maximum normal

strain. Crack initiation is on the maximum shear strain

plane driven mostly by shear. Secondly, initiation is af-

fected by the tensile strain normal to the plane of maximum

3hear. For the crack growth process, the mode I component is

the Ln03t important. The only influence of maximum normal

strain on crack direction occurred for the case where every

plane was a maximum shear plane, then the planes which also

had maximum normal strain amplitudes tended to initiate

cracks. It is worth noting that these crack direction re-

sults are different from those predicted by Findley's (5,6)

theory ; n which the worst combination of shear and no: ;al

strain will produce cracking first.
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Kanazawa,	 Miller	 and Brown (7)	 conducted	 and analyzed

in-phase	 and	 _f ive types	 of	 out-of-phase	 tension-torsion

tests of a Cr-Mo-V steel.	 Results were presented in terms

of the maximum shear strain theory,	 octahedral shear strain
r

theory and the	 gamma plane theory of Brown	 and Miller (2).

The results	 presented indicated	 that neither	 maximum shear

strain theory nor octahedral shear	 strain theory did a good

job at	 correlating the data.	 It	 was shown that	 the gamma

plane theory of Brown and Miller	 did the best job at corre-

lating the data.	 The chief	 drawback of the gamma approach
s

is the large	 amount of multiaxial fatigue data 	 that is re-

quired unless a mathematical. form for constant life contours

is available.

(b).	 Plastic Work Theory

F

Garud has found data that showed the shear strains in all

directions	 resulted in the fatigue damage,	 not just on the

•

shear critical plane. 	 Accordingly he proposed a new plastic

work theory	 of fatigue	 damage. The	 simple form of this

Ctheory states that fatigue life is a function of the plastic

work done	 (8).	 The	 theory in	 its improved modified form sums

plastic work	 where the plastic work done by	 applied shear

stress only counts half as much as other plastic work. Ana-

lyzing the data	 of Kanazawa et al.(7),	 Garud's	 unmodified

` theory correlates all the various in-phase	 out-cf phase

I

results to within a factor of three on life while the modi-

_5_
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fied theory gets within a .factor of about two on life. The

modified version of this theory appears promising; Garud's

theory obtained the same scatter as the theory of Brown and

Miller when applied 'o the same data (7). Both of these

theories look promising on the basis of the tests run. How-

ever, more data is needed to draw a final conclusion.

(c). Gamma Plane Theory of Lohr and Ellison

This approach hypothesises that the maximum shear strain

Y* , on planes driving the crack through the thickness, con-

trols the fatique crack propagation rate and hence the life

(22). In the general cases, this shear strain Y * does not

equal the absolute maximum shear strain Ymax	 The direct

strain En acting normal to the plane of Y * can exert a

secondary modifying influence. Experimental results (9,10,

11,12,13) from several research laboratories have been ana-

lyzed in this manner with some success.

^I

^	 4
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I
PHYSICAL CONSIDERATION OF FATIGUE MECHANISM

The two	 gamma plane	 theories mentioned	 above emphasize

the importance of fatigue crack growth. 	 Several investiga-

tors	 (14,15,16,17)	 had	 reviewed	 the process of crack initia-

tion and propagation under biaxial loading. 	 In metallic ma-

' terials,	 cracks	 initiate on	 crystallographic	 planes	 of

intensified slip.	 Being a slip process, 	 the initiation mech-

anism will be	 controlled by the shear strain	 and occurs on

the plane	 of maximum	 shear.	 Stage	 I cracks	 propagate on

these shear	 planes,	 due to	 slip processes	 and decohesion
r
!. the	 For	 IIahead of	 crack tip.	 most materials,	 stage	 propa-

gation occurs	 by processes	 of slip	 and decohesion	 in the

plastic shear ears at the crack tip. 	 The sli p and decohesion

r is again controlled by the maximum shear strain. 	 On the oth-

er hand,	 stage I! cracks	 may propagate by	 void formation

} C ahead of the cracks, 	 or by cleavage,	 particularly in brittle

C

materials. A secondary but important effect will be that of

the tensile	 strain across	 the maximum	 shear-strain plane.

Furthermore,	 a law	 involving a combination of	 the maximum

shear strain and the tensile	 strain will assist correlation

of crack	 growth by	 cleavage in	 brittle materials,	 since

cleavage may be primarily controlled 	 by the maximum princi-

pal strain.

i

In this work .forts were directed to discover or develop

'	 a theory that can successfully predict multiaxial fatigue

t	 _
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life of Hastelloy-X at elevated temperature. In developing

such a method consideration was given to what is known about

the fatigue process. Additional guidance was taken from the

results of critical experiments designed to settle certain

issues and also utilized direct observation of the direction

and mode of cracking in the failed specimens.
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I
EXPERIMENTAL METHODS

Biaxial straining was produced by the application of com-

bined tension and torsion at room temperature and 649°C. A

servo hydraulic machine built using commercially made actua-

tors and electronics combined with a University of Connecti-

cut designed load frame. 	 The specimens were thin walled

T	 tubes similar to those used by Kenazawa,	 Brown and Miller

I (2). The specimens were heated by band heaters on each end

of the specimen and a cartridge heater inside the tubular

specimen. The grip designed chosen used a disposable grip

r,	 made of ?04 stainless steel that was pressed on and welded.

CLoad and torque were measured with a commercial load-tor-

cell.	 Axial strain and angle of twist were measured us-

1.
T

que

ing a high temperature capacitance probes mounted on a based

extensometer attached	 directly to the	 gage section	 of the

specimen.	 An	 attempt to measure through 	 thickness strain

and hoop strain was made using	 an external and internal ca-

pacitance	 ring probes.	 The primary	 reason for	 measuring

these	 to	 in de-additional strains was 	 avoid possible errors

termining the maximum shear strain	 amplitude	 fsee page	 18).

An ADAC	 LSI-11	 based data	 acquisition system was	 used for

generating the command signals and running the data acquis-

tion system.

A major	 part of the project	 work was	 in	 developing and

improving the hardware for high temperature biaxial fatigue.

- 9 -
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At the time when this project started no commercial hardware

existed for doing this type of testing Numerous hardware

items were designed and improved during the course of this

project. Because a significant part of the effort was ex-

pended in developing the test hardware and a number of orig-

inal pieces of equipment were developed, a detailed descrip-

tion of the experimental set-up will be presented.

E^
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EXPERIMENTAL FACILITIES:

1. The Testing Machine:

The testing machine (see Fig.1) uses MTS actuators and

torque reaction plates and a Lebow thrust-torque sensor.

Complete tension.-torsion servo hydraulic tests systems are

commercially available.	 Largely for financial reasons a

similar test system was built in house. The resulting test

system does however have superior alignment of the upper and

lower crossheads due to the use of a large die set as a load

frame. The die set chosen is similar to those used in stamp-

ing out sheet metal parts in the automotive industry. Be-

cause these die sets were produced in some volume they are

much less expensive than any similar structure produced in a

job shop as a special item. The key problem in making a die

set into a load frame is holding the upper crosshead sta-

tionary when it is usually designed to slide up and down the

frame columns for operation as a die press. This was accom-

plished by using large collars that clamp the cross head of

the die set to the side posts. The die set load frame is

5iiown in Fig. 1 where the collars are clearly visable. The

resign of such collars is largely empherical and the servi-

ces of a collar manufacturer was utlized in arriving at

suitable dimensions. The hydraulic actuators, lower load

frame and electronics (Fig. 4) are standard components pur-

chased from the leading manufacturer of tension-torsion ser-

4
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vo hydraulic materials testing systems. The die set accord-

ing to the manufacturer gives parallelness of the crossheads

to be within 0.0833 mm/m of seperation of the cross heads.

This excellent alignment is obtained on a load frame that

costs much less than a commercial frame.

2. Specimens and Material:

The alloy chosen is specially processed Hastelloy-X 28.6

mm dia. bar stock. This material was processed to obtain a

grain size of ASTM 5-6 to simulate the condition of rolled

material used in aircraft engines. The specimens used were

tubes, the geometry of which is shown in Fig. 2. These spec-

imens are sufficiently thin walled to allow for a reasonable

calculation of stress from load but also resist buckling

well at large strains at elevated temperature. Since the

extra length of specimens were only needed for the band

heaters, the specimens of room temperature tests were made

shorter to save the material costs.

- 12 -
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1	 3. The Grips:

Design of the grips for elevated temperature tension-tor-

sion fatigue tests	 is both difficult and	 important.	 Since

the material chosen is generally	 expensive and difficult to

machine,	 the grips were sought that would allow a simple ax-

isymmetric	 designspecimen	 with a	 short overall	 specimen

length.	 This was achieved by using a specimen grip combina-

tion shown	 in Fig.	 3.	 The grip design chosen used a disposa-

•

ble grip	 made of	 304 stainless steel	 that was	 pressed on

with a shrink fit with about 0.0254 mm interference. 	 Follow-

ing the	 shrink fit the flange	 was welded on	 the Hastelloy

specimen using 310 welding rod.	 Following welding the speci-

men flange combination	 was put on centers and 	 faced off at

both ends in a lathe.	 The thickness of welded grips was re-

duced from 25.4 mm early in the	 program to 19.1	 mm and both

worked	 successfully.	 These	 grips	 cost roughly	 $30/pair

which is small compared to	 other costs associated with this

type of testing.

4.	 The Heating System:

Specimen heating can be accomplished by a variety of
II	 methods including induction heating, direct resistance heat-

ing, furnace heating, radiant heating and heating by direct

contact with heating elements. The specimens here -were

heated using coiled resistance heaters clamped on eac?: end

of the specimen (Fig. 3) and the temperatures were cont-
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rolled	 individually by two triac controllers.	 The band heat-

ers that	 supply 675 watts do	 not have sufficient	 power to

get the specimento 649°C without	 a heat shield that is cur-

rently used. The band heaters were wrapped around the speci-

men outside of the gage length. 	 It was further found that it

1 was necessary to add more energy 	 to the gage section of the

specimen to	 make up for	 gradients caused by 	 radiation and

t convection losses.	 The center of	 the gage length was found

about 28°C cooler than the	 ends.	 This energy was provided

by using an internal cartridge heater 	 which was 12.6 mm di-

ameter,	 25.4 mm long,	 and rated at 50 watts.	 The voltage to

the cartridge	 heater was	 adjusted by a	 variac to	 apply a

predetermined power to the cartridge heater which from cali-

bration tests was	 shown to give the most	 uniform gage sec-

heaterst. tion temperature.	 With this combination	 of	 and a

three layer	 round	 'neat shield which was made 	 of 304 stain-

less steel and has a open bottom end,	 the temperature	 in the

•

gage length	 was uniform within	 4.4 0 C 	 to 5.6°C	 and easily

reached 649°C.	 Note that the Y, type thermocouple wire used

` has an error which is	 2.7 0 C at 649°C

t 5. Extensometer:

Extensometry is acknowledged to be the most troublesome
f

aspect of elevated temperature tension-torsion fatigue test-

[	 ing (18). The extensometer developed here is ptartly an adap-

tation of that described in References 19 and 20.	 In de-

s
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signing this extensometer it was decided that avoiding the

need for cooling was desirable because cooling hoses tend j
t cause vibration problems and exert undesirable force on ex-

tensometers. To avoid the need for cooling the extensometer,

high temperature commercial capacitance displacement probes

were used (Fig. 5). The probes are rated by the vendor to
788°C. Since the probes are not at the specimen surface the

probe temperature is much less than the specimen temperature

' as long as furnace heating is not used. Measurement of the

temperature near the probes in 649° C tests utilizing the

heating method described above, the probe temperature was

less than 371°C. Thus using the commercial probes tests far

1

	

	
in excess of 788 0 C should be possible with this extensome-

ter .

C
The extensometer has been modified twice to improved its

performance.	 The configuration of extersometer is shown in

h

	

	 Fig. 5. Axial displacement was measured using two axially

mounted probes measuring the distance to axial targets. The

output of the two axial probes was summed to cancel out

cross talk caused by imperfect alignment and false strains

caused by rigid body wobble of the extensometer. The angle

of twist was measured by two probes measuring the distance

to radially mounted targets. The final excellent version of

'

	

	 torsional targe',s were made of two seperate pieces which

will aasure the targets remain square with the extensometer.

15 _
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The displacement of the radial tArgets is related to the

angle of twist by the following equation.

d = R(SinO) = F6

d : The displacement of torsional target center relative

to the torsional probe center.

R : The distance between the specimen center and the

target center.

8 : The angle of twist, in radians.

It is clear that the response of the probes is nonlinear.

However for the largest strains measured were 2% and the

nonlinearity was estimated to be 2.4% which is accepted as

part of the error.

A jig with a known gage length shown in Fig. 6 was devel-

oped to ensure proper alignment and concentricitj when

mounting the extensometer. By adjusting inwards or outwards

the three 6.35 mm x 28 screws of extensometer, the extensom-

eter can be used for different specimen O.D. A special jig

was also built and used to ensure the angles between each

screw being 120 degrees.

The extensometer was attached to the specimen using tung-

sten carbide conical points. To avoid attachment induced

failure the gage length of the extensometer was increased to

33 mm to move the attachment slightly up the transition.

Comparison with strain gage data showed tt.at the calibration

factor change due to the non-constant thickness in the gage

- 16 - I'
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section was only 0.5% compared to that expected for a per-

fectly uniform gage section. Computer monitoring of the axi-

al and torsional probes individually showed that for the ax-

ial probes, two probes are necessary to cancel out the ef-

fects of small imperfections in the mounting alignment and

small wobbling problems. In the case of the torsional probes

that have a full scale range of 6.35 mm the use of two

probes is much less critical.

An attempt was made to measure cross talk between the

torsion and tension strain channels. This was done by sub-

jecting a specimen in load control to pure torsion and meas-

uring the apparent strain on the axial extensometer. The ax-

ial channel was in load control with a static zero load

command. In this test for a 1% torsional strain the false

apparent 5t,rain in tension was 53 micro strains (Fig. 7).

Interchanging the role of tension and torsion when 1% strain

was applied axially there was an apparent torsional strain

of 29 micro strains (Fig. 8). The measurement of cross talk

is some what problematical as it is very difficult to pro-

duce pure twist with no axial strain or vice versa. It is

well known that there is a second order effect called the

Poynting effect that will give axial strain in a pure tor-

sion test and vice versa. In Reference 21 , OFHC copper was

tested in torsion and at 1% strain the axial strain due to

the Poynting effect is comparable to the strain attrib»ted

to cross talk in the experiments lone here. We can conclude

- 17 -



that the extensometer may have far less cross talk than

measured cross talk is probably an upper bond. Having used

this extensometer for several yeare it is basically satis-

factory. However a second generation extensometer in under

design and it will include stiffer supports for the carbide

points and axial probes with 1.27 mm full scale range as

compared with the current 0.51 mm full scale which is small.

Any misalignment during set up cuts the usable range down

forcing careful time consuming alignment that would be less

important for the larger full scale range.

6. Capacitance Ring Probes:

In biaxial testing two strains are ordinarily measured.

However in order to solve for principal strain and other

quantities it is necessary to know the full strain tensor.

Usually this is done by assuming an equivalent Pcisson's ra-

tio (22). The assumptions made about the Poisson's ratio

significantly affect the calculated values of various param-

eters used to correlate fatigue data (23). The actual behav-

ior of the two non-measured normal strains would be deriv-

able from a constitutive equation. If classical plasticity

is assumed to govern the inelastic strains and a Tresca flow

rule is used all plastic deformation occures by slip on max-

i mum shear planes onl y and there would be no circumferential

plastic strain and Nunn would be conserved by a large

through thickness strain. This behavior would be very dif-

- 13 -
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ferent than that assumed in most equivalent Poisson's ratio

approaches. Given the significant effect of assumptions made

	

'	 about the unmeasured normal strains it seemed appropriate to

measure the through thickness strain and circumferential

•	 strain if possible. The work described herein was primarily

{ ' for the study of elevated temperature response at large

cyclic strains so that conventional strain gage approaches

were only useful ac room temperature. The attempt to measure

through thickness strain with capacitance ring probes was

not successful. However a great deal was learned about the

behaviors of these probes and the required design changes to

make the system work were determined but not implemented due

to lack of time and funds. The following description of the

ring probes is of interest to those desiring to make such

measurements. At room temperature the hoop strain was meas-

ured with strain gages and in spite of what is predicted by

maximum shear stress flow rules, effective Poisson's ratio

	

'	 formula (Eq. 5) was quite accurate in describing the defor-

mation.

An attempt was made to measure the average change in out-

side diameter and inside diameter of the tension-torsion

specimen. Assuming that the tube remains circular half of

the difference of these two diameters is directly related to

the through thickness strain if the tubes are assumed to be

thin. The change in the sum of the outside diameter and In-

side diameter devided by two is the change in the average

\1
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' I diameter and for circular thin	 tube this is proportional to

the circumferential strain. 	 Capacitors were formed for meas-

uring the O.D. using the specimen as one side of the capaci-

tor and	 a toroidal stiaped ring	 probe as the other	 side of

the capacitor.	 The outer ring probe which is 50.8 mm O.D.,

33 mm I.D.	 and 3.18 mm thick is shown in Fig. 	 9.	 The capaci-
tance of	 thin geometry is	 related to the	 distance between

' the inside of the ring probe and the specimen O.D.	 To meas-

ure the	 change in inside	 diameter a capacitance 	 probe was

placed in the center of the tubular specimen 	 (Fig.	 9)	 form-

r
ing another annular gap capacitor as on the O.D.	 The sensor

disc of this	 inner ring probe is 8.89 mm	 diameter and	 1.27

mm thick.	 Again the capaci`ance is some function of the av-

erage diameter difference of the Probe and the specimen.

Tests were	 done to adjust	 the	 linearity of this	 set up
..,
rusing a three slope linearizing 	 '_uilt	 in to thecircuit	 sig-

nal conditioner and to access 	 the probes sensitivity to 	 im-

perfections in the	 concentricity of the probe	 and specimen

and to study the effect of inevitable lateral 	 (concentricity

destroying)	 motions of the ring	 probes.	 In order to study

the behavior of the capacitance probes calibration jigs were

built as shown in Figs.	 10	 and	 11.	 The three diameters of

the outer ring probe calibration	 gage are 17.78 mm,	 18.034

mn and	 18.415 min	 while they	 are	 12.573	 mm,	 12.7	 mm and

12.827 mm for	 the	 inner	 ring probe.	 The calibration fix-

tures were moved relative to the probe using a servo hydras-

1
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lic fatigue test machine where the axial motion was measured

with an LVDT. By this means it was possible to plot the ring

probe output versus the position of the probe relative to

the calibration fixture and get three readings of probe out-

put for the three diameters involved. The representive out-

put are shown in Figs. 12 and 13. An edge effect was found

to extend up to 25.4 mm from a free end and up to 11 mm from

a step of diameter change. Using this set up the probe lin-

earity was adjusted with the built in linearizer. It is

worth noting that the probe senses the steps in the calibra-

tion fixture gradually over a distance (Figs. 	 12 and 13).

The probe calibration factor of the O.D. 	 was 0.424 mm/volt

while for the I.D. it was 0.170 mm/volt.

It is also important to see how sensitive the probe capa-

citance was to disturbing the concentricity of the probe and

target. By setting up the outer ring probe vertically it was

possible to plot the charge in the probe output versus

change in the position of the calibration fixture along a

radial line away from the perfectly centered position. .[,is

result is shown in Figs. 14 and 15. Here it is apparent that

the probe output is maximum when the probe and targ-t are

concentric and that as the target is moved from the concen-

tric position the probe output changes in a parabolic way.

The sensitivity of the probes to changes in concentricity

has important implications to the measurement of diameter

i	 change during a cyclic test. Specially if the probe - spe-:i-

- 21 -
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men concentricity changes cyclically during straining there

will be a false diameter change recorded due to the effect

of concentricity change. To get a feel for the sort of con-

centricity change that can be tolerated in measuring circum-

P	 t'i I t 4"	 a re resen tati've ase -ill 	 b11	 n ideren s s ra p c no e co s-

ered. If the specimen used in this experiment were strained

1% then the Poisson's strains would be roughly 0.5% result-

ing in a I.D. change of 0.0635 mm and an O.D. change of

0.0889 mm. If the toleratable error is to be 2% of the total

change using the graphs Figs. 14 and 15 then the O.D. con-

centricity must be constant within 0.127 mm and the I.D.

concentricity must be constant within 0.0381 mm. There is

some small wobble in the extensometer frame that is well

compensated for during axial and torsional strain measure-

ment by the use of double sensors. However for the ring

probes it is unclear if the wobble will cause serious errors

in our set-up. Finally the noise of the outer ring probe is

found to be approximately equivalent to 0.00305 mm O.D.

change (Fig. 14) and for the inner ring probe it is equiva-

lent to 0.000838 mm I.D. change (Fig. 15) which means that

measuring a wall thickness change of 0.0127 mm is gong to

be very difficult to do with great accuracy.

It is also important to consider possible changes in the

calibration constant due to static non-concentric arrange-

ment of the probe and the target caused by imperfect set up.

Using the outer ring probe the effect on calibration con-

4
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stant was determined and is shown in Fig. 16. From this fig-

ure it is apparent that static set up induced ecentricity of

0.127 mm will result in less than a 1.5% change in the cali-

f

bration factor. Identical experiments performed on the inner

ring probe are shown in Fig. 17 where it is apparent that

' for 0.127 mm ecentricity the error is about the same as for

the outer ring probe but for the larger ecentricity the er-

ror is largcr than the corresponding error in the outer ring

' probe. Using the simple set-up procedure employed the ecen-

tricity should be less than 0.127 mm for both probes so that

this source of error is not expected to be serious.

' Mounting the	 outer ring	 probe on	 the extensometer	 and

fixing the extension of inner ring	 probe to the upper grip,

one room temperature test using the ring probes was run at

'	 = 0.2, AE = 1% ,	 and	 -Y	 = 0.2%.	 One	 resistance strain gage

was mounted on	 the specimen gage section 	 in the transverse

j

direction to check the ring probes performance. 	 At the maxi-

mum applied tensile strain,	 the circumferential strain meas-

ured by strain	 gage was -0.1669% and	 it	 is -0.2047% calcu-

lated	 by assuming	 a	 elastic Poisson's	 ratio	 of 0.3	 and

Tplastic Poisson's	 ratio of 0.5 and	 using Eq.	 5.	 The	 circum-

ferential strain and through	 thickness strain are expressed

in terms of the polar components 	 of displacement u and v by

' the following relationships:

01
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au=
E r	 ar

1

U + 1	 aV	
(2)E e = r rae

'	 where u	 :	 displacement in the radial direction

V	 :	 displacement in the tangential direction

'	 Er :	 through thickness strain

E  :	 circumferential strain

The second term r a
V	

in Eq.	 (2)	 is	 ignored because the

specimen response is axisymmetrical.

jLet	 u = displacement of element at the outer surface
0

= displacement of element at the inner surface

i

u

n 	 um = displacement of element at the middle surface

= outer	 radiusro

r = inner	 radius
i

I
rm = radius of the middle surface

OD = outer diameter j

iD =	 inner diameter

I

AOD = O.D.	 change

AID =	 I.D.	 change

uo = AOD/2

u i = AID/2

1i- 24 - ♦);
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Thus

au _ du _ u 0 - U 
E r	 ar	 Tr	 r - r.

0	 1

_ e0D - AID
E r 	 OD - ID	 (3)

consider the middle surface at a radius of r^

U = 
u0 + U  = AOD + AID

m	 2	 4

r = r0 + r 	 = OD + ID
m	 2	 4

U
MEe=r;
m

_ o0D + AID_

+ ID

(4)

The O.D. and I.D. changes recorded in this test were 0.04532

mm and 0.01287 mm respectively. Using Eqs. 3 and 4, the cir-

cumferential strain was found to be -0.1905% while the

through thickness strain was -0.6432% at the peak value of

applied tensile strain. The measured circumferential strain

is in rough agreement with the strain gage however the

through thickness strain is larger than the applied axial

strain which is not at all likely to be correct. There ap-

pears to be a large error in throug:s thickness strain. Ran-

dom noise was 6.7% of the measured O.D. change and 6.5% of

the measured I.D. change. The sum of the two noise signals

is 12% of the measured wall thickness change. The noise al-

- 2 5 -
\0



l

I

though significant does not appear to explain the large im-

probable value of through thickness strain measured. The

most likely explanation of this error is that it is caused

by some amount of wobble of the extensometer support rings

to which the outer ring probe is attached. In this experi-

ment the ring probes were unsuccessful in providing the de-

sired measurement of strains. Possible improvement may be

Irealized by mounting the outer ring probe from a holder at-

tached to the lower cross head and/or making a new outer

ring probe that fits more closely around the specimen.

The ring probes show satisfactory behavior with respect

' to linearity and effects of static ecentricity. The random

noise present in the probe set up lead to errors on the or-

der of 10% which is significant but does not completely de-

stroy the system usefulness. 	 More importantly the ring

rprobes sensitivity to dynamic ecentricity changes seemed to

K	 prevent them from making the desired measurement.

From the investigation, the conclusions of ring probes

behavior are drawn as follows:

'

	

	 a) The output voltages of the ring probes is max:.^um when

the ring probe is set concentrially with the specimen.

b) For the 17.78 mm O.D. specimen and the existing outer

ring probe, the allowable eccentricity is 0.127 mm

which will cause 1.5f e rr or of cal'_tra`.on _ficy-

I

1
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c) For the 12.7 mm I.D. specimen and the existing inner

ring probe, the allowable ecentricity is 0.127 mm

which will cause a 1.2% change in the calibration fac-

tor.

d) The error of ring probes output due to the eccentri-

city is dependent on the gap between the specimen and

ring probes. For a same eccentricity, the smaller gap

between the specimen and ring probes, the smaller the

error is (see Figs. 16 and 17).

e) To mount ring probes for tests, they were moved around

the specimen until the probe outputs reach the maximum

value.

f) For the existing ring probes, the outer ring probe has

a larger noise level than that of inner ring probe.

Due to these noise levels, the measurement of O.D. and

I.D. changes is compromised.

g) The wobbling of extensometer is the most serious prob-

lem to spoil the accuracy of measuring the O.D. chang-

es. The outer ring probe should be mounted on a fixed

point and not attached to the extensometer.

Having incomplete success with the ring probes and lack-

ing funds for making new ring probes one additional. experi-

ment using resistance strain gages was conducted. Circumfer-

ential strain was measured as well as axial strain. The

strain gage used had a 1.575 mm gage length and the specimen

was subJected to a proportional load cycle with the torsion-

t

---	

- 2 7 -	 1;

-. 
•,	 S►̂J



- 28 -

.1^

al strain range of 0.26% and an axial strain range of 1.3%.

At the peak strain the Poisson's ratio was determined to be

0.423. Calculation of an equivalent Poisson's ratio by the

usual formula given below resulted in a effective Poisson's

ratio of 0.413 which is quite close to the measured one.

_ 
v
e ( °/E) + VP 

(C toto/E)

Jeff	
Etot	 (5)

where	 Veff = effective Poisson's ratio

E tot = total axial strain

a = stress amplitude

E = Young's modulus

e = elastic Poisson's ratio = 0.--'

P
= plastic Poisson's ratio = 0.5

This result suggests that for this material at this temp-

erature the effective Poisson's ratio approach is reason-

able. Since this result depends essentially on the inelas-

tic flow rule. The effective Poisson's ratio may not always

be accurate and its validity should be verified on a case by

case basis.



7. Computer Data Acquisition System:

An ADAC LSI-11 based data acquisition system was pur-

chased by the University of Connecticut. Seven channels of

data were recorded using the A/D converter and two channels

of command signals were generated by the D/A converter. A

master patch panel was made for the data acquisition and ex-

ternal feedback control of the testing machine (Fig. 4).

Several programs for running the data acquisition and gener-

ating the command signals were written and run satisfactori-

ly. The software system for running tests and data reduction

was well developed and introduced briefly in Appendix I.

wi
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11	 EXPERIMENTS AND RESULTS

All fatigue	 tests were fully reversed	 strain controlled

tests.	 All waveforms of the axial and torsional strain cy-

cles were sinusoidal.	 The following quantity was 	 used to

characterize the biaxial tests.

range of total applied shear strain

range of total applied normal strain

The direction of cracking and the planes of maximum shear

strain are often discussed. 	 These plane orientations are de-

'	 fined by	 an angle	 which	 identifies the orientation 	 of a

plane on the surface of the specimen. 	 This Angle is measured

from an axial	 (longitudinal)	 line on the	 specimen surface

'	 and	 counter	 clockwise	 is considered positive.
t

The testing	 conditions and	 results	 are shown	 in Tables

1A-6B.	 It	 is worth noting that	 the stresses given were cal-

culated by 'treating the specimen as a thin-walled tube.	 The

formulas used to compute the stresses are given below:

for normal stresses

'	 A =	 ,r(ro 2	-	 r^2)

° = A	 (6)

'	 where	 p = applied axial	 force

o = normal stress amplitude

A = cross section area of specimen in the gage

length 11

-30-



for assuming constant through thickness shear stresses,

3T

2-,r(ro3 _ ri3)

where	 T = shear stress amplitude

T = applied torque

r  = outer radius of specimen in gage section

r  = inner radius of specimen in gage section

The applied stresses, applied strains, plastic strains

and fatigue life parameters were determined from the hy-

steresis loops at approximately mid-life. Typical hystere-

sis loops of different test conditions are shown in Figs. 39

— 59•

Some typical plots of shear strain range and normal

strain range vs. orientation of planes (Vj = 0° - 90') are

shown in Figs. 60 -- 71, which will highlight the relative

importance of shear strain and normal strain. In 90 degrees

out of phase nor.-proportional loading the shear strain range

is almost the same on all planes.

(7)
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1. Check for Anisotropy

Unrecognized anisotropy could produce many unexplained

results and scatter. Four uniaxial fatigue tests at two

strain levels at 649% were run on small. specimens cut from

both the longitudinal direction and the transverse direction

to compare the properties in the two directions.

Using the maximum shear atrain theory, the Ay maxvs.

N  was plotted and is shown in Fig. 18. It correlated the

results of the two orientations within a ;actor of about

1.5 on life. The factor of 1.5 is only slightly more than

-;he expected scatter indicating that the material is nearly

isotropic.

2. Check the Strain Distribution on Gage Section

Unrecognized strain gradients result in non-comparability

of data between investigators and has an unknown effect on

the relative size of the strain components. One 10 - element

strain gage was mounted on the specimen gage section -to

check the strain distribution under the elastic and inelas-

tic tension-compression loading at different strain levels.

The axial strains were found to be maximum in the middle

of gage section.	 The strain distribution for an elastic

tension-compression loading is shown in Fig. 19. Fir ten-

si on- compression inPl.as} is loading, four _-yclas 1t

strain levels were run and the strain distribution	 siio n

NM

or



'	 in Fig. 20.	 The strain variation along the gage section is

approximately	 ± 10 micro strain at an applied strain of

0.083%. The strain distribution is fairly uniform having a	 +

strain variation of ±1.2% about the mean value within the

1	 gage section.

t 3. Check the Elastic Poisson's Ratio

I

=.

Two resistance strain gages were mounted on the middle of

specimen gage section in the longitudinal and transverse di-

' rections.	 The axial strain and hoop strain were measured to

be 560 and -172 micro 	 strains respectively under an elastic

tensile loading.	 Fir an elastic compressive	 loading,	 the

hoop strain of 166 micro strains was obtained under an axial

strain of -569 micro strains.	 The elastic Poisson's ratio

was found to be	 .307 under the tensile loading, 	 and	 .292 un-

der the compressive loading.

4.	 Check for Strain Rate Effects

To determine the strain rate effect on the fatigue behav-

iior,	 two tension-torsion	 in phase fatigue tests	 at a same

axial and torsional strain range	 (4E	 = 0.6%,	 DY	 = 0.9%)	 but

different strain rates 	 (axial strain rates of 	 .003/sec and
i

E
.0006 /sec)	 were	 run	 at 649°C for	 X	 =	 1.5	 (Tests #	 34 and

35).	 The strain rate was found to have a small effect on the

fatigue liver.	 The	 fatigue live::	 were	 2,533 cycles and	 2,150

1
cycles for the :axial strain 	 rates of	 .003/sec and	 .0000/sec

aaNr NA
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respectively.	 The larger strain rate	 produced a longer fa-

tigue life	 .	 For the data correlation to fatigue theories,

see Tables 6A - 6B and Figs 27 - 38.

I 5.	 Tests Using Induction Heater

One of the	 nc,t convenient heating methods 	 for elevated

temperature fatirae is induction heating. 	 In uniaxial test-

ing it is poesibl°. to arrange the coil such that the current

flow is par--zl:Pl to the stage	 II mode I cracking direction.

In multiaxial fatigue the crack	 direction is not in general

'	 known a.Ld	 ;h«	 question of local crack tip heating due to the

crack concentrating the 	 induction field becomes a	 more im-

portant issue.	 A torsion fatigue test using audio frequency

(10 KHz)	 induction heating was	 run for an applied torsional

strain range of 2.36%	 at 649 °C 	 (Test # 36)	 to compare the

performance of the induction heating 	 system with band heat-

ers.	 The fatigue 7" ife was found	 to be 2,308 cycles.	 Corre-

lating this fatigue	 lifF	 and another three	 'Lives from pure

torsion tests using band heaters	 (Tests # 10,	 18 and	 19)	 to

'	 fatigue theories with various parameters,	 it was found that

I

all the points fell in a	 straight line with a small scatter

in the log-log space	 (see Figs.	 27 - 36).

The crack directions observed were 	 45 degrees which are

I
on maximum normal strain planes ani 	 same as that of Tests #

10,	 18 and	 19	 (Fig.	 79).	 Based	 on	 the	 fatigue	 life	 and

'	 crack direction,	 the experimental	 results of test using in-

I
- 34 -



WXe

I
duction hea.ing are well consistent with that of tests using

band heaters.

It is worth noting that two factors probably contributed

to the success of induction heating in this case. Firstly a

low audio frequency heating was used which would presumably

!	 give a greater heating depth than the more usual radio fre-

t
quency heaters and secondly the specimen wall thickness was

2.54 mm which is fairly thick compared to the crack length

for most of the fatigue life. Use of induction heating of

either higher frequency or on thinner walled specimens

tshould be verified before it is assumed to be acceptable.

6. Baseline Tests

Designer rarely have biaxial data. Therefore, the ulti-

mate goal of this program is to predict multiaxial fatigue

tfrom uniaxial fatigue data or uniaxial tension data combined

with torsion data. To attsmpt such predictions torsion and

tension data are needed. Strain controlled uniaxial tension

'

	

	 and pure torsion fatigue tests were run at two strain levels

at R.T. The two tests for checking the material anisotropy

Iwith small specimens cut from the longitudinal direction

were used as the baseline tests for uniaxial tests at 64900.

Pure torsion fatigue tests using band heaters were run at

three strain levels at 649°C.
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Basic biaxial tests provide the first easy test for any

proposed fatigue parameters. Tension-Torsion in phase fa-

tigue tests at two strain levels were run at R.T. at X= 1.5,

and X= 4 and 649°C for k = 1.5. The waveforms of axial and

torsional strain cycles are shown in Fig. 21.

The results of baseline tests are shown in Table 1A - 4B

and the data correlation to the fatigue theories are shown

in Figs. 27 - 38. Under the same test conditions, the fa-

tigue lives at 649°C were much shorter than that of room

temperature.

7. Non-Proportional Loading Tests

Non-proportional loading occurs in many real _fatigue

problems included aircraft engines. It is by far more diffi-

cult to successfully predict non-proportional than propor-

tional loading. Non-proportional loading experiments are es-

pecially valuable because they provide a severe test of any

life prediction method and can be used to quickly eliminate

unsuitable theories. Three different groups of non-propor-

tional loading tests were run in this prog-am.

Test (a)

This test series involved a very special case of strain-

ing where the principal strains remain nearly constant but

rotate with respect to the specimen axis. '-or this special

case total strain amplitudes if taken without the considera-
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tion of a critical plane are approximately zero. 	 If such

tests give a finite fatigue life then total strain theories

' that do not consider critical planes are ruled out from con-

I

sideration. Secondly these tests were also run to see if

straining path has a major effect on Fatigue life.

ITest were run at 649°C with . a = 1.5 and with a 90 degrees

I

phase difference between the applied torsional strain and

the applied axial strain. The tests were run at two strain

levels, axial strain range of .512% and .909% (Tests # 20

and 21). For this type of test the magnitude of the princi-

pal strains remain constant while the orientation of the

I

principal planes rotate at a constant angular velocity. The

fatigue lives of Tests # 20 and 21 were 5,750 cycles and 522

cycles respectively.	 The waveforms of axial and torsional

r	

strain cycles are shown in Fig. 22.

1
Comparison of the fatigue lives between the in-phase,

' a = 1.5 and 90 degrees out-of-phase biaxial loading depends

on the fatigue parameters chosen (see Figs. 27 - 38). Of the

various parameters, the modified plastic work theory did the

best job correlating this data. The modified c yclic plastic

work correlates the in-phase and out-of-phase results to

Ifactors of 1.1 and 1.9 on life for the applied axial strain

range of 0.5129 and 0.909N (Tests # 20 and 21) respectively

while the maximum shear strain theory gets factors of 3 and

4 on life.	 Thi- result indicates that the modified cyclic

1	 -37-
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plastic work could be the best parameter to correlate the

fatigue lives under the out-of-phase non-proportional load-

	

s	 ing.

' For the non-proportional loading tests with a phase angle

of 90 degrees, the magnitude of the maximum shear strain re-

main constant while the orientation of the principal planes

rotate at a constant angular velocity. The maximum shear

strain amplitude versus time is shown in Fig. 26. If fa-

tigue damage only depends on the amplitude of strain or

stress regardless of critical planes, the fatigue life of

rthis kind tests would be infinite. This test result shows

that a total strain quantity computed without the considera-

tion of a critical plane will not work well for non-propor-

tional loading. More promising would be a strain quantity

calculated for a critical plane or a quantity related to

	

`	 plastic flow such as plastic work both of which at least

	

I	 predict finite life for the out-of-phase tests described

here.

	

It	 Test (b)

1^

I^

These tests were designed to produce a mean tensile or

compressive axial stress which is in general hard to sustain

in low cycle strain controlled fatigue. The tests consisted

of alternate fully reversed cycles of torsional and axial

strain. The torsional strain was held at zero while the ten-

°;^^ ^^cle was occurring and vice versa. Tension cycles end-

I 

^ s3 -



♦ 1\ W

ing with increasing axial strain resulted in a tensile axial

stress during the torsion cycle and also have a tensile mean

stress. Cycles ending with a decreasing axial strain re-

sulted in compressive axial mean stress. In Test # 27, imme-

diately following the tensile excursion the tensile stress

is 37.3% of the maximum stress in the cycle. This tensile

stress present during the torsion part of the cycle relaxed

steadly and at the end of the cycle it was only 22% of the

maximum stress for the entire cycle. These stress values for

the other tests are summarized in Table 9. These tests will

show the effect of mean normal stress on the biaxial fatigue

life. Four tests were run at 649 0 C, A = 1.5 at two strain

levels.	 The waveforms of axial and torsional strain cycles

are shown in Fig. 23 and 24.

Tests # 25 and 2 were the first pair to produce a mean

tensile and compressive axial stress respectively, at the

same applied axial strain range of .512%. The fatigue lives

were 7,589 cycles and 11,715 cycles respectively. It is

clear to see that the mean tensile stress produced more dam-

age and had a shorter life at this applied strain range.

Similarly, at an appiled axial strain range of .996% Tests #

27 and 28 produced a mean tensile and compressive axial

stress and had fatigue lives of 1,119 cycles and 1,247 cy-

cles respectively. Not much difference of fatigue lives was

found at the larger applied strain.

- 39 -
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1	 Data correlation to the different fatigue parameters are

shown in Figs. 27 - 36. These figures show that the mean

compressive axial stress during the torsional cycle only

make the fatigue life a little bit longer. In low cycle fa-

tigue the effect of mean normal stress can be probably ig-

nored .

I

Test ( c)

Tension-Torsion fatigue tests were performed by applying

Iintermittent axial half cycles with a period of one tenth or

one fifth that of the applied torsion but of the same fre-

quency. The different period ratio of axial straining to

that of torsion will highlight the effect of straining path

on the fatigue life. Four tests were run at different strain

Ilevels, at 649°C and a = 1.5 (Tests 30 through 33). 	 The

I

waveforms of axial and to r sional strain cycles are shown in

Fig. 25.

Tests #f 30 and 32 were a pair of tests which were run at

' the same applied strain levels (axial strain range of .703%

and torsional strain range of 1.02%) but different period

ratios (one tenth for Test #/ 30 and one fifth for Test #

32). The fatigue lives of Tests /# 30 and 32 were 2,700 cy-

cles and 2,300 cycles respectively. These results indicate

that the larger period ratio of axial straining to that of

torsion makes the fatigue life slightly shorter.

- 40 -
1^



^I
i
i

i
i
i
i
i

i
i
i
i
i
i

Test # 31 and 33 were the other pair of high cycle fa-

tigue tests which were run at different applied strain lev-

els (.38196 axial strain range for Test # 31 and .497% axial

strain range for Test # 33) and different period ratios (one

tenth for Test # 31 and one fifth for Test # 33). The fa-

tigue lives of Test # 31 and 33 came out to be 77,000 cycles

and 10,279 cycles respectively. Due to the different applied

strains, these two fatigue lives can not be compared direct-

ly. The plots of fatigue parameters versus life (Figs. 27 -

36) show that the test of larger period ratio (Test # 33)

also has a shorter life at a same level of small starin.

Correlating the experimental data to the fatigue theories

(Figs.	 27 - 36)	 shows that the straining path had an effect

on fatigue lives when the relative	 period of axial cycle to

that of torsional cycle was changed. 	 Having the same period

of axial straining as that of	 torsion cycle	 (period	 ratio =
I

1),	 the	 two non-proportional loading tests with a phase an-

gle of 90	 degrees have the shortest	 fatigue lives compared

with that of	 tests with period	 ratios of one	 fifth and one

tenth	 (tests of this	 section	 (c))	 and can be	 treated as the

worst	 case of Tests	 (c).	 How much effect of the	 period	 ratio

has on fatigue lives depends	 on the fatigue parameters cho-

sen and the strain levels.	 For example,	 at a maximum shear

strain	 range	 of	 1% the	 normalized	 lives are	 1,	 1.3	 and	 1.6

for	 the	 period	 ratios	 of	 1 ,	 0.2 and	 0.1	 respectively.	 In

contrast	 to other metals	 (	 24),	 the	 straining path	 in non-

- 41	 -



proportional loading has only a small effect on fatigue

lives for the material studied.

Looking back at all the non-proportional tests collec-

tively in terms of the various parameters (Figs. 27 - 37).

I
It is apparent that the fatigue lives are not decisively

shorter than for proportional loading tests. This is in con-

trast to more damaging nature of non-proportional loading

exhibited in most other materials (1)
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CORRELATION OF MULTIAXIAL FATIGUE THEORIES

The test data has been plotted according to a number of

popular multiaxial fatigue theories as below (See Figs. 27

- 38). All the formulae used to calculate the fatigue

parameters are listed in Appendix II.

(a). Plastic work theory

(b). Modified plastic work theory

(c). Maximum shear strain theory

(d). Maximum plastic shear strain theory

(e). Octahedral shear strain theory

(f). Maximum normal strain theory

(g). Gama plane theory

(h). Maximum principal stress theory

(i). Maximum shear stress theory

(j). Octahedral. shear stress theory

W. Lohr-Ellison's parameter

Each single parameter theory was least square fit as a

straight line in log-log space. These linear regressions

,yielded correlation coefficients tha. are a measure of the

success of the various theories. In ^_'Able 7 and 8 the corre-

lation coefficients are reported and the theories are listed

in order starting with the most successful theory. All

tests were included in the correlation. When the correlation

wn^ also run w?thout Tests 25, 2'7 , ?° and 20 which involved

alternate tension and torsion the correlation coefficient



1

i

was not greatly	 affected.	 The elimination of	 these tests

from the correlation	 was explored as it 	 is unclear Whether

t in such	 tests one should	 count tension and	 torsion cycles

additively or whether 	 each block consisting of 	 one tension

and one torsion	 cycle should be counted as	 one cycle.	 In
I

the graphs the	 tests were plotted counting	 the	 tension and

torsion additively.	 From these	 tables the modified plastic

work theory appear the most successful.	 But it is necessary

to get the	 required constitutive model to compute the cyclic

plastic	 work for each different	 test condition and 	 like any i

energy based theory,	 the plastic work theory can not predict

the crack growth directica.	 For lives	 in excess of 3000 cy-

r
Iles,	 the	 results appear to diverge,	 making life assessment

difficult when, cyclic plastic work are small.	 Unfortunately

plastic work is one of	 the most uncertain quantities coming,

from	 structural analysis	 using	 an	 inelastic	 constitutive

model.	 In Reference 25,	 the plastic work at a particular lo-

cation was made to vary depending on the details of the con-

stitutive model and f,:cite element 	 representation.

In	 light	 of the	 difficulty of	 determining tha	 plastic

' work,	 the	 second most successful	 parameter might	 be used

which was	 octahedral shear stress for 	 elevatedtemperature'

r 'gists,	 and was maximum normal 	 strain	 for	 the	 room to=pera-

ture tests.	 For the case of cyclic pressure loading,	 maxi-

mum	 normal strain	 theory	 would	 predict eventual	 fatigue

failure whi:h	 probably would	 not occur	 in a rie°ect free ma.-

- 44 -
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'	 terial because cyclic pressure should 	 not produce any plas-

tic	 strain. If hydrostatic cycling were important for a par-

ticular room temperature application then	 octahedral shear

strain eight be used. as	 it is also reasonably good according

the data.

i

1

I

i
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CRACKS OBSERVATION

Using a large Toolmaker's microscope, the direct observa-

tion of the direction and mode of cracking in the failed

specimens were observed and is shown in Figs. 72 - 83. The

microscope has a circular disc which can be moved in X, Y

directions and rotated both clockwise and coun^uer-clockwise

b r three micrometers. The failed specimens were set horizon-

tally on the circular disc on two V-blocks. Cracks we-.e

found with the microscope and the specimen was rotated until

the crack coincided with a fixed line which could be seen

through the lens of microscope. The angle of rotation is the

crack direction and was read from the circular disc. Since

the crack direction for fatigue crack initiation is best in-

dicated by the direction of small cracks, the main crack di-

rection was not included in the data recorded and onl y the

directions of small cracks were measured. 	 Multiple small

cracks were observed on most failed specimens.

In the room temperature tests the cracks are all on the

maximum shear strain planes as reported by Kanazawa et. al.

(7) but at 649° C all cracking is on the maximum normal

strain planes. The direction of cracking at 649°C is sugges-

tive of a fatigue mechanism change and also suggests that

the theory of Brown and Miller may not be applicable.

Reuchet and Remy (26,27) investigated the influence of

oxidation at high temperature fatigue of MAR-M 509. 	 The

46



change in cracking direction surely indicates a change in

initiation mechanism. Without detailed metallurgical inves-

tigation the new mechanism is a matter of speculation. A

plausible mechanism is oxidaticn cracking of the small MC

carbides present in this alloy. This mechanism has been ob-

served in a number of other alloys including those in Refer-

ences 26 and 27.

n
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CONCLUSIONS

From these experiments it has been possible to access the

relative success fo the various theories and the results are

interesting but not surprising. The results have two major

surprising aspects. First it was found that non-proportional

loading even with a wide variety of loading paths was not

significantly harder to predict the fatigue lives than that

of proportional loading multiaxial tests. This is in sharp

contrast to Vie findings of nearly all other investigations

(1,3,24). Second fatigue crack initiation at elevated temp-

erature was on maximum normal strain planes in contrast to

the cracking on planes of maximum shear usually observed

(1,3,24). The reason of the crack direction change is un-

doubtedly caused by a change in mechanism of initiation that

occurs at elevatd temperature. The reason for the lack of

effect of non-proportional loading is unclear at this time.

Specific conclusions are as follows:

1. The use of a large commercial die set as a load frame

is both cost effective and results in excellent

alignment of the upper and lower crossheads.

2. The biaxial extensometer based on capacitance dis-

placement probes works well provided local heating

methods (induction, band heaters ect.) are used. Test

temperature up to the melting point of most aircraft

engine alloys should be possible. Cross talk of the

extensometer is less than 0.5' which is comparable to

most of commercial load cells.

- 48 -
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' 3. Specimen heating using clamp	 on band heaters outside

of the gage length	 provides satisfactory temperature

distribution up	 to 649° C if	 an internal	 heater is

also used to improve the temperature profile. 

4. A single experiment using induction heating in a for-

sion test	 showed no significant difference 	 from the

teats run using band heaters. 	 It suggests that feared

i effect of crack	 tip heating was not	 significant for

the specimen and life range .;onsidered.

5. The capacitance ring probes developed to measure cir-

cumferential strain and through thickness strain were

not fully successful.	 The probable cause of the lack

of success is the ring probe wobble causing false ap-

parent diameter change.	 Possible	 improvement in the

1
^be	 by	 thesystem success could	 obtained	 moving	 outer }

ring probe mounting from	 the motion prone extensome-

ter frame	 to a	 holder attached	 to the	 lower cross

I head.

6. Strain gage tests at room temperature suggest that at

1 least	 for the limited conditions considered effective

Poisson's	 ratio	 approach are	 reasonably	 accurate.

Whether this	 is true of	 other materials	 and condi-

tions	 is unknown.

7. The strain	 rate has	 a small	 effect on	 the fatigue

tlives.

1
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8.	 Fatigue lives are	 not only a function	 of strain am-

plitude but also depend weakly on straining path.

' 9.	 The mean normal	 stress during the torsion	 cycle has

little effect on the biaxial fatigue life at elevated'

temperature.	 The tensile mean stress during the tor-

sional straining produces only 	 slightly more fatigue

damage	 than that	 of compressive	 axial mean	 stress

r
during the	 torsion. cycle.

10.	 Non-proportional loading 	 was not	 significantly more

damaging than proportional loading at 649 C.

T

11. The modified plastic work theory is the most success-

ful theory	 for predicting the biaxial	 fatigue lives

1
at elevated temperature if 	 the required correct con-

stitutive response	 is	 known.	 Unfortunately plastic

Twork is	 a very	 difficult quantity	 to calculate	 in

component analysis	 (25).	 Therefore,	 for the practi-

cal design purpose the most convenient theory to pre-

dict	 the fatigue	 life	 at	 elevated temperature	 is

probably the octahedral shear stress theory and it is

jthe octahedral shear	 theory for	 tempara-strain	 room

Lure	 tests.1 12.	 The cracking mode switched from primarily cracking on

the	 maximum	 shear	 planes at	 room	 temperature	 to

cracking on the maximum normal strain planes at

649°C	 is probably due to a fatigue-oxidation

interaction.
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TABLE	 1-A

Spec. No. 1 2 3 4 5

' Temp. , 0 649 649 RT RT RT

' Spec. 0. D. , mm 2.751 2.748 17.823 17.816 17.816
s

Spec.	 I .D. ,	 mm. 0 0 12.725 12.720 12.730

G.L. , mm. 30.48 27.94 27.94

E, MPa	 X 10 3 159 153 193 193 193

tG, MPa	 X 10 3 61 61 79.4 79.4 79.4

v 0.4 0.4 0.4 0.4 0.4

0 0 4.0 1.5 0

degrees 0 0 0 0 0

N f , cycles 39,318 2,057 6,084 4,115 40,641

rAE, % .52 .95 .5511 1.145 .674

AY, p 0 0 2.130 1.630 0

AP,	 KN 4 5.2 56 98 107

AT , N-m 0 0 551 349 0

AS, MPa 660 858 455 802 875

inT, MPa 0 0 583 371 0

AE p , % .11 .41 .2511 .6636 .2292

AY P , % 0 0 1.140 1.043 0

pWpE , KJ/m 3
510 2,689 827 3,833 1 , 931

CWP, KJ/m3 0 0 4,999 2, 916 0

' AWp, KJ/m3 510 2,689 5,826 6,750 1,931

AWp,	 KJ/m3 510 2,699 3,330 5,295 1,931

Cw

Oct .686 1.254 1.8847 2.0135 .8896

AYmax'	
a

.728 1.330 2.265 2.2857 .9436

';^ —	 51	 _ ,



TABLE 1-B

1 2 3 4 5

.1865 .626 1.499 1.620 .3924

.156 .285 .1675 .3334 .2022

45 45 80 68 45	 -

.52 .95 1.298 1.486 .674

0 0 .0273 .0293 0

0 0 35 23 0

660 858 853 945 875

0 0 15 26 0

330 429 626 544 437

330 429 235 407 437

311 405 522 483 412

220 286 151 267 292

660 858 1107 1025 875

.3952 .7220 .8666 1.075 .5122
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p
^Ymax' 

%

Acn , %

Amax' degre

AE 1 ,	 %

AY E$ %

r
degre

'max'  

da l , MPa

AT 	 , MPa

ATmax' MPa

Acre , MPa

rAT
Oct' 

MPa

-^ Aa Oct ' MPa

AQeq , MPa

'

r

ALohr, %

0
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TABLE 2-A

Spec.	 No. 6 7 8 9 10

Temp. , 0 RT RT RT RT 649

Spec.	 O.D. , mm. 16.528 17.790 17.808 17.821 17.762

Spec.	 I .D. ,	 mm. 12.667 12.649 12.644 12.70 12.667

1	 G.L., mm. 30.48 25.4 25.4 25.4 27.94

E, MPa	 X 10 3 193 193 193 193 156

G, MPa	 X 103 79.4 79.4 79.4 79.4 61

v 0.4 0.4 0.4 0.4 0.4

X 0 1.5

r	 ^, degrees

!

0 0 0 0 0

Nf,	 cycles 3,830 301000 2,382 16,169 1,908

AC, % 0 0 1.35 .763 0

A-Y,	 % 2.111 1.568 0 1.07 2.361

AP,	 KN 0 0 127 95 0

AT, N•m 607 520 0 304 581

AS, MPa 0 0 1030 722 0

r IT, MPa 987 550 0 322 621

^Ep , % 0 0 .8124 .3435 0

Ar p ,	 %	 I .967 .747 0 .5788 1.788

'	 AWP, KJ/m 3	i 0 0 6,329 1 , 862 0

AWP,	 KJ/m3 7,391 2,875 0 1 , 351 6, 171

`	 AWp,	 KJ/m3 7,391 2,875 6,329 3,213 6,171
i

AW	 ,	 KJ /m''

I	 P	 I 3,696 1,438 6,329 2,537 3,089

"'Oct' 1.9403 1.2806 1.7835 1.3322 1.9278

'	 Ay max'	 ^' 2.3764 1.5684 1.892 1.511 2.361
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TABLE 2—B

Spec. No.	 6	 7	 8	 9	 10

AYmax' %	 1.22.3	 .879	 1.247	 .899	 1.366

AE O , %	 0	 0	 .4054	 .2181	 0

'max' degrees	 0	 0	 45	 68	 0

AE19 %	 1.188	 .784	 1.351	 .9839	 1.181

AYES %	 0	 0	 0	 .0283	 0

I'max' degrees 4 5 	 45	 0	 ^3	 45

AQ1 , 
MPa	 934	 550	 1030	 885	 621

AT	 MPa	 0	 0	 0	 24	 0
0

ATmax' MPa	 934	 550	 515	 500	 621

Ao^, MPa	 0	 0	 515	 383	 0

IAT Oct' 
MPa	 762	 449	 486	 447	 507

60 Oct' 
MPa	 0	 0	 343	 257	 0

c`

	

	
1617	 953	 1030	 948	 1075

AQ eq , MPa

ALohr, %	 .7129	 .4705	 1.0269	 .7123	 .7083

A

I

1
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20 21

k

649 649

17.816 17.810

12.637 12.624-

33.02 33.02

156 156

61 61

0.4 0.4

1.5 1.5

90 90

5,750 522

.512 .9086

.752 1.359

89 129

375 571

719 1040

394 600

.0886 .3141

.0893 .4157

462 2,620

248 1,931

710 4,551

586 3.585

.6992 1.2294

.7667 1.381

i

t

4

i

i
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TABLE 3-A

Spec.	 No. 14 18 19

Temp. , 0 RT 649 649

Spec.	 O.D. , mm. 17.803 17.808 17.823

Spec.	 1.D.,	 mm. 12.685 12.642 12.591

G.L.,	 mm. 33.02 33.02 33.02

E,	 MPa	 X 10 3 193 156 156

G,	 MPa	 X	 10 3 79.4 61 61

v 0.4 0.4 0.4

a 4.0

m, degrees 0 0 0

N f ,	 cycles 22,124 15,920 3,000

AC, b .4085 0 0

AY, % 1.567 1.165 2.059
1 AP ,	 KN 53 0 0

AT,	 N•m 453 415 517

AS,	 MPa 430 0 0

6T,	 MPa 481 437 538

tc P ,	 % I	 .1701 0 0

6Y P , % .8879 .4212 1.111

AW P , KJ/m3 483 0 0

AWP,	 KJ/m3 2,916 1 , 386 4,847 

AWP ,	 KJ/m3 3,399 1 , 386 4,847

AWP ,	 KJ/m3 1 , 944 696 2,427

.%-Y Oct' 1.387 .9514 1.682

AYma x '	 ' 1.66^ 1 .165 2.059
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A'1 ,	
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Spec.	 No.

eYmax'

ern,	 %
`max' degrees

ec 1 ,	 %

eY r' %

amax' degrees

A0 1 9	 MPa

AT	 MPa
a

reTmax'
MPa

evn , MPa

AT Oct, MPa

A0 Oct' MPa

eaeq , MPa

' eLohr,

I

14

f

4M

TA3LE 3-B

14 18 19 20 21

1.028 .4565 1.193 .1169 .4342

.1234 0 0 .5138 .9047

30 0 0 9 7

.955 .5826 1.030 .5153 .910

.0245 0 0 .7613 1.37

35 45 45 4 2

741 437 538 719 1040

50 0 0 42 39

526 437 538 406 608

214 0 0 124 150

442 357 439 339 491

143 0 0 240 347

937 758 932 719 1041

.6383 •3496 .6178 .2723 .4654

IP M

I• -,

I ^j
0



TABLE 4-A

l 22	 23	 25	 _ 27	 28

649 649 649 649 649

17.810 17.803 17.818 17.828 17.816

12.611 12.621 12.649 12.639 12.639

33.02 33.02 33.02 33.02 33.02

I
156 156 156 156 156

61 61 61 61 61

0.4 0.4 0.4 0.4 0.4

1.5 1.5 1.5 1.5 1.5

0 0 NP NP NF

1,763 21,364 7,589 1,119 1,247

.6497 .3975 .5117 .9962 .9962

.9466 .5744 .7447 1.4676 1.4996

84 65 86 139 1 110

267 234 361 594 610

675 527 695 1,123 1,127

280 246 380 622 641

.2573 .0717 .0846 .3116 .2761

.4322 .1391 .0863 .3739 .3616

1,344 276 469 2,730 2,586

972 234 165 1,641 1,772

2,317 503 634 4,371 4,357

1,834 393 552 3,551 3,475

1.1545 .7037 .6755 1.3149 1.3149

1.3128 .7997 .7447 1.4676 1.4996
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Spec. No.

Temp., °C

Spec. ().D., mm.

Spec. I.D., mm.

G.L., mm.

E, MPa X 103

G, MPa X 103

v

a

m, degrees

N f , cycles

Ac, a

AY ,p

LP, KN

AT, N•m

AS, MPa

l^r , MPa

ft p , %

AY 	 "
P

, a

AWP, KJ/m3

AWP, KJ/m3

AWp , KJ/m3

IM	 KJ/m3

"tOct'

Ayma x ' "



TABLE 4—B

>2	 23	 25

.6135 .2169 .1476

.1981 .1198 0

68 68 0

.8513 .5191 .5117

.0271 .0164 0

23 23 0

774 622 695

17 5 0

437 359 380

333 257 0

390 318 328

225 176 232

828 674 695

.6147 .3751 .3889

27 28

.4871 .4732

0 0

0 0

.9962 ..9962

0 0

0 0

1123 1127

0 0

622 641

0 0

529 531

374 376

1123 1127

.7571 .7571

4^+

F n

Spec.	 No.

AYmax
P
	' 

%

°En' 

%
I

Wmax' degrees

^	 a

°Y E'

I'max'
degrees

d0 1 ,	 MPa

AT	 MPa
a

IAT
max' 

MPa

A0^ , MPa

A`oct'	
MPa

.r Lo Oct ' MPa

60 e,, MPa

ALohr, %

R

i



TABLE 5-A

Spec.	 No. 29

649

30

649

31

649

32

649

33

649Temp. , 0 
Spec.	 0. D. ,	 mm., 17.810 17.770 17.80; 17.828 17.813

Spec.	 I.D.,	 mm. 12.639 12.614 12.631 12.690 12.708

G.L.,	 mm. 33.02 33.02 33.02 33.02 33.02

E, MPa	 X 10 3 156 156 156 156 156	 {

G, MPa	 X 103 61 61 61 61 61

V 0.4 0.4 0.4 0.4 0.4

x 1.5 1.5 1.5 1.5 1.5

0, degrees NP NP NP NP NP

N f ,	 cycles 11 , 715 2,700 77,000 2,300 10,279

AE, % .5117 .703 .3811 .7035 .4967

AY, a .7377 1.021 .5738 1.0203 .7166

AP ,	 KN 86 105 It 1 105 84

AT,	 N - m 366 444 299 447 350

AS, MPa 698 851 575 851 685

nT, MPa I	 385 470 315 471 371

nEp,	 % .0822 .1788 .0110 .2075 .0552	 1

AY p , % .0913 .2073 .0605 .2112 .1136

AWE , KJ / m3
P

427 1 , 338 159 1,276 455

A4!P,	 KJ/m 3 172 621 48 641 193	 I,

Aw p ,	 KJ/m 3 600 1 , 958 207 1 , 917 648

AW 
P
*,	 KJ/m3 510 1,648 179 1,600 552

A'roct, .6755 .930 .5049 .9308 .6`77

A max' .7377 1.021 .5738 1.0203 .7166

_	 5°	 _ '14 



TABLE 5-B

Spec. No.	 29	 30	 31	 32	 33

iAY P , %	 .1468	 .2776	 .0788	 .2842	 .1340
max

'	 AEA, %	 0	 .703	 .3811	 .703	 .4967

Wmax' degrees	 0	 0	 0	 0	 0

I
Ac t , %	 . 5117	 .7032	 .3811	 .7040	 .4969

AY E , %	 0	 1.02	 .5734	 1.02	 .7162	 1

Ot degrees	 0	 1	 1	 1	 1

A0 1 , MPa	 698	 851	 575	 851	 685

AT I MPa	 0	 58	 15	 49	 24
v

AT max' MPa	 385	 478	 315	 480	 374

AQn , MPa	 0	 83	 8	 83	 39

AT Oct' 
MPa	 329	 401	 271	 401	 323

AQOCt' 
MPa	 233	 284	 192	 284	 228

AO eq , MPa	 698	 851	 57;	 851	 685

ALohr, %	 . 3889	 .4300	 .1721	 .4297	 .3051

r

a

a

6C



TABLE 6-A

Spec.	 No. 34 35'

Temp. , 0 649 649

Spec.	 O.D. ,	 rrm 17.785 17.805	 1

Spec.	 I.D. ,	 mm. 12.611 12.677	 1

' G.L.,	 mm. 33.02 33.02

E, MPa	 X 103 156 156

G, MPa X 10 61 61

v 0.4 0.4

a 1.5 1.5
z

1
1

^, degrees 0 0

.
Ncycles
f ?,533 2,150^

AE, % .5977 .594

AY, % .8790 .8704	 2

AP,	 KN 75 78

LT, N-m 273 279

AS, MPa 611 639

t\T,	 MPa 288 295

PE p ,	 % .2091 .2058

GY p , % .3771 .3728	 1

C
LWp , KJ/m 3 1 9 027 1 , 069

AWP, KJ / m3 834 841

tLWp , KJ/m 3 1 , 862 1 '910

GWP,	 KJ/m 3 1 , 448 1 1489

Oct' 	 m 1.066 1.058

cYmax' d 1.213 1.204

36

649

7.810

2.713

33.02

156

61

0.4

1.5

2,308

0

.3638

0

541

0

575

0

.4122

0

6,351

6,357

3,178

1.930

2.3638
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Spec.	 No. 34

AYmax' % •5413

I

AC n , % .1862

'max' degrees 68

Ac i l	 % .7858

DY E' % .0292

'max' degrees 23 

A0 1 ,	 MPa 725

AT a 9 MPa 24

6T 
max' 

MPa 419

AQn , MPa 300

AT	 MPa 371
Oct'

Aooct' 
MPa 204

Aa eq ,	 MPa 788

ALohr, % .5672

I

1.

TABLE 6-B

35	 36

.5180 1.4678

.1839 0

68 0

.7801 1.1819

.0265 0

23 45

751 575

12 0

432 575

308 0

383 469

213 0

812 995

.5631 .7091

P+
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Table 7

(Tests at RT)

Correlation Coefficient

-.9561

-.9450

-.9326

-.6989

-.8835

—.8129

-.7,050

-.6761

-.6223

-. 51 2C

Theories

AW
P

P

AEA

AY Oct

ALohr

max

AY
P
max

Aar

,^TOct

AT

;I-w4I
-E3-



I

— • 9384

—.8967

—.8873

—. 8613

-.6602

-.7870

-. 771 9

-.7480

-.6952

-.6711

6WF
GW

P
AT 

Oct

AEA

ATmax

AY Oc t

ALohr

Ay max

A0 

AYP
max

Table 8

(Tests at 6490C)

Theories	 Correlation Coefficient

- 64 -
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TABLE 9^: r

Spec.	 No. ag,	 Mpa

og

am
CC'	 Mpa

oC

amax	 % °max,	 Mpa

25 49 14.7 36 10.8 333

27 197 37.3 116 22 528

28 198 35 121 21.4 566

29 54 15.8 36 10.5 342

where

0  = tensile or compressive stress at the beginning
of torsion cycle.

0  = tensile or compressive stress at the end of

torsion cycle.

amax = the maximum tensile or compressive stress at

the axial cycle.
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Figure 16. Effect on the calibration factor of
outer ring probe due to ecentricity.

1.0	 1.5	 2.0	 2.5

ECENTRICITY, mm.



v	 4	 .

iage I. D. = 12 .7 mm . & 12.827 mm .

Gage I.D.  = 1 2. 573 mm . & 12.7 mm.

LJ

50

0 40
FU
Cz.

Z
O
H 30F

Ha
20

zH
W

Q 10
xU

0

Figure Z;	 E`fect on the calf ^ratior. factor of
inner ring probe due to ecentricitil.

- ^2 -

r

r
r
r.

^r
F^
t^

60

.t

T
^t

r

ECENTRICITY , rim.



h.1. I—..r:rtLrnrt, 4 n { (%tlt.

M''I

1 A+-

	

_12 0e1	 JRIGINAL rA, ,.: ► ^
OF POOR QUALITY

C
• ; Specimens cut from the longitudinal direction

I 10	
• : Specimens cut from the transverse direction

9

B

r

6

^V	 d

x
ErC
z
z

10

•	 E—+

„ — r -- },.
TorTT

ffiffi l
"

- t	 1 r. Y ^-

if

U;t4 1A

t

'•	 102:	 : t 	 1	 ^	 i:..1..1-^...:+

'.	 102	
1n3	 4 10

	 r,5

NU'v:aER OF CYCLES '1`0 FAILURE., N f

Figure 1- • Maximum shear, strait , range versus cycles to failure

V2

}C
2

i'

{0



z 0.085

0.084
W

Q 0.083
H

0.081

0.081

0.080
0 0.5	 1.0	 1.5	 2.0	 _.5

GAGE SECTION, cm.

- R4 -

\a

is

c
i

-7^1

^. 71 777,

I
L
f.
I:
f
f

0.086

V,

r Figure 19.	 Strain distribution in the specimen gage
section under an elastic tension-
compression loading.



0.50

0.48

o.46

0.44
ZH
ao.4,-,,
F

a 0.40
a
x 0.3F

0.36

0.34

0.32
U

I	 t

1.c,	 1.5	 2.0	 2.5U•J

\n

Ja^

GAGE SECTIO': , CM.

Figure c0.	 Strain distribution in the specimen gaga
section under four inelastic tension-
compression loacings.



C
^

—
 C

 `.

b 0
*

awa

0

^
	

O

W

w..irJi-i

ulcdK:d

Pa^U
)

cdi40vE•r.

u:a^cdi.;vmG
O



I.

U
 
r

0
 
4

Q
\
 
-
-
-w

\
D
 
d

w
C
V
 
0
	

0
O
 
O

o
r
J
 O

 —
 

Q
1

N
 
O

 
n

O
•H

C\4	
-
P
 
A

o
 a

;	
v

v
 
r
o

 ,^
 ^

E
 
^
4
 
c
z

U
 
f
3
 
X

 
(
A

U
 E

 M
 t

d
a
 a

, .
U
)
 
E
-

-
(
D
r
-

l
U

3
°°• r-I

cd

Ncam
'

ul

Q
^

*I

c
o

cr'
A

ct)
m

W
 o

cG

^
u

aIO
U 4-

3 
Q

+
I

>
>
	

r
l

1^
U
 
^
-
i
 
U

r
 I >

>
O

a
l
 
U

-
-
-
 
-
-
-

^4

N
0,

IN

3
a,UU

S-,

`
V

>t
4

U
)

C
J

n
:Uh
D

In

C

-
 

E
7

 
-

v
=



U
r

o
Q

rn
wa

-
^

11

nC
)

..
O

O
v
1

(,I
.-I

+
-j

{
.J

fr-

It

aU.
bOS4U•r•1

 1
J

3
 c

)A
U
 
v

^
 
O

cd
 [A

^
4
 
^
4

+
'
 
C

W
 
4
-
3

w

r I +)
Xc
d
 h

DS4
^-+

 O
owm
 
^

^
 
a

-
H
 
^
4-P

:n
 c

v
;
4
 
C
)m

c
3

 u^

cn
NO4
D

.
r
A

ril

l
 
—

^
	

C

—
 
F
f
 
—



ma^U.OO.
^
 
U

U
 
>
>

•rl U

3 ^U
4D

 •r1
^
 
f
A

^
 
O

f
U

S
4
 
N

^
b
L

Cti^
-
,
A
 
i

X
 
S
^

c
o
 ^

i
4
 
O

O
 
U

4
1
 f-4
i-)

U
 
0
7

E
sz:

U
)
 
EC)U2

L
 
y

^F—P O
U
)
 
r
)

.::I,
N

e

r
>
 
Q

o
 
^

Q
\
 
U

^
 
u

N
 C

z
.

0
o

tJ
 J —
O
 
O

C
O

 N
 •r4

N
	

1
 
4
-
)w

3
3

Q
0

kv

W
T
I
F

r^ triscis

E^

Ln

-E
9

-
I`



UvUC(L)c
 
E
PC)U

(L
J
 U

is

^
r

•ti
r

^
 U

4
cd
	

oO
,

W

C
V

4

c
n

c'1
 o

•F•^
C)

-
 
o

O

4
D

Q)
-^+

 J^: +->
o
 
:
5

P
^
 0
 
Q

cd	
o

1
0
-4

0
 
c
o

a
 ^

+
 ^

4
?
t 0

4D
c)

+
-3

^
 
G

•ri	
•O

C
 c

o
 a)

^4
 4

-' P
.

c
n
 3

 c
d

H
 
m

 
0

-,I H
 4

-3
x
 
U

c
d
 ^

, 4
1

•
r
i
 
U
 
0

,O
CH
 

4—
>

f-+
 r-i c

d

4
1

 •C
+

' U

E
C

O
 4--1 ^

3

+
3
 x

 •-j a^

coul	
C)

^4 	
0

N
 
+
1

i' f 4
 !]

•r
i
 
O

r
i
 
^
4

c
d
 Q)

f a
 4-)

NQ
)

L
4

C
t.



W
Q
Ems-+ 0'7
Ha

0.6
e

Z ^.5H
rx
^ 0.4

a

w 0.3

0.2

X 0.1
C

0

' 
Ll

i
f

r

I
V,

dl

A

TIME

Figure 26. Maximum shear strain amplitude versus time
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Appendix I

INTACT

I

Input the specimen dimension, calibration factors of

load, torque and strains, limits of A/D or D/A board, form

and amplitudes of the command signals and the desired cycle

numbers from which the test data will be stored. This Dro-

1	 gram created three data files of INTER.DAT, 	 WAVE.DAT and

'	 FILES.DATfor running the TEST program.

TEST

Connected with the INTACT program, this is a program for

f
generating the command signals and running the data acquisi-

tion. Enter the desired strain rate to run the fatigue tests

'	 and also monitored the torque applied to the specimen. If

the torque drops too low the test will be terminated and all

Ithe data put into two kinds of data filesfor storage.

OOSS.DT includes all the test infermationsand SS means the
a

specimen number (e.g. 0032.DT ). SSCC.DT contains integer

'	 data of load, torque and strains, where SS means the speci-

men number and CC is the cycle number (e.g. 3213).

RTEST

A modified TEST program for checking the behaviors of

ring probes, only for single cycle tests.

PLAS

149 -
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^; ..:

^I

I
Com pute the ap p l ied strain r.Lti o, r • in,  2 of -innl i, 1 lord,

torque, stresses and strains, cyr-lic plastic work and Ga-

rud's modifiedcyclic plastic work.

PROC

.I	 Compute the strain parameters of fatigue life prediction,

i such as octahedral. shear strain range, maximum shear strain

range/the corresponding normal strain range on the plane of

maximum shear strain, maximum plastic shear strain range and

maximum normal strain range/the corresponding shear strain

range on the plane of maximum normal strain.

STRESS

To calculatethe stress parameters of fatigue life pre-

diction, such as maximum principal stress range/the corre-

sponding shear stress range to the plane of maximum princi-

pal stress range, maximum shear stress range/the

corresponding normal stress range to the plane of maximum

shear stress range, octahedral shear stress range/the corre-

sponding octahedral normal stress range and the equivalent

stress range.

LOHR

To calculate the Lohr-Ellison maximum shear strain

range/the corresponding Lohr-Ellison normal strain range and

the Lohe-Ellison parameter range.

ILIFE/LEAS T

I	 ^
150 -



To ,. t ciil-Ate	 the correlation coef`i,i r:nt of

rameters for fatigue life prediction.

IN

Inpu`. and create data files for genera' plotting.

PLOT

Does the general plotting in the X-Y plotter.

PLOT1

Plotting: the shear strain	 range and normal. Strain	 range

I
versus the angle of plane	 (0 0 - 90°).

PLOT2

I

Plotting: the axial	 strain vs.	 torsional	 strain	 for

checking the "phase shift angle".

PLOT3

Plotting:	 (1) applied axial stress vs. 	 axial strain.	 (2)

Iapplied shear stress vs.	 torsional strain for a selected cy-

cle.

r

Several programs above were modified	 to run tests and do

1	 data	 reduction for	 some	 special non-proportional	 loading

tests.	 XINTA, XTEST,	 PLAS4,	 PROC4,	 STRES4 and LOHR4 are mod-

ified versions of INTACT,	 TEST,	 PLAS,	 PROC,	 STRESS and LOHR

respectively for test # 25,	 27,	 28 and	 29.	 NINTA,	 NTEST,

PLASN,	 PROCN, STRESN and LOHRN	 are modified	 versions of

INTACT,	 TEST, PLAS,	 PROC,	 'STRESS and LOHR respectively for

I

test #	 30,	 31, 32 and 33.

-151-
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Appendix IT

n : stress amplitude

L	 strain amplitude

T	 shear stress amplitude

Y	 ,hear strain amplitude

E l ` E 2 , E 3 : principal strains ( E l ), E 2 >, E 3 )

C1 1
	

R 2 . E3: 
principal stresses ( o f >, 02 >, 0 3 )

(a). Plastic work theory

ZN P = I QdE P + J TdYP
(b). Modified plastic work theory

AW P = I odc 
+
	

f A-y

(c). Maximum shear strain theory

E l 	 E3

Ymax	 2

(d). Maximum plastic shear strain theory

P	 _	 _ Tmax
Ymax Ymax	 G

(e). Octahedral shear strain theory

1/2

OctY 	
= 3 [(El - E 2 ) 2 +	 2 - E 3 ) 2 + ( E 3 - El)2)

(f). Maximum normal strain theory

El

(g). Gama plane theory

E l - E
3 _	 E1 + E3

2	 f(	 2	 )
for N f = constant

- 152 -
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wh,1 re

_1 _3 _ 1/9(mriximum engineering shear striinl
2

l + E3 = tensile strain on plane of maximum shear
2

I ^i
	 (h). Maximum principal stress theory

al

(i). Maximum shear stress theory

0 1 - a3

A max	 2

(j). Octahedral shear stretis theory

1%2

OctT 	3 1(01 - 0
2 ) 2 + (02 - 0 3 ) 2 + (03 - 0 1 ) 2

(k). Loh--Ell-: son's parameter

Lohr = Y*12 + 0.2 En*

- 153 -
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