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FOREWORD

This research and development work reported herein was conducted under Air Force
Contract F33615-75-C~3078 by the Lockhead-Georgia Company, a Division of Lockheed 7
Aircraft Corporation, The work was sponsored by the Air Force Flight Dynamics Laboratory, _\l-
Air Force Systems Command, Wright=Patterson Air Force Base, Ohio, Dr, Robert L, :
Neulieb of the Fatigue, Fracture, and Reliability Group, Structural Integrity Branch, (FBE),

Structural Mechanics Division was the Project Enginaer, This report covers the period

from 1 May 1975 to 30 September 1976, This work was performed under Project 1367,

t'. K

o Task 03, Work Unit 11, 1
)
ol Mr, James R, Carroll was the Lockheed=Georgia Company Program Manager. Other key [

Lockheed-Georgia technical personne! participating in the program included /

. ¢ Testing - Mr. G. J. Gilbert
! ® Arnalytical Studies = Mr, R. F. Wilkinson
e  Computer Programming = Mr. J. F. Holliday
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SECTION |
INTRODUCTION

Structural cracking continues to be a major factor in air vehicle design and operation
and an accurate assessment of the life of the structures is an essential part of design
criteria. In order to accurately assess the life or time to cracking of aircraft structures,
it is necessary to describe the detailed stress-strain state ot the probable crack initiation
site, usually at a stress concentration. A hysteresis type of analysis which describes
notch stresses and strains and includes residual stress accountability is becoming a widely
used tool for looking at the stress-strain history. This onalysis accounts for sequence
effects in complex load time histories. Recent published results in References 1 through

3 indicate that there may be time and cyclic dependent changes in the stress-strain state

- which significantly affect fatigue life but are not currently included in any

analytical models.

It has been shown in Reference 1 and 3 that there is a shortening of life when a sustained
compression load follows a tension overload in the loading sequence. This is attributed

to a relaxation of the induced residual stresses during the period of sustained compressive
loading. The progrom reported here is Phase | of a two-phase program to evaluate the
stress-strain history at stress risers, including this reloxation or creep phenomena. An analy-
tical and experimental study has been performed as a first step in formulation of an empirical

stress-strain analysis model.

The studies included effects of (1) load and mechanically induced plasticity at the
stress riser, (2) cyclic characterization of the materia!, (3) cyclic dependent variations
in the stress-strain field, and (4) time dependent changes (creep) in the stress=strain

state during sustained loading periods.

PREGELLNG. PAGE NOT Flipmp
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This program was directed to an experimental and analytical study of the stress and

1_'-::;_‘-— Tz

straln history at a stress riser to determine effects on cracking in aluminum alloy structures,

The program reported here is Phase | of a two-phase program. An experimental approach

R p

was davised to determine if meaningful and measurable strain data could be recorded at

the stress riser in o centrally notched plate when loaded under complex lood-time-

temperature test sequences, Progrom tasks included; menotonic and cyclic characterization

of the 7075 moterial used, initial residual strass studies, compiex sequence testing of super=

E

‘ scale and noiched coupon spacimens, and analyt ical modeling of experimental results, The

i

existence of cyclic=and time-dependent creep and/or relaxation at the stress riser was

evaluated by measuring strain at the hole during loodings. The combinations of loads included

'-:'L:T'm:_' F =3

overloads, underloads, periods between overloads, and hold periods at sustained load. %

Thirty differant test sequences were run and strain data recorded for analytical modeling.

=

A large amount of experimental duta was obtalned during this program and it was shown

that meaningful strain history data at a stress riser can be obtained and analytical modeling

of the stress-strain history is a vital part in predicting cracking of aluminum alloy structures.
The super-scale test spacimen is a good tool for evaluating effacts of complex loading on time :
to cracking. This specimen, together with o Lockheed developed straln transducer, have ,,

i provided a dato base for stress-strain history modeling.

A summary of some of the observations made during this program is as follows:

: o  Overloads Introduce beneficial residual stresses which incruase fatigue life,
: An overload immediately followed by an underload results in a shorter life

than with the overloud only. Increasing the magnitude of the underlocd

d decreases life,

e Including hold periods at a sustoined compression load reduces the spacimen life

considerably over that with the underload and no hold period.

! . o  Duration of the sustained load hold period affects life,

L reds wad.al . oo 241wl ik i . b Sl asids e s FRRE P PR ' - e |
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| e Cyclic periods between overloads and underloads also affect life.

® Creep and/or relaxation occurs during these hold periods at compressive
loadings. Time to cracking or life is a function of both a strass and strain

change (creep and/or reloxation) which occurs during periods of sustained

loading .
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SECTION 1
EXPERIMENTAL

An experimental program was designed to demonstrate techniques and procedures for
determining measurable variations In the plastically induced strain field at o stress riser,
Data have been recorded under complex load-time~temperature test conditions, Test
conditions have included overloads and underloads, variable length blocks of constant
amplitude cycling, periods of sustained loading, and elevated temperatures. These data
have been used to empirically model the stress=strain time history around o stress riser =
in this case a circular hole in a finite width plate. Significant data which have been
recorded Include the following;

¢  Continuous recording of notch strain, load, time ond cyclic test conditions

®  Materlal cyclic characterization

o  |Initial residual stress

¢ Cycles to crack inftiation

¢ Cyclas to rupture

s Creep Data

Thirty complex load-time=temperature test sequences were developed and applied to notched

super-scale and coupon test specimens to svaluate the variations in the plastic strain fleld

at the stress riser, These test sequences are representative of the environmental load=time-
temperature profiles of a typical fighter or transport wing structure, The sequences include
initial tension and/or comprassion loadings followed by blocks of constant amplitude cycling 4

at a positive 1-g mean stress. In some sequences the compression loadings are followed by

periods of sustained load (elther at the compression minimum or at the 1-g condition) prior 'ﬂ
ta constant amplitude cycling, Test variables include time at sustained load, length of the ’
constant amplitude block of cycles, compression load magnitude, and test temperature. All :
specimens ware tested to failure, t‘




Continuous recording of straln and load at the stress riser was achieved with a strain

transducar and data logger system deve loped earlier by Lockheed on an In-house program.

The transducer/data logger system makes it possible to continuously monitor notch strain and
record changes in strain and load under various loading profiles. This system is discussed in

more detall in 3,4,1,

In addition to the complex sequence tests, material ﬁrOperHes and material cyclic character-
ization studles have been run, Standard ASTM tests ware run to develop static tension and
compression data for the 7075-T651 plate used in this program, Monotonic and cyclic stress-
strain curves were also developed. The companion specimen tast technique wos used in these
cyclic characterization studies, Data from these tests have been used in formulating an
algorithm for simulating the material cyclic response bioth during strain hardening/softening

and in the stable condition.

Additional studies have included; (1) an evaluation of the initiol residual stress at the stress

riser, (2) a limited crack growth study, and (3) generation of unnotched S=N data for the
7075-Té51 plate.

Details of all phases of the experimental program are discussed in paragraphs 3.1 through 3.5,

Application of the data in an analytical model formulation Is discussed in Section 1V and the

data analysis and correlation studies are in Section V,

3.1 TEST SEQUENCES

The test saquances developed for this progrom were selected to be representative of fighter
and transport wing load-time~temperature profiles, In selecting the sequences, consideration
was glven to the plasticity of the straln field around the stress riser and subsequent changes
(creep) in the strain state during sustainad loadings ond constant amplitude cycling. Data

in References 1, 2, and 3 were also used in selecting the sequences,

Each sequence is illustrated in Figure 1. The test conditions shown are considered to be
typical of in-service events for transport and fighter aircraft and the sequence development

follows a logical building block format for analytically modeling a wing loading profile.

The following paragrapiis discuss in more detail the rationale for selecting these tast sequences.

All stress levels shown in Figure | are net section stresses,

5
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Sequence |,

Sequaiics 2+5,

Sequonce 67,

Sequence 8- 12, These tests combins compressive loading (undarloads) with tha tension overlouds

This is o constant omplitude test to astabiish baseline datc free from the
affacts of overlends, underloads, ete. Tha stressas selacted are considerad
16 ba an adequate simulation of 1-g flight mean and alternailing stresses for
a cargo and a fighter Circraft, Thesa constant amplitude test conditions

ary che same for all subsequaﬂ‘ secjuancey,

Each of thaie sequances has an initial hold period with aither a sustalned
tension or compresiion loading followad by constant omplitude eycling ta
tatlurs. Two hold timas are included, 1,0 ond 24 hours, These sequencos
ara contidered typleal of upper and lower surfaces un a wing of an alreraft
on ground followad by flight cycling, The date are considered assential as

simple building blocks for any analytizul modsl.

Tarslon ovarloads are Included which represent pariodic high inflight louds
that introduce benuftelal residual strusses. Varlation in the cyclic period
betwean overlouds (NOL) is included In thesw sequances, The Rafarence 2
date Indicate that NOL Is o significant paramater In tha avaluation of the
resicival atress=strain Fleld and thase sequancas are included to develop data

nacassary for the analytical model development.

and censtant amplituds cycling from preceding sequences, Thase compressive
loads are included 1o represent ground aperation and/or nagative loadings as

In the case of o fighter, Agalin, two NOL pariods are included to develop

basic data for analysis, Varlations In the underlcads are included to reprasent

negative mansuvers and high on=ground mean siresses,

Sequence 13-19. Pariods of sustained loading were Introduced in Sequence 13 to evaluote

the affact of on=ground conditions under constant loads, Previous data
(Referances | and 3) had shown thase hold timas to significantly affect
time to failure. It was anticipated that strain relaxation or creep would

bs evident and meosurable from these sequences and than used in formu-

lation of a strain relaxation module for the analytical model, The one-hour

hold perlods were repeated through-out the test os indicated; however a

maximum of flve 24~hour hold periods were run In any glven sequsnce.

13
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y Sequence 20-21, This was a rapeat of Sequences 13 and 14 axcept the entire sequences
'

wera run at + 160°F,

Sequence 22-23. These sequances include high compressive loadings fallowing the tansion
overload, Considerable plasticlty occurs at the stress riser from those

loading sequences and these duta are Intended te evaluate the effect of

this straln state and subssquant detrimental residual stralns,

iy

Sequence 24-25, Hold times are introduced following the compression yleld in Sequencas

23 and 23, Again, primary concern Is on the changes In the plastic

;% A"" state at the stress riser during sustalned loading, Two NOL pariods are 1
iq,‘ . included, :
Q:_' N ;
@ ; Sequence 26-27, In thess two tests, the initlal tension ovarlond Is deleted and the specimens ,
?i ' are louded to 50 Ksl In compression, Thess saguences are again Included \;
v to evaluate time and cycle dependent changes In the plastic stress=strain

©o flald at the stress riser,

(.

2 Soquence 28-29, These two test sequences are included to determine if meaningful data

‘ can be obtalned from o combination of notch strain and strain gradient

: measured data, These sequences were substituted late In the program 1
;; to evaluate the trends shown In the Refarence 2 dota, A detalled T
b discussion of the tests and results are included in paragraph 3,5.2.

k‘ Sequence 30, This sequence was included to evaluate cyclic creep, The test includes ]
l varicble peak ovarloads combined with blocks of constant amplitude .
u cycling, Results from this have been used In the analytical modsling and |

i are discussed In detall in paragraph 4,1,3,

Al! tests were run continuously, on a 24=hour basis, such that only the scheduled loadings

have an offect on the recorded data. Testing Included a minimum of one super~scale specimen
for aach sequance and three notched coupon spacimens for selected sequences, Test specimen
geometry is discussed In paragraph 3.3.1, Notched coupons were tested for Sequences 1, 6,

8, 14, 22, and 24 only, Continuous strain-lond~time recordings were made for each super= \

scale test, The notched coupons were tested for fatigue data only,
14
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3.2 MATERIAL PROPERTY TESTS

3.2.1 Stotic Tests

Static tests were conducted on coupon specimens cut from 7075-Té51 aluminum alloy
sheat material, 0.25~inch thick. Three tensile and three compressive coupons were
removed from each of three 4 feet x 12 feet sheets and tested to determine basic material

proporties, The tensile and compressive specimen configurations are shown In Figure 2 (o)
and 2 (b).

All the tests were performed ot room remperature (77°F £ 5°F) in o universal testing
machine, calibrated to ASTM standards, Loud was applied at an approximate rate of
2500 pounds per minute and strain was measured with an SR-4 frame/strain-gaged leaf
type 2.0-inch gage langth extensometer. Load versus strain curves were plotted on an

autographic recorder. Tensile and compressive property data are given in Table 1,

One tensile coupon was cut fram o super scale specimen ofter the cyclic creep study
(Sequence 30) to establish an accurate value for medulus of elasticity of that piece of
material, The coupon was removed from an area as remote from the specimen net section
as possible. This specimen was machined to the configuration shown in Figure 2 (a), ond
tested in a universal testing machine os before, Lood was applied in increments and a
1.0-inch gage length Tuckerman optical extensometer was used to measure strain at each
load Increment, Prior to reaching the proportional limit load the specimen was unloaded
in order to remove the Tuckerman extensometer and replace it with an SR-4 frame/strain-
goged leaf type extensometer. Load was reapplied but at a constant load rate until
failure occurred. A load versus strain curve was plotted on an autographic recorder, The
accurate strain data obtained from the Tuckerman extensometer was then used to ploi the
initial part of o stress-strain curve. After correcting the strain data generated by the
SR-4 frame extensometar to match that obtained in the elastic zone with the Tuckerman
extensometer, the stress=strain curve was extended ro a strain level of 0.025«inch/inch

and is presented os Figure 3,
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7.00 MIN

- 2,00 ¢——2,50 ——>
0.25
4 !

! A& t0.500 Z0.50 RAD (TYP)

o (o) TENSILE COUPON (2.0 INCH GAGE LENGTH) ,"k

T T T i
iz

Ry 5
b 3
y
] 8100 -0.25
\ 4 -‘} “ .

0.500 ['_'] 5

0_
(i

i o) COMPRESSION COUPON

Figure 2. Tesile and Comprassive Zoupon
“pr cimen Contiguraticas
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TABLE | - MATERIAL PROPERTIES DATA

i
()
, Sheet Fe Fr Fr Elong
;‘.\’5‘ Y Y U (O/)
. (ks)) (Ksi) (Ksl) ’
g 1 72.7 77.3 82.8 12,5
75.0 78.5 83.4 12,5
i 73.3 @ gy 13.0
- 2 73.1 76.3 82.1 13.0
o 74,4 77,1 82,6 12,5
R 70,9 73.4 80.3 12,5 :
3 72.3 76.5 82.7 13.5 3
g 75.2 77.6 83.1 13.5 |
70.9 75.2 81.5 13.0 ]
& Averuge 73.1 76.5 82.5 12,9 3
: M 0.2 percent offset S
; (2 Stress-strain curve not adequate for measuring FT .
Y
'ff‘.
v :
< |
L
. !
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3.2.2 Maoaterial Cyclic Characterization

In order to characterize the stable and transient cycle dependent response of the

7075-T651 plate used, strain controlled tests ware run on thirty-seven specimens

machined from 1,0-inch thick plate, The specimen geometry is illustrated in Figure 4,
Testing was done using the companion specimen test technique and range of fully reversed
straln varled from 0,0029 in/in up to 0.049 in/in, Typical hysteresis loops for four test
levels are illustrated in Figures 5 through 8, For clarity, only the initial loop and the
stable hysteresis loop Is shown along with the monotonic locus curve, These dato are

used In formuloting the analytical model for the stable response and for cyclic hardening

. and softening which Is discussed in detall in 4.1,1,

manner for the 7075 alloy; that is, the data exhibit strain hardening tendencies, At the

Y The monotonic stress=strain curve Is shown as a solid curve In Figure 9 and the cyclic 5
i ! data points are supsrimposed on the plot, All testing here was run at a constant strain |
| p
P rate of 0,06 in/in/min, Some interesting and unexpected phenomena were observed 8
o during these tests, In the plastic region the data general ly behave in the classical j
| 1

i

knee of the curve there is a slight strain softening, however, In general, at strains

above 0,008 in/In the data trends are as expected ond the results were considered sufficient
and accurate for the progrom. However, at lower strains, in the aelastic reglon, the cyclic
dota points exhibit unexpected trands, The first data run exhibited a significant amount

of strain softening at strains of 0,00625 and 0,0060 in/In, Two additional data points

ware run at lower strains to determine the deviation from the monotonic curve. Softening
also occurred at 0,0030 in/in; however, at A €/2 = 0,0044 in/in the cyclic data at
stabilizationw as totally unexpected. The specimen strain hardened and, af stabilization,
the maximum stress was 85 ksi. The strain hardaning Is so drastic that the minimum stress

at stabilization is positive (1.2 ksi). The path to stabilization for this and other points is

Hlustrated in Figure 10,

Additional specimens were fabricated and tested at strains between 0,0020 and 0,0045 to
check the original data developed in this strain range. Some of these data points agree

with the monotonic curve; however, there are additional data which show the main stroin
hardening that occurred previously at 0,0040 in/in, For the delta strain of 0,0029, for
example, the maximum and minimum stresses at stabilization are +65 ond +11 ksi, respactively,

The path to stabilization for two of these data points is also illustrated in Figure 10,

19
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STRESS, KSI

100

90

80 -

70

60

50

40

0

20

0.034
-0~ 0,0294
1 0.0211
0.0149
_—-—-—0'—
0.0119  0.0099 0.0044
J o- 0,0081
. o ——0- 0,0065
Mo'oobzs
0.0060
\\0‘“_‘___
‘\0\\\
ST 0.0030
1 \o\)——-o— .
é{ i i | N I O O A i [ [N N W I T T | i 1
| 1 1 [ R N B RO 1 T 1 T v T T 1] LI
! 10 100

CYCLES

Figure 10, Stress History for 7075-T651 (1.0 Platae)
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A search of publishad data showad no simllar results from other sources; however, cyclic
tests are not generally run at Ae's in the elastic region of the curve, One possible explon-
ation for this ratcheting effect may be related to the inhomogeneity of the plate material
where these specimens ware taken. Inclusions, large particle sizes, etc. will cause local
stress concentrations which are washed out when o speciman Is loaded plastically at large
strains, The stress concentrations may dominate the material response at lower strains in
the elastic ragion, however, This may have been the predominate force in the specimens
here which demonstrated the stress ratcheting during cycling., Additional research is
needed in this area to determine cause and subsequent effact on full-scale structures in
service, This research was beyond the scope of the current program and the elastic portion
of the monotonic curve has been used In analysis together with the cyclic hardening data

In the plastic reglon,

3.2.3 Unnotched Fatigue Tests

The hysterasis analysis program to be used to predict time to fullure or |ife uses as a basls
for damage calculations elther unnotched (K' = 1,0) 5=N data or €= N data, In order to
verify the existing data base and to evaluate the plate material used in this program, o
[imited fatigue test was run to develop K, = 1.0 =N data, Thirty 0,25-Inch thick, flat
dogbone specimens ware fabricuted from the 7075-T651 plate used for the super=scale and
notched coupon specimens and fatinue testad, The resulting data are listed in Table |1
for six different maan stress levels, One specimen wos tested at each alternating stress

level shown, These dato are plotted as variable stress versus cycles to failure in Figure 11,

3.3 TEST SPECIMEN DESIGN AND FABRICATION

3,3.1 Specimen Configurations

Two specimen configurations were used in the load-time~temperaturs sequence testing.
The specimens are illustrated in Figures 12 and 13 and were fabricated from 0,25-inch
thick, 7075-T651 plats, Super-scale specimens are necessary to facilitate installation
of the strain transducer, inside the centrally located hole (stress riser), for continuously
monltoring straln changes, The smaller notched coupons ure Included for fatigue testing
only for six of the sequences. This is to compare the times to fallure betweesn the two
configurations and ascertaln that thare are no size effects in the super-scale data, Based

on the data collected, there are no size effects seen which might bias the data,
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TABLE I, UNNOTCHED FATIGUE DATA

Fy, =0 Fry = 60
F, =415 Ksi N= 32,540 F, =20.0 N= 26,670
, .0 %0, 180 15.5 83,320
; 27.0 161,310 13,0 214,160 |
5 22,0 329,220 12,0 >1,600,000 ("
\ 20,0 556,450 12,0 155,550
b
" M Falled in Grips g
E,“o""‘ _I-.
oo Fm =20 Fn ™20 |
-y 1
b F, = 39.0 Ks| N= 10,30 F, =53.0 N= 14,500 ]
o R 33,0 21,500 42,5 61,900 !
' 25,0 71,950 38,0 109,000 :
: 18.0 306, 840 33,0 445,470 ]
o 15,0 1,412,000 0.0 1,760,000 :
N i
{
k,
e o |
“. F, = 30.0Ks N= 14,930 F, = 47.0 N= 350,000 |
) 24,0 30, 800 45,0 610,000 3
3 19.0 178,820 37.0 1,790,000 (NF) ;
. 17.0 261,000 -
A 14,0 2,000,000 (NF) ‘5
;
]
h i
!
x 27
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Figure 12. Super Scale Test Specimen - KT =2.43
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All specimens were cut from three standord 4' x 12' plates, 0,25=inch thick, Specimen
location within the plate is illustrated in Figure 14. The spacimans for materials properties
evaluation were randomly selected from each plate as shown, Super-scale specimens were
taken from Zones A through F and were furthar identified as to plate number and location
within a zone. For example, Specimen No, 1A=-1 was cut from Plate 1, Zone A, and is

the flrst specimen at the "top" edge of the plate.

Doublers were adhesively bonded to all the spacimen ends to preclude fatigue fallures at
the end grips and each specimen was laterally supported to prevent buckling during applica-
tion of compression loads, Figure 15 shows a super-scale specimen installed for testing

with the lateral supports and strain transducer in place,

3.3.2 Initial Residual Stresses

The nature of this exparimental program dictated that residual strasses at the stress risers
due to manufociuring must be near zero, Iwo investigative studies ware conducted to
evaluate the manufacturing residual stresses around the holes in both the super-scale and
notched coupon specimens, All holes were cut under size using a trepanning tool and
then successive boring operations were made to obtain final hole size, This approach was
taken to minimize residual stresses at the holes and was confirmad by the test discussed

below,

The Initial study involved the maasuremant of strains around the hale in both a super-scale
and a notched coupon specimen. Data were recorded from axial and rosette strain gages
located at the center of and immediately adjacent to the hale in each specimen during the
cutting and boring operation. Four 3/8" diameter holes were drilled remote to the strain
gaged atea and the specimen was mounted on four adjustable studs on the machine fixture,
The specimen installation is shown in Figure 16. Strain gage lacations are shown in
Figure 17. With the test specimen free-standing in an unloaded condition, all 12 strain
goges were zaroed on the strain indicator, These initial teadings were checked after
approximately 15 minutes to determine if any zero drift had occurred. None was apparent,
The specimen was then mounted on the adjustable studs on the milling machine and by
monitoring the strain gage readings to assure no induced stresses, the necessary adjusiments

were mada to securely attach the specimen for machining.
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Figure 14 Ihitial Residual Stress Investigation
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The first cut consisted of sawing out the center disc (Figure 16) to a diameter approximately
1,88" and a depth of 0,23" (just prior to breaking through the thickness). Strain data were
recorded from all gagas and are listed in Table 1], The center disc was then removed and
successive boring operations ware made until the final hole size wus achieved, As noted
in Table Il significant compressive residuals were introduced around .the hole on the Initial
tow cut; however, they were successfully reduced to Insignificant levels with the boring

operation for final sizing.

Four rosette gages were bonded on the small specimen as shown in Figure 17, Prior to
installation in the vice [aws on the machine, all gages were agoin zeroed and checked
for zero drift. Straln data are listed in Table IV, An initial 1/8" diometer hole was
drilled and strain data recorded from all gages. This was followed by o 3/16" diameter
drilling operation ond the successive boring operations unti! final hole size was reached.
Again, the final residual stresses cre Insignificant, This investigation has demonstrated
that the residual stresses after machining the holas in each spacimen type were in fact o

minimum end would not affect the experimantal results,

A static tensile test was conducted to verify the results discussad cbove. This included
instrumenting o supar-scale spaciman w ith straln gages and recording elostic=plastic

strains from the gages as well as the transducer during loading, After loading, tensile
coupons ware cut from the specimen and stress~strain data rocorded, A Neuber analysis

of the resulting data Is shown in Figure 18 which indicated a residual stress of approximately
15,0 ks,

Subsequent to this test ond analysis o second super-scale spacimen war instrumented and
tested. This repeat was run for saveral reasons; i.e,, (1) transducer was not properly
seated in the first test, (2) additional gages were installed on the hole side wall to check
the transducer, and (3) the Neuber analysis was questionable. A sketch of the spacimen
and instrumentation locations Is shown in Figure 19, Recorded data are tabulated in
Tables V and VI,

It is significant to note in Table V that strain gages 3 and 4 located on the hole wall track

very closely the transducer up to the point where the gages were lost. The X=Y plot of

load versus deflection (inches) is shown in Figure 20, Tha specimen was loaded Incrementally
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Figure 18, Transducer Strain vs. Nauber Analysis
15t Supar=5cale Specimen
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TABLE V

RECORDED STRAIN VS LOAD DATA
SECOND SUPER~SCALE SPECIMEN

Load Measured Straln * (in,/In,)

(Ib, x 10-3) Transducer Gages 3/4 Gages 1/2 Gages 5/6
10 0,69148 0,00155 0,00078 0,00055
20 0,00321 0,00311 0,00156 0,001
0 0,00494 0,00469 0,00235 0.00165
40 0,0n64" 0,00627 0,00315 0.00222
50 0.00840 0,00. 95 0.00394 0.00278
60 0,01086 0,0105 0,00479 0,00335
65 0.0126 Gages Out 0.00534 0,00344 i
69 0,0140 - -
70 - 0,00593 0,00394 !
73 0,0157 - - 1
75 - 0,00673 0,00426 ]
77 0,0180 - - ~ §
77.5 - 0,0C711 0,0044 :
80 - 0,0077 0,00457 i
Zero 0,0074 0,00135 0,000088

*  Average of two straln guges.

i o Lz -
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in order to reod data from the strain gages and at each incremental load the transducer

recorded specimen creep, as illustrated in the figure. This creep occurrad within the

|
.’u\
3

»
P
1

first fow seconds after reaching the desired load leve! and no further creep was evident
while the data was being recorded, The data tracked the elastic=plastic surface when
the next load leve| was applied. At the conclusion of this static test, three one=half
inch wide tensile coupons were machined from the super=scale specimen and tested to
obtain stress~strain data. In this instance, sufficient load~deflection data were recorded
to reproduce a stress=strain curve to 0.022 in/In straln, These data track the stress=strain

data shown in Figure 3.

A Neuber analysis of the data was run using this stress=strain curve and the data compared
with that from the transducer, As was sesn earller, this analysis indicated significant ;
residual stresses around the hole, The Neuber analysls wes then modified to Include

residuals and the data compared with the transducer measurements, The assumptions for

this modification are Illusirated in Figure 21, Results of this analysis indicate a 20 ksi

residual at the hole as shown in Figure 22, The Neuber analysis was run for residuals of
0, =10, and =20 ksi and, as shown, tha =20 ks! analysis correlates with the transducer

strains,

Initlally, 1t was assumed that there were resldual stresses around the hole as evidenced

by the analyses shown in Figures 18 and 22, However, a previous analysis at Lockheed, i
for an infinite plate with a central hole, using finite element methods of analysis and
he Neubar analysis had shown similar trends for zaro residual stress, This analysis is
shown pictorially in Figure 23. The Neuber analysis deviates from the finite alement !

analysls in much the same nionner as the data analysis from the super-scale specimens,

‘ Further, the finite alement analysis, of a similar geometry, closely approximates the

d transducer response,

It was concluded that thare are in fact minimum residual s trasses at the hole and that the '
Neuber analysis must be modificd to accurately predict the strass-strain history at the strass :
riser in o centrully notched hole, A finite alement analysis of the super-scale specimen

was then run to datermine correlation with the transducar response, This analysis is reported

In datail in Section IV,
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3.4 EXPERIMENTAL TECHNIQUES

The following paragraphs discuss the test tachniques used, datalls of the strain transducer,

and the strain data recording system,

TR

“

S | e
. ..

3.4,1 Small Scale Notched Coupon Tests

A quantity of small coupon specimens were cut from the test matarial and machined to the
conflguration shown in Figure 13, These specimens were tested at room temperature in an
electro=hydravlically controlled closed=loop servo system, interfaced to a computerized

two channe| load programmer. In order to maintain consistancy throughout the test program

TR

all specimens were laterally supported during fatigue loading. All small scele notched

-

N coupon fatigue test data are reported in paragraph 3.5.1,
)

3.4.2 Super Scale Tests

! The super scale test specimans wera cut from the test material and identified in relation

E . to the sheet of materiol used and the precise location within the sheat, The specimen )
’{ ' configuration Is shown in Figure 12, All tests were done in an electro=hydraulically *
;: controlled closed=~loop servo system, interfaced to the some computerized two-channel L
: ' load programmer that was used for the small scale notched coupon tests. An aluminum i

alloy frame fixture was attached to each spscimen to provide lateral support during 1

compression loading. A typical test arrangement is shown in Figure 24, The strain

¥ transducer description, calibration procedures, strain measurement and recording details !

are discussed In sections 3,4.3 and 3.4.4.

Two super scala specimens were tested at +160°F, The test setup was similar to that

PEIPEPREI =

used for the room temperature tests and heating was provided by "Briskheat" heating
tape, wrapped around the support fixture as shown in Figure 25, The spacimen and end
fittings were then wrapped with many layers of glass=cloth in oider to confine the low
level of heating to the specimen, A low heating level was necessary to prevent damage
to the strain gages on the transducer, Copper-constantan thermocouples ware attached
to the specimen with aluminum=foil tape. Two thermocouples were used, both were

located 0,40-inch from the hole wull with one on the centerline of the specimen length

and the other ?0° apart on the centerline of the specimen width, Power input to the

49
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heating tape was controlled by a manually operated autotransformer and specimen
temperatura was monitorad on a multichannel strip chart recorder, The slevated

temparature test setup is shown in Figure 25,

3.4.3 Strain Measurement

Strain measurements were made on all super scale specimens with a specially developed
strain transducer that was located In the specimen 2,0-Inch diameter hole, The trans=-
ducer is shown In Figure 26, and was fabricated from 0.125«inch thick 7075=Té aluminum
sheet material, The design is based on o NASA self-supporting straln transducaer,
Reference 4, and allows measurement of large strain chanyes under repaated leading,

A pair of surface contact pins (1 & 2) are held in intimate contact with an area of high
strass concentration (3) by spring pressure acting diametrically in the hole. Pin (1) is
held rigidly while pin (2) Is held by a flat cantilever spring beam (4), Instrumented with
electrical resistance strain gages. As load Is applied to the test specimen o change in
strain causes the gage length (distance between pins | and 2) to change, The movement
of pin (2) relative to pin (1) then causes the spring beam (4) to deflect which In tum
produces an slectrical output from the strain gages. Applied load alse causes dimensional
changes to the hole diameter which then changes the stress lavel in the spring beam (4),
It can be 1een from Figure 26 that a vertical displacement of pin (2) will create a loading
moment to the spring beam (4) and produce additional changes in output from the strain
goges. This unwanted output s cancelled out (or nearly s0) with a sultably attenuatad
ond opposing straln output from a secondary spring beam (5), The transducer has two

sets of contact pins and also two strain paged cantiiever spring beams. The guge length
of the transducer contact pins s upproximately 0,080 inches and the output from the spring
beams are combined to produce un average strain measurement over the measured average
goge length of the contact pins, The strain transducer output Is then ampliified and condi=

tHioned before passing through a speclol data logger system, described in Section 3.4.4,

Sudden specimen failure was Ilkely to disturb the callbration of the highly sensitive
transducer, therefore callbrations were performed prior to each test. Each callbration
was performed in a certifiad Tinius Olsen calibrator equipped with a specially designed
mounting attachment for the transducer as shown In Figure 27. The attachment consisted
of two plates with each plate having a semi-circle cut into It on one side. Each plate

was attached to the calibratory calumn (one on the movable part and one on the fixed

52
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Tinuis Olson Calibrator With
Mounting Attachmuent

Fiqura 27,




S part) such that the two semi-circular cutouts formed a complete circle of 2.0-~inch
diameter. Movement of the micrometer screw on the calibrator would displace the
movable column and chonge the diametsr of the circle. The transducer was mounted

In the circle and callbrated to establish strain gage output for knewn contact pin dis-
placement as shown in Figure 28 and also for known diametric changes by repositioning
the transducer as shewn in Figure 29. In addition to the pretest calibration, provision
was made for parforming periodic calibrations as required during test, This was achleved
by switching in a fixad shunt resistor having o value that was related to a known trans-
ducer displacement, This ralationship was also established during the pretest calibration

of the transducar.

After calibration the transducer was carefully positioned in the specimen hole and the

four contact pins ware "bedded-down" by applying light pressure to the free end of sach

! pin. A binocular microscope, equipped with a callbrated filar eyepiece was then used
L to accurately measure the contact pin gage lengths from which an average value was

determined.

T

3.4.4 Continuous Strain Recording

TR TS

Continuous strain monitoring was achieved with a peck data logger systam. A block

schematic diogram of the system is shown In Figure 30, [t consisted of a two=channel

multiplaxer, 12 bit analog to digital convertar, 8 bit microprocessor, and 7 track dligital

=

Incremental tape recorder,

High level load and strain inputs were fed Into the system but only the positive ond

negative peaks ware detected. The strein peaks were compared with previous data and

If the currant strain peak dota had deviated by more than a pre-selected percentage from
the last recorded peak data, the new strain and corresponding load peak values were logged
on the recorder along with an event number. The event number was computed by counting
total cycles applied. During programmed hold periods the system recorded load and strain
data whenever the latest strain data deviated from the last recorded data by more than the
pra-selected parcentage. In this case the event number was determined by counting the
elapsed time in seconds from the baginning of the hold period, The pre-selected percuntage

for data collection or rejection In the systam was intended to allow collection of only those K
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data having significance, Tosting wos acconiplished under load control which in general
Is accurate to 1 one parcent, Dotu recording, however, was under strain control, and

a ¥ one percent change in load for same cases would produce a greater percentage change
in strain, Generally, the pre-selacted percentage wos sot to allow changes in shain of

¥ 110 microinches or greater to be recarded on the magnetic tape,

3.5 COMPLEX SEQUENCE TESTS

The load=time-temperature tesl sequences discussed in Saction 3.1 and 1Hustrated in

Figure | were applied to thirty super~scale and 18~notched coupon spacimens. Twenty-
seven of the super~scole specimens and oll of the coupens were tested to fallure. Three
super=scale tests were to evaluate cyclic and time dependent creep only and wera not tested
to failure, Fallure data, strain histories, erack growth data, and froctographic analyses
are presonted In the following paragraphs. Data analysis and correlation studies are

included in Section V,

3.5.1 Data Presentation

(a) Failure Summary

A summary of the fatigue dote for the super-scale and notched coupoen tests Is included In
Tables VIl and VIIl, The super-scale summary includes sequence, specimen identiflcation,
cycles to failure, cycles to crack initiation, and for convenience in comparing data sets,

the test conditions for each sequence are included, Refer to Figure 1 for a complete deserip-
tion of each sequence. The residual strength data in Table VIIT is from static tansion tests
after cyclic loading when fatigue runout was encounterad. Cycles to crack initiation for

the super-scale tests Is an accurate indication of the onset of macroscopic cracking and

was maasured from a change in the magnitude of strain recorded with the transducer, In

oll coses, these strain changes were apparent before a crack was visually observed. In

these tests, failure Is defined as complete fracture of the specimen or fracture from the hole

to one edga.

This series of tests was started with Sequence 1 to simply define the stress=strain state at

the stress riser and time to failure for constant amplitude cycling. Then in successive steps
the test complexity was Increased by adding overloads, underlonds, and periods of sustained
loadings. The intent was to determine relative effects of sequence variation and to measure

ond quantify strain relexation and/or creep.
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TABLE VI - NOTCHED COUPON TEST SUMMARY

b
' (1
. Sequence Specimen Cycles To Residual
: Number [dent, Number Failure Strength
1 2E-2 103,620 |
2E-3 270,910
3B-1 96,290 1
138,940 Ave, v
é 1E-1 1,606,590 NF 85,9 Ksi :
38-2 2,387,950 NF 84,6 Ksi
3E-2 1,763,820 NF 83.5 Ksi
; 8 1E=2 368,523
| 1E-3 1,435,400 NF 83,3 Ksi
Eoo 2E-4 997,333
|‘ * 933,752 Ave.
§ 14 1E-4 398, 280
3B-4 745,326
i 18~3 506,061 _
) , Ave, 'r
22 3A-1 45,006 '
3A-2 48,611
3A-3 37.232
m Ava,
24 3E-4 49,698
1F-1 40,864
3A-4 43,714
187759 Ave.

(1) Residual strength tesfﬁ run on specimens which did not fall in fatigue
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Several pertinent data trends are evident from the data in Tables V!i and VIII,

O S [T T

(1) Application of Initial tension overloads and/or periodic tension overloads

significantly increases the speciman fatigue life as compared to the baseline

b
)

constant amplitude testing, Tha single one~hour sustained overload in
Sequence 2 does not produce the same magnltude of increase in |ife as the
periodic overloads in Sequences 6 and 7, however, Both the notched coupons
and super~scale spacimen for Sequence 6 were cycled In excess of 1, 5~million
cyclas with no fatlure and showed no reduction in tensile residual strength when

tested statically,

,. ) (2) InMial compression underloads, either sustalied and/or rapeated purlodically,

T " “result In reduaing the baseline constant émplhude Iife. This is illustrated in

ﬁ‘f" ) Sequences 3-5 and 26 and 27.

g

‘[i;: ; (3) A compressive underload immediately following a tersile overioed tends to nugate

» ? the beneficial residual stresses rasulting fron. the applied overload alona. By 5
}f\ Including the =7.9 Kti undrrload immediately fellowing the 47.3 Ksi overlocad the
?'(k .Ife was reducad upproximataly seventy percent from the case witk an overload _ {\‘
4 only (Sequances 7 and 10), In general, the fatique |ife decreases os the mugnitude '
; ~.* the underload increases, This trand is shown in the comparison of data from 3
; Sequences 8, 9, 12 and 22 for cyclic perlods batween overioads (NOL) of 15,000 :
] cycles, The same trend for NOL = 1000 cycles Is shown in Sequencas 10, 11, \
) and 23,

The trends discussed in () through (3) have been reported by other investimators; howaver, P
qualitative stress=strain data has not been available to model these trends and this program

was rur: to attempt to obtain this neces.ary experimental data, This will be discussed In

more detall in subsequent paragraphs, g

i

(4) Including a sustained load hold period immaediately follcwing the compressive cading )
i
results In a further life raduction. For example, comparing “equences 8 and 13 i

shows a life reduction by a factor of 5 with the hold period includad. The reduction
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is not as pronounced with hold periods at ~15.8 Ksi, however. Thare iz some life

reduction tor the 24-hour hold pericd whben N - 15,000 cyc les (Sequences 9

oL

and 15) bit no change for N <1000 Lycles (Sequances 11 ond 18). A sustained

OL
24=hour hold at =7,9 Ksi, which iv typical for o transport wing on-ground, has
substuntially negated the beneficial effects which were introduced by the tensile
overload, This time dependent reloxation/cresp is o crucial part of understanding
and modeling notched 'speclmen fatigue life, A further study of this phanemena

was done in test Sequences 28 and 29 which are discussed in subsequent paragraohs.,

Hold times ut the flight maan (15.8 Ksi) did nat show an effect in either increaiing or

reducing specimen lifu, This can ba sean in comparing Sequencus 22,24 and 23,25,

in generu'.', sequances with NOL = 1,000 cycles resulted In shorter test lives than
identical soquencas with 15,000 cyclous betwuen overfoads, This is illustrated In a
comparisun of Sequences (6, 7), (8, 10), (9, 1), (14, 17), etc, Only one sequence
palr (15 und 18) visiates this trand,  The 1educed life moy be attributed to the magnitude
of wach major cycle (~7.9 to 47.3 Ksi) repeutad more fraquently with the shorter NOL
period, but conclusive datu to this utact has not heen developed, On tha other hand,
Potter, in Raferance 3, has shown that the hend with decreasing periods betwren
overloads is an increased lita, The duta hove appears to contradict Potter's data;
howevat, there is insufficient dute here 10 show this {s the case. Additional overload
porivds should be ovalualed to betier estublish o data base for analytical modeling.,
Thare may be cyclic telazation araund the stress tiser which also contributed to the

increasad life with the longer over load puriod,

For Sequences (13, 14), (16, 17), and (28, 21) 1the 24-hour hold period resulted in «a
shorler Tite than the saquence with the one hour hold pariod. It wa. noted in (4) that
cuch soquence with sustainad foading at 7.9 ksi resultad in significant life reductions
compared o segquences without thy sustained load perled.  This dota is an indication of
creep following tho plastic deformation at the siress riser due to the tensile overloads.
At =158 Ksi the trond Ts raversed; -+, the snorter hoid period results in a shorter

1HFe as in Suquences FHand 19, Al there is much less voriation in life with and

without the 15,8 sustained Toud than there iy vith the =7.9 lead as pointed out in (4).
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No conclusions have been drawn obaut the 15,8 Ksi data and additional tasts

should be run to evaluate the trends here,

An additional study of the creep at -7,% Ksi was run and these deta are reported

in paragraph 3,5.2,

(b) Load - Straln Histories

The strain response for the transducar was continuously racorded during each test
saquance, These data have been plaited as time histories lar typ ical saquancas

In Figures 31 through 43, Maximum and minimum notch strains are fllustrated for

the major overload/underload cyclas along with the uppar and lower strain limits

for the constant amplitude cycling. Each mojor cycle is identified by number.

Meon straln was only recorded before and after aach block of constant amplitude
cycles and a dashed line Is shown connacting these two data points,  The constant
omplitude limits are shown as a dash mark ot the baginning, mid polut, and end

of sach block of eycles, All of the data shown were recorded ovar an 0.080 gage
length inside the central hole in the supar scale specimans and are consirared typical

of the data recorded.

Several trends are obvious from these time historles, For example, in coch sequence
there is a change In the recorded mean strain during the blocks of constant amplitude
cycling, Also, the major load eyelas, ovarloads and undet ioads, offect a change in
the mean strain, There is a minimum change in the peak strain during any sequence
ond little change in the constant amplitude peak strain until underloads ot =25 ksi or
larger are applied. The more significant time dependent chances which appear are
the changes in the mean strain, minimum constant amplituds strains, ond the minimum
strain associated with the underlonds. These ure mara pronouncad with ircreasing

underload also.

It was pointed out earlier, that the saquances will 1000~block cyclic pariods resultad
in shorter tast lives than the saquences with 15,000 cycle blocks, Sequentes 2 and 11
(Figures 32 and 33) are typical of the data racorded for fifteen~and one-thousand
cycle block tests, Thare is a greater rata of change in tha mean and minimum strains
for Sequence 11 (1000 cycles) which may offer some insight into explaining this

phenomana.
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The sequences wi th hold times at the compressive loads have shown evidance of tima
depandent creep during periods of sustained load. This creep is more pronounced in

the 24-hour hold periods than during the one~hour hold periods as illustrated in

Figures 35 through 37, In each case there is creep indicated for all five of the 24~hour

hold periods but only during the first of the one hour hold periods. Agaln, earlier

SN

discussion had pointed out that the 24=hour hold period resulted in o shorter life than a

one=~hour hold, excapt for the =15, 8 ks! sustained stress, and this data tends to sub-

stantlate that trend, Another obseivation is the time dependent changes in the constant

T AT T T T

omplitude strain limits in Sequences 8, 13, and 14 with and without the sustained under-
load of =7.9 ksi, Without a sustained underload (Sequence 8) there is iittle change in
the canstant amplitude strains; but, following the hold period in Sequences 13 and 14

there Is a definite trend toward more positive strain limits. This again substantiates

T ey _SVF—U, -
P

i #

the shorter |ife obtainad when the hold pariods are included in sequences with =7,9 ksi

YT

: : - underloads, In Sequences 9 and 15 with a =15,8 ksi underload, the trend is different,
' however. As shown in Figures 32 and 37, there is a change in strain with or without

- the hold period, Sequences with the =15,8 ksi underloud did not follow the sama trends

A of significant reductions in life with hold times that is quite apparent with the -7.9 ksl

underload and this apparent strain change may be a partial explanation of the phenomeno.,

There was evidence of creep during the hold perfods at negative loads; however, no
‘ creep was apparent during the sustalned loads at the flight mean loading conditions,
This iy illustrated in Figures 41 and 43 and reflected in the times to failure for Sequences

(22, 24), (23, 25), and (26, 27).

In addition to the strain time histories discussed chove, the recorded load-strain historles

for selected sequences are iliustrated in Figures 44 through 52, The firsi and third major

load cycle is plotted for each sequence shown. These curves do not include strain data

T RER TR

from the constant amplitude cycles or the sustained loading periods. This data does Illustrote
i the time dependent changes in mean and peak strains discussad earlier. In sach case, the

new olrigin for initial loading for the third cycle Is indicated os point A,

3.5,2 Creep Studies

As the axparimental program evolved it became apparent that there are significant effects

of the creep during the sustained load periods and this does effect fatigue |ife.
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Two sequencas were tun to obtain additional strain dota at the stress cencentration and

to define a distribution of strain across the net section of the specimen, These tests are
identifiad as Sequences 28 and 29 in Figure 1. For Sequence 28, the tensile overload was
applied, then the specimen was held at the =7.9 Ksi stress for 24=hours, In Sequence 29
the tansile overload was applied followed by a =32,5 Ksi underload and then held at +15,8
Ksi for one hour, In sach case the transducer was Installed in the hole and eight strain
gages were located on the specimen surface as illustrated in Figure 53, Data was con-

tinuously recorded from all nine data channels and is listed In Tables IX and X.

The strain distribution across the specimen Is plotted in Figure 54, This includes the
transducer and strain gage measurements at the start of the hold pertod and then at one~
minute, one=hour, and 16=hours, Thase data definitely confirm that creep is taking place
immedlately odjocent to the stress riser. Strains inside the hole, as measured by the trans-
ducer, are dacreasing from 1130 g inches initially to 980 4 inches after 16~hours, Howaver,
dota for strain gages 1, 2, and 3 (Figure 53) show a significant increase in strain adjocent
to the hole, There is a 1000 4 inch change In strain recorded on Gage 2, located 0,15-
inches from the edge of the hole, Figure 55 Illustrates the time dependent creep data

from the transducer and Gages | and 2, Also included in this figura are the recorded strains
after unloading the specimen. Apparently, the strain and associated strass changes shown
here are of sufficient magnitude to result in differences in specimen fatigue life with and
without the hold perlods in the test sequence, Test life is significantly reduced when the

hold periods at =7.9 Ksi are included as discussed earlier,

Since only strain can be measured directly in o test such os Sequence 28, changes in

stress and subsequent effect on life have been hypothesized as illustrated In Figure 56,

In evaluating Sequences 8, ?, and 12, for example, it is evident that the reduced life
associated with Increasing compressive load magnitude Is dependent on the notch stress
limits during constant amplitude cycling and not on the strain limits, Therefore, it is
hypothesized that during the sustained load periods when there is strain creep there must also
be a stress relaxation such that subsequent constant emplitude cycling will give a shorter
life than expected without the hold time included, In Figure 56, a specimen loaded from
O=A=B with no hold at B would cycle between the limits C-D, With a hold time at B

and the known raduction in notch strain (Table 1X), it is assumed that there is a strass

89
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relaxation from B to B', Subsequent cycling will then be between C' and D', This will

then result in the decrease in [ife shown when hold times are included in the sequencas.

Additional experimental studies and finite element simulations are planned to further

evoluate this phenomena,

3.5,3 Crack Growth Data

Initially it was plonned to record crack growth data for all test sequences, but this was
deleted as the program evolved. Accurate measurements were difficult to obtain as crack
growth was very rapid at the high alternating stresses for this program, Crack growth was
a small percentage of the total life to fracture, The |imited dota which was recorded is
listed in Table X!,

3.5.4 Fractographlic Studies

The strain transducer when installed in the hole, has four contact pins which are inbedded
into the hole sidewall for support, These pin marks were not thought to influence specimen
cracking; however, several folled specimens were evaluated to determine if cracks did
originate from these marks, Fractographic study results for two specimens are shown in
Figures 57 and 58. In Figure 57 the crack goes between the pin marks ond initiated at

the corner of the hole, Figure 58 shows a crack outside the transducer pin marks which

started from imbedded flaws In the hole sidewall. These are typical of all failures end no

fatlure originated from the pin marks caused by transducer installation.
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Broken Specimen IE-4

Transducer Contact Pin Marks
On The ola Wall

Figure 57, Fractoaraphic Analysis of
Spocimen Yk-4 Failure
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Fracture Surfuce With The Crack Origin
Location Noted By The Arrow

Figure 57. (Concluded)
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Transducer Contact Pin Marks
On The Hole Wall

Figure 58, Fractographic Analysis of
Specimen 2F-1 Failure
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SECTION IV
ANALYTICAL

S T TR T A T R I e T

i: . 4.1 ANALYTICAL PROGRAM

A conventional fatigue analysls which uses notched S=N data and computes an accumula=
tive damage based on the Palmgren=-Miner rule neglects many parameters which can have
an effect on fatigue life. The parameters and their effect are generally understood but
have to be discarded for the sake of economy. One such parameter I the sequencing of
applied loads. H. Neuber in his paper, Reference 5, presents a theory which makes it

aconomlcally feasible to Include the effects of load sequencing In a fatigue anolysis.

' Fatigue cracks originate from structural discontinuities such as fastener holes. The diicon=

. tinultles cause stress concentrations which are usually large enough that the materlal

I becomes plastic when the structure is subjected to normal alrcraft operating loads, Upen
. removal of a load which has caused plasticity, residual stresses become locked Into the

: material, These residuals are additive to the stresses resulting from subsequent load appli~
cations and In the case of fatigue they alter the mean stress and hence the damage caused
by subsequent cycies. An analysls procedure based on Neuber's theory calculates the peuk
elastic-plastic stresses In a discontinulty (notch) which Includes the residuals from previous

: cycles.

This report presents on analysis procedure which uses the stresses resulting from Neuber's
theory together with unnotched =N data to calculate a dumage basad on the Palmgren -

! Miner rule. The analysis, which is in the form of a Fortran V computer program, Is based on

2

3 algorithms which simulate the following three phenomena:
" ° Materlal response

;‘ o Notch response

3 o Damage predictions

The algotithms, and the development work leading to them, are presented in the following

sections,
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4.1.1 Material Rusponse Characterization of 7075-T651 Aluminum

A study of the cyclic stress~strain response tesulting from the strain controlied tests (G|
through GJ37 is presented in this section. The purpose of this study is to churacterize the

cyclic response for /075-T651 aluminum both during hardening and in the stable condition,

When o material is cycled between fixed strain |imits, the increment of stress required for
each successive cycle will Initially either increase or decrease depending on whether the

material is hardening or softening. After a number of cycles, which depends on the strain

Increment, this hardening or softening stops at which time the material is sald to be inu

stable condition. The strain controlied tests GJ1 through GJ37 show that 7075-T4651

aluminum bhoth hardens and softens, The response ior four of these tests is plotted in

Figures 59 through 62, Shown Is the initial louding curve called the monotonic locus 3
) curve dand the initlal and stable cyclic curves consisting of an upper and lower branch, f
The stable cyclic curves for these tests have been superimposed in Figure 63 and d line :
1 plotted through the peaks, This line defines the cyclic locus curve. %
i i
‘ 4.1.1.1 Stable Rasponse « The algorithm for simulating the stable responsa of 7075-T651 ]
k will be bused on the ussumption that when a material Is hardened at a purticular strain j
; increment it is in tho hardened condition for all highet increments. From this it can be sald
i that j
b o
J (1) The stross and strain will always expand aleng the cyclic locus curve. i
, (2)  Excursions from the cyclic locus curve, for intermediate loudings, will tollow i}
E a branch curve,
% In reality there are an infinite number of branch curves, the particular one that Is tollowed
!F, being dependent on the previous loading history. To efficiently represent the response, 1t 1s
f necessary to characterize these curves into a conveniently usable form. For example, the
l'-Z: cyclic locus curve can be characterized by the Rumberg-Osgood expression
1 o
3 e gt (T")
‘; .
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and assumes thal all i b oo es ate guen ehtivally sl 1o this but inagnified by

a lactor of 2, 1.0,

whare suparscript B ofars to bianch cuive,

Consider the stable cyclic curvas plotted in Figure &4 with thuir lower tips matching.
Obvlously none of thy uppor bianches, as they leave thu cyclic locus curve, are similar
nor arg any of tham siciilar 1o the cyclic locus curva magnified by o fuctor of 2,0,
Jhansole, In Raferencu 6, churacterizus a matariol that exhibits this phenomenon a5 a
"Non Massing" materiol,  Jhanselo doas, howevar, suggest that these branch curves are
similar if an appropriate tanslation s made along the linear slops,  This has been done

In Figurs 65, which shows that il vppor branchas, as thay leuve the cyclle locus curve

for 7075-T&51 uliminum, can be charactorfond by o single wuive.

A simltar s[udy Jothe Lo Boans b 1.0t w0 stceosstel as s shown in Figuru 64, in
which the uppur tips aro marchad . Obviously, slnce tho ulastic modulll are not the
same no amount of tewslation along the Tineer slope wilh make the curves match, There-

fare, consider a basle lower Liraneh corve

13 B B
e oo U) M
B
detinud i o buste breach Conve systenn 8 and which has the same elastic modulus 'E' as the
locus curva, MNow, wnsider atypical lover branch curve,
ts 1B (18 (2)
+ o

Yigs

dufined oo Tower beoan b con e wystom "TB and wineh has an elastic modulus of 'EB'. If

thoe arigin ot the fow - Faane be-oree s docared o the Hoear portion of thy baslc branch

Leurve ol [n'\illl Yy e Figuie 67, they traneformation bhoatwaen the two systamsy is:

Bots B 6 BB

The olastic madolii g ot

L [ (4)

Baataat L IRERCIPN i ai davad i aly PTCVINGPTORTA TRV Y o KY PO : N,
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and

dBtB !

. (5)

dBo &
From (3) equation (4) can be written

dB(

2 = ()

d e EB
Then as long as BEB ond BG-LB remaln elastic equations (5) and (6) give

B B, /1 .1 B

d eLB-d cB—(E-E E-)d o
Integrating

B B ] 1\ B
Now BCLB = Btswhen Bc =k, Eeo
then

} 1 B
C”'(E“ - F)E * %
B
and
B B (1 _ ) B . B .
t’LB’ GB“('E'-[;- -E-)(U E-Eo) (7)

It will now be assumed that equation (7} defines the relationship hetween a basic branch

curve ohd the lower branch curve for the full elastic/plastic range, Than the torm

1 | B
— = . o)
(5 ¢

lines up the e'astic slopes of the curves and the term

! I>. B
— - E . ¢
(EB E o

is o translotion along the elastic axis of the basjc branch curve such that the nonlinear
portions match, To verify thic the curve BcB Bo has been created from equation 7 for each
of the five tests shown in Figures 59 through 62 with the translations along the elastic axlis
chosen to give the best match over the nonlinear portions of the curve, These are superimposed

in Figure 68 showing that a single basic curve together with equation (7) can adequately be
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be used to represent all the lowar branch curvas., Figure 68 also shows that the upper branch
curve Is very similar to the basic lower branch curve, Therefore, the single basic branch
curve shown in Figure 69 will be used for both the upper and lower branches, To use
sguation (7), 1t is necessary to relate the branch curve modulus EB to the strain incremant
Ae¢/2, This has bean done In Figure 70, using the lower branch elastic modulil from the
five basic tests, Finally, the branch curves are located In the basic s‘rass~strain space by
requiring that they reintersect the cyclic locus curve at a magnitude of strain equal and

opposite to that for the point on the cyclic locus curve from which they started,

From the above procedurs the troce of the upper branch curves leaving the compression
segment of the cyclic locus curve and the trace of the fower branch curves leaving the
tension segment of the cyclic locus curve ars defined. What {s still not known (s the troce
of a branch curve whan it leaves another branch curve, Although the tests thus far run are
not loaded to this condition it is expected that when a branch curve laaves the elastic
portion of another branch curve they will have the same elastic modulli, This means that
the upper branch curves will also have to change thair shape, It will tharefore be assumed
that the shape of both the upper and lower branch curves vary linearly batween the basic
curve and the lower branch curve corresponding to the maximum Ae/2  thus far
experienced, see Figure 71, If the material has baen loudad along the cyclic locus curve
to a strain whose absolute magnitude is |Ae/2| then the lower branch curve would leave
the point P on the tension segment of the locus curve with an elastic modulus of EB defined
in Figure 70, The upper branch curve would leave the point P' on the compression segment
of the locus curve with an elastic modulus of E. Now, consider a loading fram point P

along the lower branch curve to 5, Then a loading from $ will follow an upper branch

curve which has an elastic modulus defined as follows,

max ” Sp- "P/EB

MIN &P - 0/

Bey=eg - a0/ By =y

B 6= ax - MIN

(8

(9)
(10)
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Finally, tha branch curves, when thuy leave another branch curve, are located in the
strass=strain space by requiring that they always form closed loops, Mora spucifically,
ihls can bu stated by the condition that the branch curve must intersect the orlgin of

the branch curve that it laavos,

The complaty algorithm for slmulating the stabla response of 7075=T651 alumbinum s
& 9 8} K

THustratue in Flgure 72, This uxample procouds through the following steps,
& Apumo that the matorial has boan cyclic hardaned to polnt A(Y0,0,02) on the
cyclic locuy curve
Av 2 0,02
= A i .
EB 9,295%10" from Figure 70
l';

| 2190, 002), B (=97, -0,02)

“MAX 0,02 - ¥0,000- 5,295+ 10°.:0,01032

CMIN-0.02 197,000 10,4x10° - <0.01067

Ac? 0,01032 + 0,001067 0,020

] Loading from A to B(-¥0,-0,002) along tha branch corve which hoas an elastic
. 6 .
modulus of 2, 2%5x 107, Tha b b conve i loeated s that §t passes through
A
paints A and P'y Then & (-40,-0,007) aned the olastic modolos for thas neat

toading incromygnt is

(12)

(13)

s T 3

s B

e e e
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E, . 6 . 6
B=10.4107 T Lm0 FOBTORNI0. 475,295 -Tyunzsy | 7810

¢  Loading from B to C(84,0,016) along the branch curve which has an elastic madulus

1+ (-90,000/]0.4:(106)(10.4/9.295 -l)/0.02099]

of 9.689x\06. The branch curve is located so that it passes through points B and A,
Then T (84,0,016) and the alastic modulus for the next loading increment Is

- 6
B = 10.4x10° [J * (84,000/10.4¢10°(10,4/9.295 -1/0.02099] w9, 449105

¢ Loading from C to D(~78,-0,003) along the branch curve which has an elastic
modulus of 9.449x106. The branch curve Is located so that it passes through
points C and B, Then, = (~78,-0.003) and the slastic modulus for the next

N loading Incrament I

“ - 6 -

*  Loading from D to E(95, 0.03), The material is first loaded to C along the branch
[ curve which has on wlastic modulus of ‘?.544x|06. It then follows the branch curve
which has a modulus of ‘?.689:(]06 und panas through points B and A, At Point A

follows the cyclic locus curve to E,
Ae¢/2 =0,03

6
EB = 8,92x10° from Figure 70

};2 “ (95,0,03), 6'2' a (=100,-0,03)
CMAX 20,03 = 95,000/8,92x10%0,02087

MIN ==0,03 + 100,000/10, 4x10%2=0,02038

8%.40,02087+0.0203820.04125

¢ Lloading from E to F(-100,-0,03) along the branch curve which has an elastic
modulus of s.9leo°. Than, y (=100,-0,03) and the alastic modulus for the

next loading Increment Is

6 .
Eq . 6 [1+(=100,000/10,4x10°)(10,4/8,92-1)0,04125 | _ 6
B =10.4x10 [TTFCT.'O'§7F 0,02038Y(V0, 478, 92-1)0,04125 " — 10.4x10

o il et i pih SRS e s L ]




®  Loading from point F will follow the basic branch curve which hos an elastic

modulus of 10,4x 106 )

4.1.1.2 Cyclic Hardaning and Softening = It is First nacessury 1o raprasont tha transiont

loops In a similor fushion to the stabla loops,  Tha loops aeneratad during tho first cycln for
tour of tha tests are superimposed on the basic stable branch curve in Figure 73 with the

uppar branches matching . Also, a basic braneh curve has baan qenavated for the initial lower
branch curvo of vach of the four tests ustng equation 7 and are suparimposed on the busic branch
curva tn Flaure 74, Flqures 73 and 74 show thot the basle braneh curve can bo used to repra=

sant the trmanslent [hope o the same way it is used 15 ropresent the stable loops,

In ordar to include eyclic hardoning or seftanlng in u hysteresls loop fatigue analysls it s

nocassary o doline the rate at which the matarial hardens for sach eyela, Based on
chsorvations of the tully raversed cyclic tasts G through GJ37 {1t Is dhown that the
hardening of 7075-1651 aluminum can b odeguataly dafined by two simple curves, Flgure 75
shows the plats of the peak tonslan stross vorsus the numbar of fully revarsed cycles for four of
the tasts, From thess plets tha number of fully raversed cycles roqulted to complately hardon
tha matorial 'nH‘ he boon Aafined and s plotted h Figure 76 vaersus the straln increment

AC7, Ao, fiom Flgue 7 the Tnciemant 'A0, ' betwean the complotely hardensd poak

H

tension stross (palnta an tho gy He locos curvae) and the peak monstonlc tension stross

(prints on the manetonic Jocus conve) have hoan daefined, The data points in Figure 76
' ]

1, ond 'Aa

H H

stngla eutve adoquirtaly deflnes the hardoning rate of 2075-1651, Tharafore, this curve,

have boon netmaliznd by "end roplotted in Flgura 77, This shows that o

together with the curve In Figure 76, can bn used to caleulato the amount of hardaning
'Ac/A 0" due to fully raversed cyclos at any straln incromont 'Ac “2', - Considor an oxample

In which a spacimen of 7075-T651 s cyclod batwoun stratus of 0,92, Then
Ac 2 0.02

”H = 7,4 from Flgure 76

non 177,470,135 for the flrst cycia

Ao IA".’H 0,415 fram Figm‘u 77

1,0, the amount of harduning for the first cycle is 41, 5%
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non 7 £04-00270 for thae seeond cycele
Lo A()H A, 685 from |igure /7

fects the amount of hardening ufter the second eycle is 68,5%

This procedure is based on tests for fully raveised cycles batwoen stralns of equal and

opposite magnitude. In reality, this very rarely occurs, the hysteresis loops being generally
e,

offset along the strain axis, Also, full hardening usually results from-loops of various sizes

and not from loups ot fixed size. In order that the anulysls procedure may be applied to

these general conditions the following assumptions will be made, _
(1Y Tha strain increment & ¢ used in Elgure 76 is Independant of where it is located
on the strain axis (i.e. moan strain), .
» P ' ./ 1y . . E
(2) Tho harduning rate torm 'ny i accumulative for cycles, {,e,
T
— i
no 2 1 ;
h i
H - 4
. H K
Lo | 4
. L
(3) e porcunt of hardening *a o Au'_l' ulfacts the full range of the monotonic locus £
Lurva, "
:
.
4
i
When the matarial is toaded along the tension segmuent of the monotonic curve to a strain ;
of € and then vnloaded un amount 2¢ a specific amount of hardaning will hove occured |
to the compressive segmaent of the monotonte curva, A similar affect will be saen to have :
i
wecunied 1o the tension monutonic curve it the marerial ware first loaded In compression,
When the meaterfal is Touded along the tension wenotonic curve an amount € and then ;
onloaded and raloade T back ta « elastically no hardening will have occurred 10 the tension
!
suginent of The tumot s varver, The sanes attedt would be seen for tha compression segmant
ot The monotonic corva, Based on these two observations It witl be assumed that the hardening ;
of tha tension and Conrpression sugmunts of the nonotenic curves ere uncoupled. The horden- ;
ing ol the compeession monatonic curva will e basod on the amount of Incremantal strain ‘
\
ussociated with aither the fension munotoni. wurve or the upper branch curve, Similarly, ¥
i
the hardoning of the rension monotanic worve will be based on the omount of incremantal g

strain associated with ither the conpressive manotonic curve or the lower branch curves,
Finally, to simulute closed loops during the transivnt condition, it will be assumed that
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the points in tha stress strain space will expand along the elastic slope of the branch

curve that initigtes from that point,

Consider now this procedure included in the following example which is shown araphicelly
In Figure 78, Initial loading to A](86, #0,025) ulong the tension segment of the monotonic
locus curve, Then A]'(-92,—0.025) Is the point on tha campressive sagrment of the monotonic

locus curve which a branch curve laaving Ay must pass.

Ae/2=0,025

E, = 9.06x10° from Figure 70

*MAX 20,025 - 86,000,9.06x10°-0,01551

| CMIN=-0,025 + 92,000/10.4x10° = 001415

a A%=0,03166

i "H = 5,7 from Flgue 76

(n/nH) = 1/5,7=0,1754
TEN

S(n/nH) =0, 1754

TEN
(Ao/ba) =0,51 or 51% hardaning, from Figure 77, ;
COMP 1

Loading from AI (86,0,025) to B‘ (-89.5,~0,008) along the branch curve which has an y

elastic modulus of 9.06)(106 and intarsacts the point A?' (-95,5,-0.0253), A?' lias an
the 51% hardened compression locus curves at the intorsection with the axtension of o

basic branch curve originating from A]'.

Ae/2=0,0165

E, = 10,4x10° | 1.X (-89, 500,10, 4x10°)(10,49,06-1)0,03166 | = .,616x10° 3
B . THF000870,01410(10,4,°9,06-1).003146 §
ny, = 9.5 from Flgure 76 p

(n/nH) = 1/9,5=0,1053
COMP




_ . . _ Butuspuoyy 3124 jo ajduoxy -gz asnbiy

oo™~ 5" 16-F3 T T T - mek 'y T
2800~ ‘s e — .
900" T8 e e v ANCIONOW

— - \\ y lyczo-- Kbl?ﬂ(‘

- NIVRS

e
v
%) 0, S53918

520" ‘il e
izeze ‘saml .
./
rgZs” ‘mngumt
ANTLONOW = " am— .n.\
HISAD— .I‘q Vi /nﬁn. )iy ]
S3AT3 51907 .
£ ciea e @

- P [P

B o e e e L feigee s o T



W, T

S wok g e

)
f
{
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=0,1053
COMP

T(n/n

o

(Ao/Ao) =0,335 or 33.5% hardening from Figure 77,
HreN

Loading from Bl(-89.5,-0.008) to Cl(87,0.022) along the branch curve which has an elastic
modulus of 9.616)&106 and Intersects the point A2(99.5,0.0252). A2 lies on the 33,5%
hardened tension locus curve at the intersection with the extension of the branch curva

originating from polnt Ay and having on elastic modulus of 9.06x106

A¢/2=0,015

Eg 10, 4x10% | " (87,000/10,4x109)(10,4/9,06=1)0,03166 | = 9.172¢10°
v |+(5.Uﬂ“+_6: . MO »

"H =11 from Figure 76
(n/n) o -
HieN 1/11=0,0909

Z(n/n H)TENuo‘ 1754 +Q0909=0,2663

(Ac/Ac 20,48 or 68% hardening, from Figura 77,

Heoms
Loading from C (87 0,022) to D ( +89.5,-0,004) alony the branch curve which hos an elustic
modulus 9, 172x10 and lntorlecn the point B ( -91,5,-0 0082). B Iles on the bronch curve
which originates from A2’ has an elastic modulus of 9, Oéxlo und pasnses through A '(-97 0.0254)
at the Intersection with the extension of the branch curve which orlgingtes frem polm B.and hos a
modulus of 9,616x 106. A3' lies on the 68% hardened compression locus curve at the intersection

with the extension of a basic branch curve originating from point Al"

Ae¢/2 2,014

6
E, _ 611 +(-89,5/10,4x107)(10,4/9,06~1)4,03166 | _ )
B = 10.4x10 1'rx(:oxsceﬁU:ow‘mzy(wrmmm:o"m&} = 9.3310

Ny ™ 12,8 from Figure 76
(n/nH) =1/12,8=0,078
COMP
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."J(n/nH) =20,1053+0,078=0,1833
COMP

(Ag/Ac ) =0,55 or 55% hardening, from Figure 77,
Hren

Loading from Dl(-89.5,-0.006) to E](‘?l »5,0,03) initially along the bronch curve which
has an elastic modulus of 9.53;<IO6 and Intersects the polnt C2(B9,0.0222). C2 lles on the

% branch curve which has an elustic modulus of 9.616x106 and passes through points 8, and
. A3(90.5,0.0254) at the Intersection with the extenslion of the branch curve which originates
; from < and has an elastic modulus of 9, 172x!06. Aa Iies on the 55% hardened tension
‘ locus curve ot the intersection with tha branch curve which originates from point Ay and has
“ , an elasiic modulus of 9,06x10%, Loading continues from C2 to A, then fromn A:3 to D]olong
’T;-.‘ . the 55% hardenad tension locus curve, EI' (-98,~0,003) is then the point on the 68% "4
"h_ l hurdened comprassion locus curve through which a branch curve leaving E| must pass. ;
[}
A¢/2:0,03

Eg - 8,92 x 10° From Figure 70

€ MAX=0,03 - 91,500/8,92x10°0,01974

)

EMIN=-0,03 + 98,000/10,4x10°=0.02058 i

A‘7:0.04032 -

Ny 4,8 from Figure 76

) (n/n)  =1/4,820,2083
; TEN

,‘.'?(n/nH) =0,2663+0,2083=0,4746
TEN

(A U/AQH) +0,88 or 88% hardening, from Figure 77. :
COMP ;




4,1,2 Notch Response

| Neuber's squation states that tha product of the true notch stress and strain is equal to

! . the product of the stress and strain if the materiel remains elastic, 1,e.

o x GKE"(SXK')z

Hance In order to predict the struss and strain at a notch with a concentration of K' foy

under the action of o far=flald strass S. This equation has to be solved simultaneously

|

with the material stress strain response, ;;
¥
\

This relationship was developed for o very specific type of notch under the action of a
very specific loading condition, Upon applying it to the super scale specimens testod i
Y/ in this program poor correlation was obtained In the high plostic raglons, Based on o ‘

. study of this corralation the following modified Neuber's squation was developed.

oxexE
. . 15078
' '~ lgo7as)

This equation gives a much better cortelation with the tast dura as cap be seen In
Figure 79,

ue (S x K')z A

3

4.1.3 Cyclic Craap

E! -roe

- In an effort to undarstand the notch rasponse to cyclic craep und or relaxation, o
spacial saquence (Sequence 30 In Figure 1) of load was applied to the super scole
speciman 2E3, The sequence of loads applied to the specimen s shown In Figure 80,
The spaciman was flrst loaded to 29, 800 psi, A to B, which was high encugh to cousu
the edge of the hole to go plastic, The load was then removad, rasulting in u residual
stress of 15,000 comprassion, |t was thean cyclod 10,000 timas betwean strassus of
¥5000 psi, C to D, and relonded to 33,200 psi, E, |f any cyclic relaxation accurad
during the cycling between C and D then the trace in tha gross araa strass=strain spacy
would break away Lafore it achisved the previous reached value at B, The specimen
was then unloaded and again ¢yclad 10,000 times batwaan 5,000 ped end 25,000 psi,
: Agaln, reloading and relaxation would show up as an early break awa; ‘o the aeoe

[ ., araa strass-strain space., The rosults of the test Is shown in Figure 81,

L e e | A w———
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4,1.4 Damage Pradictions

i The damage for anch block ol cyrlic londs canhe caleulated once the true  noteh

v

stresses are known. The damage due to the transition from one block 1o anothaer hos
to be handled in a special manner,  This analysis vses the rain flow technique t;
determine, from the strain history, the aquivalant cyclic strasses and the number of

cycles which raprasant the transition batwaan blncks of datea.

The rain flow mathod uses the peal straius from pach block of data to determing the
vyuivalant cycelic strassas and tha numbor of cyelos,  Tha nama Rain Flow comas
. from the analogy that is made to rain flowing off o roof,  The roofs are considered
as the lines joining the peak siralns In o sirain-time plot where the tima is tha
’ vartical axis. Raln Is allowad to flow fram roel 1o roof until It ancounters rain
that has flowed over a larger horizontal distanca. Tha horlzontal length of aach rain
flow Is then counted as half a cycle and the mean and altarnate stresses are determinad

from the stresses at the beginning ond end of thy half cycle. Figure 62 taken from

L Referance 7 shows an example of this method,

By

PR

f:|' In applying this procedure to repeated cyclos It is assumed that the results from individual )

r- . half cycles can be superimposed. This is illustrated in Figure 83, where, for the initlal j

|? londing incremant the material follows the locus curve, Upon unloading the material, ‘

2 follaws the branch curve until it maets the inadified Neuber curve defined ralative to - Lr

'i" the start of the unloading branch,

\3\ The analysis calculates an accumulative damage based on the Pulmgren=- Miner thaory .

F The accumulative damage is the sum of the damages from each individual block of cyclic 9

:' stresses and from each half cycle rapresanting the transition between blocks of data.  The o

'. individual damages are defined as the number of cycles (n) applied at the spacific stress

U. levels divided by the number of cyclas (N) it takas for a crack ta nuelsaty at the specific

\ strass lavel, The accumulated damaga Is then:

- DAMAGE = £n/N |
'. The number of cyclas (N) to crack nuclaation is ohtained from the test data of unnotcheacd "

_;\ : coupon specimeans, This data can ba interpratnd for either the stresses or strains results {rom f

4 ' the Neubar onalysis, Predicted varsus netual time th Failures are discussed in Section V, :
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DATA ARATYS IS ARD CORRELATIOMN

A vt amennn b caparimental daro bos Beens dle o d during Phase Tinan attempt 1o
guantify and model the stross und straia stula ol a strass riser,  Thase tests include u
auterials charocterization study oy wall as o matris of tatigue lests to measure the
nateh strain history during comples low!ing sequences.  The materials dota has beusn
vsud to anulytically model the cyclic respoise duing herdening and in the stable con-
dition, Secticn IV, MNotch raspome und damage predictions using this analysis model

are comparad with experimental results in the following sections,

. NOTEH RESPOMSE

The unalysis discussed fn 4, 1,010 1 has been used for predicting the natch strain rosponse
for vach super=scule tesl sequence, A plol routine way developed from this ulgorithm
tar plotting either appliad load versus nctolrstiain or noteh sirass versus notch straing
This uses the cyclic locus curve and branch corve whosa dovelopment was outlined in
41,1, 1. The locus curve is used to locaty in space tho iaitial loading, eithor over-
load or undaiload,  Then the branch corve, tom Fiqure 6%, s used to fit through the
input duta (test loadings) to define excorsions hom the cyclic locus curve in the stress
strain space,  Either the whole or parts of the hranch curve are used to describe 1he
foad=strain history us a best Ht thiongh the data points,  Figures 84 through 21 Hustrate
typical food versus nabeh strain plots using this analyic and plot rautineg,  These curve:
are the first ayore Toading only for tha segoanes shown, The solid corves ave from the
anulysis,  Thu asterish symbols ruprasent the applied loud conditions (maximn, minimum,
and mean Dads) o Tust data tor each sequunce is ropresentud by the opan symbolts, The
test data shown s from tne fransducer meosopementy i Hustratad proviusly in Figures 44

I|||\:\l(‘_ﬂ'\ !)? .

I general, the test data correlates very well with the analylicul predictions,  This
then tends 1o substantiate the analysis developrem in Soction IV, specifically the
eyutic torus corva and branch cove davelopment . With this analysis, i1 s now

possible to eticiently reprosent mato ol rasponse i a conviently oaabte fomm,

I adehi o b 1the Fownd vetsu, notch Stoain Gata, oty waie (]l:l\l!lfllL!ll ot notch stress
|

versos netch steain, These data are iboshiated o Figoies 92 through Y0 The madifield
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Lood Strain Data Sequence ¢
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Figure 86. Predicted vs, Measured
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Neuber equation discussed in 4,1,2 is used in the analysis for developing these data,

N e R - e PR e SA T

Damage or |ife predictions are made using these calculated notch strains along with

the cyclic counting technique discussed in 4,1,4,

o At this point, there is good correlation between the predicted and measured load=

- notch straln data using the analysls model as it currantly exists. The analysis does not

= =

currently include a cyclic or time dependent creep module, This will be the subject
of the Phase 1l study and will be included in the analysis after completion of that study,

5.2 DAMAGE PREDICTIONS

o e g = —

Two analysis methods have been used to compare predicted versus actual fatigue |ife

‘ ! for the super~scale tests, Both a simple Miner's linear analysis and the hysteresis

analysis In 4,1.4 were used for |ife predictions, Typical results are shown in Table Xll,

b For the Miner analysis, damage for the constant ampliitude portion of sach sequence
B wus based on the data from Sequence No. 1, Cycles to failure for this sequence Is
L 47,647 cycles as |isted in Table VII. Then for each sequence

i

é ; D= g Sonttant amplitude cycles

47,647

and D = 1,0 at failure.

=T

FT ORI X

Damage from the overload and underload cycles was derived from the data presented In
Figure 100, Based on these assumptions and the linear damage analysls, the maximum

life for any sequence would be 47,647 cycles - Sequence No. 1, This is a prime s

example of the short comings of any analysis which does not account for residual

P stresses or plosticity, :

3 The hystarasis pradictions do not correlate as well as axpected with the test data; |

however, the same trands In the tast data are evident from the analysis. Better corre- <

latfon is achieved in the test sequences with underioads greater than 7.9 Ksi. Perhaps

the delta stress betwaen the tensile and comprassion yield was greater for the super scale
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; plate material than for the 1,0" plate stock used to generate unnotched cyclic data. !

! Stiil missing In the predictions, however, is the creep module to account for periods of
sustained loadings. For example, 430,000 cycles is the predicted life for Sequence 8.
The same life is calculated for Sequences 13 and 14, These two sequences are identical 3
to Sequence 8, except for the 24~ and 1,0~hour hold periods (see Table VII) but the

test life is significantly different for the three sequences. The scme Is true for Se-

quences 10, 16, and 17 and Sequences 9, 14, and 15, for example.

Cruep studies to be conducted in Phase Il of this program are expected to provide data

to formulate an analysis module to account for these perlods of sustainad loading.

T
P L

L e A = 3
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SECTION VI
! CONCLUSIONS

The following conclusions are based on the Phase | results.

1. The experimental approach used here has produced quantative results; however,
improvements in the data recording methods and system sensitivity are necessary
for the Phase 1| study, Expectad variations In the strain fleld were observed and

were measurable,

. 2, The Neuber Hypothasis is not sufficiently accurate for a notch stress=notch

strain study of a finite width plate with a central circular notch.

3, Ovaerloads and underloads do effect specime.: lifa, Cyclic block size has a

significant effect on life and rate of change of strain, Straln varlation during

blocks of constant amplitude cycling Is dapendent on the pravious load history. !

4, Specimen life iz sffected by sustained comprassion loadings and there is avidence

. that creep exlists during the loading periods. This creep/relaxation at a notch is
very complex and is a function of both notch stress and notch strain, Elastic~ T

plastic stress and strain fleld definition is Important to both crack initiation and !

crack growth in the damage process.

5. Events included in test sequances do occur in service and will effect structural .

life. Both component and full scale tests are effacted specifically as regards

test spectra development and interpretation of data,

A e
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