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The worl for tiae fiscal vear of 1993 on asic Fatifue Hesearch
has veen dlrected towards outelning nechods for designing fatigue
resistant structures. ‘™o such netinods heve veen ovtalned: (1) the
use of rivets drisen throu:t tine ecdje of splice doublers, and {2) the
use of tiin awziliary doublers o permit using extra rivets away from
the hich stress areca in vie main snlice douvler.

Test data show that a sunstantially lighter structure could be
had for the same fatipue 1life by using either of tne two methods,
or & lifetime of up to twenty timeo taat of an equivalent weirht
struzture of conventionazl desion.

‘Thin doublers are being used n the Models 830 and 500. FEdge
driven rivets have been approved for operators of cormerzial airlines
in repalrs or as fatigue inhibitors of zirplanes n~v in servicce.
Convair has a natent pending on cdege driven rivets.

I Iscellancous deta are 2lso prescnted on fatisun behavior and on

photoelastic analysis of stress distritsution in simulated and built up

structurcs.
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(B) INTRODUCTION:

Research on fatigue is genérally comprised of one or more of
the following: 1) basic nature of fatigus on the atomic structure
level, 2) methods of estimating fatigue life, and 3) improving
design of fabricated structures.

Other than the use of shot peening for improving fatigue 1life,
and reducing stress concentrations, very little to date has been
published on improving fatigue 1life of fabricated structures. Most
of the published works have had to do with either item 1, or 2.

The major portion of rosearch at Convair has been directed
toward the third item, improving basic design; although some of
the earlier work was on methods of estimeting life. (1,2) This was
brought about by the immediate need for designing fatigue resistance
in our airplanes.

The author wishes to express his appreciation to Mr. G. D.
Lirdeneau and other members of the Structures laboratory for

valuable assistance in obtaining test data in this research.
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THEORY:

It 15 well known that metals when subjected to repeated loeding
will eventually fail in fatigue at stresses far below the ultimate
or even yleld strength of the material. The relationship between
theee stresses and longevity are usually plotted in the form of
Stress versus liumber of Cycles curves or S-N curves. ‘hether the
fatigue loading is repeated, reversed, or somewhere betwcen, can be
identifiel oy the stress ratio, symiclized as R, or the ratio of the
minimun stress divided by the ma:iimun stress. A family of curvcs(3)
for smooth axially loaded 7075-16 round var specimens is given in Figure
l. According to the notation abhove, the curve for = -1 is for completely
reversed loading, and for where 1 = 0 is for repcated loading.
Fabricated structures Lehave very much like smooth specimens, with
the excention that stress concentrations afforded oy discontinuities may
cauce actual stress to Le many times nominal values. Verc we able to
determine actunl stresscs at concentrations, the problem in estimating
fatipue life would ve infinitely simpler. The next best thing is to
understand relative stresses at and near the concentracions. Somctimes
localized stresses at concentration points cause yilelding which result
in re-distribution of stress. If re-distribution can te carried fer
enouch, that is Yo say, if distiribution could be carried to the extreme

g0 that the effect of stress concentrations could be conpletely eliminated,

fatigue would not be a problen.

R g
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TIEORY (Contd)

A survey of service faillures in airplancs discloses that over 75%
of the failurcs involve rivets. Furthermore, these are particular
rivets, oveing the first ones engared in a splice or other attachment.
Needless to say, if the fatiguc nroolem were solved in Jvst this one
location, we would ove well on our way to fatigue free alrplanes.

The first step in this analysis is to find out how the rivet bve-
haves in this particular location. It is obvious that there is too
much stress here and that some readjustment in load distrivation would
be in nrder. An obviousmlution would bte to desipgn such as to make
this particular rivet or row of rivets incapable of carrying so much
load.

Defore studying rivets, hovever, some more elementary concepts are

in order.

Elementary Concepts

Take the case of a single hole In an infinitely wide sheet. Classic
theory and e:xpcerimental ovservations have shown that the stress in a loaded
sneet at the edse of the hole is roughly threce times that in the sheet avay
from tie hole. This distribution 18 shoim in Fipure 2,(h) and holds so
long as materials remain in the clast!c rance. :iowever, on reaching the
yleld point, a cc-distrivution of stress takes place.

In the case of fatipgue, the stress ab the edpge of the hole is all we
need consider. If we know actusl velues of stress, ordinary S-1l curves

for smooth specimens arc all we need to predict fatisue life. {
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TIEORY (Contd)

Linecar Strein Theory
The theory of linear strain was first presented before the Soclety
for Experinental Stress Analysis in a paper entitled "Fredictlon of

(1)

Fatipue Failures in Aluminum Alloy Structures” by C. R. Snlth in

April, 1954, Since then, cssentially tne same theory was independently
developca by Gunn(S) of kEngland. 1In cssence, it states that a concentre ‘on
is a geonctric relationship and would te more sppropriately expressed ir
terms of straln rather thau stross. Also, this relationship should hole
{rrespective of whc£hor the materfal is In a state of elastic or plastic
deformation.

Accordingly, the stress distribution siaowm for the hole specimen wo 1
be interchengerble with strain disiribution in either the elustlc or plae i
range.  Thus, knoving streain values, it i an casy ratter to find the co -»-
ponding;, stress from ordinery stress-strain curves. Thus, were the nomin .
stress away from the hole 35,000 ps! and the material were 7075—T6, the
correspondin;; nominal strain would be 0033 in./in. (assuming E = 10,5X0 )
pei).

Assunin; that the stress concentratiosn factor of 3 applied to strall
we can multiply 0033 x 3 end ret L0009 in./in. peak gtrain. According
to the stress-~strain curve shown in Fipure 3,(9) the corresnonding stres:
would be 77,000 pci. On relievin:; load, however, the stress-strain rela-
tionghip would fall alens line A, 'herens the stress-strain proph (AB) .-
unlonlding in a srooth snecimen would stor ab voint B, because of the

relatively larse vroune of nnterie? still in the elastic range (only a

w
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THEORY (Contd)

very small amount of the total cross section yuffered plastic deformation),
the graph will continue on to a point C where equilibrium between the
plastically deformed and elastically deformed material 1s reached.

For fatipuc testing at this load level, then, the cyclic stress
would fall between points C and A, and the fatigue life could be pre-
dicted, using ordinary S-N curves as shown in Figure *. Furthermore,
subsequent cyclic loading at lower stress levels, instead of originating at
point O would start at poin. C, resulting in a much longer life than a
gimilar structure with no pre-stress history. This stems from the fact
that the peak stress 1s lowered by an equivelent amount of the residual
stress. Thus, were the low level emplitude before pre-stress as shown
in Figure la, and high level as shown in Figure 4b, subsequent low level
loading would be as in Figure bc.

Sample S-N curves for coupons having centrally drilled holes for a
theoretical concentration factor of 2.4 (vased on net area) with and
without pre-stress are given in Figure 5. Note that the calculated and
experimental values are in good agreement where pre-stressing was present.
Without pre-stress, however, the calculated values were somewhat short of
the experimental data. This is attributed to unknown amounts of beneficial
residual stresscs set up by drilling which were not considered in the
calculetions. Ibperimental observations using FhotoStress Plastic(G)
confirm this. These are described under Experiment B of this report.

Accordingly, in our experimental S-N curves shown in Figure 5, we can
assume that the pre-stress was sufficient to wipe out the effects or

residual stresses due to drilling.
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THEORY (Conta)

In the case of riveted joints, a reduction of fatipgue life is ex-
perienced by small amounts of pre-stressing. This is apparently caused
by loss of propping action normally afforded by the rivets. This is
illustrated in Figure 6. In Figurc Ga is shown an assumed cyclic ampli-
tude for rcpeated loading on a one-inch wide lug specinen loaded by
quarter inch diameter bolt. In Figure 6b is shown the same specimen,
but this time a quarter inch diamcter rivet is used in place of the
bolt. Assuming that the driving force of the rivet is sufficlent to swell
the hole .00075 inch in diemeter, the periphercl tension set up around the
hole would amount to .003 in./in. or an equivalent of 30,000 psi stress
with no external load applied.

When external load is epplicd, the strain rate at the edge of the
hole is no longer the same as for the bolt loaded lug, btut will be in
accordance with a new spring rate, including the stiffness of the rivet.
Accordingly, the same load that caused the stress to cycle from zero to
maximum in Figure 6a, w!ll cause only partial stress cycles as shown in
Figure 6b, the lower value depending on the amount of rivet driving force
and relative stiffness.

The upper part of the cycle is v:zually unaffected by the rivet driving
force because of the limited compressive deformation stored up in the rivet.
For example, where we assumed that the diameter of the hole to be increased
.00075 in., & certein amount of stored up compressive deformation would

have to be avsorbed in the rivet. Again assuming that the rivet to be three
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times* as etiff as the surrounding material, a compressive deformation
of .00025 in. rcmains stored up in the rivet, and the asdded stiffness
of the rivet would disappear after an additional .00025 deformation
(in addition to the .00075) occurred. This total of .00l in. deformatic
would amount to a strain of .0O4 in./in., since the hole was 1/4 in. die
or an equivalent stress of 40,000 psi if the lug were aluminum alloy. ¢
ingly the peak stress in Figure 6b would be higher than that shown in 6s
if it fell within the 40,000 psi range for the particular sct of values
in this exomple.

The assumed .00025 corpressive deformation in the rivet can be like
to "spring back" cormonly experienced in forming operetions. The fact t
this compressive deformation decreases the tensile strain rate at the
edge of the hole is somewhat confusing. It can te shovm experimentally,
see Fipgure 7, that the spring constant for two springs oppocing each oth
15 exactly the same as when they act together. Accordingly, the result :
added stiffness.

A nunerical example of the above will illustrate these perticular
effects on fatigue life.

Let's assumc that this lug is subjected to repeated loads producing
e nominal net stress of 12,500 psi. According to the geometric configure
tion, Ref. Figure 8, the stress concentration factor would be abtout 4.8.
Accordingly, the maximum stress would be 4.8 x 12,500 or 60,000 psi. 'The
fatigue life, according to the graphs shown in Figure 1, would Le 45,000

cycles.

——— et —-—— .-

* This approximation is born out uy PhotoStress studles, sce Fxperiment B
in this rcport.

&
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Hith the tightly driven rivet, the cyclic stress would not e

0-60,000 psl, tut from 3C,000 to 50,000 psi (nrmuing that +he rivet
expands the hole .00025 in.). The corresponding life for this would
be 2,500,000 cycles. If this same specinen were overleadled once

statically to cause clongation of the hole sufficlen’ to relieve the

residual tension stress, a permanent set of O0% in./in. would be re-
quired. 1In othcr words, the specimen would have Lo take cn a vesidual
compresslve stress of 40,000 psi (correspondin: 4o strains of 003 in./in.
stored up in the specimen itself, plus .OCL in./in. for the rivet) to conply
with these dimenslonal changes. The subsequont Tntirue life for the same
c;yclic londingg would be 1,000,000 cycles.

It i5 of interest to note thal this trend seoms o reMile Antn ob-

o

tained by other rescarchers, (“)wherc gtatic nreloading gonerally prodvuses
an increase in fatigue life. Suffice to say thnt those dela ore nog
directly comparable in that riveted Joints usnally cortnin rore then one
rov of rivets, so that prestressing, if hich enough, will re-digtrimte
load betveen rivets. This generally more than corwensalos for loss of

vpropping action afforded by the rivet. liovever, the Leoos] widl e for

(9)

a rcQuction of fatigue life for small amounts of vrelonddinge, and by
an increase in life where large prelonds are rrisent, This will ve coveescd

rmore fully in the experinmental portion of this revorct.
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EXPERIMENTS:
A. VINYL PLASTIC MODELS FOR STRESS DISTRIBUTION BETWEEN RIVETS

In Figure 9 18 shovm a riveted joint simulated by fastening
a one-inch wide strip of 0.10 thick vinyl plastic to an 0.020 thick
plece of cellulose-acetate with three screw paper fasteners. The
model is sandwiched becween two polaroid filters so that when light
is pussed through the assembly, interference fringes are set up due
to load in the vinyl.*

Thie is called photoelasticity or principle of birefringence
which 1s described in Ref. 4., Briefly, however, any birefringent
material (material having photoelastic properties) when stressed
will cause light to travel faster in the direction of tension and
slover in compression.

Light, on passing through the first polaroid, is constrained
to vibrate in a single plane. Provided that no stress exists in
the plastic model, 1t will emerge and pass through the second
polaroid unchanged. However, if the plastic is loaded, the beanm
of light is split into two beams (double refraction) whose wave

motions are at right angles to each other. The beam whose vibration i:

* The technique of using vinyl plastic was first described by
Dr. M. Hetenyl of Northwestern Univ. at the Spring leeting of
the Society for Experimental Stress Analysis, Indianapolis,
May, 1952. Papers for the senminar in which this was disclosed
were never pubvlished.

10
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EXPERIMNENTS: (Contd)

in the direction of tension will emerge shead of the other, so that
when re-combined by the second polaroid, interference between the

two beams will set up color fringes which can bé calibrated in terms
of differences in strains. If the polaroids are oriented so that their
axis are in, or normal to, the direction of tension, the differences
will be of maximum principsl strains.

These fringes, however, appear as dark lines in the photograph
and emount to about .050 1n./in. strain per fringe. The sccond order
fringe appeared at the first rivel before any color was observed in
the center rivet. Stress patterns appear only in the vinyl half of
the Joint because double refraction does not occur in the cellulose-
acetate.

The above is a visual demonstration of the difference in load
between rivets. The fact that this was a plastic model does not
in the least detract from the sinilarity to a real structure. This
also shovws the reason why fatigue fallures occur along the first

line of rivets in an airplene structure and why more effort needs to

be made in reducing the differencea in stresses between rows of rivets.
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EXPERIVMENTS: (Contd)

PHOTO-STRESS STUDY OF STHESSES AROUND HOLES AND RIVETS

In FigurelO ic shown a sample of 0.10 thick 2024-T3 aluminum
alloy sheet covered with PhotoStress(7) plastic. The plastic coat-
ing was applied prior to drilling and spotfaced at the rivet location
to permit forming the head. The dark areas around the holes and
rivet represent residual stresses get up by drilling and rivet fomm-
ing. The hole at the extreme left was drilled with a sharp drill,
and that in the center with a dull drill. The rivet was countersunk
on the far side.

PhotoStress is a trade name for a special ®irefringent plastic
that can be cemented to an actual part for viewing stresses. The
particular type used in this experiment was .O43 in. thick. One
fringe order represents about 14,000 psi stress in aluminum alloy.

A similar specimen was prepared with open hole, and rivet
filled holes prior to application of the PhotoStress. The rivet
heads were milled ITlush to permit epplying the Photo8tress. This
specimen was loaded axially and observations of strains adjacent
to the edge of the hole, rivet, and away from points of concentration.
These data are presented in Figure 11. Note that the slope of the
graph for the rivet filled hole is almost as steep as that for the

specimen avay from the hole.

12
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EXPERIMENTS: (Contd)

In the ~ase of the hole filled with a stairless steel rivet,
the slope is slightly steeper than for the specimen away frcom the
hole. However, epparently because of the lack of spring back in
the steel, a greatly reduced slope occurred after application of
about 24,000 psi nominal gross stress.

It is to be noted that the straein values gliven here are the
differences in principal strains. At the edges of the holes and
rivets, it can be assumed that the normal strein is zero and that
the values given are ep,, . However, in the case of the control,
some corre.tion would be required to give the strain in the direction
of load. This would amount to about 125 less strain them shown to
conform with a rated value of E = 10.3 x 106 for 7075-T6.

From the above, the following conclusions may be drawn:

1. Aluminum alloy structures with steel rivets should
have a longer fatigue life than with aluminum alloy
rivets.

2. The strain at a concentration is linear in the
plastic range of stress. Plastic flow* should have
started in this alloy at about .007 in./in. strain,
yet the slopes of all curves are linear even to .018

in./in. strain,

* The plastic became unbonded during strain reaaings at the 72,000
pel stress level, so that values for the control and permanent
set were unobtained.

13
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EXPERIMENTS: (Contd)

C. EFFECT OF RIVET DRIVING FORCE

From the preceding experiment one can assume that a superior
faticue life could be had by driving the rivets harder.

In this experiment four sets of 0.10 clad 7075-T6 by one
inch wide lap Joints were tested at 10,000 psi nominal gross cyclic
stress, R = 0.1. They were fastencd with three 1/4" diameter 100°
countersunk 2024-Th rivets with onc-inch spacing betieen rivets and
1/2" edge distance. On the assumption that the swelling force of
the rivets was a function of the dinmeter of the formed head, five
specimens each with head diameters of .315, .330, .345 and .360
inches were tested. The .330 or 1-1/3 diameter head was considered
to be & control.

Thesc data are plotted in Fifure 12. Note that those specimens
having nearly 1-1/2 diameter heads (.330) had nearly 50 greater

life than those with 1-1/3 diameter heads.

D.  EENDING STRESSES IN A RIVETED JOINT LOADED 1N TENSION

- —

Fipure 13 shows measurements of nominal stress versus straln
adjacent to the first rivet in a two rivet lap joint. The Jjoint
was made of 7075-T6 material having an upper sheet of 0.10 x 1-1/2
and lower chcet of 0,125 x 1 with two 3/15 diameter rivets spaced
one inch apart. Strain measurements were made with Baldwin SR-4

resistance type strain gaces which were mounted back to vack on the

14
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EXPERIMENTS: (Contd)

E.

1/4 in. wide flange alongside the first rivet in the 0.10 material.*
Note that the eccentricity between shecets causes the strain on one
side to be rouchly twice that of the average.

Figure 1li4 shows similar measurcments for the doubler of a butt
splice having two rivets on cach side of the butt. Here the differ-
ence between the strains on the high side and nominel values is
even more exaggerated.

The above experiments show that bending stresses in single
shecar Joint construction constitutes one-half or more of the
total stress. Accordingly, a substantial improvement in fatigue
strength could be had if bending could be eliminated &t the first
loaded rivet. Also it would eppear that, since that portion of
stress due to bending in the doubler plate is higher than the
axlal stress, an improvement in fatigue life of the doubler could
be had by making the doubler thinner. Data for these are included

in Experinment E.

FATIGUE TESTS ON LAP WITH EDGE DRIVEN RIVET3

Figure 15 shows an edge viéw of simple two rivet lap Joints,
except that Figure 15b shows the addition of two extra rivets to

relieve Lending stress. The fatigue life for the conventional

* Loadin;; was done in a 3Jeldwin 120,000 1b. hydreulic testing
machine.

15
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EXPERIMENTS: (Contd)

splice was 55,000 cycles,* while the 1life for that with the edge
driven rivets was 248,000 cycles. The values given represent
averages of four specimens each at repeated gross stresses of
10,000 psi.

In Figure 16 arc given S5-1 curves of lap Joints with and
without edge driven riveLs.(lo) The specinens for thiese were
made of 1 x 1 x 0.1 7075-T% angle nested to pernit enguging
four 3/16 diamcter rivets spaced one inch apart in tandem.

The angle was used here because it was felt that the sheet
specimens as given in Figure 15, exapggerated the bending, and that
nested angles would simulate the fixity afforded by conventional
airplane structure using stringers.

All of the fatipue failures for these tests were in the
sheet throuch the edge driven rivets, indicating that bending
was still critical.

Examination of a similar axially loaded specinen with Photo-
Stress showed that the masimua siraln at the edge of the first
rivet in the conventional gplice was 007 in./in. while a similar
location for the edge diiven rivet gave .0023 in./in. for a nominal

strain of .00133 in./in.

* A1l faticue tests in this project were made on SF 1U ond SF 20U
Sonntag TFatigue Testing liachine,

15
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EXPERIMEITS:  (Contd)

thile these fatigue tests do not show the improvement that
cculd be cxpected from the PhotoStress survey, they are substantial,
end indicate that a considerably lighlcr structure could be mede

for che same life using edge driven rivets.

THIN DoURLIRs (11)

An alternative to the idea of forcing bending strcsses to
take place at a rivet incepabvle of carxrying load, would be to
allow Lending to take place, but reduce the axial load at the
first rivet. This is done by inserting a& thin doubler in be-
twecen the faying surfaces end extending oeyond the main splice
arca as shown in Figure 17b. The iden 15 to have the auxiliary
doubler so thin that is it incapavle of inducing a bending stress
in the moin sheet. Yet, the doubler has to be strong enough to
take out a large portion of the axial load before entering the
main splice area.

A corparison of fatigue strengths for conventional splices
and those with thin doublers is given in Fipurelg8 . Further

details are included in Ref. 11l.

From the above, it would appear that thinner doublers for
butt splices would be superior even without the auxiliary doub-
lers. In Fipure 19are plotted data for fatipgue lives of butt
splices with doublers one gese thicker then the skin, equal to

skia thiclness, one gane thicker than the skin, and two gages

17
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thinner than the skin.

It 18 to be noted that the poorest showing was made by those
splices having doublers thicker than the skin; also that thicker
materials had shorter fatigue lives.

0 o1 AP JOINTS

The object of this experiment was to evaluate the effect of
prestressing on rivoted lap joints. In Figure 20 are S-N curves
for lap jointa of .051 clad 7075-T6 without prestress, with single
static prestresses of 18,000 psi, 25,000 psi, and 42,000 psi.
Points plotted represent average values for four specimens each.
Note that for 18,000 psi prestresses, the S-N curve falls below
that of virgin specimens, However, for 25,000 psi prestress, there
is very little change, and for prestress of 42,000 psi, the curve
is substantially above that for virgin specimens.

18
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DISCUSSION:
Despite the substantial increase in fatigue life obtained in these

experiments, it should be emphasized that they are by no means optimum,
Further research is needed to take advantage of the weight saving
afforded by higher strength alloys. While the state of the art is designe
ing fatigue resistant structures may never reach the situation where
TOT5 or any other high strength alloy coculd be used to its fullest static
strength, a lighter structure than presently employed could be had without
secrifice of fatigue life,
Of particular importance is the fact that the test progrems carried
on so far are more indicative of the direction in which research should
be aimed than of sclution to the problems. For example, we still do not
have production design allowables in fatigue for various shecet thickness
and rivet combinations. The trend seeme to be for a lower allowable for
greater thickness sheets. Accordingly, increasing the thickness of a sheet
specifically for fatigue strerngth could result in very little improvement
at a great expense in weight. This appears to be a result of increased
eccentricities caused by the extra thickness, notwithstanding the fact that
the moment increases as the thickness to the first power, while the section
modulus increases as the square of the thickness. This would suggest that

the lesser thicknesses are more able to reduce the effects of bending by

re-alignment.

B I N S

19
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DISCUSSION: (Contd)

Whereas we now use failsafe design prectices in all of our airplanes,
there is a definite need for information leading to more reliable esti-
mates on longevity. The linear strain theory of cumilative damage eppears
to be a simple method of estimating life from ordinary S-N data, hovever,
more data for service type loading is ne.ded to substantiate the method.
More work along this line is planned on receipt of a program loading
fatigue testing machine now on order. Also, it appears that large numbers
of cycles at very low stress levels may improve fatigue life. This is
commonly called "coaxing” and has been found to be t.ue in steels, al-
though aluminum alloys have been reported to be unaffected by'coaring".

A few tests run at Convair seem to indicate that aluminum alloy can be

"coaxed", however, more work needs to be done before this can be establishet
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CONCILUSIONS:
A. The majority of service fatigue failures in airfromcs are

B.

D.

caused by 1) too much load carried by the first rivet ox
row of rivets, and 2) by too much bending at the first rivet or

rov of rivets in a Joint.

A substential increase in fatigue life can be Imd by thinning

the doublers at the first row of rivets. This reduces both

load at the rivet, and, bending stress in the sheet. A

general rule for splices in aluminum alloy sheet would be to make
the doubler at the first rivet in the splice not over one-half

of the sheet thickness, 1f aluminum alloy doublers are used, or
approximately 1/5 of the thickness if steel is used. Use &s many
extra rivets as required to make up for lack of static strength at

these locations.

Rivets should be tightly driven. Experiments have shown that
50% longer life can be had by forming heads 1-1/2 times the shank

diameter instead of the 1-1/3 diameter head commonly used.

Fatigue failures can be reduced by causing bending stresses to
take place away from points of maximum axial stress. Rivets
driven through the edge of doublers are very effective in doing

this.
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Figure 2 - - DISTRIBUTION OF STRESS ADJACENT TO HOLE
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(a) (b)

Figure 7. EFIECT OF SFRING COMBINATICNS
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Figure 17 - - TEST SPECIMENS WITH STEEL DCUBLERS
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