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SUMMARY

~~The programme consisted of two major parts 
- a photoelastic investigation into the

stress distribution and resulting stress concentration factors in a family of
simple bolted joints, and a correlated series of fatigue tests on bolted metal
joints having the same geometrical form as the photoelastic ones using a commonly
employed aluminium alloy for the plates and a steel in current use for the pins .
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BOLTED JOINT FATIGUE PROG R AMME

OF THE ROYAL AERONAUTICAL SOCIETY FATIGUE COMMITTEE

STAG E 1

VOLUM E I SUMMAR Y

Some years ago the Ru ’,- a E  Aeronuatical Society  proposed and the then Minis t ry  of

Supp ly agreed to support financ iall y ,  an ex tensive programme of research into
the fati gue characL ristics of bolted joints . As a preliminary to the main

fa tigue prograimiie , a series of photoelastic tests was conducted at

Universi ty College , London , on specimens nominally identical in geometry with

those to he used for the actual joints , in order to measure the stresses

induced under a variety of configurations and loadings. These we re comp le ted

and repo rted upon. (Refe re.tce I to 5).

Meanwhile the manufac tur e , as sembl y and tes ting of the ac tual bolted joint

specimens was undertaken and ove r a considerable period of time the results

were fed back to the Royal Aerona uti cal Socie ty Fatigue Committee . This
Commi ttee has used and is still using the data to produce new , or to modif y
existing Data Sheets in its Fati gue Sub—series.

Notwithstanding this action , it was thought that the basic data would be of

value to designers and research workers. Thus this report presents details

of all the tests carried out in the main programme which has become regarded

as ‘Stage 1’ of the Bol ted Joint Fatigue Researc h. (Some nine “Supplementary
Inves tigations” make up ‘Stage 2 ’ and are repo rted in VOLUMES III and IV of

this S and T Memo).

In Stage I all the joints were of the sing le pin form , using airc raf t ma terials ,

B.S.L.71 for the pla tes and B.S.S.94 for the pin s rep resen t ing bol ts , but
wi thout any clamping effects.

A small range of three s i zes of specimen was cove red , each incorpora ting
three variations in geometry as expressed by the ratio of the diame ter of the

pin to the width of the plate .

For most of these nine configura tions the following three pin/hole combinations

were included:- unfilled hole , push fit pin and inte rference fit pin

(two degrees of interference).

Among the pinned specimens tile effects of both pin unloaded (i.e. p late

loaded) and pin loaded conditions were determined. Finally a few specimens
with loose fit pins we re included for comparison .

.~~~~~~~~~~~~I ~~~~~~~~~~
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A range of at least three and often four different mean stresses was

covered in the loading, each w i t h  a t  l e a s t  t h ree  bu t  u s u a l l y four  degrees

of a l t e r n a t i n g  s t r e s s .  For each  c o m b i n a t i o n  of test  loading and conf i gu ra t i on ,

t h r e e  n o m i n a l l y i d e n t i c a l  s p e c i m e n s  were t e s t e d .  Onl y in a compara t ive ly few

cases were the results nullified , due to a varie ty of difficulties . For the

m a j o r i t y  of cases rcasonabl endurance curve s we re obtained. The results are

tabulated and p lotted in detail in Appendix • (Volume II of this S and T Memo) .

In addition , in Section s 3 and 4 the report attempts to analyse these results

to dete rmine the  e f f e c t s  of the  m a j o r  v a r i a b l e s  i n c l u d e d  in the i n v e s t i ga t ion

i .e. mean s t r e s s , geome t ry , s ize  of  specimen and degree of f i t  of p in .

Because of the comp lexity of influence and inte rdependence of the various

paramete rs  i nvo lved , some r e - g r o u p ing  of the  r e s u l t s  has been made in orde r

to prod uce wher e poss ib l e  “Summary Presentations ” of the results and it is

hoped that these will clarify the findings.

In Section 5 the results of Stage I of the research have been compared wi th

a number of e x i s t i n g  RAe S Data Shee t s .  The comparisons are , in genera l , good

and quite encourag ing, and the large amoun t of data now available has enabled

the RAeS Fatigue Committee to proceed with the revision , ex tension or

conso l ida t ion  of a number  of these  data  shee t s .  The p o s s i b i l i t y  of c r e a t i n g

addi t ional da ta shee ts is under conside ra tion.

The main conclusions are g ive n in Section b of the Repor t.
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STAGE 1 OF BOLTED JOINT FATIGUE RESEARCH

1. INTRODUCTION

1.1 H i s t o r i c a l

Early in 195 3 , the Structures Committee of the Royal Aeronautical Society put

forward proposals for research into the fatigue characteristics and performance

of bol ted joints. The choice of this particular research was considered

justified because ,

(i) the bo l ted oint occurs in a multitude of locations in an

aircraft structure ,

(ii) the bolted joint is particularl y liable to failure from fatigue ,

and

(iii) notwithstanding the availability of existing ad hoc test data

on the subjec t , the results of a specific programme of correlated

tes ts would prove to be of great value to designers and research
worke rs.

The specific programme consisted of two major parts:-

(a) A photoelastic investigation into the stress distribution and

resul ting s tress concentra tion fac tors in a family of simp le
bol ted joints.

(b) A correlated series of fatigue tes ts on bol ted me tal joints ,
having the same geome tr ical form as the pho toelas tic ones , using
a coninonly employed aluminium alloy for the p la tes and a steel

in current use for the pins , (B .s. L71 and B.S. S94 respective ly).

The planning of the two parts of the initial programme was completed in 1953

and 1954 respec tively. The photoelastic investiga tion was started early in

1954 at University College London , under Mini s try of Supp ly Contrac t.

Initial results were published in January 1955 and more in August 1955.

Fur ther resul ts were published in Novembe r 1956 and in May 1958.

In 1955 and 1956 some de tails of the me tal fa tigue test programme were reviewed
in the li ght of the photoelastic results to date , and ea rly in 1956 the contrac t

for the manufacture of the specimens was placed by the Ministry of Supp ly with

Plant Machinery and Accessories Ltd , of North  Kensington , London W .lO. The

contract for the initial testing of the spec imen s was placed by the Ministry

of Supply , with the Departmen t of Metallurgy , University of Cambridge , in July

1957. Ear ly  in 1959 a similar cont rac t  was placed with Short Brothers and
Harland Ltd , Be l fast to test all the large size specimens .

In 1961 , Tiltman Lang ley Ltd , of Redhill , Surrey , received a contract to test

some of the small and medium size specimens , in order to relieve the work load

on Canbridge University .

- — ____- ___  _____
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In a d d i t i o n  to these  c on t r a c t s , a n u m b e r  of exploratory and special tests we re

undertaken by National Eng ineer ing Labora tory (NEL) East Kilbride , Glasgow , general1~’

to e stablish techniques or to solve special problems. This laboratory has excellent

facilit ies f or , and cons ide rable experience in fa tigue investigations.

The relevan t Contract u r i i h e r s  are given below:-

Manufacture of Specimetls

Plant , Machinery and Accessories Ltd .

Contract No. 6/P and Eq/17 398/CB7 (b)

The p ins were made almost exclusive ly by the Royal Ordnance Fac tory at Woo lw ich ,

and since this factory was part of the then Ministry of Supp ly, arrangements for

manufacture we re inte r~ al to the Ministry .

Tes ts

(a) University of Cambrid ge

Agreements Nos. 7/Gen/1623 and PD/29/O30

(b) Short Brothers and Harland Ltd .

Contrac ts  N os .  6/Exptl/4900/CB38 (b)

and KS/l/0364/CB43 (a)2

(c) Tiltman Langley Ltd .

Contract No. KS/l/036/CB43 (a)2

The work of co-ordinating and monitoring this extensive programme had , by 1955 ,

become conside rab le  and i t was dec ided by the Structure s Cormuittee of the RAeS

tha t the time was appropriate to form a separate Fatigue Committee to inves tiga te

and develop the programme . This Committee first met in December- 1955 and has

since continued to deal with the technical administration of the programme , in

conjunction with the Ministry of Supp ly”. The Fatigue Committee does , of course , 
-
~~~

deal with all othe r investi gations on behalf of the Royal Aeronautica l Society ,

in respec t of fa tigue.

The testing of the metal fati gue spec imens and the a~ alysis of the results of the

initial programme have taken a considerable time because of ten the work had to
take second priority to more urgent investigations in the labora tor ie s concerned .
Again , staff were not always available to review , analyse and report full y on all

the data collected over the years. However , the work has now been completed and

is regarded as Stage 1 of the wider programme seer. orig inally in general terms ,
and subsequentl y developed to include other variables such as effects of clamping,

effects of cold working the surface and effects of chamfering the edges of the

holes.
K
Later Ministry of Technology and now Ministry of Defence

_______- ~— — .—-;- — -—-~~~~~ 

— -



1.2 Main O ble c t iv e s of the Programme

1.2.1 The Photoelastic Programme

The pho toe l a s t i c  invest igat ion was ori g ina l ly planned to include mul t i -bo l ted

j o i n t s  as well  as sing le bolted joints but so far only single hole tests have

been made , with the pin in double shear. Within this Limit the following

variables were tested:-

Ratio of diameter of hole to width of p late

Ra tio of Young’s Mod ulus of the material of the pin to that

of the p la te , and

Degree of fit between pin and hole.

In addition to testing the plane material in tension the

loadings comprised:-

Unfilled hole , plate in tension

Pinned hole , tensile load applied to p late only

Pinned hole , tensile load applied to pin only with the pin
in double shear.

In all these configurations and for all the variables listed , the longi tudinal

and transverse stress distributions were measured on a section through the hole

at right angles to the longitudinal axis of the test piece . From these stress

distributions , stress concentration factors were obtained. Using these data

and a knowledge of the fatigue endurance of the basic material of a Joint plate ,

a first approximation to the endurance of the joint under fluctuating tension

could be made (see paragraph 1.3).

The results of the photoelastic investigation are reported in References 1, 2,

3, 4 and 5.

1.2.2 The Fatigue Tests of the Bolted Joints

Notwithstanding the information gained from the photoelastic programme , it was

appreciated that such a programme would not include the effects of p lastic

flow and work hardening which is bound to occur in actual meta l joints under

load. Moreover , endurances estimated from data obtained from the photoelastic

tests could not include the e f f e c t s  of f r e t t i ng.

Thus the progranine of fatigue tests on the me tal joints would provide a

comparison with and a check on the endurance s estimated from the photoelastic

tests , and also provide some information on the influence of fretting , if and

when it occurred.
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To t h i s  end the  geome t r i ca l  characteristics and degrees of fit for the me tal

j o i n t s  we re made the same as those used in the  p h o t o e l a s t i c  programme .

This  progran un e , des i gna ted  Stage 1 , is the sub j e c t  of the present report .

1 . 3  R e l a t i o n  to the F a t i g u e  Data Sheets  of the

Royal Aeronautical Society (Refe rence 6)

In May 1959 the  F a t i gue Commi t t ee  i s sued  a Tentative Data Sheet A.05.02

“Estimation of Endurance of Pin Joints ” based upon the results of the

photoelastic inves ti gation .

This  Data  Shee t  was revised and re-issued on a mo re substantial basis in May 1965

when an adequa t e  numbe r of r e s u lt s  f rom the f a t i gue t e s t s  was known . At the

presen t time f u r t h e r da t a  are  becoming a v a i l a b l e  from an ex t ens ion  of the  c u r r e n t

programme and from other research workers , and i f necessary a second rev ision w i l l

be made.

The Data Sheet wh ich  i s  of n ece s s i t y  somewha t comp lex , g ive s a mean s of e s t i m a t i n g

the endurance of p in joints from fatigue data on other type s of specimen , by

estimating the maximum shear stresses at the critical reg ion (the ori gin of

expected failure ) in the p in joint . The choice of max imum shear stress as the

criterion is due to the nature of the combined stress system prevailing. Under

such a system fatigue endu ance is more close ly related to the maximum shear

stress than to the maximum tensile stress.

The internal stresses due to interfe i-ence fit p ins (where used) are obtained from

another Data ~heet - Item 65004 pp 5~ -55 incl usive (or pp57-59 inclusive for

interference fit bushes).~

Having obtained the maximum shear stresses for the l imits of the fatigue cycle on
the bolted join t , these are expressed in terms of an equivalent loading cycle on

another type of specimen for which fati gue data are alr eady available .

Two methods of estimating the endurance are given :-

(a) by reference to fa tigue da ta for unno tched specimens ,

Data Sheet E.O~ .O3 and

(b) by re fe rence to da ta fo r sing le pin joints without interferonce ,

Data Sheet E,05,03.4 
-

Currentl y, the results of tests on the actual joints also provide use ful

suppor t ing data and checks on tile Endurance Curve s of Data Sheet E.O5.Ol , E.O5,03
+

aad E,05.04, - Endurance of structural joints , Endurance of lugs without

interference fits and Endurance of lugs with interference fits.

“How revised and issued as Data Item No .71011
+Superseded by Da ta Item No.72020.

-- - — - — -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~ -~~~~~~ ——
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It  is hoped that eventually some information on size effe ct , variation of
geometry , fretting and other features will become available fro. the full

resul ts , and that in consequence new or revised Data Sheets will be issued.

2 . DESCRIPTION OF THE PROGRAMME

2 .1 Out l ine  of the Programme of Fatigue Tests

Turning now to the actual  schedule of f a t igue tests undertaken , th is  was as

fol lows . ( Including some changes from the ori g inal plan noted in paragraph

2 . 2  below) .

2.1.1 The Test Specimens

Like the photoelastic ones , these were of the sing le hole , f l a t  plate type ,

with the p in in double shear. It was hoped by choosing three different sizes ,

defined by the width of the pa ra l l el  portion , to obtain some information on the

effect of size of specimen . The widths chosen were 2 in ,1’4in and ~~~~ i.e.,

in the ratios 2. 67;  1.67;  1. The es.sential d imensions are given on Figure s

2.1 to 2.5. (For assembly of specimens in the testing machine see Appendix A

Figures A. 1 , A. 2 and A .3) .

Figure 2.1 for large specimens, 1A to ID

Figure 2.2 for medium specimens 2A to 2D
Figure 2.4 for small specimens 4A to 4D

Figure 2.3 gives dimensions for the “no hole” specimens which were ued for

some •f the static tests.

Figure 2.5 gives Limit , of Manufacture .

The various types of specimen are defined thus:-

Type A for unfilled hole , and pin unloaded tests , i.e. “plate only” loaded.

The enlarged ends we re an insurance against failures at the jaws of the testing

machine.

Type B for “pin loaded ” tests , the p in being loaded in double shear.

Type C - for similar tests to A , of parallel width , and used for spec imens in

which the hole size was sufficie ntl y 1..rge relative to the width to ensure that

failure would not take place at or near the jaws of the testing machine.

Type D of para llel wid th for similar tests to B.

The choice be tween A and C of the one loading and between B and D of the

other was also influenced by the maximum stress levels involved , the higher

levels demanding type s A and B.

Suffixe s I and 2 were originall y in tended to provide for the incinsion of a

few small sise specimens to be tested on an alte rnative machim. to the ~~.1.r

Vibrophore , n l y on a 2 Ton Schenck machine , and th is is the reoson for the

- —  — - - —---~~~~~~~.-- ,---——~-—~~~~- -— —‘ —,-.—- - 
- —__— ___ __ _f

________ _
~~—— — - — -
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s l i ght diffe rence of d imensio ns be t ween specimens 4Al and 4A2, and be tween 4Bl
and ~+l32 . Howeve r , the alte rnative testing machine was not available at the tine

arid both type s we:e tested on the P.xnsler Machine . The p in form s and d imension s
a re a l so  g iv en on Fi gures 2.1 , 2.2 and 2 .-+ •

In each group of specimens , la rge , medium and small , three values of the ratio

d diameter of hole
— = . were tested.
D wid th of specimen

These three values were :--~ = l/-~, 1/9 and 1/2 , although the numbe r of specimen s

at d/D = 3/8 was limited . All the plates we re manufactured by

Messrs. Jas. Booth Lid , from one melt of aluminium alloy to Specification B.S.LrI ”

( U n c l a d  A l u m i n i u m  A l l o y  Sheet , ~ .4°/o coppe r , solution treated and preci p itation

treated) and all the p ins of Steel  to Specif ica tion B.S.S94” (55 Ton Low Al loy
S t e e l)

2 .1.2 Dimensional  To l e r ances  and Pin F i t s

Fi gure 2 .5 gives the l imi t s  to which the p la te  specimens we re made . I t  should be

noted tha t all the pin holes were made to a tolerance on the diame ter of

+0.0003 in .

The pins were made to a special Schedule of very close limita and then all pins

and all holes were measured and selective ly fitted in order to provide for the

fo l lowing degrees of f i t.

(a) Push Fit Pin (clearance +0.0003 in) denoted by “P ”

(b) O,4
0
/o Interfe rence Fit denoted by ‘f 1

’ (to within

40.0003 in of nominal)

(c) O,8°/o Interfe rence Fit denoted by ‘f
2
’ (to wi thin

-+0.0003 in of nominal)

and a few specimens for compa ri son to -

(d) Loose or Clea rance [‘it (clearance +0~O04 in) and denoted by ‘L’
+0.006 in)

For fu rther details of manufacture , see paragraph 2.3.

2.1.3 Testing Machines

In general the large specimens were tes ted in a s tandard  20 Ton Schenck Fatigue

Testing Machine , the medium specimens in a 6 Ton Losenhausen Fatigue Testing

Machine and the small specimens in a 2 Ton Amaler Fatigue Tes ting Machine .

2.1,4 Load Levels

The objective of the loading progranine was to produce for each configuration a

I ily c f  ndurance cur~es. - Each endurance curve would reyresent  a y ar t l cu l ar
KFor furthe r details see Appendix B

— -. 
— 
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mean stress and wou ld be de ri ved f r om a t leas t f ou r poin ts representing a range (
of alternating stresses. Some confi gura tions were omi tted because the resul ts
that would have been derived would have fallen well outside the useful endurance

range.

F i n a l l y f o r  each c o n f i g u r a t i o n  and each combination of mean and a l t e rna t ing

stress , at least three nominall y iden t ical  specimens we re tes ted .

A l l  these c o n f i g u r a t i o n s and load ings  are shown in t abu l a r  form in Tables  2 .1 ,

2 .2 , 2 . 3  and 2 .4 .

lADLE 2.1 Stress Levels (on the net area)

Al te rnating Stress used for fatigue
Mean Stress (

0/s u l t .) cyc l ing  (
0/s u l t .)

22 ½ 15 12½ 10 7½ 5

50 1 1 1 1

-4() 1 1 ‘1 1

25 / J - 1 .1

15 1 ~/ 1 1

10 -J

NOTES

I . ~ 0
/ u l t . ” si g n i f i e s  “Percentage of Averagc Tensi le  Strengtl-l ’ of p lain

specimens (and some unfilled hole specimens) tested under static

loadings . Ave rage Tensile Strength = 31.0 Tons/Sg.in (69400 lb/sg.in)

2. Some combinat ions  were omitted when test results from them began to
fall ou tside the useful range of lO~ to lO~ cycles endu rance .

3. At least three specimens were tested for each combination of meai

and alte rnating stress , for each configuration .

_____________ _______ ________________  —
-- —_ _

__________________ 
— 
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TABLE S 2.2, 2,3 and 2.4 Configurations Actually Tested

NOTES

1 . Each g roup  of n u m b e r s  in the  Tab les  si g n i f i e s  a f a m i l y  of endurance

curves one for each percentage mean stress quoted in the group.

2. Spe c ime n Types  A and C are fo r load app l ied to the p late onl \ .

3. Specimen Type s B and D are for load app l ied to the pi n onl y.

4 . ‘ L ’ si g n i f i e s  loose  or C l e a r a n c e  F i t  Pin

Push  F i t  Pin

0.4
0
/0 Interference Fit Pin

0 . 8
0

/0  Inte rfe rence Fit Pin

5, Three values of d/D were tested for each size of specimen .

See next page for Tables 2.2 , 2.3 and 2 .4.

(For detailed results see Appendix C paragraph C .l.L).

•
1

L _____________________ — —
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2.2 Comparison of Ori g inal and Final Test Schedules

It is of interest to note e reasons for some of the more important changes

that were made to the original test schedule .

l i l t  dominating reason s ~-ere thai of t ime consumption , co up led with the fact that

in all the testing estal )lishments involved there we re other investi gation s that

entailed the use of the testing machines concerned , and tha t were often of hi gher

p r i o r i t y .  The f o l l o w i n g  changes were t h e r e f o r e  made :-

( a)  :~urn l ) e r  o f  Sp c im e n s

Ori ginall y it had been intended to test ten nominall y identical

specimens a t  each load leve l and for  each c o n f i gu ra ti on .

Pre l i m i n a r y  t e s t s  i n d i c a t e d  tha t , p o s s i b l y because of the care

taken in manufacturing and t e s t i n g  the specimens , the sca t te r

was not in general so wide as had l)ee~I an ticipated . I t was
the re fore decided at an early stage to test only three specimens

for each confi gur a tion and load leve l . Even so , the programme

took a conside rable time , fatigue tests requiring more attention

to de tail than stra ightforward static tests.

(h) Number of Alloys

It was decided to test onl y one specification of aluminium alloy

p la te rather than two o - even three as at first considered. The
choice of BS.L .7l was made because this material was regarded at

the time of the prog ramme in i t ia tion as being the mos t dependable
alum ini um a l loy  ma te ri al , be ar ing  in mind tha t there were other

important properties to be considered , such as notch s e n s i t i v i t y ,

crack propaga tion characte -istics , d u c t i l i t y  and s t r e s s  corrosion

cracking susceptibility , as we l l  as fa t igue i t s e l f .

(c)  Number  of holes in Specimens

In the initial proposals , more than one hole in a row and more

than one row of b o l t  h o l e s  were i n c l u d e d . This  developmen t was

se t aside , bear ing in mind tha t the re were some tests available

that gave some indication of the influence of such variations
7
.

Anothe r change from the orig i na l  p rog ramme was the addi t ion of a

numbe r of load cycles at 1o- . stress levels , bo th fo r mean and

al te rnating stress~ . This was because the endurance at the lower

ends of the ori ginal st ress ranges were not always sufficientl y 

I,p~~~ ,,t,9 p rp y J  ~~~ c~ ,a,tejy,, us,,efu l cjiyve .
X
These tests are now designated 1 Supplemen tary  Inves tigation No. 9 “~~

The results are given in Stage 2 of this report . 

— — — — -— - - - — —-- — 
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The orig ina l  p rog ramme was drawn up for  pJsh fit p ins and two degrees of

interference fit (0.4
0
/0 and O.F~°/o). Subsequentl y, loose f i t p ins were

included for a small number of specimens in each of the main groups - large ,

medium and small.

Again the earlier p lan -ac to initiate the tests only a t one leve l of mean

stress , with One or two othe r levels to follow , but eventuall y f ive levels

of mean stress we re included in order to provide a -rider range of investigation .

This was easil y arranged because of the original  la rge number of specimens pe r

loading per confi guration , the excess specimens being used in Stage 2

(The Supplemen tary Inves tigations)of the progransne , which is fortunate since

a l l  wi l l  be from the same mel t of ma ter ial .

Fina l l y, a few aluminium alloy pins were made for initial tests but were

subsequentl y discarded as being unrep resen tative of p rac tice.

2.3 Man u fac ture of Spec ime ns

This was carried out by Mess rs. Pla nt Mac h inery and Accesso ries Ltd , and in

a l l  some 12 ,000 specimens were made. This total number was built up as

fo l l ows , (referring to Tables 2.2 , 2.3 and 2.4 for guidance). There were

three sizes of specimens and for each of these the -e were:-

7 confi gura tions of p in and hole

3 d/ D ra tios per con f iguration
4 mean stresse s per con f i guration

4 alternating stresses per mean stress

and there we re origin a l l y ten specimens for each combination of configura tion

and stress cycle .

This led to 10, 080 specimens . T he remainde r we re intended for  sund ry

conf i gurations and for -con t ingencies.

The change from ten to three specimens for each combination provided amp le

specimens for  the subsequen t stage s of the ex tended p rogramme .

Eac h p la te was ide nt i f i a b l e  and a reco rd was kep t , iden ti fy ing each specime n

wi th not onl y its- p la te n umber , but with its position in the plate . (See

Tables of results in Appendix C).

It should be noted tha t the te rm “p la te” was used initiall y because the large

size specimens were 1/4 in thick . The medium and small size specimens were

5/32 in and 3/32 in thick respective ly ,  and the re fo re may be mo re commonl y
termed “sheet ”.

In this report both terms have been used , but  in the context of the report

hav e the same meaning. 
-

—-—-- _
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~efore cutting , a photoelastic stud y was mad e of a samp le p late marked out to

show the positions of the s~ ecl :nens , and the desi gn of the fillet or run—out at

the ends of the specimens took into account the stress distribution in the plate .

Thus the fille t became a sine curve rathe r than a simple radius. This refinement

proved to he of debatable value h u t at the t ime of  l a u n c h i ng  the programme i t  ~-;a s

thought to 1)e justified .

The f inal  m i l l i n g  cu t on th e ed ges of all specimens was held to -0.001 in and because

of this it was agreed tha t the burrs left along the edges would be neg li g ib le  and

need not lie removed by the manufacture r . The testing laboratories we re given

authority to remove with care any burrs that they considered were excessive in

term s of good quality eng ineering practice. Ve ry few were considered excessive .

Any b u r r s  l e f t  on the ed ges of the holes were removed by the use of fine emery

paper , grade 0 and LI -len grade 00. The surface of the p la te we re le f t “as

manufactured ”.

In regard  to the ho les , which  we re r e q u i r e d  to be to +0 .000 3 in l imit s , some i n i t i al

difficulties we re met in preventing ovality , hut eventuall y a standard reamer was

used in a j ig borer and the requisite accuracy was achieved.

In order to p lan the necessary p in fits , all holes were measured by the

manufact ure r ’s Inspection Department and the results recorded to the nearest 0.001 in

us ing  a taper p lug gauge . This inforr :’-ion was invaluable  in planning the

ranges of p in sizes to he manufactured , and in choosing subsequentl y by selective

assemb ly combinations of pins and specimens to give the desired fits or

interfe rences. All specimens we re t r e a t e d  wi th a t r a n s p a r e n t , s t r i p p a b l e  coa t i ng ,

then  wrapped in brown pape r , and stored in a heated dry p lace . All the p ins were

made by the Roya l Ordnance Factory , Woolwich .

In orde r to f a c i l i t a te ease of assembl y ,  the p ins we re made w i t h  a 10 i n c l u d e d

ang le tape r over half their length and the parallel portion was approximate ly

four times the p late thickness of tile specimen so as comfortabl y to accommodate

the fork end app ly ing the load . l3othi the specimens and the pins ~cre made to a

high s tanda rd of qu ality .

2.4 Assembly of Test Specimens, Testing Machines used and Problems Met

This  p a r t  of the r e p o r t  is most  c o n v e n i e n t l y d e a l t  w i t h  b y g r o u p i n g  the

Information under the headings of the Testing Laboratories .

2.4.1 Camb ridge University~ Me tallurgy Department

This was the first centre at which continuous testing was undertaken , although

from the start of testing, explora tory work was undertaken by Nationa l Engineer ing

Labo ratory (MEL) Materials Group (7). (5c c- paragraph 2.4.3 below).
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Assemb l y

In all cases ihc p r o t e c t i v c  ru ating was removed f rom the holes  be fo re assemb l y ,

but lanolin grease was appli ed durin g testing.

T he assem b ly of the pins in the p lates was carried out as follows:-

Push Fit

Small loads werc app lied axiall y to the p ins. Whe re necessary a lubricant

was used at the discretion of the operator . Loads were measured and recorded.

Interfe rence Fit

Here the same techn ique s was emp loyed but large r loads were necessary , and a

lubrican t was invariabl y em p loyed. Steady pressure was app lied through an

Instron testing machine . Alternativel y a Zwick  Mac hin e was us ed . Th is me thod

was very satisfactory and there was reasonable correlation be tween the loads

required , the degree of fit and the size of p in .

Detailed loads for individual pins are available but not given in this report .

Howeve r , the range of loads for each confi guration is given at the ~on of each

table of results - See Appendix C.

Ali gnment

Initiall y, difficulties we re experienced in assembling the specimens in tile

testing machine s because of the problem of eliminating lack of a l i g n m e n t ,

ro ta tionall y, be tween uppe r and lowe r jaws of the testing machine , and to a

lesser extent , axiall y.

A very considerable amoun t of time and thought were devoted to the problem and

how to eliminate it , and an automatic ali gning device was eventuall y developed

and p rod uced by the lJniversity. Th is was adopted for both medium and small

speci wns tested in the Losenhausen and Anisler testing machines . The dev ice

enabled the two ends of the specimen to be pre-assembled accura te l y, quickl y

and free from strain in the zero load condition . Appe nd ix A, contributed by

Me tallurgy Department of Cambridge University describes and illustrates this

device .

Cal ib ra t ion of Mac hines

Static and dynamic calibrations were made and found to agree with those of the

makers. Strain ga uges we re app l ied to sample specimens and used to check the

testing machine readings. Although the correlation was fair , the re were more

errors and less consistency in the strain gauges than in the machine readings.

The lat ter were there fore adopted as the standard load measurement.
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Tes t ing Mac h ine s

Camb r id ge University uised two types of testing machine . For the small specimens ,

a 2-Ton Atu sler Vibrophore capable of app lying a maximum mean load of 1 Ton tension

(or compression) and a maximum alternating load of +1 Ton superimposed on the mean

load was emp loyed. The b - e r  p r actical limit of load was about 0.02 Ton.

The speed of f r e q u e n c y  range of t h i s  machine  was from 2 ,000 to 12 , 000 cycles per

minu te (c.p.m.), bu t this range was nar rowed fo r the p la te specimens. I n i t i a l l y

some tests were made a t  two speeds , 3 , 600 and 7 , 640 ~~~~~~~~ The d i f f e r e n c e

be tween r e su l t s  was no t signif ican t and subsequen tly all  tes ts were made at
be tween 7,000 and 8,000 c.p.m.

For the medium size specimens a 6-Ton Losenhausen Fati gue Tes t ing  Machine was

emp loyed. This was capabl e of app ly ing a max imum mean load of 3 Tons tension or

compression , and a maximum alternating load of the same amoun t (a maximum total

load of 6 tons). The te st prog ramme l oad cycles  we re who l l y tensi le  and

therefore tended to require the limit of 3 Ton +3 Tons. The speed range was

f rom 1,000 to 3 ,000 c.p.m. and initial tests to exp lore this range were carried

out .K

The r e s u l t i n g  etidurances a t  the hi gh speed we re somewha t lowe r than those at  the

low speed but since the majority of tests with this machine was carried out at

1 ,500 c.p.m ., the overall error was not signif ican t.

Order of Testing

On comple tion of a numbe r of exp lora tory tests it was concluded that more

rel iable resu l ts wou ld be ob tained if , ~-J thin a g iven group of spec imens , those

which were to be subjected to the highe st stress levels  were te sted f irs t ,
progressing downwards for the remain ing specimens towards the lowest stress

levels. Tests of specimens which were still unbroken at an endurance of the

order  of lO~ cycles would be discontinued , and if several tests at a g iven

stress leve l were so te rmin a ted , then tests at lower stress levels in that

pa rti cula r conf i guration would not be carried out .

In respect of configurations , the un f i l l e d  hole  specimens were tes ted f i r s t , then

the push f i t pins and f i n a l l y the interference fit pins. Unloaded p in

confi gurations were tested be fore loaded p in con f i gu ration s. This order of

tes ting and the procedu re f or assembl y no ted above were maintained in order to

m inimise scatte r of endurances at a given stress leve l , and al though resul ts
suggested that this had been a wise preca ut ion the re is a fee l ing  tha t more

inves tigation into the order of testing might prove useful .

MFor de ta i l s  see Appendix C paragraph C.2.

1 ‘~~~‘~~~~——.~~~~~‘~~~~~~~~~~~ ——.—---—--— —~~~~~~~~~~~~~~ — ——- — --———‘— -~ - — - -- — -
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2 .4 , 2 Mess s S I i o - t  B r o t h e : s  and l l a r l a n d  Ltd, T e s t i n g  Laboratory , Be l fast

At t h i s  c e n t r e  a l l  the  l a r g e  specimens w e - c tested , except for some exp lora tory

te s t s  by N F l , .  A numbe r of t h e  p r o b l e m s  i n v c l v e d  we re s i m i l a r , and t h e i r

s o l u t i o n s w e r e  — i l s o  s i r i i i a r  t t h o s e  e n c o u n t e red a t  Cambr id ge U n i v e r s i t y .

In d e e d  t I i &  re .- as  c o n t i n u o u s  c- - o r d i n a t i o n  be twe en  the two o r g a n i s a t i o n s

through the R o y a l  A e r o n a u t i c a l  S o c i e t y .  ‘~a L u r a l 1 y the re we re v a r i a t i o n s  in

t e c h n i que  due to the  l a r g e r s i te  of ~ he s p e c i m e n s  h a n d l e d  and to d i f f e ren t

e x p e r i e n e s ,  afl (I t h e s e  a r e  d€ sc ib ed be b c .

Assemb l y

Bec a u se o f  the larger loads invo l ’ed , some failure s occurred initiall y at the

ends of the specime :~s, due to the hi gh load concentration s at the grips. To

overcom e t h i s ,  the  ends of t h e s e  so ec imens  we re coated w i t h  a f i l m  of Ar a l d i t e

a b o u t  1/ 16 in t h i c k , h e f o e i n s e r t i o n  in the  t e s t i n g  machine . Specimens were

p ro t ec t ed  from cor ros ion  ~- i i t h  l a n o l i n  as a t  Cambr idge , bu t  n e v e r t h e l e s s  some

cor ros ion  r e s u l t e d  f rom the  use  of b l u e  ink used f o r  m a r k i n g , and was t h o u g h t

to be the  cause of some premature failures away from the holes.

Alignment

The specia l  specimen gr i ps used by Cambr id ge U n i v e r s i t y  we re not  found

necessa ry  fo r  the large specimens , and i t  was e s t a b l i s h e d  that  good a l i gnmen t

could be achieved by s e l e c t i v e  assembl y of s u i t a b l e  end packing pieces tha t

ensured freedom from c o n s t r a i n t s  a t  zero load . When in ser t ing the p ins a

grease l ub r i can t  was used , and in some cases mol y bdenum d i s u l ph ide was added

to the grease.

Cal ibra tion s

Sta t ic and dynamic calibrations we re , of cou rse , made and checked satisfactoril y

b e f o r e  t es t ing  began . --

Testing Machine

A l l  the large specimens were t e s t e d  in a 2-To n Avery- Schenck  of the resonant

f r equency  type , w i t h  a maximum mean load of 10 Tons and a maximum a l t e rna t ing

load of +10 Tons.

A l l  t e s t s  were  c a r r i e d  ou t  a t  a nomina l  speed of 2 ,000 cycles  per minu te .

Orde r  of Tes t ing

In genera l  the hi gh load cyc le  specimens we re tes ted f i r s t  and the sequence

proceeded downwards in te rm s of loads , u n t i l  l i ves  of the order of lO~ cycles

were a t t a i n e d .

- -  -- 

- L~~~~~~~~~~~
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N a t i o n a l  Engineering Laboratory, Material s Group (Z), East Kilbride

As already stated , this organisatior i carried out some preliminary static tests ,

and a numbe r of exp l o r a t o r y  t e s t s  to a s s i s t  the R o y a l  Ae ronau t i ca l  Society and

t h e  M i n i s t r y  of l e c h n o l o g y  in p l a n n i n g  some of the de t a i ls  of the ea r l y s tages

of the p rog ramme , in te rms of

Load cycles to he used

Degrees  of f i t

G e o m e t r y  of  f i t

T e s t i n g  m a c h i n e  c a l i b r a t i o n s  and

Methods  of assemb l y

T h i s  l a b o r a t o r y  did in f a c t  t e s t  most  of the loose f i t  p ins , and desi gned the

fork  end f i t t i n g s  fo r  the  ‘ p in  loaded ’ cases.  Late r in the pro gramme , N EL

studied a represen tative selection of the occurrences of fretting encountered at

the va r ious  l a b o r a t o r i e s  and r epo r t ed  on them .

2.4.4 Tiltman Lang ley Limited, Red h ill , Surrey

Th is organisation assisted in the programme by testing a number of the small and

medi um s ize  spec imens.

Testin~ Machines

These were all of the NFL Sli pp ing Cl utch type with synchronous motors. In

general medium size specimens were tested on machines of 6-Ton total capacity and

the small size specimens on machines of 2-Ton total capacity .

The actual maximum values of load available were:-

6-Ton Machines  6,000 lb mean load and

+4,500 lb alternating load

2-Ton Machines  2 ,500 lb mea n load and
+1 ,500 lb alte rnating load .

The speeds of testing were be tween 2 ,500 and 3 ,000 c.p.m.

Calibration s

The machines were all calibrated both staticall y and dynamicall y at the

commencemen t of the progransne , and twice dur ing  the working period they we re

checked statically. -

Assembl y

Descrip tions of the successful me thods of gripping the test specime-i s for this

particular progranine were sent to Tiltman Langley so that the laboratory could

adapt the same methods to their maclim es , and thus minimise the difficulties of

assembl y ,  and accelerate the progress of the work.

,~~ — 

— — — ———is ~~
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he comp le ic Irsu l I s of al l  H-St s a~ ~iv n both in tabular form and graphica l lv

in App endix C. For c isc of I f  f I l l - C , t i l e  n u m b e r s  a l l o t t e d  to a particular ta hl

of results and to th i orr t spo nd in ~ ,, a i i I i al pr sc-ntation , for a given

confi gurati on a n d  tv!)( of l oading. a c  id e nt ir a l , •~. Tabl e C.5 and F igure C.5

both refe r to th same Ir Su l t  ~ • I - ~~ I I 1’, 110 [a rge spec irs i-is , d/r) b/ ’-+ w i th a

push fit p in , pin lo -d d .

2.i Notation

The n o t a t i o n  used i ii thc einah ~is is gil - (n in Sec tion

SECTION N O l A F  I (~~-~ AN I!) hER 1 VAt 10-I S

.1 -J ot at l o l l  I f l i t s

d Nominal d t arId te- r of hole and p in inche s

D h I d t h of pa ra lie I S( C I ion 1)1 1 (st spe c I~ S I I  Inc 1 S

A’ i- age I c-n s i  I c St & I l ~~ I I I  o f  01 a t  r a t e  r i a I i h /  ~ (4 . in

I taken fium static tests)

(1 .2
0

/0  Proo f ~t rc-~~ (If p i d i e  la te- h al ib /sq.in

(taken from static U sts )

K
B 

Geometric Stress Concentration Fac tor L~. ( . I - . ) 
-

based on bearin g area of p in

Ge ometric S,(.F. bas d on gr o s s  a c a  of cross

section of tc st s p e c i m e n

K ’ G e o m e t r i c  S. ( .F . based on n e t  a r e a  ii cross -

section of test spe-rim nen

N Enduranc e cycles

m Parame ter charact ei - i sin ~ ~~ape of R . l . l)ia~~~~I a I I I

S Mean Stress on net area lh/sq. in

S Alte rnating Stress on n et area associaNei with S
m ib/s q.in

S Alternating Stress on net a e a  associated w i t h  lb/sq. in

zero  mean st ress

S’ K ’
m t~~ m 

lh/sq .~ n

S’ K~~S~ Ib/sq . in

t Thickness of p late spec imen inche s

— -  — — - ---— -—----—- —-—-—--------—-—- — —w-;~ 
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- Units

L t o o  Sc- fit
For limits

I lush fi t  — See Section 2 —

parag raph 2.1.2
f

1 
h . i /cj l nt c r fcrc n ce Fit

I 1 . 
‘
/o I n t  n c  h l l c (  [ i t  j

• 2 1k r I v a t  1011 ’

For lhe p l ate - M - l t t- l i al o f  !hc- -,e tests (all one hatch)

Ii , (I To n s / s H . in - C ) , 400 lb/sq.in

I = 2- ,(t Tons/si1 . in = (12 ,500 lb/sq . in

.
‘
. f = 0, ’O f

p

When deriving Stress Concent rat ion I-actors from ~A ~ Data Sheets , note that:—

i - ’ = K .-~—~ = K ( 1 -~~-)
1 t I ) t I )

I I ) — d  I)
and K

t 
K~ .

__
~j_ = ~~~~ - I )

sEC’rION - MAIN F- I-A I1 IRE S (ii- III, EXPER1MENTAL RESIJLI’S

General Rerr iarks

All the individua l r e sults arc tabu lated and a l s o  p r e s e n t e d  g r a p h i c a l l y in

Append ix  C , t o g e t h e r w i t h  a L r i e f  oirr c - n l  f o r  each  c o n f i g u r a t i o n  and si~’e o f

specime n . [his present section att empts to ohsCL-\ e the  e f f e c t s  of t he  s e v e r a l

variables involved , namely size , mean stress ,alternating stress , geometry and

the different degrees of fit of the pins in the holes . Where endurances are

compared. the mean cur~ cs are used rat he r Ihan actual results at a giv en stress

leve l . This pro c -d ii r e was  consider c d to pre sc-nt more realistic and effecti V e

comparisons than those which -oul d result 11 )111 comparing extreme values ,

r e m e m b e r i n g  of c o u r s e  t h a t  t h e actual p lotted points are alway s available in

A p p e n d i x  C , f o r  an a s se s s m e n t  of  p r o b a b l e  s c a t t e r .

rn  s e a r c h i n g  fo r  the- i n f l u e n c e  of  one- pa t- ameter it is almost certain t~ i,i t 1)fl(

w i l l  o b s e r v e  th e  i n f l u e n c e  of o t h e r p a r a m e t e r s , so t h a t  g r o u p s  of  “c o l l e c t e d

curves ” will he referr ed to in mo i -( t han one of the following paragraphs , as

found convenient . hut -s c “c ol h - cte d curves ” a re presented as Fi gure s -4.1 t o

4 , 11 i n c l u s i v e , Iloweve r , bef ore discussin g the above , a few remarks are made

concerning speed of testing, choice of testing machine , varia tion from slit-c t to

sheet , and location within a gi ven sheet . 
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•1) p
I- f f c c t  of Speed of l e s t  in~

A l i m i t  d X l )  I ( I r a  I i o n  on h I t  i s  fe ~ tiJ cc , ‘ - i t t i n  I l i e -  - ;iiige of the test ing machines

u s e d , was  c a l r i e d  ou t  IV (a n l i i d ,, - V n i i r r s i t y ,  and t h e  i t  s u i t s  a r t  d e s c r i b e d  in

A p p e n d i x  C. pa r~i~~raf )ti C .-’ to t i l l s  C p~

A t h r e e  to h O C  SJ o  I l l  I o l I ~~~l 
- U -, t t - d  on t ile  - - — I o n  I o s e n h at i s e f l  and a t w o  to on e

speed  r a n~,t on t U e  2 — l ’ on Arn s Ic r ~i 1  1111 € • \ ran-ge ‘if a l  t e l - at log St I c - s s c - s ;i t one

I i  c € l  Of  n e an s L r  ,~~ ‘ n ’ ~~ 
- .2 ) h a s  u s e d .

T ue s a t  t e n  i f  I C  sci l t s i - o  - n o t  I a I , and , f o r  t h e  L o s e n i r a u s e n  n a c  t i m e

e n d u r a n c e - s  a t  I l i C  h i  ,~ l l (  r s i >  d - nc-  -,I I :Ic-h;h at l ot- .€ - n t i t a n  a t  I o v -  s pe e d . l”or I

Arnsler ijoirt ~- r , t h c  r e  was  l i t t l e  I i i  f f e  r t i r e  he- t r - . e c 1  h i t  e n d u r a n c e - s  a t  t i - ic- two

speeds  t e s t e d .  I t  c o u l d  a p p t a r  t h a t , w i t h i n  t h e  r a n g e s t e  s t e d , t h e  e f f e c t  of

speed of t e s t i n ,~ i s  no t si ~~n i f i & o n t .

For  con e- - nh  r C of  apt- I S t i o n  , t h e  I 051 n t l a ( ( S (  n t e s t  pro~~r amm e was  c a r r i e d  o u t  a t

a b o u t  m i d — l e v e l  o f  t h e  speed range - , a nd t i l e  A n i s l e r  i c - s t s  t o w a r d s  t h e  u p p e r  e n d s

(if t h e  s pee d  r ange . t hus t h e  c i i o  i c c  of U S t  i t i ~~ S i l l -  C ds  i - a s  r e a s o n a b l e -  in t h e

l i g h t  of t h e -  f o r e g o i n g  ( - v i d ( - n c ( - ,

4. 1 E ffect of Choice: of te stin g M a c h i n e

Unfortunate l y this particular la r i s I l l e  was not reall y investi gated because of t h e

limited number of machine- s available and of administrative difficulti e s . Tt i rc

are howeve r two sets of results for thu same desi gn of machine , namel y a 20-Ton

Ave ry Schenck. Ref . Tables C.li (a) and C.’I (h) and Fi gs. C.u (a) and C,o(b),

One machine was at Short Brothers and lanl and and the other at tile National

Eng ineering Laboratory .

There is a sli ght diffe rence in the ne - suits at S / f , = 0.25 and 0.15 , those at

Short Brothers and il ar l and being somewhat more favourabl e , hut ti le total numbe r

of results is not sufficient to warrant firm conclusions being drawn .

-p

4,4 V a r i a t i o n  f r o m  S h e e t  to  S h e e t

R e - I s . A p p e n d i x  C:-

Tab le  C 1 9  and Fi g u r e s  C.19 , I C ) a , 1% . 19c and l C ) d  ( I J n f i l l e d  h o l e )

Tab le  C, 2~e and Fi g u r e s  C.2 rr . , 2-ia a n d  2—+ i~ ( F .F . p in , p i n  l o a d e d )

l a b l e  C. 2 5  and F i g u r e s  C.2 5 (o ,~~°/o 1 .F . p i n , p in l o a d e d )

fable (.2€i and Fi g u res C.26 (u -n °/o  I .F . p i n , p i n  l o a d e d )

I n  t he  f i r s t  r e f e r e n c e  s e p a r a t e  p l o t s  f o r  e a c h  c-alo e - of mean stress are presented.

shee t  n u m b e r s  be ing i d e n t i f i e d . In  a l l  cases  t h e  s c a t t e r I s  s m a l l  and w e l l  w i t h i n

th a t expec ted for  n o m i n a l l y ident i cal specimens .
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I n  t h e  se cond  e f e  r e n c (  e i g h t  d i  i f e - e n t  s i r r ~ t s  were  used b u t  a l l  the  sp e c i m e n s

were c uu t from ((flt- end of € i~ct l  Sl i C t t . Th e two g r o u p s  t a b u l a t e d  were t e s t e d  at

different times, and ar  plotted on separate graphs . They each led to q u i t e

reasonable c Ii! ’, e S  , al though t i l e - re ~-a s not a full range of at ternating stress

for each mean str e s s in group (a). It is clear howeve i that variation of sheet

has no effect .

Similar re-marks app ly to the third and fourth configurations .

Thus no effect of s u e t  t la ri al ion is evident and this of course is wha t would

be expected Iron a set of she ets a l l  manufactured from one melt . However , as

pointed out in Appendix C, w ii h  u-esp ect to Table and Figure c.19 , it doe s not

necessaril y fo ll o u ; that sheets rEpr esentin g the extreme uppe r and ho ~- c r

permissible limits of unechanic ;d properties and/or chemical composition would

conform to the same ext€ -nt .

4.5 Location of Specimen within a given Sheet

Re ference Appendix C, Table C.19 , Table C.2~~, Table C,~ () and note (h) of

parag rap h C.3.1 .

W i t h  re f e r e n c e  to n o t e  ( b )  th e - re- c-c- re f o r  t h  s m a l l  s i z e  s p e c i m e n s

app roximate ly 21 st ri ps and V specimen position s in each stri p so tha t s t r i ps

I and 21 represent edge s of s h e e t s  and s t r ip  11 represents the centre line .

Aga in , positions A and 0 I-epre’sent ends of sheets and position II the centre

of leng th . For the large spe c imens there were only half the numbe r of stri ps
per shee t  and specimens  per  s t r i p.

A s tudy  of the endurance-s for a given loading and within a given sheet indicates

that there is no consistent merit in any grven position with regard to

endu rance .

E f f e c t  of the  P r e s e n c e  of  an [n l o a d ed  l’u sh  F i t  P in

Fi g u r e s  4 .1 to 4 . 9 inclusive show for a given size of specimen and d/t) r a t i o ,

d i r e c t  compar i sons  be tween the  e n d u r a n c e -  c u r v e s  f o r  i n f i l l e d  H ole  and ‘t i sh  F i t

Pin , Pin u nloaded . Each fi gure contains the appropriate references to the

ori ginal results p lotted in Appendix C.

It is importan t to repeat tha t in t h i s  and the ma lorit y of subsequent

comparisons the geometric mean curves have been used. It is considered tha t a

comparison of mean cu rve s wi l l  give a more rep resentative conclusion than

using extreme values . The act ual scatter of results can be seen from the

graphs in Appendix C and should always be borne in mind when assessing the

fa tigue perf ormance of a given structure or detail par t.
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2- u
Remembering this fact , one is led to a general conclusion that the effect of an

unloaded push fit p in on iluc resulting endurance is not large and barel y affected

by the ratio of d/h ).

A t h i gh a l t e r n a t i n g  s t r e s s  ( o r d e r of  is ,0(X) ib / s q . i n c h  or S
m / f t 

= 0.20) the

a d d i t i o n  of t h e  p i n  r a y  I n c  r e  ac t  thc e n d u r a n c e  b y a fac  t o r  of  the  o r d e  r of 2 . 0 to

2.5 . At  low a l t e r n a t i n g  s t r c  ssc s ( o r d e r  1) 1 5 ,50(1 lb/s q.inch or S
m / f t 

= 0.05)

the addition of the pin may change the endurance by a factor of t h e order of 0.5

to 1.1. Scatter may inch -ease: o r  d e c r e a s e  i n d i v i d u a l  case- s by as much as 50
0
/0.

It would appear that the heri eficial ell ect of the support of Ire p in at t h e  ed ges

of the hole near the ends of th trans ce rse diameter of the hole accounts for the

improvement at hi gh alte rnating stress , whilst the possibility of the occurrence

of some fretting at iow alte rnating stresses tends to nullif y or even reverse

this trend .

This comparative ly ma rg inal effect is also supported by the fact that the Stress

Concentration Factors for both unfilled hole and for push fit p in , p in unloaded ,

are virtuall y the same - see- Appendix C , paragraph C. ~.l note (5) and Refe rence 3.

The incidence of fretting and its effects on the test results are discussed in

p a r a g r a p h  s .lS ,

Two further ohservat ions may he m a d e ;  mean stress has an a lmost neg li g ibl e

influence , and size has onl y a small one in favour of the small specimens - see

pa ragraphs -+ .l0 and .11 for more de tailed discussion .

4,7 Comparison be tween Unloaded and l oaded Push Fit Pin

Fi gures 4.10 to -c .16 inclusive show these com parisons ove r a range of size and

d/D ratio , again with reference to the appropriate ori ginal figures in

Appendix C. It should (c noted that there are no results for d/l) = i/~ for the

medium and small specimens.

Endu rance-s for t i-me loaded p ins are si gnificantl y lowe r than those for the

unloaded pins for a g iven combinat ion of tj~ other varia b les. This is , of course ,

to be expected with the hi gher stress concentrations for a g i v e n  app l ied loading.

The reduction s in endurance are I t lative ly greater for low dID (1/-c ) than for

mode rate d/D (1/2).

There is also a t rend towards greater scatter of results at low alte rnating

stresses , pa rticularl y for the medium and small sizes. Again scatter is less for

l oaded pins than for unloaded p ins .

In gene ral mean stress has onl y a small infl uence on the results, excep t a t

S / f e 
= 0,15 .
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It u i n f l u n  nrc of t b si /c is c-cc - I l  l e s s  on he loa ded  s p e c i m e n s  compared w i t h

the unloaded ones , In  an a t t m p t . t o  5 hI gi ~ -st ne r y approximate ratios of

e n d u r a n c e  f o r  t o a d c - t t  p i n s  c o m p a r e d  c- i Iii u n l o a d e d  p i n s  t I l e -  f o l l o w i n g  f i g u r e - .c

a r e  o f l u i ci .

~a ’ ~~I d/ I )  [/ 4  d I l t  = 1/2

] i ,~ h ( t ) . 2~ 1/1 to 1/10  1/2  to 1 / 3

l o w  ( t ) . 0 s)  1/ 5  to  1 / I t )  1/ - ~-c to 1/5

I t  s hu n  I d  be n e t  d t ia t L h c  s a r e  I a t i n s  1) 1 m e a t  c - n d u i  r ances  , that si ze effect

i s  i n c i t i d e d  ( h u t  i s  not La r c  ) a n d  t hat I l l -  C xtrerne rat ios tend to repre se- nt

t h e -  l o w e s t  mean  s t re s s e s .

S Compar  i son he t w€ e n  Loose I - i t  and P u s h i  F i t  P i n

Onl y a few t e s t s  :o re carried out on loose l it pins . Reference to Tables 2.2 ,

2 . 3  and 2 .o of  S e c t i o n  2 shows that these were as fol lows:—

large Specimens , No l oaded 1
Medium Specimens , t i n  lln loa ded F A l l  a t d / D  1/ s

Small Specimens , I’m Unloaded j
The re are’ correspond ing results for push fit pins so that direct comparison s

may be made , and these are pr esent ed on Fi gure s 4.1 7 , 4.j S  and 4,19

respect ive ly.

4.8.1 Loaded Pin (F ig u re 4.17 )

Bearing in mind that for thes e p a r t i c u l a r  loose fit p ins onl y one result was

available at a g iven leve l of a l t e r r l a t i n g  stress, and that t tie relevan t curves

can onl y be regarded as t e n t a t i v e ,  there is l emarkable- agreement between the

two s:ts of curve s for loose- and push fi t p ins f o i  a l l  t h e e  l e e  is of me-an

S t  ress p lo tted. Neve rUme l e ss f r o m  w t i a t  has he c i i  Sc ‘i i n  re -si c c t o f  b ided push

fit pins , one would not E xpect a gr e at deal of diff e  re -to e l)etk- ( e - tt a loaded loose

fit pin and a loaded push fit p in at. a low ~~iue of d/E) and so regardless of

the scarcity of data , Fi gure 4,17  -;ould appear to In dicat i a true comparison .

4.8.2 unload ed Pin (Fig~ u e s  ~.. I i-s and~~-4 .19 )

lI e - re the re are m o r e  r e s u l t s,  amid f o r  b o t h  medium arid somali size spe c imens .

Aga in both are a t  d/1) = I/- i .

Allowing for scat ter thert appears to Ire - no great difference for the small

d ifference in size (1.1:7:1 .0). there is clearl y some loss of e m-t o mi-ance at hi~~t m

alte rnating stresses but to a less extent at low alternating stresses .

_ _ _  -



A p p r o x i m a t e l y t h e  r e d u c t i o n  f a c t o r  is f r o i r 1/2  to 1/4 a t  high S
a 

and from nil

t o  1/I at l ot, 
~ 

(based on ow-an c u r ( s ) .  Anothe r interesting factor is tha t

on c o m p a r i t i c. the re -su Its of the loose fit unloaded p ins w i t h  the  cor responding

confi guration but w ith u n f i l h d  trulc - s , i t  is  f o u n d  t h a t  t h e r e -  a r e  no significant

di fle ren ce - s in enduran ve - curve- s for a ~i- en  v a l u e  of mean s t re s s ,  (Compare

i i  ~~ti r b, 19 w ith Fi gur e (~. 2(t and Fi gure C. 35 i th Fi gure C. 36

It may ~en c-ra ll y be- v r,nc luth- d that loose fit s  do not seriousl y reduce enduranc es ,

hut this conclusion is based on l i m i t e d  evidence and t h e r e -  we re several examp les

of fretting. (Se e paragraph - .15 ) .

- .9 - Effect of lntr-rfe re- nc ( i -it

The endurances for two degre e s of interf er ’~nce fit are p lotted on the same

fi gures as for the push fit pins for the oLherwise corresponding configurations ,

and are presented on Fi gur e-s -~.2O to -i .26 for unloaded p ins , and on Fi gu rrs 4.27

to 4. ~3 for loaded pins.

4.9,1 Unloaded Pins

As would be expected , the re is a si gnifican t gain in endurance for the

interference fit p ins , because of ttic- induced tensile stress in the material

surrounding the pin , which effectivel y reduces the app lied alteLnati ng stress.

However , if the interference is large enough to cause p lasticity this effect w ill

be mod i fied , and for very large interfe rences , it may even be reversed .

Furthe rmore excessive interference fits in materials which are s e n s i t i v e  to

stress corrosion cracking could cause premature failure .

The improvement in endtirance is considerabl y greater for d/l) = 1/2 than for

d/ D  = 1/4, bu t the improvements for o,s°/o interfere nce fit compared with those

for 0.4
0
/0 interference fit are less for the small specimens than for the medium

size specimens. There were no t e sts for (1 .5
0
/0 interference fit in the large

s i ze  (p in u n l o a d e d ) .

The inc reases  of endurance are Ic ss at hi gh v a l u e s  of S / f t 
than  a t  low v a l u e s ,

for both 0.4
0
/0 and 0.5°/u inte r ference fit p ins . This is probabl y due to the

greater amount of yielding at hi gh S
a / f t • rhe effect of mean stress is more

m a r k e d  for  the i n t e r fe rence  E~ pins compa red with push fit p ins , but the effect

of s i ze is less marked ,

For the medium size specimens at d/r) li- -c the ( ) , , 0
/

~~ interfe rence fit p ins

show results out of step with the gene ral trend . This could be due to the degree

of interference being sli ghtl y under norma l , as indicated by the relativel y smal l

loads required to insert the i n t e - r f e - u e n ~~e f i t  p ins , combined w i t h  a smal l  degree

of interference on the push fit p ins as indicated by the relativel y hi gh loads

required to insert the push fit p ins  of this size and confi guration .
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ih u s  some of  t t r c  i n t  r k  renc e -  f i t  spe c imens  mi ght be regarded as push fit pin

s p e c i m e n s  and some of  the p u s h  l i t  p in s p e c i m e n s  as low i n t e r f e rence  f i t

specimens.

A d o p t i n g  tite same p r o c e d u r e -  as f o  the previou s comparisons, the followin g

a p p r o x i m a t e  r a n g e s  of  f a c t o r s  f o r  i n c r e a s e  of e n d u r a n c e  of i n t e r f e r e n c e  f i t

ove r til e c or espo nd in g push fit p i n  a r e  suggested (both for pin unloaded) .

For 0.4 /0 inter ference Fit

S / f  d / D  1/ 4 d/D = 1/2

Hi gh (0.20) 1/ 4  to 1) 7 to 1OO~
Low (O,os) i/ ~~ to 9 10 to l00~

For 0.8
0
/0 Int erference Fit

S
a / f

t d/1) = 1/4 d/ D  = 1/2

Hi gh (0.20) 4 to 10 1
~, 
no results

Low (o.os) 5 to 10 J
It should he note-ti that the hi gher factors for a given confi guration are

usuall y associated with the locer values of mean stress , and that size effect ,

such as it is , is accounted for in the comparisons.

4.9.2 Loaded P ins

In g e n e r a l  the i n c r ea s e s  of e n d u r a n c e  f o r  loaded in te r f e r e nc e  f i t  p ins  compared

with push fit pins are not so great as for unloaded p ins. The effect of dID

is still considerable as for the unloaded pins , but the effect of mean stress

is less marke d , Size effect is also small .

It would appear that the reason s for these facts are the greater stress

concentrations of the loaded p ins , and associated lowe r scatte r of results .

Approximate factors for increase of enduran ce due to interfe rence fit are as

follows (pin loaded)

For 0.4
0
/0 Interfe rence Fit

S / f  
d/E) = 1/4 d/E) = 1/2

Hi gh (0.20)  31-c to 3 2 to lO0~
Low (0 .08) 3 / +  to 3 2 to

~Based on l imi ted evidence



L o u  0.5
0

/0 I n t e r f e rence  Fit

S / f  d / D  = 1/4 d / D  = 1/2

11 g b (0 .20) 1 to 5 10 to 100k

Low (0,0’s) I to l ’  20 to I00~

A ga in  the  h i g h e r f a c t o r s  a r e  u~~u a 1 L y a s s o c i a t e d  w i t h  the  lowe r v a l u e s  of m ean

stress.

.10 Effect of Me-an ~~

In general , this can he -ec-n f r -on any  of the  g r a p h s  of the  i n i t i a l  p lo ts  in

Append ix  C , and fro m the- r e - p l o t s  on F i gci r e- s -4 . 1 to —+ , H of the main report.

l l owev e r , in o rde r  b e t t e r  to d e m o n s t r a t e  t h e  e f f e c t  of this variable - , cross  p lots

of S against S for a series of constant endurance -s have been derived (see
a m

Tables -4.1 to .5) and are pre— sented on Fi g u r e s  -i . H to 4.4 i  i n c l u s i v e - , These

tables and figures cover unfilled ll o lc s , Push Fit Pin — Pin Unloaded , Push Fit

Pin — Pin l oaded , 0. -c o /u I n t e r f e r e n c e  1 - i t  Pin - Pin Unloaded and

In te r fe rence F i t  P in  - P i n  Loaded . For cacti corifi gLiration two values of d/D ,

name ly 1/4 and 1/2 , have been considered.

From wha t has been obse rved  a l r e a d y in r e s p e c t  of  s i ze , it does not seem

u n r e a s o n a b l e  to combine r e s u l t s  fo r  la r ge , m edium and small specimens by using

a ve rage va l ues fo r a g iven confi guration and value of d/D . By making this

presumption the presentation become-s clear e r , and there are more data per point

upon which to base conclusions. In paragraph 4.11 wh ich d i s c u s s e s  e f f e c t o f size

it i s  conc luded  tha t this presumption is ju stified .

The resulting curves are effecti \e- l y F-h diagrams on a basis similar to that

of RAe-S Data Sheet A.00.02 and may also be compared directl y with Fi gure 3 of

Data Sheet E.02.Ol .

However , the Stage 1 r e s u l t s  a r e  a v a i l a b l e  on l y down to Sm / f t = 0.15 , and so the

left hand side extensions of t tu  curve- s for all confi gurations except the

i n t e r f e r e n c e  f i t  p ins  h a v e  been p r e d i c  ted f r o m  RAe- S Data  Sheet  E .0 .Ol , Fi gu re  3—

for artificiall y aged Al -Cu Alloy. This data sheet gives a mean line for S ,

= 1 .0, i .e. plain specimens , and values for S
ao 

for the Stage I specimens

are obtained simp ly by dividing the mean line- values for a gi ven endu ran ce by the

appr opriate Stage I va l rm - of K~ . See Table 4,6.

This method is not accurate for low endurances , e.g. below 3 x cyc les ,

because the procedure of d i v i d in g by K~ be comes i nc reas ing l y pessimistic , and

so no extension below S
m / f t 

= 0.15 i s g iven for the curves at 10-c endu ranc e.

~l3ased on limited evidence
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In regard to the interference fit pins, for reasons already discussed in

Appendix C pa rag raph C.3.l note (5) a cotisnon value of K~ cannot be quoted ,

and hence values of S for a given endurance cannot be calculated. Thus
ao

the extreme left hand side of the R-M diagram cannot full y be drawn ,

Conclusions

(i) For all configurations othe r than interference fit pins the mean stress

has neg l i g ib l e e f f e c t on endu rance fo r a g iven val ue of S , ove r the

range Sm / f t 
= 0.20 to 0.50. This appears to be due to tl~ occ urrence

of p lastic flow at the reg ion of the maximum stress concen tra tion. It

is exp ressed by the condition :-

K’(S + S)) f~ or - K’

and is consisten t with the point E H of the curve s C E 1-1 in Figure  1

RAeS Data Shee t A ,00.02.

Below S = 0.20 f i t  i s d i f f icu l t to assess f rom these tes ts a
m t

def in ite law of behaviou r , bu t the rough ru le  tha t end urance is inverse ly
proportional to mean stress for small variations of S appears to be

reasonable.

(ii) For the interference fit pins the effect of mean stress is much more

marke d , particularl y at low endurances. Unfortunately, there is only

limi ted evidence a t d/ D = 1/2 and therefore Fi gures 4.41 and 4.43

should be used with caution . The rough rule noted above could be applied

over the full range of mean stress tested , except for very high
endurances (above io6 cycles).

(iii) The above conclusions app ly in general to both d/D 1/4 and d/D = 1/2 ,

al thoug h the achieved val ues of Sa for a g iven endurance are somewha t
greater for d/D = 1/2 compared with d/D = 1/4, especiall y for loaded

pins.

(iv) For all configuration s other than interfe rence fit pins there is a slight

trend towards a fatigue lim it at an endurance of about 10 cycles , for

mean stresses of 0.25 
~t 

and greater.

4.11 Effec t of Size

From a study of all the results available using mean endurance curves, i t is
considered that although the effect of size is not large it is of some

significance . It might have been greater had the size range exceeded the

value chosen , i.e. Large/Small = 2. 67 - based on wid th of specimen. The use
of the specimen width as a measure of size is somewhat arbitrary. Alte rnative

base s could be either the ratio of d/D since the amount of ma terial at the

side of the hole has an influence on stress concentration factor and hence on

endurance , or the basis could be simp ly the diame ter of the hole - ‘d ’,
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It is believed tha t any one of t ime - se bases is an acceptable one , especiall y as

the effect is not large and is of couise somewha t masked by general scatte r , and

so the ori g inal basis of width of specii~en will be :ctained .

The smaller the s u e  of time slre r i ’ e m r . o m i r r ~ar iab les being constan t , the more

favourable become s the fati g r m performance . The re are two ways of expressing the

relative performanc e-s

( a )  as a r a t i o  of  e n d u r a n i c e - s m r  a g i ce n a l t e r n a t i n g  s t r e s s , and

(b) as a ratio of al t e- rn a t i n ~, s t i c  sses for a g iven endurance .

Because of the general shape of m ime - ndm m rance curves (a) tends to bE more reliable

at low endurance-sand (b) tends to he more reliable at hi g h endurances . For

convenience both methods will be gi\ en .

Me thod (a)

From paragraph 4,10 it is justifiable to quote average fi gures for the range

S / f
t 

= 0.50 to 0.25 except for interference fit p ins for which onl y average

f i gure s for 
~m~~ t 

= 0.50 and 0.-cl) will be quoted . h owever , because- these are

ave rage f i gures , the results may be conside red accurate onl y to two significan t

fi gures.

As in previous comparisons , values at two levels of S
a/ f t 

are quoted and Lhe

results are given in Table -+ .7.

Method (b)

He re the da ta are convenientl y ava ilable in Tables -c.l to -c .5 inc lus ive. Ratios

of S
a 

for small s p e c i m e n / l a r g e-  specimen can be o b t a i n e d  a t  stated endurances ,

agai n ave rag ing the f i gures for Sm / f t 
= 0.50, 0.40 and 0.25 f or a l l  excep t

in ter ference f i t , and for the latte r averag ing onl y S
m / f

t 
0.50 and 0.-co . and 

p

quoting the results to two significant fi gures. These results are given in

Table 4.8.
)

Conclusions

(1) Al though only a limi ted range of Size of specimen is cove red

(2.67 to 1.0) there is definite evidence of a size effect , whe ther

j udged by ratio of endurance-s for a given al ternating stress or

vice versa, However , the pr evious  dec is ion to average the resul ts

of all three sizes of specimens is justified when the size effect

is considered in relation to the general scatte r of fatigue tes t

resul ts.

(ii) Using me thod (a) leads to an apparentl y grea ter size e f f e c t a t

low al terna ting stre ss , but this is not necessaril y true ( see

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — - - —.
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flo~~(S on l able . ~). Dy using metnod (b )  w h i c h , f rom the

nature of the curves tends to be more reliable at low

a lt m ating str ess , leads to a mo re un i form assessment (see

Table -c .~~~) . in fact the resultin g i-at io could be regarded as

a gene-cal redu ction of str ess concentration factor of the

orde r e,f 1 .! to 2 .1 ’ for a size reduction of 1/2 .67.

(ii i  i lhe size c f fe - ct is somc-r ;Iia t less at d/D = 1/4 compared with

d/D = 1/2. This is consistent with the more powerful effect

of t u e  hi g ir e r s t r e s s  concentration factor associated i- i th

d / D  —

(iv) Th er c appe ars to be a sr r n m e ~ - ima t larger size effect for push

f i t p ins compared with interference fit p ins. Fhis may he

pa rtl y due to the fact tha t the loads to insert some of the

push fit p ins we re relative l y hi gh. The effect is least for

unfilled holes.

4 .12 E f f e c t  of Geome t ry

In t h i s  b roades t  sense t h i s  v a r i a b l e  can be regarded as covering the size and

shape of the spec imen , and i ts lack of un i formity , a l l  of whic h lead to a

stress concen tra t ion . Bu t be cause size has been cove red separa tel y ,  in this

report ‘geome try ’ will be interpreted by the ratio of d/D. This in turn is

expressed in the value of the stress concentration factor , bu t it should be

remembered that Stress concentration factor also includes the- influence of p in

fit .

Fi gures 4.1 to 4.33 al read y discussed , and also the original curve s in

Append ix C enable direct comparisons to he made , for the diffe ren t

con f igura tions tes ted , and eac h con f igu ra ti on w i l l  be d i sc ussed b rie f l y. As

prev io usl y, in accordance with the findings of paragraph 4.10, results for

Sm / f
t 

= 0.50, 0.40 and 0.25 have been grouped togethe r for all but the

in te r f e rence f i t p ins.

4.12 .1 Unfilled I lole (Reference Figures 14,1 to 14.9)

Bear ing in mind the genera l  s c a t t e r  and the f ac t  tha t the curve s are through

mean values , it cannot be claimed that there Is any significan t effect of

change geometry In this confi guration . 
-

4.12 .2 Push Fit Pin - Pin Unloaded (Reference Figures 4,1 to 4.9)

Here again , the differences be tween hi gh and low d/D are not marked , and to a

considerable extent are lost in the general scatter of results . This La be tter

appreciated by furthe r re fe~ ence to the relevan t initial plottings in Appendix C.

___________-- - - — - ______________________________ — - —-
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-. , 12 , l l oaded Push  F i t  Pin (Re ference Figur e s -c. 10 to -c ,l6)

li e - c th e - r n is a definite increase in endurance for the higher values of d/D.

This inc rease in contrast to time- two previouS confi guration s is probabl y due to

th e - ~ r ( - a t E - r l e v e l s  c~f stress concentration present in the loaded p in

confi gm ira t ion s Adopt in~ ti l e ;m i t  i f r procedure , ttie following fi gures gi ~
- an

appreciation of t i m e -  o rd .r of t he- r m t i o  of increase of endurance , assuming the

endurance at d/l) — I/-c to b - u n i m y

_____ 
d/J ) - ] / - - d / l)  = 1/2

hi gh (0 , 20) t in  i t y  2 to 5

[-ow (o .o~ ) i n i t y  -c to 10

The h igher value-s in a g iren range correspond generall y with the lowe r va l ues of

mean stress . Size effect has
- - ‘-i’~ r accounted for , i , . not included , since the

ratios quoted are all for d/I) onl y for  a g iven size ,

4 .12 .4 t i n l o a d e d  I n t e r f e renc e -  F i t  P i n  (0 . 1
0

/0  I n t i  r f e r e n c e )

(Re ference li gnir es 4.20 to 4.2w)

Only the 0 . 4
0

/0  interference fit can ire comm imeni ed upon as there are insufficient

data for 0,~
°/o. Even so the re is onl y a limited am im omm nt of data for 0.—+

0
/o

interference fit especiall y at Sm / f t 
— 0.25 and below . The effect of d/D is

much greater than for push fit in ns , and the range of increase factors for

increase of d/D is much wider. Onl y approximate fi gures can he quoted as

fol lows:—

S / f
e 

Sm / f t d/D = l/~ d/ D  1/ 2

0.20 [0. it) ir nity -~ to 6

-~ 0,-cu Unity to 50

0.25 Ln i ty 40 to SO

O,Oh [o . 0 Inity 10 to 25

C) , r ( )  I ! n i ty 10 to -0

L ( i .25 I n i t y  50 t o  100

c ,l2. 5 Loaded Interference Hi 1’in (0.-.°/o Interference )

(Reference Figure s 4.27 to 4. H)

lie - r e - th (  re are similarl y l a r g e -  i r m c m m  ase s in endurance for increase of d/I) and

ic cause of the limited data onl y app roxima te factors can lie quoted:-

S / f  S
m / f

t dID 1/4 d/D = 1/2

0.20 f o . so Unit y to 12

u n i t y  10 to hO

L 0,25 u n i t y  ISO to 250

- — 
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S / f  S
m

/ f t d/D = 1/4 d/D = 1/2

0.08 [o .~ o Unity 2.5 to 5 .5

O.-c() i n i i t y  l-+ to 6,

L 0.2 U n i t y  200 to 500

4.1 3 Summa ry P re- sen  tat ion s

4.13 ,1 Gene ra l

So far in this section , attempts ar c- been made to study the effect of each

vai -ia b lc in turn . Sonic ~-i r ia h le s ha - -c proved to be of l i t t l e  consequence — a t

l e a s t  u i t h i n  s t a t e d  l i r r i u t s .  O t h e r s  h .-~i~-e- er- n found to tia’ a si gnificant , but

not large effect , and a third group to have considerable influence . Arm

examp le of the first type is mean stress (excluding joints with inte rfe rence

fit pins). Examp les of t h e  second group ace size and the ratio of enducance

for an unfilled hole and a push fit pin , unloaded .

There are many examp les of the third group, such as geometry or stress

concentration factor , and the endurance of interference fit p ins compared with

that for push fit p ins under similar conditions of Loading.

Often it has been difficult to i,e- precise in stating the magnitude of these

influences because of thy scatte r inherent in fatigue results. To some extent

the consideration of mean endurance curve s rathe r than full scatter bands has

helped to cla r if y this particular problem and to avoid making extreme statements ,

but in assessing the merits of a given des ign , the effect of scatte r must

always be cci osidered and re fe rence to the basic curves of Appendix C should

frequentl y be made .

Afte r careful consideration , it was concluded tha t the preceding f i n d i ngs cou ld

be used to present some of the results in summary form , grouping together the

non-influential variables and combining some Others in a more effective manne r ,

as follows:-

4.13 .2 Basis of Presentation

( i ) Fo r a l l  con f igurations except interference fit p ins , it is

poss ible to p lo t K~ Sa ins tead of S
a 

(o r K~ S / f e
instead of S I f  ) and so include automaticall y the effect

a t
of K~ , whethe r it he due purel y to geome try or to a
combi na t ion of geome try and configu ra t ion .

(ii) Re ference to paragraph 4.10 and Fi gu res  4.34 to 4.39 shows

tha t beca u se of the l oca l l y s teep stress g rad ien t a t the

sea t of a stress concentration , and the consequen t plastic

p -- - 
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I
f low , t i m e  e ffect of can stress rc e - r the range = 0 .2 5

to 0,50 is i r t ra l l y ne g l I g ibl e , so ttia t a l l  e n d u r a n c e - s  f o r  a

g i~~~n con f i g m i m a t  ion am)(t al u of 
a’~~t 

over this range of

mean St  m c  s sn  S c-an c c o t f l l ) inC d  and a - . e rage c a l  ues  u sed w i  t h o i i t

loss of a c c r m r  a

( i i i )  In c ga rd to si ze • t i  is u i  able- can be Sir orn d i r e - c t  I y by

p lotting ace age- values in accom -danc e- witt i (ii) above- , h u t

w i t h  d i f f r i n ~ sy m b o l s  f o r  e a c h  s u e - , t h u s : —

La rge S p e c  i c e  n s

M e d i u m  S p e c i m e n s  ~~

-~r a l 1  S p e c i m e n s  x

(iv) Paragraph ~~~~~ has shown that it is iustifiah l e to include in

t h i s  s u m m a r y  p r e s e n t a t i o n  any results for loose Fit Pin

Confi gm i r a ti r m ns , These a - c p lotted wiH r an extra ring around

each point .

Thus the following t a bl e - s and fi gures eval uate and p lot the

resulting summaries.

Summa ry Presentation s

Table -+ .9 and Fi gure -4.--4 -4 — i~~!-!LLEl) HOLE

Table 4.10 and F i gure -..-- c5 — PUSH FIT PIN — PIN i~~l 0Al)EI)~
Table -..Il and Fi gure -c . -+~~ - POSIt FIT PI N - PIi -~ L0ADE D~

Each Pres entation COV( rs:- -

Average endurance- s for Mean Stresses of 0.50. 0.40, and 0.25 
~t•

Val ues o f K~ appropriat e to the partict ilar confi g~~ ation for

three val ue - - s of d/l) ma c re l y ,  11-4 , ~~ and 1/2 .

Separate (rye-rage ) endu rance for large , Medium and Small sizes,

Fi gure 4,47 shows a comparison between the three confi gurations.

t o g e t h e r  w i t h  some- o t h e r l u t e - r e s t i n g  d a t a .

4,13 ,3 Disc ussion on Lh e - Sur~~ma ry Presentations

(I) On eac h of Fi gu res  ~c .-c -c , -, , - c m  and 4,-ctr , band wid th s of the
a v e r a g e  r e s u l t s  d i s c u sse d  above have been drawn . They cover

both the range of size s tested and the scatter of those

average results ,

K
lncluding a few Loose Fit Pins where available.

- —  - — ~~~~~~~ - i -
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Al tIme -n igh in ;e--n - a I t i m e  a c e  r a g ’  r e s u l t s  f o r  tt i e l a r g e

5 1 r ( - ç  i r a  m r s  t e -  mmd i~~ he- nearer to the I r iwe -  r l i m i t  of each

t u and . and t h o s e  f m r  t h e  sma l spec  imens t owards  the  u p p e r

l m m ) u n ( l a  ry  o f  t h e  -a r d  . l b  i s  I s ri o t  in ive rsa I I y so , and

I r e m i r e  t h e  m- , i d t  Ii of I r e  r a n d  i s  n o t  a t i c  m e a s u r e  of  s i , r -

e l l e r  t indeed it e x r u g g c i a t e s  t h e  e f f t c t . For a more

ac c u r a m -  c / t b - J a t c  of tI me - - i u m f l u e - r r r e  u m f  t h i s  . a r ia b [ e  see-

pa ra1.~ ra Irti ~ . I I

a r I m m~ in mm m d  m ire - - i.. l b  —~ ~m t i m  r o f  m d  1~ i d m i a  I m e - S O  I t s  i t

is  c o n s i r h  red 4r i~ I ~ r h i -  to u- - o i k to t i c- l owe r l i m i t  of the

b a rme l  w i n  rm mis  i m u g  I he- sc cii -~c s for des i go , or I f the mmi i dd I e

of  t i r e  b and  is r r ~~e - r I  a sui t able fac tor for scatter should

i c  app l ied .

( i i )  1-i gu re - . -+7 s t i o ws t h e  r mr pa r i son t) e tween t h e  t h r e e

confi gurations under cons ideration .

It is c l e a r  that in i C  rrn s of fat i gm ic - endm u ran cc s , the

differences be tween t h e - se t h r e e  bands , a l t h o u g h  no t

neg l i g i l ) l e , a re -  s m a l l , and i n d i v i d u a l  scai  t e e  c o u l d  r e d u c e

them to a m a r g i n a l  a m o u n t , or  even i e v c r s e  Ihem.

The use of  K ’ S i n s t e ad of  S automa ticall y include s
I a a

the effect of d/D and leaves one with a clearer picture --

of the situation as compared with tIm e discussions of

paragraphs -~ . h and ~.7.

Considering I r e -  same two l e c e - I s  of alternating stress as

be fore 
~
5
a1~~t 

0.20 and 0.0-i) and using an average

K ’ of I • 0 the- c c -  i m e - - c  ‘ n rc  K ’ S / f of 0), )) and 0, 2 -c . l ime fl
t t a t

taking mean va i m m e  s for each band w i d t h , which e lfective l y

e x c l u d e s  l n f l r r e n m e of S I / C - , a ta lule of comparat i c e

enduran ce s at t l ie - se  two I c ~r., Is c m f a 1 te rm iat . i ng sI  r ess has

been compiled .

- R e l a t i v e  E n d u r a n c e s

• Unf illed - Push Fit Pin Push F i t  P in
- a~

1 
t Hole Pin Unloaded P in Loaded

O,6() 1 .0 2.0 0.9

0,24 1 .0 - 1 .5 0.9

~, 
____________________
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l Im o s under othm rwi sc - si r - t i  la r condi tions the unloaded push fit

p in gi~ ‘ s e r m u l m i i  an c e s  of  f r o m  1 . 5 to 2,0 t ime s those for an

un f i I led h o l e  i.- it I - m I m i n ed p m i s h  f i t  p i n  g i ves  e n d u r a n c e- s

u -li i c a - mar - I o u  11 y c I or .  Ii rose for an un f i i  I ed ho I - .

‘l ime se I I ~ m m n e -  s r r e of c m i i ,  rw o n l y app  u - ox ima t e- - b u t  a re- not

S i 4 r i  f i c a n t l y a t  v , u r i m n c e  u-JLh t ir e c u rlier ones of paragraph

-n • 
t ,  t o  —i , 7 ‘ - i r e - n  one c o n s i c l e -  r s  I i1at  t i r e - -  sumnra ry l ) r e s e  n t a t i c u m r

1 +  n u I ~ t i n  e - x -  I r u i n  ~or re nI I I c  s c o t t  e - - i ,

( i i i )  A l t h m ’ r r g h co n r i m a r i s o n s n( 1 r-~ - c n t h e - -  , n s t i l t s  of  t h i s  p m r g m a r u r r e

o f  r e s e - -  r c t i  a n d  t I m  e x i s t i n g  RAe S Da ta  S h e e t s  a r e  d i s c u s s e d

e x t e n s i - c l y i n  Se c t i o n  5 m u t h i s  - e ~n o r t , i t i s  of i n t i r - e s t  a t

t i l l s  s t a g e  l i t  c o mp a r e  t h e  U s i . r suits as ‘resented on Figure 4 .4 :

with an endu rance curve derived f r o m  Data Sheet E.0 .01 , Fi gure 3

coup led with the princip les laid down in Data Sheet A.00,02~

The f i r s t  d a t a  s i r e - - c t g i v e s  a m e a n  c m m d u  r a n c e - C U  ~e f u r  B. S. L ’ 5

u n n o t c h e d  m a t e r i a l  ( i . e- . K ’ = 1 .0) and te st c- d at zero mean

s t r e s s  (S ) . l’h is crm m - .e i _s u l o t t e ’ d as C u l r ’ . I  ( 1)  on Fi g u r e  -c . - c 7 .
a u

Da ta Shee t A.00.02 give s a general  rela tionsh ip be tween S
ao 

and

K ’ S fo r  n e i t c i m e d  sp e c i m e n s , a t  a g i v e n  e n d u r a n c e  N when

sub jected to a combinatio n of mean and a l t c - cnating stresses.
F S

T h i s is K ’ S S I — ( K ’ _~~ ) m ( 1 )
t a acm I f

(for Notation see Section ~) .

lie-cause for almost the full range of Sm / f i 
= 0.20~ to 0.50 at

the valm.ies of K~ of Stage I . K ’ S
m

/ f t 
under elastic

conditions exceeds f /f , t o e - n  t i l e -  t r u e  K ’ S /f (due to
P t t m I

p lastic fl u - ,) becomes:-

S f S
K~ j~ 

= — K~ -
~
4 (Re fe renc u ira ragraph —+ . 10

cone  h i s  i on C i ) ) .

Thus equal ion ( I I I m e c m m r l ( -  S

r í S mim i
K ’ S = S I i  - (—a — K ’ —

~~
‘) J ’  ( 2 )

a an1 t 
~~ j

Assuming  f~ = 0.2
0
/0 p roo f stress = O.’~

h) (Re ference Appendix C.

paragraph C. l .2) and in = l .~+ (Reference RA e-S Data Sheet F.O’ .03).
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Equation (2) beconres

K ’ S = S [1 - (0.90 - K ’
L a  s m ) [  t i  I

t J

m i  = 

K~~~
b4 — (~ t , 9O — K ’ a ) l . 4~

J 
(3)

Equal ion C ~) g i- :es a p articular relationship be tu-jeen K
~
S
a

and S at a g iven endurance for notched material of the
ao -

t y p e  u — e u  f o r  L u -  l e s t  sp c an s .

U s i n g  t h i s  r- - I r m u t  i cr and  u S s r ’ : i n g  v a l u e s  of K~~S , va l ues

of S c o r r e s p o n d i n g  to  a comon e n d u r a n c e  have been

c alc u l : t e - d .  A c u r v e  of  K~~S p l o t t e d  a g a i n s t  N h as been

added to Fi gure —c .~~7 as  c u r v e  ( 2 ) ,  t he  v a l u e s  of N bein g

o b t a i n e d  d i r e c t l y f rom c u r v e -  ( 1 ) .

It may be noted that alternativ e- assumptions could have-

been made in regard to the choice of the values of f / f
r

and m ,

For examp le 
~~~~~~ 

could tiave been chose-ri as 0.~r75 or 0.s5 ,

and m could have been chosen as 1 .5 to 1.6. Curves (3)

and (4) on F igure ‘4.47 show the effects of these alternatives ,

thus: -

Curve (3) corresponds to both

• = 0.90 coup led with m = 1.5 and

0.575 coup led w ith m = 1 .

whilst curve (~~) corresponds to both

= 0.90 coup led with m = l . ’m and

= t .b5 coupled with m 1 .4.

Clea r ly the position s of t i-me-se curves (2, 3 and 4) are

sensi tive to the choice - of f /f and m , and ca re stiould
P t

be taken to achieve -- the most representative choice . Ove r-

estimation of the vai rue of 1 / 1 and under-estimation of
P t

the value of in both tend to g ive a conservative estimate.

Howe ver , the diff ere -n c~~ betwe eru the three curves are not

large in relation to the widths of the scatter bands of the

three confi gura t ions  shown on Fi g u re -4.47. These curves

afford a general comparison be tween the test results and

computed endurance curve s from Data Sheet E.07.OI coupled wi th

-— - -  - - - - - — — -  •-— --- — - ---~ - — — - — - — --—— —- ——-— — —— - — — -  —p..,
- 
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l)ata Sheet A.00.02. At first sight the agreement appears to be

good . il o w e \ e - r . t i n  slopes of  t t r c -  c o m p u t e d  c u r v e s  a re  l e s s

than t h a t  of  l i r e  I m o t u n d a  ry end m m rance vu yes for all three

confi gurati on s and it is c m j ns idem c- d that this is probabl y

due to the ir m f l u e - -m i -c of I re t ing.

If a factor of 1 .2 5 i s  a p p l i e d  to tin v a l u e s  of K~ fo r  t he

computed curv e- s at an enduranc e - of t0~ cycles , reducing to

1 .0 ai 10-4 cycles , t ir e-n the computed curves and the

e n d u r a n ce  c u r v e - s n e  r I vc- d from the Ic-st results all rave the

same slope . For examp le- ’ c m m rv c ( I) become s curve ( ~A)

Because the latter are- flue -an cur t- c- s the factor m f  1 . 2 5  mi g h t

be greater in some- instances, say mip to 1 .5. (For a discussion

of t h e  e x a m i n at i o n  of  f r e t t e d  s p e c i m e n s , se e- p a r a g r a p t i  -c . 1 5 ) .

‘-4 . 1 , 4 I n t e r f e r e n c e  F i t s

Summa ry Presentations , p lotting nd uu ram ices against H
’S for In le i fe r e-rice Fit

Pins ace not feasible because , as tias already been pointed c)ut , K~ for

interference fit p ins varies u-;ith tIre app lied loading. however , some re-gr o up i ng

of results is possible by combinin g at least those for S
m / f t 

= 0.50 and 0.-+0 ,

and p l rutt ing 5
a 

against N but this exercise is more convenientl y presented

in Section 5 paragraph 5.5.

4 1-c Occurrence of Failures at l ocations Other than at Min imum Cross Section

There we re a numbe r of occasion s on which this occurred and these were given

special consideration . They arc indicated in the tai)les and on the graphs by the

letters ‘-J ’ and ‘F ’.

4.14.1 ‘ 1’ — indicates Failure at t h  Jaws or Gri ps o f t ime T e s t i n g  Mach ine

This feature has been mentioned in Section 2 , paragraph 2.4.2 in respect of the

large specimens but similar failures did occur on some medium and small specimens.

I m is believed that these f a ilmmr e s n-ic e dmre primaril y to the local stress

concentrations at the gri ps ari d to  sonic e x t m r t  t h i s  was eliminated or at least

ininimised by coating the emids of the specimens with A r a ldite 1/lb in thick .

. 13 , 2 ‘ F’ — Ind ica te s  I a i l n i r e  Above or  Below t h e  h o l e  or at the Fillets

In LheS (- instances the reason s f u r  the failures wer e not imm ed iatel y obvious.

Furthe r photoelastic investi gations on sm i t e  of the  r e l e v a n t  c o n f i g u r a t i o n s  h e l ped

to cla rif y the problem and indicated that tim e -re rou n d lie small -ire -as of stress

concentration centrall y p laced on the specimen axis Just above and be low the hole .

These alone , or possibl y combined with sli ght non-homogeneity of the material

could accoun t for this type of failure . 
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Anoth er cause may i t - n e  lie-en sli ght co i -OS ion occasioned by the use of Bl ue

Ma rking Ink .

Sli ght imperfection s i rm the profil e or finish of the machining of the f i l l e t

were consider ed 10 be t i n  probable rc - m s t n l  for failures at the fillet , hut

ph mutoel a stic s t u d i e s  s t i u wed t h a t  s t r e s s  c m r n c e n t u - a t i o n s  n o t  a s s o c i a t e d  n~ith Ha

m a c h i n i n g  w e r e  some I I rtr e s pres e n t .

Non axiality of l o a d i n g  was also consider -ed as a possible cause , but in v i e w

of the  c o n s i r i e r a i m l e  care taken during assembl y of the test specimens , and the

fact ti n t some of the failures or ~g inated ri g h t  on the long itudinal axis of

the specimen , this cause was ruled out as a proba ble one ., except in isolated

cases.

Lc . 14 . 3 Photographs

Fi gtire 4
, 45 illustrates some of the se type s of failure . In the upper photo

the two left-hand ones are type- ‘.1 ’ and the ri ght-hand one is believed to be

type ‘F ’ since failure was probab l y due to a stress concentration below the

p in. Some similar specimens failed even ne -au-er to the hole . The lowe r

specimen is also type ‘F ’ hut was probabl y d u e to some local damage at the

machined edge since it is clear that the fracture commenced the re . On the

other hand it is possible tha t there -- was some small eccentricity of loading in

this case .

4.15 Occurrence of Fretting

True testing laboratories were re --quested to report on signs of evident frett ing

as and when it occurred . Initiall y it was reported that there did not appear

to  be much fretting on ttm e earl y tests (with unloaded push fit pins). Howeve r ,

a more searching review , supported by examination s under a microscope revealed

that there was fretting on many of the specimens , and to varying deg ree-s.

In order to o b t a i n  a un i f o r m  a s s e s s m e n t  of t h i s  f r e t t i n g  it was arranged that

the testing laboratories would submit typ ical sam p les in all confi guration s to

he examined independentl y by the National Eng ineering Laboratory .

The actual specimens which we t-c so examined are indicated by the addition of

(Fr) against the specimen Identification Numbe r in the Tables C.l to C.5O

of Appendix C.

For convenience , details of tlrese specimens are also presented in Table -+ .12 .

The ranges of all the variables are reasonabl y well covered and from a g lance

at the table it is clear tha t fretting to some degree was present in many

p inned confi gura t ion s , i r respec t i ve of s ize , mean stress , al ternating stress

and geome try . Pernaps it could be said that fretting was sli ght l y nore

- — — - - - - —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - —
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prevale nt at combination s of low rican and alternating stress than at the hi ghe r

si ’-ess levels , but the - evidence available is limited.

A~ ai fl . i t  is to be noted th u at Lir e samp les considered to 1€ outstanding in term s

of f - c tting m-:e -e no t  n e c e s s a r i l y those w i t h i  t h i e  lowest endut-ance for a given

s t r e s s  l e v e l .

It is convenient to discuss tir ’ findings tinder headings of Confi guration .

4.15. 1 Loose -  and P u s h  F i t  P i n s ,  t i n l o a d e d  ( I t e m s  1, 13 to 15 and 30 to i 5 )

The  spec ime n s  with l t m m m s ~ f i t  P i n s  showed  h a r d l y any f r e t t i ng  and th e  f r a c t u r e s

had commenced at the p in hole surface at 90
0 

from the a x i s  of tension .

Perhaps this freedom from fretting n-:a s in part du e -- to the protective lacquer

initiall y used on the t c st specimen , but this cannot be regarded as a serious

i n f l u e n c e .

For  the push fit pins , a l l  samp le-s examined showed some degree of fretting,

albeit not larg . The fati gm .me cracks ori g inated in the fretted areas around the

p in hole and were somer-~hat removed from the 90° position .

‘5.15 .2 l oaded Push Fit Pin (Items 5—~ and 19—21)

(a) General

The incidence of fretting on the p in-loaded specimens was more

intense than on those ri th  unloaded p ins. The great er intensity

was doubtless due to the progressive elongation of the loaded

hole , and is what one- m-i ould expect .

A nmim ’er of examp les from all three sizes of specimen were

examined in detail . The large specimens proved to be easiest

to deal with . The incidence of frettin g on the medium and small

spec imens  was some t ime s d i f f i c u l t  to determine because in a

number of these speci rr ter i s the protective lacquer inside the holes

was not always complete l y removed , as it should have been . This

was a difficul t operation on the smaller specimens , remembering

that the true hole diameter had to Lr~- maintained . The difficulty

was reso ln— ed eventuall y by machining away most of the lacquer and

then u s i n g  a so lven t .

(b) Large Specimens

A n umbe r of examp les had been no ted by Short Brothers and 1-larland

to possess areas of fretting , and it was reported that the

ori gins of failure were always in these areas.

—-~~~~~~~~~~~ --‘- ~~~~--=- -  -- ~~~~~~
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Thee - c- fmmrth e r - -p ccim ens tested at low stress levels and

identified as 21.-4 .F . ~5.2.l- , and i2 .Lc .E , (all Typ e l .B.l / 2 .

dir) = l / e -c and listed on Table C.5~ we re examined by NEL
as  a ch eck , ~e c au s e  they appeared at first not to have any

si gns  of  f r e t t i n g .  F u r t t - m e r  examination however , revealed

i r e-a n y f r u . L t i n g  at th u . ends o f a transverse diame ter of the
hole , with the rr m rjin fraciures occurring near the outer

ed ge - -s  c m f  I h i c  hand of  h e a n - i e s t  f r e t t i n g . In each  case the re

we--c f r a c t u r e s  on 1)0th sides of the hole , with several

fati gt re nuclei on a g iven specimen . Specimens 21 .4.1- and

‘2 .-i .E also had other fairl y large cracks within the

reg ions of fretting , whilst Specimens ~ - .2 .E and — +2 . 4 . 1’.

each had a band of thformation across one side of the hole

in the- fretted region , which mi ght have been due to local

indenta t ion by the pin ,perhaps at the moment of fracture- .

(c) Medium Specimens

Of the three specimens examined , one did not exhibit any

fretting. This was l~~.l1 .F. The other two (25 .6.F and

26.l2 .F) had f a t i gue cracks ori g inating from the reg ion of

fretting (more than one crack per side of specimen) . A l l

three specimens gave endurance -s near the geometric mean

value . The fretting and the cracks were somewhat removed

from the transverse diameter and towards the loaded end of

the pin hole.

( d )  Small  Spec imen s

There is no record of the examination of any small specimens

in this confi gurat ion , although a number of small specimens

did show some fratting.

-4 .15. 3 Unloaded Interference Fit Pins (Items 2-4 and 2~ -26)

All these samp les were at 0.4~ /o Interference Fii . All samp l e s  excep t ~3.9.A

had fracture ori gins at the ed ge of a fretti ng band and these fretting hands

tended t mm he at one of four symmetricall y d i sp osed Positions at about 45° to

the transverse cen t re l ine th rot r g h the hole . The fractures were be tween 30
0

and 45 0 
to the transverse centre l ine .

The exception , 13.9.A , had very l ittle fretting and the fracture was not

associa ted with it , but close to the transverse centre line . The fracture

faces were l i b e r a l l y s t r i a t e d .

- - .— . - - --*. — -— ——--- —~~~- — -



Age -u in . cl ue c ki mm g w i t im Hue relevan t i ; ul , l s and graphs , t i m e - s e  examp les of f r e t t i n g

n - -c rc not associated w i t h  one particular value of dID nor were they confined to

~ ‘ar t i cm : tar n t  r e ss 1+ - cc ! . l he - y r ruay  t h e  c fore Lie-- re-ga rded as t Y l  - a 1 ft,r min i oaded

interfe r-ence fit p ins (0.4°/ut) .

~~~~j 5 •5  Lu~ ded Interfe rence Fit Pins (Items s-l2~ 22, 23 and 2 - 2 ~

In t h i s  c o n f i g u r a t i o n  - o t h i  0 . 4
0

/0  and ( t . - -
°

/~~ l.F. p ins we rc c- ’ncr jjned , m O’;ering

L a  - ge and m c d i  urn s I ,c s i r e - c  I rr t  m i s .

As for tiru- unloaded p ios the- fr -acture s ori g inated a ’ r e - g i n u t s of fr e tt ing

sometime s at two sepa r te locations . These location s n- c- re -- at positions ranging

from 10° to ~~5
0 

tur tine t m a nsv c rse cent re t ine and on the “unloaded ” end n i  hole .

They werr some t ime s at diffe rent angles in the- same specimen . There was no

frett ing on the “la ded” end of thue m u l e , probabl y due to the hi gh contact

p r e s s u r e , r e s u l  t i n g  f r o m  tile i n t e r f e r e - n r c -  p l u s  t i r e  p in l o a d i n g ,  m i n i m i s i n g  or

p r e v e n t i n g  s l i p .

It n -a s noted that in sp ite of t i r C  h i i g i t e r  i n t e r f e r e n c e  on some spec imens  (O . - e - ’ / o )

ther c- t-ias s till some fretting. This u.-~-as somewhat cunexpect ed. On one of the

I . E . samp l e- s ( l , . 12 .C) t h e  f r a c t u r e  o r i g i n a t e d  f r o m  a f r e t t i n g  mark  on t h e -

side of l i r e - -  p lat e , rather than at the hole. This was p ro b a b l y because  of con tac t

bc tween the p late and the loading fork .

P m m , tog r a ph S

(i) Fi gure 4.49 shows a section taken through the fretted reg ion of

the- hole surface para lio l to the surface of the plate , and showing

fati gue cracks for Spec imen i - 1 . r .A , Push Fit Pin - Pin Unloaded

(Magnification x DO).

(ii) Fi gure 4.50 shows three pairs of specimen failures all at the

same load but with different relationshi p [ret ween p in and hole .

The ‘f fit p ins (0.4°/n int e r fe rence fit p ins - p in loaded) show

failure-s large l y but not entire ly one-sided , with the ori gins of

fa ilure well towards the - - unloaded c-nd of the hole (see Table

C . 1 3),

The push fit pins — pin loaded show failures of a similar nature

but eithe r at the end of the t ransverse diameter ou - even towards

the lo,e k- d end of t i w -  hale ( se-- c- Tat> I e C . 32)

The pre-stressed p in is not in the Stage 1 group of tests , but

is of in H- rest inasmuch as the pre—stressing appears to have

created a u r r o m e  uniform Stress dis t rihution which has led to

f ractures on b oti sides of the h o l e  at the ends of the t r ansve r se

diameter .
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( I I I )  Re f e r e n c e  to A p p e n d i x  C . Fi gures C.51 and C.52 shows two

f l t i  c pi lot  o g r > p h s  of multi—fati gue cracks ori ginating from a

f r e t t e d  u c g ion . ( S p e c i m e n  1 . ~.A , Tab l e  C.38). -

4.15 .b Effect of Frettin g on Enduranc e Curr:c-s

Re fe r ence  to t u e  u. ndt n - u n cu. cu r -re - s for those specimens w’uich were examined and

found to exhi b it si gnificant fmr c- ttirm g shows tha t in a numbe r of cases the

C U r ~~~C S  n- - C u e - -  q i u i t  S t e - c t -  C s  i c i ~~ l l y w h e r e .  S / f
e 

is high . This is c o n s i s t e n t

w i t h  n~h a t  one n o c u l d  x o e c l , d u e  t o  the accelerating effect of the fretting on

crack i niti — u ti o n . Once- th e - crack his sta rt ed , the remaining endurance is

short , since it depends on total stress rather than on range of stress.

The following is a list of fi gures whiC h show steep endurance curve -s

indicatin g the occrmrrence of fretting. Some are for the examp l es of Table 4.12

alread y d i sc us sed . They cover a range of confi gurations.

- S / ff - m g u r e  m t

- C. 5 0.50

C. 0.40

C. 12 0.50 and 0.40

C. 1—u 0.50 and 0.40

C. 1 0.50

C.24 0.50, 0.40 and 0.25

C .33 0.50

C ,40 0.50 . 0./+0 and 0.25

C .- -42 (Croup (a) 0.50, 0.40 and 0.25

An attemp t has been made in paragraph ~u. 1 3.3 (iii) in respect of pins WIthOUL

interference fit , and in para graphs 5.~- .2 and 5.8.3 In respect of p ins with

interference fit , to evaluate a numerical assessment of the effect of fretting.

---- ~~~~— —~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE -~.l EFFECT OF ~ll- A7~ STRESS UNFILLED HOLE ‘1

d/0 1/4 Pef. Fi gs C .l . C.19 and C.35 d/D=1/2 Ref.Figs C.13, C.29 and C.~~5

S
m / f t 

- 

0.50 0,4(1 0.25 0.15 S / f  0.50 0.40 0.25 0.15

3 01) ~i)~) 1 - 400 11) 400 Sm 
— 

34 00 27 700 17 400 10 400 
-

-alues of 5a at Values of Se at

N lO~ cycles N = l0~ cycles  
______

L 15 60() 23 000 23 500 — 21 500 22 500 25 500 —

M 21 500 23 000 - - 17 800 18 800 - -

S 21 000 20 000 - - 21 500 23 500 - -

Average 19 370 22 000 23 50( - 20 270 21 330 25 500 -
N = 3xl 04 cycles N = 3x104 cycles

L 11 000 13 600 15 r-c0O - 12 100 12 250 14 300 -
11 14 500 13 200 14 700 - 11 000 Il 900 14 000

S 13 900 13 000 16 000 — 
— 

13 300 13 300 22 000 -

Ave rage 
_____ 

13 130 13 330 15 370 — 12 130 12 480 600

= io~ cycles — _____N = 1O5 cycles 
_______

L 
- 
7 700 8_ 1O~~F9_900 - 450 7 600 8 500 10 000

9 400 8
_
200

1 
8 800 - 6 950 7 400 7 850 ~-n 500

9 800 8_ 800
1 

- 12 500 8 700 8 300 11 100 —

Ave rage 
_____ 

8 960 8_ 3~9j~_9 3Sf 12 500 
— 

7 700 7 770 9 150 9 250
N = 3x105_cycles_____ N = 3x10~ cycles 

______

L 6 100 6 700 7 800 - 5 100 5 200 6 000 9 100

M 6 300 6 200 7 000 7 000 5 000 5 200 5 200 5 500

s 7 600 6 600 - 9 800 6 500 6 200 a 250 9 700

Ave rage 
_____ 

6 500 6 500 7 400 8 400 5 530 5 530 6 150 8 100

N = 106 c y c l e s  
______ 

N = 106 cycles 
______

L 5 500 6 400 7 350 - - - 5 200 8 150

M 4 100 5 350 5 600 5 950 — - - 3 700

S 6 050 5 400 — 7 900 5 550 5 250 5 5() -4 600

Average 5 220 5 710 6 450 6 925 5 550 5 250 5 4~ 5 6 820

- N = 3x106 cycles  N = 3xl06 cycle s 
______

L 5 150 6 200 7 000 — — - 5 150 7 350

M - 4 950 5 40C 5 200 - - - -

s 5 400 4 950 - 6 700 5 100 5 000 5 200 7 800

Ave rage 5 275 5 370 6 20( 6 450 5 100 5 000 5 175 a 575

N = l6~ cycles N = lO~ cycle-s 
______

L 4 900 6 000 6 90( — - - 

— 
6 800

M - 4 700 4 95( 4 950 - - - -
S 5 000 4 I r S O  — 3 700 990 4 900 5 000 7 000

Ave rage 4 950 5 120 5 92~ 5 325 4 950 4 900 5 000 6 900

-- — 
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.2 I 1’l~ - t u b - Mt -\ P ~ l k I - s 4  Pt - -H F i t  PIN - P I N  i N L OA D E L )

d/D=1I- . Re - f ,I- ig s C.2 , C .21 a d C.F d/[)=l/2 Ref .Fi gs C.14 , C. 11) and C.4t

S / f
1 Stm m m • -.0 1 )  • 2 5  n , 15  

~~~~~ ~~ 
i t , 50 0 .40 ( 1 .2 5  n n , 1 5

8nr 
14 ho 2 1 +,  I — _ .u )m ) 10)  415) S 14 700 27 700 1 4 ( R )  10 — + 1 m m )

t a [ u a s  of  “
~~~ 

a t  V alues of Oa at

I0 y e - I c- s 
— ______ 

N = lo cycle- s

2- . 500 25 020 — — — — — —
— — — — 2 500 — — —

S — — — — 22 5( x i  22  0() — —

.-\v e -- rage 2-. Sot 25 02mm — — 22 500 22  900 — —
= 3xl(i c c c les N = 3xl04 cycles

I 1 3 ()()( 1-4 t )0( ) — — 3 3  900 15 s00 26 500 —

N 23 OO( — — — 1 —. 900 1 800 22 000 —

S 1’ Om mO 23 000 2c 500 — 15 600 14 000 22 000 —

A ve rage I ~ 000 1 ~ Sot m 2 5 m > o )  
_______ -_______ 

I b 70 14 200 3 500 —

= l0~ c c l s = 10~ cyc les  
________

L 6 5() ‘ 200 — — 6 400 100 9 000 —
M 10 950 14 950 13 9 5 h >  — 9 250 11 000 15 800 —

S 10 200 11 200 lii 000 — 10 800 13 500 lb 000 —
Average 9 200 11 120 4 9 5  9 150 10 800 13 (00 -

- 

N = 3x105 cycles 
______ ______N = 3x105 cy c l e s  

______

L 3 40(1 1 9u0 - 4 650 900 5 100 —

M 7 000 7 650 -~ 950 10 300 6 150 6 bOO - -
S - 6 900 7 350 10 7~~0 - 7 700 10 400 12 000 -

A c -c rage 5 770 o 3(X) 9 325 10 300 6 l 0  7 300 4 550 — 

N = 10
6 

cycles _____— ______N = 106 cyc les  
______

M 5 500 5 bOO 300 7 1  50 4 4 )))) — — —
S 5 300 5 700 7 -

~oo 12 900 
~ ~(X) 

‘7 ~oo ~ o0 —

Average 
_______ 

5 400 5 50 7 000 10 025 5 100 7 ~0() 8 700 —

N = 3xl 06 cycles N = 3xI06 cyc le s

L — - — - - - — -

M 5 000 5 [50 5 250 5 200 - - - -
S 

______ 

4 550 5 000 6 400 8 500 4 900 ii 000 6 600 9 300

A verage 4 775 5 075 5 025 6 s5o m)o0 c- 000 0 600 9 300

_________ 

N_-
=_ 10~ cy cles N = 10’ cyc les

L — - — — — - — —

M — — ~ 750 3 -450 — — — —
s - - 5 550 6 350 - .-. 600 e--. 950 6 804)

Ave rage — — 5 150 5 1 50 — .-~ 600 4 950 6 8(X)

~—- ,—..—~~-~~~~~-— _____ _____.- —— —-—--—- — -- - —i  - --—-———-—- —
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I A B I i- -+ . I- H- - u ~1 01 Ml -\ \  1 R I -  5 PUSH F IT PIN — PIN IOA1JEL)

d/ [)=t/4 bie - f .h~i gs C. 5 . C . 2 - +  and C.40 d/D 1/2 Ref .Figs C.l6, C .32 and C~-.-~
S
m / I

t 0.50 0.-to 0.25 o.15 S / f  0.50~~~o,4O 0.25 0,15
14 ‘(>0) 2 7  700 17 +0() 10 400 S 34 7~~~ 27 700 17 400 10 400

s of a t  ~a1ues of a at

it t 4 c ycl e s 
______— ______ 

N = lO~ c y c l e s  
_______

I. 9 ~~~~~ 
a 500 1 1 000 14 500 17 500 20 (>00 25 000 —

N 1 1 100 12 —.i mu 14 000 — 23 500 24 900 2S 000 —

s 1 7 ~oo 22 ~uo 2 000 — 

— 
l~ 700 — 23 000 —

A - c - rage - 12 800 14 230 lo 100 14 50() 19 900 22 -.50) 24 300 —

N 3x104 cycles 
______ ______ 

N = 3xl04_cycles

1. 5 000 — 6 900 8 500 8 250 8 650 11 250 —

M 6 600 7 500 M 400 — 14 700 15 300 15 900 —
S 7 400 4 9(X) 11 900 9 300 12 000 - 17 000 -

A ve rage 
______ 

6 300 8 200 ~ 930 4 900 Il 650 11 975 14 720 —

N = l0~_ c y c l e s  
______ ______ 

N = 10~ cycles

L - - 300 5 300 5 250 5 400 6 400 -
M 3 750 4 300 5 400 - 8 800 9 250 9 750 12 900

S 4 500 5 100 7 000 5 700 8 250 14 200 12 400 10 400

Ave rage 4 125 700 5 570 5 500 7 430 9 620 9 520 11 650

_________ 
N = 3x105 cycles 

______ ______ 
N = 3xl05 cyc les

L - - 3 400 3 700 4 600 4 00 5 100 -
M - - - 5 800 6 000 6 800 8 700

S 4 300 4 300 5 100 100 6 200 8 700 9 100 7 400

A ve rage 
_____ 

4 300 4 300 4 250 3 9 (X) 5 530 6 470 7 000 8 050
6 6N = 10 cycles 

______ ______ 
N = 10 cyc les  

______

L — — — - — - — —
- - - 4 800 4 900 5 200 6 150

S - - - - 4 900 6 200 6 700 5 000

— — — — ~5() 5 550 5 950 5 575

= 3xl(f cycle - - s 
______ ______ 

N =_ 3x 106
_ cy c l e s

______

L — — - - - — - —

M - - - - - - - 4 800

S - - - - — 5 [O0 5 300 3 800

A v e r a g e  - - - - - 5 100 5 300 4 300

N = lO~_ c y c l e s  
______ ______ N = 10~ cyc les  

______

I - - - - — - - -
M - - - - - - - 4 0 00

S - - - - - - - 3 2 5 0

Average - - - — - - - 3 625

- - ‘_  - ~‘ —‘ — — — ----
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-
-
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FABI  F -+ .~~~ h - l I L t  h OF ME AN STRFa~
U.4~ /o 1511 - 8 11 PI N t I FIT PIN - t I N  UNLOADED

d/D=l/ 4 Ref .1- i gs (1 .3 , C.22 and C. 14 d/D=1/2 Ref .Fi gs C.1~~, C.31 and C.47

S
m / f t 0,50 ~~~~~~40 0.25 0,15 

~m~~~t 
0,50 0.40 0.25 0,15

S~,1 ~ -9 700 27 7i )O 1 7 4h 14) 10 400 S 34 700 27 700 1 7 4(X) 10 400
Va lues of b at Va l ues of Sa at

N = [0~ cy cles N = jC) ~ cycles

L — - — — — - - —

M - - - - - - - -

S - - - - - — - -

Ave rage - - - - - - -

N = 3x 1O~ rye l o s N 3xl04 cycles

L 18 000 26 500 — — — — 
—

M 15 000 20) 000 — — — — — —

S 21 000 - - - 
— - - -

Ave rage 
_____ 

18 000 23 250 - - 
- — -

_________ 
N = lO~ c d e s  

______ ______ 

N = 1O~ cyc le s
L 10 000 15 200 - - - - - -
M 8 400 9 700 2 1 n~O() - 15 600 17 400 - —

S 12 000 17 000 20 000 - 20 000 - - -

Average 10 1 30 13 970 20 800 
- 

- 1 7 800 1 7 400 - -

N = 3 x 10~ cy c les 
______ 

N = 3 x i~~_cycles
L 6 150 9 150 17 900 — Il 200 16 600 — —

M 5 600 0 550 12 500 — 11 700 14 200 — —

- 
S 8 000 10 600 12 ‘00 - 15 600 - - -

Average o 580 ~ 770 14 3 ’ ( b  - 
_______ 

12 830 15 4~~ _______ 

-

— 

N = 106 cycles 
______ ______ 

N = lo t 
cyc les ——L 4 600~ 5 750 13 800 - ~~~~~tl2_

700 - -

M 4_200]~~5_600 8 100 - 

~_
6
~~

j1i_ 550 - -

S 5 700 7 1 50 —s 400 - 12 400 - - -
Average 

_____ 

4_830~~~6_ 170 10 100 - 9 470 12 125 - -
N = 3x106 cycle s N = 3x 106 cyc l e s

L — 5 150 10 9(X) — 5 8(X) 11 (XX) 
— 

— —

M — 5 100 u-u 900 — t 600 9 500 - —
S 

_____ 

4 700 5 700 6 600 - 10 000 - - -
Average 4 700 5 120 130 — 7 70 10 250 - -

7 7N 10 cy c les  
_____ _____ 

N = 10 cycles 
_____

I - ‘. 700 9 100 - 4 900 10 200 - -
H 

_______ 

5 150 6 300 — 5 30() 7 7(X) — —
S — 4 9 5 0 5 600 - 8 000 - - -

Average - 4 930 7 000 - 6 070 8 950 - -

-:1- 

- 

~~~~~~~ 

—

~~~~~ - 

— -
~:. ~~~~~~~~~~~~~~ 

- -

~~~
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TABLE 4.5 l- I H- T ((F MEAN STRESS

t).4°/o INIERFERENC E FIT PIN - PIN LOADED

d/D 1/4 Ref .Fi gs C.o , C,25 and C.4 1 d/D 1/7 Re f.Figs C. 17, C,33 and C.4~
S
m / f t 0.50 0,40 0.25 0.15 

~m~~ t 
0.50 0.40 0,25 0.15

S 
~ 700 27 700 17 400 10 400 S 34 700 27_ 7~~~ 17_400 10 400

\alues of 5a at V a lues  of S~ at
N = 1O~ cyc l e s  N = iø~ cycles 

______

10 900 11 900 1k 400 - - - - -
M 11 000 12 600 15 000 — — — — —

5 13 900 lo 700 22 000 - — — — —

Average 11 930 13 730 18 470 - - - -

N = 3x104 cyc l e s  
______ ______ 

N = 3x104 cycles

150 6_ 500 110_900 12 800 — — — —

M 6 350 7 700 9 500 — 16 50( 18 300 — -

s 7 900 9_400 112_ 600 — 16 00C 21 000 — -

Average 6 800 
- 

7 000 12 800 16 250 19 650 - -

N = 10~ cycles  N = 10~ cycles 
______

L 3 400 3 550 6 100 6 600 5 000 - - -

M 3 500 4 500 5 800 9 500 8 400 11 900 - -
S 5 250 5 900 8 000 8 800 9 500 15 200 - -

Average 4 050 4 650 6 630 8 300 7 630 13 550 - -

N = 3x105 cycles  
______ ______ 

N =_3x10S_cycles
L - - 3 650 11 000 — 16 500 - -
M - - 3 700 7 000 4 550 8 000 22 000 -

— 
s 

— 
4 300 4 600 6 000 6 000 6 000 11 700 - -

Average 4 300 4 600 4 450 8 000 5 275 12 100 22 000 -

6 6N = 10__cycles  
______ ______ 

N = 10 cycles 
______

L - - - M 500 - 8 800 i9 ooo -

M — — — 5 150 — 5 150 17 700 —
S - - 5 100 3 900 - 8 500 23 000 -

Average - - 5 100 5 850 - 7 480 19 900 -
N = 3x106 cycles - N = 3x106 cycles

L — I — — 6 500 — 5 200 13 600 —
M - I - - 4 200 - - 14 300 -
S - - 4 700 4 000 - 6 700 16 600 -

Average - ‘[ - 4 700 4 900 - 5 950 14 830 —

N = io~ cyc l e s  
______ 

N = 10’ cycles 
______

I - - - 5 200 - - 9 500 -
M — - — 3 700 — - 11. 500 —

S - - 4 500 - - 5 400 12 200 -
Averag e - - 4 500 4 450 - 5 400 11 070 -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE 4. 12 SPEC INL-Ns I-\A ’-I1 ~:L 1) I-OR FRE’I ’l i N C  R I  N E L

Item Identification Configuration
s 

Si z e  Type d/D ~_c/~~ +S/f~ Ref. la 3le

L IA 1/2 1/4 Q.c-i0 0.225  C .2

2 33 . ~~~~~ ~~ . 1~ /()J I P 1  
— 

L IA  1/2 1/4 0.50 0.225 C. 3
3 i;.9.\ u .4°/oIF— P U L IA 1/2 1/4 o.~+o 0.10 c.3

4 3’~. 3,B 0.40/o Il _ I d 
— 

L IA 1/2 1/4 0.25 0.15 C .3
5 2 1 .—~.F PFP—PL L IB/1/2 1/4 0.25 0.05 C.5
6 3R .2.E PFP—PL L lB 1/2 1/4 0.20 0.10 C,5

7 L+ 2 4 ,E PFP-PL L lB 1/2 1/4 0 .20 0,05 C.5

3.6.E 0.4~/oIF—PL L lB 1/2 1/4 0.25 0.15 C.6(a)
9 ‘4 3.S,E 0.4°/oIF— PL L lB 1/2 1/4 0 .25 0.0 5  C . h ( a )
10 20.9,G 0.4°/oIF—PL L 18 1/2 1/4 0.15 0~ ()5 C.(c(a)

11 1T ,4,A 0,8°/oIF—PL L IDI 1/2 0 .50 0.225 c.18
12 1 6.12.C 0.~ °/oIF—p !. L IDI 1/2 0 .50 0.10 C.18

13 23.16 .C LFP—PU N-i 2A 5/16 1/4 0.50 0.225  C .20
14 29.15.B LFP PIC M 2A 5/1 6 1/4 0 .40 0,075 C.20
15 30.10.C LFP—PIJ N 2A 5/16 1/4 0.25 U~0 5  C.20
16 22.13 .D PFP—PtI M 2A 5/1 6 1/4 0 .50 0.225  C .21
17 24.6.B PFP—PU N 2A 5/16 1/4 0.50 0.0 5  C.2l
18 30.3.E PFP—PI J N 2A 5/16 1/4 0.25 0.075 C.21
19 l8.11 .F PFP-P 1 H 2B 5/16 1/4 0,50 0.225 c.24
20 25.6.F PFP PI N 2B 5/16 1/4 0,40 0.075 C.24

21 26.12.F PFP-PL N 28 5/16 1/4 0.25 0,075 C.24
22 26.1.F 0.8°/oIF—PL N 2B 5/16 1f-+ 0 , 25 0.15 c.26

23  26 .18.F 0.8°/oIF—PL N 2B 5/1 6 1/4 0,25 0,075 C,26

24 - 4.18.B 0.4°/oIF—PU N 2C 5/ 5  1/2 ).50 0.225 C.31
25 5.1.C 0.4°/oIF-pIi C.I 2C 5/~ 1/ 2  ~~~~ 

0.225 C.31
26 5.2.0 0.4°/oIF—Pt! N 2C 5/8 1/2 0,40 0.10 C.31 c- -’

27 16. 14.E 0.4°/oIF—PL N 2D 5/8 1/2 0,50 0,2 2 5  C .33
28 17.7.C 0,4°/oIF’-PI. M 2D 5 /5  1/2  ).40 0.10 C.33

29 17.10.A 0.4°/oIF—PL N 2D 5/8 1/2 ),25 0.225 C.33
30 1 .4.C LFP_ PI 4A 1 3/16 1/4 0.50 0.225 C.36

31 2 .6.1 LFP—H S 4A 1 3/lb 1/4 3 ,40 0.10 C.3b

32 3.13 .1 L F P — P I I S 4A 1 3/1 6 1/ 4  0 .25 0 .0 5  C . 36
33 1.19 .1 PFP— PI S 4A 3/1(’ 1/4 0.50 0.225 C.3

34 2.9.1 PFF— Pt I S 4A ~/ 16  1/~- 3.25 0.075 C. 3

35 2.22 .H PFP-PU S 4A 3/ i t  1/ cC. 340 0.0~ 5 C .3

PFP— PU - Push Fit Pin - Pin Unloaded

0.4°/oIF—PU - 0.L+°/o In terference Fit Pin — Pin Loaded

PFP—PL - Push Fit Pin - Pin I~oaded
0.4°/oIF—P 1. - O.—~°/o Tnterf e rence Fit Pin — Pin I -oa de d
0,80/oIF—P1- — 0 .M°/o Int erl renc 4- Fit Pin — Pin l oaded
LFP—PU — ~os~ L i I Fin — Pjn Hn I ad d

—--_ _ _- - -  —
-— - - - -~ - 

- - ‘.: •1
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SECTION 5 COMPARISONS WIll! RELEVANT RAe S DATA Sh EETS

5, 1 ! nt i - o d u ct i o n

‘ I lu-  l- z i l l ;uei “+ t i h - se r ies of the Royal Aeronaut ical  Society Data Sheets contains

a numbc r of sheets dealing with endurance of aluminium alloy structures or

det ail members arid with the prediction of endurances from basic test data .

Some of the se data shee ts have already been mentioned , bu t all those which are

relevant to this research programme are listed below,

P.02,01 Endurance of complete wings and tail p lanes (bend ing and

end load )
p o ~~Ol Endurance of structural joints

E.05.O 4 Endurance of lugs without interference fits (superseded By Item “lo . 2020)

E,05,04 Endurance of lugs with interference fits

E,07,Ol Endurance of unclad aluminium alloys (in bending)

E.07,02 otes supplementary to P.07.01

P.07.03 The effect of mean stress on endurance

All tOt- 4lhove are app licable -to aluminium alloys and are for tensile loading

unless stated otherwise . All were based on data from sources other than the

Bolted Joint ratigue Researc h , but E,05.03 and E.05.04 include some of the earl y
i€- s u l t s of thiS research .

A.OO.Ul Ihe effect of mean stress on fatigue strength (plain

L s t  pie ce)

A .OO.02 The effect of mean stress on fatigue strength (test

p icc e ~.jith stress concentration) 
- .

A,O5~O2 ‘roe estimation of endurance of pin joints (from basic

t.rst data)

0 
The first N o  of these data sheets are based on the work of Gunn - see Re ference 9,

The las - one i s based on the pho toe las t ic wo rk by Jessop, Snell and Flolis ter - see

References 2 to 5 inclusive , bu t was modified in May 1965 as a result of the early

results of the Bolted Joint Fatigue Research and of work by Cox and Brown - see

Re ference -~3 .

These data s h ce + -s  have been in use for some years and the comp le tion of Stage 1 of

th ( Bol ted Joint Fati gue Res ea rc h has enabled them to be exam ined in the light of

the results of this research , Indeed , one of the reasons for the research was to

— _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  — 
~~~~~~~~~~~~~~~~ ~~~~~~~~~
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1 1 3

pro \  k n l * * I  m i  , I ’ H a t  ion upon w h i c h  t o  base such cnecks , lead ing wher e

ne , & s s - ~ -v  t o  i c  I, I s i on  ** 1 t i e  dat a sh e e t s  , or even to toe issue of new ones.

h a t  a S~ I f  1 t I ,( )  , 1) ~- I f i r s t of  t I C - cc o be re v i  sed and i t is now

s * I ’( t s€ - d & d  I * \  I la la l t c - i ’  2 1I2II i I i i *  Ii M c l rpor~~t e S  t h e  r e l e v a n t r e s u l t s  of th e

I ; o l t t - d J o i n t  I - a t  i~~ue 1 .-~ - a i C h , ‘.& ~~t r U l e  l c s s  a com par ison ~e~~~4een  t he o l d  d a t a

5 11 ( 1 - t a n d  I h e il St n I - a - Ii  s St  i i  1 of  in I c  ( - s t  , se-c  pa:a~ r a p h

T h u s  t h e  f o l  1( 1 . i f l~~ pa ra~~r a p h s  ~ev ( c i -  a l l  data sheet in the li ght of the

r e - s t i l t s  o f  t h e  ‘r e s 1- :~ t r e s e a  I .

5 .2 D a t a  S h ee t  l - .1t ~’ ,O1 — E n I 4 I I r a I I & - f  (~omp leN - f l i n g s  and T a l i p l a n e s

( s e e  F i ~~u r c  1 . 1)

In c o m p a r i n g  t t i t -  r e s u l t s  o f  t h e  p r e sen t  r - s e ar c h  w i t h  t h i s  data sheet it must

he rememb er-d that toe basis of tt i c data sheet is full scale fati gue testing

on airc raft structur e s desi gned in the early I9-~+0’s. Both desi gn knowled ge and

testing techn i ques h a v e  impro ved conside rably since those days and therefo re

one mi ght expect somewha t bet ter performance from modern desi gns. Again the

failures concerned would cove r a wide range of details and the re fore of

values , and this is reflected in the considerable scatter reported in the notes

on the data sheeL ,

Pe rhaps the most useful comparison is to p lot Fi gu re 3 of Da ta Sheet E .02.Ol and

F c gurc- .. . i~ (Push Fit Pin - Pin Loaded , ave rage a l l  sizes , d/D = l/4)on the

same d i a g r am , and this is presented on Fi gure 5.1 . The choice of F igure 4.38

gives the most severe of the average results of the three configurations

tested (excluding interfe rence fit pins) combined with the hi ghest stress

concent.ration fac tor for the push fit p ins. 
-

The bolted join t specimen results a r c  generall y favourable relative to the data

sheet curves , for a given endurance , particularl y at N = I0
4 

cycles. Howeve r ,

if instead of p lotting average results for all three sizes of specimen , onl y

the large specimen results are p lo tted (see Table 4. 1 , dID = 1/4) then these

alternative bolted joint curves are generall y somewhat less favourable t han the

data sheet curves ,

One exception to tt~cse conclusion s is for the endurance of 3 x lO~ cyc l e s  and

mean stresses less than S = O,l~ f~~. He re the bolted joint curve falls
m

si gn i f i can t l y below the data sheet curve , hut it must be remembered that this

part of the curve is not for true t s t  val u es, but is assessed from

1)ata Sheet E.07.Ol , Figure 3 (see Table 4.6) and should therefore be regarded

wi th caution .

From the foregoing, it is concluded tha t the existing curve s of Data Sheet

E,02,01 are still reasonable for initial desi gn purposes .

~~~~~I 
~~~~~~~~~~~~~~~~~~~~~~~~~ 
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5,3 Data Sheet E.05,Ol - E n d u r a n c e  of S t r u c t u r a l  Jo in ts

(see Figure 5.2 )

Like the preceding one , this data sheet represents early des igns of join ts in a
numbe r of diffe rent aluminium alloys in current use , dur ing and immedia tely
following the Second World War , It covers a range of multi p le bol ted join ts of
various qualities of fit (excluding interfe rence fits) and a smaLl range of mean

stress from 0.13 
~t 

to 0,22 
~t 

The size of the joints was probably wi thin the
same size range of the present research since many were for main spar joints.

The data sheet presents three curves:—

A the mean of all joint results

B the upper limit , representing the best practice at the

per iod conce rned
and C the lowe r limit , representing those cases where no

special attention was paid to fati gue .

The range of mean s tress cover ed by the da ta sheet res u l ts is small and of low
absolu te magnitude and so it is appropriate to compare these results with those

f or S
m / f t 

0,25 to 0.15 in the Bolted Joint Fati gue Resea rch pr og ramme -
combined to give one set of curves.

The compatib’e configuration is Push Fit Pin - Pin Loaded , al though of course
some bolts in the joints were loaded by a combina tion of p in and p la te load ing.

Since the values for the joints of the data sheet are not known (and

variable) one cannot p lo t K~S .  Howeve r , i t is poss ib le  to sh ow the e f f e c t of
K~ by grouping the B.J.F,R. res u l ts acco rding to d/ D . The re a re ins u f f i c ien t

results at d/D = 3/8 to g ive a ba nd and so the re is bu t a s imp le li ne — for
la rge spe cimens onl y. Size of specimen and d/D are indicated by a special  key
and for d/D = 1/4 and 1/2 band widths are presented. The comp?rison is

presen ted on Fi gure 5,2 , and is most encouraging. The s ing le l ine for  d/D  = 3/ 8
vir tually coincides with the mean line A of the Data Sheet , the band for

d/D = 1/4 lies ad jacent to , bu t almost entire ly on the lower side of this mean

l ine , and the band width for d/D = 1/2 lies symmetricall y abou t the uppe r l imi t
line B.

In general , comparing the full hand of the B.J.F.R . resul ts with the full band

wid th of the data sheet joints, the B ,J.F.R. results appear to be more

favourable , and th is in sp ite of the fact that the ciata sheet joints had

ti gh tened bol ts  and the B.J.F,R. join ts were made with p ins only , and no

clamp ing of the plates.

Howeve r , it must be remembered tha t the plotted points from the current research

are mean results and are ave raged for a small range of comparative ly low values

L_ _ _ _ _ _ _ _ _ _ _  - 

- 
- 
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of S / f
r , 

so that in reality there will be some additional scatter of

individual resul ts. In pas sing it may be noted that if the results for

S / f  = 0.40 and 0.50 ~-;e re included , the B.J.F.R. results would be somewhatm t

lowe r , but not undul y so. Fo r r e fe rence , these tes t resul ts were taken from
Appe ndix C , Tables C,5 , C,ll , C.16 , C.24 , C,32 , C.40 and C.48.

5.-a Data Sheet E.05.03 - Endurance of Lugs without Interference Fits
k

(See Fi gu re s 5 . 3,  5 , -a , 5 .5 and 5 .6)

Although this data sheet covers lugs in more than one type of aluminium alloy ,

no significan t influence of choice of alloy was evident . Otherwise the range
of the impo rtan t v a r i a b l e s  cove red was s imi lar  to tha t used for the Bol ted

Join t Fatigue Resea rch. That is for pin diame ter , ra tio of d/ D , ratio of

LID , range of mean st ress and degr ee of f i t. In fact the ratio of L/D

ex tended up to 1.0 compared wi th 0.5 for the B.J,F,R, and the degree of fit

covered by the tes t specimens of the da ta shee t was no t qui te so consisten t

as for the B.J.F.R. In regard to mean stress range , that for the data sheet

was slightly lower than that for the B.J,F,R.

Combined data have already been evalua ted for  the B.J.F.R. for the range

S / f e 
= 0.25 to 0.50 (see Section 4, Table 4.11 — push f i t pin - pin loaded)

and these will be used for the comparisons.

For cla rity each of three values of d/D will be compared on a separate graph;

the difference between the three values of d/D of the B.J.F.R. and those of

the data sheet are considered virtuall y neg li gible. Size of specimen is

indica ted by separate symbols as before ,

Figure s 5,3, 5,4 and 5. 5 show these comparisons wi th  the three band widths of

data sheet E,05.O3. Figure 5.4 has onl y a sing le line for d/D = 3/8 because

onl y large specimens were tes ted in this confi gura tion. Be ing large specimens ,

this l ine may be regarded as the lower limit of a band,

In all three cases the lower limits of the band widths shown are in fair

agreemen t wi th one ano ther , bu t the B.J .F .R. limi ts are curves , compared wi th

the straight lines of the data sheet , and are somewhat steeper at low

endurances. The increased slope s are probably due to fretting.

The upper l imits for d/D = 1/4 and 1/2 of the B .J . F.R . are also curve s and

somewhat below those of the data sheet, If the results for Sm/ft 
= 0.15 of

the B.J.F.R. had been included in the comparison the upper curves would have

been slightly higher but not sufficiently so to reach the data sheet upper

• 1Thi. data sheet is now superseded by Data Item 72020, but for consistency

the teat results will be compared with firstl y the old data sheets and

secondly the new Data Item . 
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limits. This can be seen by compa ring the upper curves of these three figures

wi th those of Fi gure  5 , 2 which  are  drawn for  Sm/ f t = 0.25 to 0.15.

Never the less , the agreemen t between th c  present  test  r e su l t s  and Da ta Sheet
E.O5.03 is good , and if the full scatter of results were to be included the

B.J.F.R. bands would be somewhat wider .

The full scatte r of results has in fact been plotted successfully, but the

presenta t ion on a smal l  sheet  of the size used in this report is apt to be a

little confusing , and so i t  has been omitted in favour of the clearer “Summary

Presentation ” curve s , using the data from Table 4.11 of Section 4.

Data Sheet E.05.03 has now been revised and improved by combining all the latest

results from this research programme with those already used and is now available

as Data Item 72020 “Endurance of Alumi nium Alloy Lugs with Push Fit Pins

(Tensile Mean Stress)”. Figure 4 of this  new Data Item presents a sussnary of all

the’ data available for large , medium and small specimens of material with the

ratio 0.85 to 0.91 , and there fore incorporate s the appropriate results

from the Bolted Joint Fatigue Research . Thus one would expect to f ind good

agreement between the two , and this is shown to be so by p lo tt ing Fi gure 4 of
Data It~~ 72020 and Fi gure 4,46 of this report on the same graph. This is given

on Figure 5.6,

5.5 Data Sheet E.05.04 - Endurance of Lu&s with Interference Fits

(See Figures 5.7, 5. 8 and 5. 9)

Here the range of data is similar to that for lugs without interference fits ,

except that the re is less information at the lower values of mean stress, More

than one degree of interfe rence fit is involved.

Al though the effect of mean stress is more marked for interference fit pins than

for push fit pins , this is not excessively eviden t if the pins are loaded , and in

any case the number of Bolted Joint Fati gue Resea rch resul ts at 
~m

”
~ t = 0.15 is

very small. Therefore in the interests of simp lification the comparison has been

made for the range Sm/ft 
= 0.25 to 0.50 , using average value s for this range .

The same three values of d/D are examined as before , together with segregation

of the three specimen sizes, and the basic endurances are obtained from the

appropriate tables in Appendix C as indicated in Tables 5.1 to 5.2.

Ta b le 5,1 gives the derived mean endurances for 0.40/0 interfe rence fit pin -

pin loaded and

Tab le~~~~ gives similar information for 0.8°/o inte rference fit pin - pin loaded.

The results are plotted on Figures 5 .7 , 5.8 and 5.9 covering d/D ~ 1/4 , 3/8 and
1/2 respective ly , and are compared with the approximate ly equa l d/D ratios of

Da ta Sheet E.05,04.
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Considering the se three fi gures , the conclusions are similar to those for

push fit pin lugs , name ly that the results for the Bolted Joint Fatigue

Resea rch f a l l  la rge ly wi thin the corresponding band widths of the Data Sheet

E.05.04 and that the agreement is even bette r if the full scatter of results

is p lotted. There is howeve r more scatter for the interference fit pin

results than for the push fit pin results , at d/D = 1/2. Also the size effect

is not so conventional as with push fit p ins. These features are partl y due

to the hi gh endurances achieved , and to the greate r number of unbroken

specimens. Curves for the test results at d/D = 1/2 have therefore been

omitted but the results are p lo tted.

In Sec t ion 4, pa ragraph 4,15.h re ference has been made to the fact that

fretting tends to steepen the slope of the endurance curves , and Table 4.12 -

gives de tails of some specimens on which fretting was studied in detail . Some

of the results p lotted on Fi gu re 5.9 are for these fretted specimens , notably

i tems 8.9, 11 , 12 , 27 , 28 and 29 of Table 4.12 (see also paragraphs 5.8.2 and

5.8. 3).

As in the case of E.05.03, it is considered that E.05.04 would be improved if

all the Bolted Joint Fatigue Research were to be combined with the present

da ta to produce a revised data sheet for interference fit p in join ts.

5,6 Data Sheet E.07~0l - Endurance of  Unclad Aluminium Alloys and

Data Sheet E.07.02 - Supplementary Notes to E.07.01

The first of these two data sheets presents basic fatigue test data in bend ing

for a range of aluminium alloys. Figure 3 of the data shee t covers L 65

material which is basically the same material as used for the sheet specimens

of the presen t research (1 71). The mean curve of Fi gure 3 has been used in p

paragraph 4.13.3 sub-paragraph (iii) to introduce a comparison be tween this

da ta sheet and the Bolted Joint Fatigue Resea rch results. The comparison is

discussed furthe r in paragraph 5.7.

Data Sheet E.07,02 qualified the applicability of D.S. E.07.0l in respect

of fatigue strengths in bending and under axial loading; and in respect of

quality of surface fin ish , which in the case of the Bolted Join t Fatigue

Research was “as rolled ”. In Stage 2 of this research a Supplementary

Investigation (No.5) has been insti gated in order to provide some data on

the latter aspect.

— — --—-- — —- - __-__ __,_--—- 
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5,7 Data Sheet E.07.03 - The Effect of Mean Stress on Endurance and
Data Sheets A ,00.Ol and A.00.02 - The Effect of Mean Stress on

Plain and No tched Specimens Respectively

Data Shee t A.00.01 presen ts and d is cusses  a bas ic re la tionship between mean
s tress S , alte rnating stress S in the presence of S , and S them a m ao
comp lementary alte rnating stress for the same endurance at zero mean stress.

Data Sheet A.00.02 extends this anal yti cal approach from plain to notched

specimens based on the express-ion :

s i  s i
= ~~.a Ii - (K ’ . 

rn
)m I

a K ’ t L  
t f~~j

and postulates the effect on Sm 
of p lastic y ielding at the root of the notch ,

leading to: -

S , = K’ S when S , + K ’ S < f
m t m  a t m  p

and S , = f - S , when S , + K ’ S ~~~fm p a a t m p ’

(For notation see Section 3, and de ri va t ion , refe rence 9 of this report).

Data Sheet E.07.03 app lies this analy tical approach to the basic fatigue test

data for plain specimens as pre sented in E.07.Ol , and produces three families
of endurance curves for a range of values of S

m / f t
p covering three values of

the parame ter “m” name ly 1.0, 1.2 and 1.4.

The data may then be used for both p lain and notched specimens , if the

appropriate value of K’t is included .

These data have already been used in Section 4, paragraph 4.13.3 (iii) for a

comparison with the Summary Presenta ti ons of Se cti on 4 and have led to reasonably

good agreement between the Bolted Joint Fati gue Research and these data sheets

where m = 1.4 to 1 .6 coup led with the appropriate choice of value of

and provided that some allowance for fretting is made (see paragraph 4.13.3(iii)).

5,8 Data Sheet A.05,02 - Es t ima tion of Endu rance of Pin Joints
(See Figure s 5.10, 5.11 , 5,12 and 5.13)

5.8.1 General 
-

The comparisons made here are with Issue 2 of this data sheet , derived as noted
in paragraph 5.1. The da ta sheet is somewha t complex , and is based on the

assumption tha t the endurance of a joint is determined by the valu€s of the

maximum shear stresse s at the hole boundary corresponding to the maximum and

minimum applied stresse s of the fati gue cycle .

- 
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The data sheet outline s a method evaluating these maximum shear stresses due

to the combined effects of interference fit (if any) , load app lied via the

p in at the section under investi gation and load passing through the plate

but no t app l i ed  via  the p in.

The stresses so de termined are then used to calculate an equivalent stress

cycle on a s imp le specimen for which fatigue tes t  endurances are available ,

e.g. a plain unnotched specimen or a single pin joint without interference.

The c u r v e s  in this data sheet we re originally based on the resul ts of

p h o t o e l a s t i c  i n v e s ti g a t i o n s , and are the re fore s t r i c t ly val id only fo r

elastic strains, and the use of the da ta shee t for value s of q~ much in

excess o f 0.7 f is no t recommended.
p

An assumption imp licit in the evaluation of endurance by k.05.02 is that

fretting is equall y damaging whether the joint has push fit or interference

fit pins, In general fre tting in the presence of an interference fi t pin

would be less damaging.

In orde r to compare this data sheet wi th the results of Stage 1 of the Bolted

Join t Fatigue Research , appropriate predictions will be made via the data

sheet , for the endurances for 0.4
0/0 and if valid for 0,8

0/0 interference

fit pin joints (unloaded and loaded) covering the range of mean stress

involved , by using the plain specimen data of E,07.03 for prediction s by

Method (a) of A.05.02 and the Bolted Joint Fatigue Research results for push

fit pins for Method (b) of A.05.02. Howeve r , for a number of combinations

of interference fit and stress leve l the value of q ’ will be in excess of

the limit noted above and will there fore be omitted , or if the comparison

is included , the text and the appropriate Figures will be annotated 
p

accordingly.

Because these prediction s are sensitive to the choice of f and m , it
p p

has been decided to compare specific combinations of d/D and Sm/ft~
Reasonable coverage will be provided by the following:

dID = 1/4 and 1/2 and for each of these , Sm/ f t = 0.50 and 0.25
will be considered.

The successive steps of the calculation follow those given in the example of

Issue 2 of the data sheet A.05.02, and therefore only the results are given

in this report.

~ 
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No~~

In all these predictions t h e  a s i c  clation shi p of l)ata Sheet A.00.02 (Reference 9)

is implied , v ia Da ta ~-h cet 1.07.03 , name ly —

I
K’ S = s I i  - (K ’ .t a  ao t f

t

togethe r w i t h  the  a s s u m p t i o n  t h a t -

S , K’ S ~- hen S , f K’ S < Im t m  a t m  p

and S , = f~ - S , when S~~ + K’~~S ~.

Also that f
~ 

= h9 40() lj)/in and f = ~ ()  500 lb / i n 2

giving = 0,E~75 coup l ed with m = 1 ,4.

(Reference paragraph -~.l3 .3 (ii i )) .

5.8.2 0.4°/o Interference Fit Pin - Pin Unloaded (See Figures5.l0 and 5.11)

In this group , the combination of d/1) l/-~ and S
m / f t 0.50 leads to

values of q ’ ranging f rom O.k f~ to 1.0 f~ and there fore comparisons for this
combination are not expected to be strictl y valid. However the resulting

predictions have been included for general information, since they are only

slightly - in excess of the test results at high endurances .

Predictions are made by Method (a) of A .05,02 using Data Sheet E.07.03 Figure 3 ,

and by Method (b) using the summarised test  data of Figure ,45 of this report ,

pusn fit pins ,  p in unloaded — mea n cu rve .

The prediction s are then compared with the a p p r o p r i a t e  mean endurance  curve s for

the tested specimens wi th 0.4
0/0 inte r fe rence fi t pins p in unloaded, as given in

Append ix C.

Table 5,3 suninarises the results of the predictions by bo th me thods for
d/D = 1/4 and also g ives re fe rences to the appropriate tables in Appendix C for

tt.e comparative test results.

Table 5,4 gives similar information for d/1) = 1/2.

Figures 5.10 and 5.11 present the same In f o r m a t i o n  In g r aph ica l  form ,

Commen t

For d/D = 1/4, Method (a) predicts lowe r endurances than Method (b), but even

Method (a) leads to endurances generall y In excess of the test results ,

particularl y at low values of S
5
/f
~
. This may be partl y due to the high

value s of q ’ , but the highest values of q ’ ac tually occur at the high values
of S5/f~ 

where the discrepancies are least.

— —. 
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The d i f f e rence a t  low v a l u e s  of cou ld  w e l l  be due to fretting in the

test specimens; three specimens of this group were specificall y examined for
f r e t t i n g  (Re f e r e n c e  ‘ l a h I e  C.3) .  Assuming tha t a l l  of the diffe rences
be tween the e n d u r a n c e  cu r~ es f o r  Method  ( a )  and those fo r  the test  r e s u l t s  are

due to f r e t t i n g ,  t h e - n  t h i s  r e p r e s e n t s  a co r rec t ion fac to r on K’
~ 

of from

1, 15 to 1, 2 5  f o -  Sm / f t = 0 , 50 and f r o m  1.25 to 1.35 for S
m / f

t 
= 0.25 (see

p a r a gr a p h  4 .15 fo r  a d i s c u s s i o n  on the examination of fretted specimens).

For d /D  = 1/2 , the  p r e d i c t i o n s by bo th  Method  ( a )  and Method  (b )  are  in good

agreement , particularl y for ’ Sm / f t 
0.50. For S

m / f
t 

= 0.25 there are

insufficient test results to justif y d rawing curve s but the mean results are

p l o t t e d  and i n d i c a t e  t h a t  the  predictions are of the right order ,

5.~ - .3 0,4°/o Interfe rence Fit Pin - Pin  Loaded (See Fi gure s 12 and 13)

he same p rocedure  as used in p a r a g r a p h  5 .k .2 w i l l  be fo l lowed  except tha t ,

because of the lowe r endurances and the greater importance of this

c o n f i g u r a t i o n , compar isons  w i l l  be made a t  th ree  v a l u e s  of S / f e . name ly

0.50, 0,25 and 0,15 , for d/D = 1/-. .

The prediction s by Method (a) will l)e made using Data Sheet E.07.03 as

be fo re , but Me thod (h) will use the mean curve of Fi gu re ~4 , L4 (~ of this report

(push fit p in - p in loaded).

Table 5 ,5 sunsnarlses the results by bo th meth ods fo r d/D = 1/4 and

Table 5,6 give s the similar information for d/l) = 1/2.

Figu res 5.12 and 5.1 3 present the same information in graphical form,

As for the unloaded 0,4
0
/0 in terfe rence fit p ins , the ‘combina t ion  of

din = 1/4 and S
m/ f t 

0,50 l e a d s  to maximum shear  s t r e s se s  which are w e l l

beyond the recommended limit of 0.7 f - ranging from 1.17 f~ to 1.47 f~ .
Howeve r , for informa t ion , the comparisons will be given.

The p r e d i c t i o n s  fo r  d/ l)  = 1/2 and Sm/f t = 0.50 and d/ D 1l— e and

•Sm/f t 0.25 are at best borderline in this respec t .

Comment

For d/D = 1/4 Althou gh predic tions by bot h me thods are In teasonably good

agreement with one anothe r , they all lead to endurances which are slightl y

hi gher th an the corresponding test  results, This is not surprising for

S / f t = 0.50, and to a lesser extent for 5
m’~ t 

= 0.25 , because of the higher
shear stresses.
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For the g roup  of tests at Sm / f t 
= 0.15 , ttH re appears to be some inconsistency

insofar as the endurance cur~e-s for small and medium site specimens are

si gnificantl y lowe r ttiar those for the large specimens , - a re ve rsal of the

u s u a l  t r e n d .  I f  the endurance cu ve for th~ large si/c specimen is assumed to

ic  c o r r e c t , then  the ag i€em ent Lc t ,(-(fl t e st and prediction is acceptable .

For d/D = 1/2 The comparisons for S
m / f t = (1 .50 show that the prediction s

of endurance a te too hi gh , p r r s - u a h l \  because Hi€ maximum shear stresses are

above the recommended lim i t , howeve r , t he en d ur a n c e  c u r i e  s for the test

specimens are somewhat ste ep, and it i s known that fre tt in g was present on some

of the spe c imens in this group (ste Fa b l e C . ii). Thus the discrepancy is

p roba o ly pa rti ally due t o  t h e  o c c u r  rence of frelt in,~.

The comparisons for Sm / f t 
- ,25 Purr in f a i t lv good agreemen t with the test

cu rves , There is some . liD n i t  of I h t  fit c of frE tting when comparing the

tes t  r e s u l t s  w i t h  the predict e d cii r y e  liv i t hod (h) . leadin g to a “fretting

f a c t o r ” of the orde r of t .zS at an - n d t i r a n ~ e of  JO cycles.

(See paragraph 4.15 for a disc us~~ion on th examination of fi- etted specimens).

5.8.4 O.8°/o Interfer enc e- Pin - Pin Unloaded and Pin l oaded

Pins wi th this high degree of int e rfe rence- ar e  no t  n o r m a l l y used , and the ch ie f

reason for including this degr eE of inte rf e rence in the programme was to obtain

some in fo rma t ion  beyond the norma l range in order to view the latte r in a broader

perspective than would othe rwise ti av - been possible . -

Some provisional comparisons be tween the test results for 0.8
0
/0 interference

f i t  p ins  and the predictions of Data ~hc c t  A.05 .02 have been made , but in every

case , p in unloaded or loaded , t h e  maximum shear stresses evaluated ranged from

a minimum of 0.9 f~ to a maximum of 1 .55 f~ . C l e a r l y these are well beyond ttt e

limit of 0.7 f~ recommended in th e dat a sh t , and reasonable predictions would

not be expected . This proved to be the case and so the details have not been

i n c l u d e d  in t h i s  r e p o r t .

5.8,5 Summary Comment on Data Sh e- t A ,05,02- (Issue 2)

Predictions by both Methods (a) and (h) of this data sheet for the endurances

of both unloaded and loaded interference fit p ins are satisfactory , provided the

combination of degree of Interf e rence and stress leve l does not lead to maximum

shea r stresses much greater than 0.7 f~ . In some , hu t not all of the

combinations examined , satisfactory predictions were also obtained when the

maximum shear stress was as hi gh as ( ) .~~ f , Above t h i s  va lue  of 0 .8 f the
p p

predictions for end ur ance beca me i ncr easing ly in excess of those of the

corresponding test results .

— - .  
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Combina t i ons  of  O.—t°/o interference and S
m / f t 

= 0.50 at d/D = 1/4,

unloaded and loaded fell into the same category , but at S / f
t 

= 0.25 ,

in terference and d/D = 1/4 all p r e d i c t i o n s were s a t i s f a c t o r y.

At d/D = 1/2 and 0.—4°/O inte r ference fit , a l l  predictions at S
m / f

t 
= 0.50,

p in loaded were satisfactory .

For 0.8
0
/0 interf e rence fit none of the combinations led to a satisfactory

prediction large ly because of the hi gh resulting maximum shear stresses .

Notwithstand ing the above comments , there was a gene ral falling away of the
tes t  curves  relative to the predicted endurance curves , a t low val ues of

Sa/ f
t~ 

and this i s b e l i e v e d  to be due c hief ly to the occurrence of fretting.
The correction factor in term s of ~~~ fo r a given endurance ranged from
1 .15 to 1.35 , which is somewha t smal le r  than was expected. The small effect

of the fretting may be due to the presence of the interference fit p in .

In using this data sheet , it was found that at low values of f /q ’ where

the curves of Fi gure 1 conve rge towards q ’/q ’
0 = 1.0 it is not easy to

mainta in accuracy and a larger scale re-plot of this area would be helpf ul.
Also additional curve s for d/D = 0.15 and 0.25 would  make for  more rap id
e v a l u a t i o n s .

The procedure is comp lex and sens iti ve to the choice of f and m . Some

amp lification and clarification of the text would be welcome , al though mos t of
the problem s become clea rer f rom a close s tudy of the examp le .

5. 9 Genera l  Comment on the RAe S Data Sheets

In so far as they are affe c ted by the results of the current Bolted Join t

Re search Programme .

(i) None of the existing relevan t data sheets when considered within

their range of validity has been found to be seriously at

variance with the test resu1ts~ indeed mos t of them are in good
agreement , but a few wou l d  be imp roved by the inclusion of

the Bolted Joint Fati gue Research test results whe re app licable .

These are E 05,03’~ Endu rance of Lugs without Interference Fits

E 05. 04 Endurance  of Lugs with Interference Fits and

A 05.02 The Estimation of Endurance of Pin Joints

(See detailed comments in th - preceding paragraphs).

revised and issued as Data Item 72020
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-

(ii) The importance of the effect of local p lastic yielding at a stress

concentration must always he borne in mind . In addi t ion to the
information already incorporated from Data Sheet A.00,02, Data
Shee t E.07.0~ would bt enhanced if the condition K ’ (s + S ) 

~~
. f

t m a p
cou ld be shown for a sw al l range of proof stresses , e.g. = 0.80

to 0.90, for guidance when this data sheet is used for notched

specimens - i .e . S and S bein g treated as K’ S and K ’ S •a m t a  t m

On reflection , it is realised that this proposal is a little

difficult because the data p l otted thereon are applicable to a

range of stress concentration factors , An alte rnative presentation

for Data Sheet E,(r.03 has been suggested in which S /f would be

plo tted against l< ’
t
S
a
/ f t 

f o r  a range of values of and m ,

as r e l a ted by enuation (3) of pa ragraph 4.13, 3 (iii),

i .e. S / f  K ’ S /f/El - - K I
~~S / f ~)m],

app licabl e for K’
t

(S
m 

+ S
a
) ~ f~~ and the values of m ranging

from 1.0 to 1 .6.

(iii) The essence of the Summa ry Presentations for Unfilled Holes and Push

Fit Pins - Pin Unloaded mi ght well be included in the Data Sheets

(in addition to Push Fit Pins - Pin Loaded).

NB
The Engineering Sciences Data limit of the Royal Aeronautical Society

is f u l l y awa re of the findin gs of this Report , and app ropr ia te

act ion is al read y in hand .
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TABLE 5.3 COMPAR I SON ~-~I 1 I i RAe S DATA SHEET A ,05.02 (ISSUE 2) (Re f.Fig 5.10)

0~ _+~ / o  IN T EK i t -  i~ I-~-~CI- -‘il 1’IN — 1~I N U N l O A D E D

d/ l) 1/4

S / f S / f  P r e d i c t e d  N / 1 I ) ~ cyc l e s  Compare wi th  Fi g. Ref
m t a t Ll ( t h o d  ( a )  ~~~~ hod ( h )  T 

in Appendix  C __________

0 , 2 2 5  0 .u2
0 , 15 0 0’) ( 1 j-+ 5

0.50 Os lO o.2~ o . C.3 C.22 C•28
0.075 1 ,10 2.5

0.225 0.15 0 , 15
0.15 1 • 0 lo ()

0,25 0.10 20.u > l O t t C,3 C,22 C.2~
O J75 >100 >100

TABLE 5 .4 COI~~ARISON IQITII R A e ~~ DATA ~i Il- ET A ,05.02 (ISS iIE 2) (Ref.Fig 5.11)

O.4°/o I N T E R F E R E N C E  FIT ‘IN  - P I N  UNLOADED

d ID = 1/2 -

S /f S /f Predicted ./10 6 cycles Compare with Fig. Ref
m t a t in Appendix C 

________Me thod (a) Method (b)

0.225 0 .055 0 ,088

0.50 C. 15 C.3l C.47

0,075 2.3 10

0.225 0,75 l~~10

0.25 >1~~ 
C.15 C.3l C.47

0,075 >100 >100

It 
- - — — - - — ——-- .,—- — ---——-.—.—---- -- — — -—— —-——

~~~~~~~~
--— — —

- .- - = ~~~~~~~ - . .  —.- -
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TABLE 5.5 COMPARISON WIT ) !  RAe S I)ATA SHEET A. 05.02 (ISsUE 2) (Ref.Fig 5.12)

O , ’4~~/o I N T E R F E R E N C E  E l i  P I N  - PIN LOADED

d/D = 1/-.

P r e d i c t e d  ~./ i o ° 
~y c i e s  Compare with Fig.Ref

S / f  S I f  in Appendix Cm t a ~ Met- hod (a) M et h o d  (h )

0,225 0.005 0.009
0.15 0,02 0.0260.50 C .6 C .25 C.4 10.10 0.065 0 .075
0 ,075 0 . 14 0.15

0 .225 0.018 0.027
0.15 0.065 0.0720.25 C,6 c. 25 C,4 1
0.10 0.20 0.225
0.075 0,55 0.55

0.15 0.30 0 , 30
0.125 1.20 1.00.15 C. 6 c. 25 C.4 10.10 3.00 10.0
0.075 20 .0 >100

______ 

0 ,05 >100 >100

TABLE 5 , 6 COMPARISON WITH RAe S DATA SHEET A~ O5 1O2 (ISSUE 2 ) ( R e f . Fi g 5. 13)

O .4°/o INTERFERENCE FIT PIN - PIN LOADED

d/D = 1/2

~ /f ~ /f 
LPre d ict ed N/ b 6 

cycles Compare wi th Fi Ref
in Appendix ________m t $ t Method (a) Method (b) L M S

0.225 0 ,075 - 0,075
0.15 0.20 0.20

0,50 0.10 1.0 0.85 C,17 C.33 c.49
0 .075 4 . 0 5. 0

0.225 1 ,0 1.0

0 25 0.15 6,0 100 C,17 C.33 C.49• 0.10 >100 >100
0.075 >100 >100

NB
There are no Bolted Join t Fati gue Research test results at S /f = 0.15

II’ t
and dID = 1/2 with which to compare predictions. In any case the

prediction s would be at N > 1O~ cycles.
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sF1:i io ’~ I) (1)(~I H S  I OhS

h. I Genera l

i/hen this p I I c~ rn!II1’ I (If  I S I-a  r C I I  t a  s lanned , m e  l i m i t s  l a i d  down f o r  t h e

m a n u f a c t u r e  of the s p e c u i t s  \v~~rL considered to he f a i r l y c lose , bu t  n o t

C X I  retnE )y the ( U r r E  ot  s t a n d a r d s . I rl e c l o s u  1 i m i  t s  c-c- I C -  c o ns i d e r e d  to he

n e c e s s a r y  in o r d e r  to m i n i m i s e  t h e  s c a t t e r  of results and to give a reasonable

c h a n c e  of d c t e c t i n g  t h e  inf lu enc e s of the numerous variables included in the

prograrne. A study of ihe r~ suits now available full y justifie s this provision ,

Despite this provision , it is cil ar that the t- t- is still a significant and

sometime s considerah ic- scatter of endura n ce of nominall y Identical par ts , the

magnitude of which can c observed from the tables and +,raphs  o f Appendix  C .
Frequentl y this scatter C a u S e S ovE rl apping of the scatt e r bands representing

related confi guration s , or repre sentin g increments in the value of a g iven

parameter , and may tend to conf lis concl u sions ,

For tII1 .S reason , much of the anal ysis in this report has been made by using

mean e n d u r a n c e  c u r v e s  r a t h e r  than scatter bands , and it is felt that the

results achieved have J u s t i f i E d  t h e  p r oc~~d u r € -  adop ted , provided tha t the

cx is c-n u. e of t I l t -  scatLe r and its p ossible range for a specified set of

conditions are kept in mind constantl y. The range of the scatter is greatest

at low alte rnating stresses and/or hi gh dID , and lowest when the a l t e r n a t i n g

s t r e s se s  a re  hi gh and /o r  dID is low. I t  can be as bow as the e q u i v a l e n t  of

a s c a t t e r of i .2 5 : l  be tween the mean and the m i n i m u m  e n d u r a n c e s , or as high

as the equivalent of a sc a t t E r  factor of 10:1 be tween the mean and the minimum

endu rances . lloweve r , more norma l scat tE r factors (mean to minimum enduranccts)

fo r a g i ven confi guration and load ing are of the order of 1 1  for hi gh

a l t e r n a t i n g  s t r e s s  and 5:1 for low alternating stress.

T h r o u g h o u t  t h i s  r e sea rch  it has often been evident that the influence of one

parame ter i s  combined with that of another , and ass ump tio ns have had to he made

in o r d e r  to e l i m i n a t e , a t  l e a s t  p a r t i a l l y ,  one variable , In orde r to examine

a n o t h e r . S i m i l a r l y the variety of confi guration s (degree of p in fit and type

of l o a d i n g)  have c o m p l i c a t e d  t h e  ana l y s i s . On balance it is considered tha t

the optimuill o r d e r  In w h i c h  to d i s c u s s  t h c se m a t t e r s  i s  to dea l  w i t h  the

parameters of mean s t r e s s , s l, r  and ge ome t r y  (K ’
~~

) f i r s t  and then to d i s cus s

the confi gu rations .

41 .2 Effect of Mean Stress (I~ef ,paragrsph 4,10 and Fi gures —..34 to

4 .43 i n c l u s i v e )

In  norma l c o n f i g u r a t i o n s .  I .e . excluding pins with interference fit , In the

reg ions of hi gh stress concentration , the material is sufficientl y duc t i le

S
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to enable p last ic flow to occur which reduces the maximum local stress from the

theoretical figure to a ‘al uie approximating to f , the 0.2
0
/0 proof stress.

Therefore K ’ (S -f S ) is reduced to f locall y.
t rn a p

The e f f e c t  of mean s t r e s s  is  thereb y r e d u c e d  and is v i r t u a l l y neg li g ible  above an

app l i ed  mean s t r e s s  of a p p r o x i m a t e l y (1 ,20 f
~
. T h is enab les  a l l  res u l ts excep t

those for Sm / f t ~- (1 ,13 or ies s to te grouped togethe r into one population (for

a g iven size and con f i gurat ion ), thus simp l i fy ing anal ysis.

As S is reduced below 0.20 f the re is a gradual increase in endurance for a
m t

given alte rnating st u - c ss; alternativel y, there is an increase in alternating

stress for a given endurance . (The present research has not produced enough

evidence to warrant a more precise conclusion).

The foregoing behaviou r is modified w hen interference fit p in s are u sed . In

these circumstances it wouLd appear that endurance is inversel y proportiona l to

the app lied mean stress over the whole range of the tests , excep t that for ve ry

high end urances (above cycles) and d I D  1/-+ (i .e. hi gh K ’
~~
) there is

a s l ight trend towards the reduction of mean stress influence , though not to the

same degree as for norma l confi guration s.

Effect of Size (Re ference paragrap h 4.11 and Table s 4.7 and 4.8)

The range of s i ze cove red by the Bolted J o in t  Fati gue Research  was l i m i t e d  to

2.67:1.0 and the conclusions concerning this effect do not necessaril y app ly to

changes of s i z e  which are  m a r k e d l y beyond this range .

The size effect from these tests is  not l a rge , but is of some significance . The

smal ler  the s ize  of specimen , o t h e r v a r i a b l e s  be ing  kep t  constant , the more

favourable becomes the fati gue performance . There are two ways of expressing the

r e l a t i v e  p e r f o r m a n c e s 4

( a)  As a r a t i o  of e n d u r a n c e s  f o r  a g iven  a l t e r n a t i n g  s t r e s s  -~
and

(b) as a ratio of alternating stresses for a given endurance .

Because of the general shape of the e n d u r a n c e  curve s , (a )  tends to be more

reliable at low endurances and (h) tends to be more reliable at hi gh endurances.

However , me thod (b) give s more consistent comparisons over the full range of

tests (see Table 4.8). These comparisons lead to the conclusion that there is

an inc rease in permissible alternating stress for a g iven endurance , ranging
from a factor of 1 .1 to 2.0, for a reduction in size in the ratio of l:2,o7.

The confi guration of an unf illed hole lies strong ly towards the lower end of

this range , while the push fit pin tends to lie towards the upper end of the

range . Interference fit pin joints show factors near the middle of the range.

It 
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This size effect expressed as a ratio of alternating stresses for a given

endurance  can be regarded as a ratio of stress concentration factors - a
reduction of factor for a reduction of size .

S i z e  e f f e c t  is  somewhat  l e s s  a t  d/E) = l /u + compared wi th that at dID = 1/2 ,

p o s s i b l y due to the h i ghe r s t r e s s  c o n c e n t r a t i o n  f a c t o r  a t d/D = 1/ 4.

Effect of Geome t ry (Refe rence paragraph 4.12 , Fi gures 4.1 to -~,33)

For the purposes of this report. “geometry ” si gnifies a change in the ratio

of d/ D , which in turn is expressed adequate ly as a change in the va lue  o f K ’
t.

For u n f i l l e d  h o l e s  and u n l o a d e d  push  f i t  p i n s , geometry has bu t  l i t t l e

i n f l u e n c e . For the o the r c o n f i g u r a t i o n s the re is a si g n i f i c a n t e f f e c t , there

be ing a definite increase in endurance for an increase in d/D (i.e. fo r a

reduc t ion  of s t r e s s  c o n c e n t r a t i o n  f a c t o r ) ,

Fo r conven ience the ra t ios of inc rease o f end ur an ce for  inc rease of d/ D f rom

1/4 to 1/2 are repeated here (and taken f rom pa rag raphs  4 .12 .3 , 4 .12 .4 and

12 . 5).

Da ta are g iven fo r  two conven ien t  v a l u e s  of S
a/ f t 

name ly 0.20 and 0.08, i.e.

high and low in the context of this programme of tests.

Because of scatter , i t  is necessary to quote ranges of these endurance ratios.

For the push fit pins , beca u se change of mean s t ress  has bu t  l i t t l e  e f f e c t ,

onl y one range f or a g iven S
a

/ f t 
is quoted , although the higher ra tios in

the range tend to app ly to the l owe r va lues  of S
m / f  t~ 

Size effec t has been

el imina ted from these f i gures.

For the i n t e r f e r e n c e  f i t  p ins separate ranges are given for each value of

S / f .

EFFECT OF GEOMETRY IN TERMS OF: Range of Endurance for Increase
Ra tio for d/D = l/2

1
/d/D = 1/4

S / f t 
______

6,4,1 Push Fit Pin - Pin Loaded

0.20 0.50 to 0.25 2 to 5
0.08 0 , 50 to 0, 25 4 to 10

- — —  — —~ S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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• -~ • 2 0, —4 /0 Eu t i- f e  r e u c  I - I i  — I ’ n U n l o a d e d  (

0.20 0, 0 ~i to 6

0 , I1 5 to 50

0.2 5  ~II to 50

[ ( 1 , 50 10 to 25

() • - i O I () t (4

(1 ,25 50 to 10(1

6.4,3 ( 1 ,4 / 0  l ntt I f ic-ncr 1 - it ‘ i i i  — I’m loaded

0~ 20 0,50 1 to 12

1 0,40 10 to 61)

L 0,25 1 4 ( 1 t o  25 (1

0,~~0 5 
0,50 2.5 to 5.5

0.4(1 Is t~~ 65

[ 0,2 3  200 t I  tOO

N B
The re are insufficient results t o  c - n a h l e  r e l i a b l e  en d u r ance i n c r e a se  r a t i o s  to

be obtained for O.4~
0
/o interf e rence f it , but they are certainl y greater than

those for 0,4
0
/0 inte rferenc e fit and pro b ably of the order of 50

0
/0 greate r.

(.5 Unfilled Hole, Loose Fit and Push Fit Pin, Loaded and Unloaded

(Refe rence paragraph 4.1 3 and F igure 4,47)

Relative Endurances

h aving considerE d the Influenc E- of param eters app licable to all confi guration s it

is now convenient to compare the conf i gurations themselves , and in so do ing  it

has been established that they fall in t I) two groups - those without and those

with interference fit p ins.

Considering the first group and study ing Fi gure ,47~ coup led w ith Figures 4.44,

4.45 and 4.46, It Is clear that the endurance bands for each of these

con f i guration s can justifiably lie Tnll r a c e d by one rather broad scatter band , if

p lotted in te rms of K ’
~~
S Ins tea d of S

a s us ing a verage val ues for  the range

of mean stresses from 0,25 t o  (),5() f~ , The effect of size is also included

in this broad band .

Fi gure 4.47 also shows some computed mean endurance curves for notched specimens

(K’tSa 
versus N) derived from the basic data of Data Sheet E.07.Ol (Fig ure 3)

coup led with the theoretical relationship g iven in Data Sheet A.OO,02.

The se curve s are sli ghtl y sensitive to the choice of f~ and m and three such

choices are g iven .

_____ - - — -- — - - —S.-- _____________________________________ -- ___________________ ————-- S
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In c o m p a r i n g  the c o m p u t E d  e n d u r a n c e  curves with the boundary endurance curve s

(or wi th th~ ns-an curv es ) of th e hroad scatter hands , it appears that the

computed c u r v e s  h a t e  les s s l u p u  t h a n  the b o u n d a r y  c u r v e s . This genera l

(l i f f 4 - r I I I -  4 i S  ~~~~~~~~~~~~ d u e  to l I E -  t- ff eut of frettin g. Taking curve () as a

L e E )  r e  sen t a t  I ye vouii pu t d ( u t  - _ e , a factor of 1 .25  on ~ at an endurance of

l0~ cycles 1- educ ing t~~ 1 , 11 at 10 rv l ’ s would change this to curve (3a) and

h rir I c~ it l i t ,  I iru w i t h  th e- - orl iIuOn slope of the e n d u r a n c e  of the test results .

All  owing (Ill sca t ‘ r a 5 ) 1 1  t t lit vs  an va I ues u lay t or of 1 • 25 c ~u Id we 11 he 1 .

I’i-u i s  is not as Ia~~~ a fa  tor for f u e t t  lug at hi g h endu  a n i e s  as mi ght ta~ e

been expecu~d . (- ,ee also p a r a g r a p h  -4 .1 3 ,3 ( i i i ) ) .

Turning to the finer diff e- r en ~~ s bc t w~~ n one confi guration and anothe r in this

group , they a e -  br Ie fl y rep r *-se nted by the following tabLe of relative

endurances of the mean curves of Figure s 4.44 , 4.45 and 4~ 4t , taken at two

l eve l s  of a l t e r n a t i n g  s t r e s s  ( R e f e r e n c e  p a r a g r a p h  -~,11 , 3 (ii)).

Relative Endurances

K’ ~ ~~ 
Unfilled Push Fit Pin Push Fit Pin

t a t Hole Pin Unloaded [‘in l oaded

0.60 1.0 2 .0 0 ,9
0 .24 1.0 1 .5 0.9

Thus unde r otherwise similar condition s the unloaded push - fit p in gives

endu rances of from 1.5 to 2.0 times those for  an un f i l l e d  hole whi le  a

loaded push f i t p in g ives endurances which are marg inall y below those for

an unfilled hole. 
-

6,6 O.4°/o and O,8°/o Interfe rence Fit Pins, Loaded and Unloaded

(Reference paragrap hs 4.9.1 and 4,9,2)

There Es a significan t gain In endurance for an interference fit p in compared

wi th tha t of the corresponding joint with a push fit pin , because of the

induced tensile stress in the material surrounding the pin which effective ly

reduces the app lied al ternating stress.

Join ts wi th 0.8
0
/0 in terference fit pins are not alway s much superior in

endurance to those of 0 4 0/0 interference fit pins , especiall y under high

loading because the p lastic de formation in the regions of high stress , which

reduces the effective mean stress , also reduce s the degree of interferen~~,

_ _ _ _  
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The i n f l u e n c e  of tnean stres s , s i / C  and di ll have already been disc u ssed and in
,,en e ra l the effect s of t IIc - 5e l )ar arTe t e- rs are more marked with interference fit

p i n s  than with push fit p ins . i h r  is also more scatter of results at long

en d u r a n c e s  compar ed  w i t h  tt I a t for push fit pins .

‘I’ he Improvem ent in endurance is consi d rahl y greater for d I D  = 1/2 , than for

d/E) l/ e , when coni p a rin -~ i n t e - r f e l n L u  fit pin joints with push fit pin joints

and a l s o  wh en cOflI ~) . I i i n g  ( ) ,h°/o m U  rfe r r i ce fits with 0 , 40
/0 i n t e r f e rence f i t s.

The results for interference f it p ins are not anienab k- to t -e same form of

Siin~~ary Pre sen tat ion as oe- re t he no Ima 1 con f I ~u ration s because of toe effe ct of

app l i ed  load on the  r e s u l t a n t  s t r e s s  c o n c e n t r a t i o n  f a c t o r .

It is there fore, appropriate to consider the- values of the Endurance Increase

Ratio , i ,e , t he ratios of actual endu ranc es of in t e r f e rence fit p in j o i n t s  to

the endurances of the corresponding push fit p ins . h ere it is necessary to

q u o t e  range s fo r  t hese  r a t i o s  5€ c a U s e  of the scat te r , and althoug h this was at

first examined fo r  each v a l u e s  (If S / f
e . 

it became clear that there was not a

g rea t deal  of d i f f e rence i n th e- ratios with change of S / f
r . 

The hi ghest

factors were usually associated with the l owest values of mean stress ,

There fore , in the interest of simp lification one range is g iven for each value

of and d/D , which may be considered app licable to all values of mean

stress. These are g iven in para graphs re ,9.I and .9.2 and fo r  conven ience  are

r ep e a t e d  he- re ,

I-5I )I JRA (T INCREASE RATIO = 
Endurance of Inte r fe rence E - it Pin Joint

Indu i -ance of Push Fit Pin Joint

Un loaded Pi n s
I- o r (1 ,4

0
/0 Interfe rence Fit p

S / f  d/ I ) = 1/ 4 d / D  = 1/2

0.20 3/4 to 6 - 
7 to

( 1 ,05 1/4 to 9 IC) to 100
k

1 1 , 1  ( 1 , -i /o  Int erf erence [- it

S / f  
d/D 1/ 4  d/D = 1/2

0,20 -~ to 10
Insuff icient

0.08 3 to  10 r e s u l t s

Loaded P in s

For 0,4°fo In terfe rence Fit

_____ 
d / D  = 1/4 d/D = [/2

0 ,20 1/4 to 3 2 to 100K

0.08 P3 / 4  to 3 2 to lOOn

KBased on limi ted evidence.

__________ S_______ -- -—-- --~~~~~~~~- -~~~~~~~ _ — ~~~~
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For 0•8°/o Inte r ference Fit

S / f  
d/D = 1/4 d/D = 1/2

0,20 I t o  5 7 to lOO
M

1 to 15 20 to lOOn

It is also of int ere st to consider the comparison be tween 0.40
/0 i n t e r f e r e n c e

and 0~ -5°/o inte rferenc e .

Endurance Increase Ratios for 0.-S°/o inte rference/0.4
0/o in te r fe rence hav e

been evalua ted for each lev el of mean stress (where sufficient data are

ava ilable), for unloaded p ins at d/D 1/4 , and for loaded p ins at both

d/D 1/~+ and d/D 1/2 . Two levels of S
a

/ f
t 

ha ve been cons idered as

be fore , There is no si gnifican t diffe t-ence in the range of ratios evaluated

at the various mean stresse s and the refore a congnon range app l icable  to a l l

mean stresses is quoted.

The r e s u l t s  are as fo l lows :

ENDURA N CE INCREASE RATIO = 
Endurance of 0,8°/o Interference Fit Pin Joint

Endu ran ce of 0,40/0 In t e r f e r ence  Fit Pin Joint

Un loaded Pins d/D = 1/4 only

s / f
a t

0.20 2 to 7

0,08 2 to 10

(Ra t ios f or d/ D  = 1/2 wou ld pr obabl y be of the same orde r as for loaded

p ins at  d/ D = 1/2 - see below)

S / f  
d/D = 1/4 d/D = 1/2

0.20 1 to 2 4 to 50K

0,08 1 to 5 10 to

Occur rence  of Fretting (Re ference paragraph 4,15)

F r e t t i n g  occurred in a c o n s i d e r a b l e  number  of specimens and in all

conf i g u r a t i o n s,  except  of course the unfilled hole configuration , A

representative selection was examined by the National Engineering Laboratory ,

in addi tion to those examined and pho tograp hed by the tes t ing laboratories.

The forme r are listed in Table 4,12 , and are also indicated in the tables of

r e s u l t s  in Appendix C.

The study of these fretted specimens showed that there was only a little

coordination between fretting and stress leve l , inasmuch as there were

somewhat more specimens wi th fretting at combination s of low me an and low

W
B d  on limi ted evidence ,

II ~~ 1TTTT~~~~~~ _  _ _ _ _



al ternating stress. For a g iven mean and alternating stress leve l specimens

e x hibiting fretting i-~€. re often not those with the lowest endurance .

In regard to d/D the re were more fretted specimens at d/D = 1/4 than at

d / D  = 1 /2 , roug h l y in t he ratio of 3 to 1 .

The re -jas less fr e t ti ng in the small sIze- specimens.

In r e g a r d  to c on f i ~~u r a t i o n s , as was e xpected , there was only minor fretting with

the unloade d loose and push fit p ins , and the ma jority of the fractures occurred

at the hole edge at 90° to the axis of tension .

For the unloaded interference fit p ins some frettin g occurred and the fretting

bands tended to 6€ syirr~e-t r i ca l l~ disposed at about ‘45 to the transverse centre

l ine through the ho l . The orig ins of fracture were at the ed ges of the fretting

bands , and a little nearer to the transverse centre line ,

Turning now to the loaded push f i t  p ins , the fretting was mor e intense than with

the unloaded p ins, as would have bee- n e xpected . The fretting was generall y in

bands at or near the transverse axis of the hole Sut generall y towards the loaded

side of the hole . Often there was more than one fracture , the f r ac tu res bei ng
disposed  towards the loaded side of the hole .

It was a little surprising to find that fretting occurred- in the 0.4
0
/0 and even

in the 0.s
0
/o in te rference fit specimens. This was located towards the unloaded

side of the hole , possibl y because the combination of interference and load had

failed to prevent sli p. Fractures we re found be tween 100 and 450 from the

tr ansve rse diam e te r , towards the unloaded side of the hole ,

The fretting often caused the ertdu ance curves to assume a steeper slope than

would have occurred otherwise . These are discussed in paragraph 4.15 .6.

From comparisons be tween test results and endurance curve s which had been

computed from basic fati gue data sheets it appears that the numerical effect of

f re tt ing in the tests of this re-search can be expressed as a r e d u c t i o n  fac tor

rang ing from 1 .15 to 1.5 on alt e rnating stress for a g iven endurance , this factor

app ly ing m a i n l y to endurances of the order of 3 x lO~ and greate r, This is

somewha t less than was e xpec ed. (See also paragraphs h ,5 and b.~~).

Comparisons with Relevan t RAe S Data Sheets and Consequent Recomendations

Comparisons have been made be tween the results of the tests described herein and

the relevant data sheets — essentiall y those dealing with the fatigue endurance

of alumin ium alloys wi th and without p in joints ,

No serious disagreemen ts have been found. The understanding of a numbe r of

fea tures of bolted joints has been clarified and information has been acquired

whic h will enable severa l data sheets to be reinforced, extended or revised. This

process Is currently progressing and new issues being made as and when available .
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The main conclusions from these comparisons are as fo1lows~

6.8,1

Data SheEts E,02.f)l and E.05.01 are well substantiated by the results of

the present research .

6,8 • 2

Data Sheet (‘ .05 ,03 has already been revised and extended by the inclus ion of
all the data on th e - loaded push fit p in joints of the present research , and

c c  — i s sued  as Da ta  I te m 72020,

• S • 3

Data Sheet E.O5,0~-+ (Endurance of Lugs with Interference Fit Pins) would be

imp roved cons ide rabl y by the inclusion of the relevan t data from Bolted Joint

Fa ti gue Resea rch,

6.8,4 -

Data Sheets E.07.Ol and E.07.02 give adequate basic data on plain and notched

alumin ium alloy material . Whet’ used in connection with bolted joints the

possible influence of fretting should not be overlooked ,

6,8.5

The effect of geome try and mode of loading are adequa tel y represen ted by the
s t r e s s  concent ra t ion  f a c t o i s given in the current data sheets and endurances

can be rela ted to K’ S and K ’ S in all instances.t m  t a

6.8.6

Data Sheet E.07 ,03, coup led with the two da ta  sheets  A .OO.Ol and A.OO.02

provide adequate Information regarding the i n f l u e n c e  of mean stress provided

that where stress concentrations occur allowance is made for the reduction in

mean stress which results from p las tic de fo rma t ion in the se reg ions.

It should be noted tha t in Data Shee t E .07.03 the resul t ing deduc t ions from
the families of curve s there in are somewhat sensitive to the choice of the

values of and m~

For the presen t researc h the bes t va lue s  appea r t - be = 0.875 and

m 1.4, but due allowance for fretting must be made .

____________ I .
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Consideration rr~~
’ht he ~~i c- n to an alte rnative presentation of the da ta  in

E .07.Ol hy p lotting 5
ao”~~t 

against K ’
1~~~

/ f
1 

fr om the relationshi p be tween

these two quantities , give-n in Data Sh e e t  A. 00 .02 , assuming

S , K’ S (~tIc n S + K ’ S < f
m t m  t r f l  p

and S , = f — S , w t i n S , + C ’ S ~ f
p a a t m  p

l)ata Sheet A.05,O2 provides an adequate me thod of estimating the endurance of p in

joints with inte r fe~ ertce fits provid ed that the combination of degree of

interference and loading is mode rate . ~hcre this is not so the resultant maximum

shear stress w ill e xceed the re-commended limit of app l icability, name l y,

q ’ ~ 0,7 f .  and the - validity of t c curves given in Figure 1 of the data sheet

become s increasing ly doubtful , Furthe rmore , th e resulting predictions will tend

to over—estimate the true endurance s , hinder such hi gh loading the p lastic

deformation in the reg ions of hi gh Stress, which reduces the mean stress there ,

also tends to reduce the degree of interference . Thus the benefit from

interference fit unde r hi gh loading prove s to be sli ght and par ticularl y so wi th

a high degree of interfe rence .

Notwithstanding the agreement lie tween J)ata Sheet A ,05.O2 and the results of the

Bolted Join t Fatigue Resea rch , this data sheet would be of g rea t value  i f the

text were revised to expand and clarif y 5(irnc of the steps involved therein .

Moreover Fi gure 1 would be improved by t ire addition of curves for d/D = 0,15

and 0.25 and a la rge sca le  rep lot of the area in which all the main curve s

converge towards q~ /q~ = 1 .0.

Prediction s of endurances from basic data sheets such as E.07,O1 , E.07,03 and

A .05.02 should be accompanied by some consideration of the possibility of the

o c c u r r e n c e  of f r e t t i n g .  Data  I t e m  No . 67012 giv es some guidance . In the present

r e s e a r c h , a l t h o u g h  many of the spec imens  e x h i b i t e d  f r e t t i n g , the i n f l u e n c e  of

t h i s  fretting upon the fati gue endurances was not as large as would gene r a l l y be
expected .

6,8,9

A l t h o u g h many of the comparisons noted above have been made via individual mean

end u rance cu rves , some have been made -Ha scatte r bands which have been

e s t a b l i s h e d  by up to 30 v a l u e s  a t  a g iven s t r e s s  l e v e l .  This has been possible

because of the small influence of mean stress and of the acceptable grouping of

the results of the three sizes of specimens tested. Again , the scatter about the

mean value s so established was of the  same o rde r  fo r  each sub group whethe r for

_ _ _ _ _ _ _ _ _
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l oaded p ins or eve- n for unfilled holes , Thus the validity of the general

conclusions drawn from these comparisons and from this research is

subs tantiated ,
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