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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 PROGRAMML 7 |
OF THE ROYAL AERONAUTICAL SOCIETY FATIGUE COMMITTEE |
STAGE 1

VOLUME I SUMMARY

Some years ago the Royal Aeronuatical Society proposed and the then Ministry of
Supply agreed to support financially, an extensive programme of research into
the fatigue characteristics of bolted joints, As a preliminary to the main
fatigue programme, a series of photoelastic tests was conducted at

University College, London, on specimens unominally identical in geometry with
those to be used for the actual joints, in order to measure the stresses
induced under a variety of configurations and loadings. These were completed

and reported upon, (Reference 1 to 5). ‘

Meanwhile the manufacture, assembly and testing of the actual bolted joint
specimens was undertaken and over a considerable period of time the results
were fed back to the Royal Aeronautical Society Fatigue Committee, This ‘
Committee has used and is still using the data to produce new, or to modify

existing Data Sheets in its Fatigue 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 Bolted Joint Fatigue Research. (Some nine 'Supplementary ‘
Investigations' make up 'Stage 2' and are reported in VOLUMES III and IV of

this S and T Memo).

In Stage I all the joints were of the single pin form, using aircraft materials,
B.S.L.71 for the plates and B,S.S.94 for the pins representing bolts, but

without any clamping effects,

A small range of three sizes of specimen was covered, each incorporating
three variations in geometry as expressed by the ratio of the diameter of the

pin to the width of the plate. }

For most of these nine configurations the following three pin/hole combinations
were included:- unfilled hole, push fit pin and interference fit pin

(two degrees of interference).

Among the pinned specimens the effects of both pin unloaded (i.e, plate
loaded) and pin loaded conditions were determined, Finally a few specimens

with loose fit pins were included for comparison,

e




—

—————— - —

(x)

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

covered in the loading, each with at least three but usually four degrees

of alternating stress. For each combination of test loading and configuration,
three nominally identical specimens were tested. Only in a comparatively few
cases were the results nullified, due to a variety of difficulties., For the
majority of cases reasonable endurance curves were obtained. The results are

tabulated and plotted in detail in Appendix . (Volume II of this S and T Memo).

/

In addition, in Sections 3 and 4 the report attempts to analyse these results
to determine the effects of the major variables included in the investigation

i.e, mean stress, geometry, size of specimen and degree of fit of pin,

Because of the complexity of influence and interdependence of the various
parameters involved, some re-grouping of the results has been made in order
to produce where possible "Summary Presentations' of the results and it is

hoped that these will clarify the findings.,

In Section 5 the results of Stage | of the research have been compared with

a number of existing RAeS Data Sheets. The comparisons are, in general, good
and quite encouraging, and the large amount of data now available has enabled
the RAeS Fatigue Committee to proceed with the revision, extension or
consolidation of a number of these data sheets. The possibility of creating

additional data sheets is under consideration,

The main conclusions are given in Section 6 of the Report,

npm———— — e ot
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STAGE 1 OF BOLTED JOINT FATIGUE RESEARCH
| INTRODUCTION

Lok Historical

Early in 1953, the Structures Committee of the Royal Aeronautical Society put
forward proposals for research into the fatigue characteristics and performance
of bolted joints., The choice of this particular research was considered

justified because,

(i) the bolted joint occurs in a multitude of locations in an

aircraft structure,

(ii) the bolted joint is particularly liable to failure from fatigue,
and
(iii) notwithstanding the availability of existing ad hoc test data

on the subject, the results of a specific programme of correlated
tests would prove to be of great value to designers and research

workers,
The specific programme consisted of two major parts:-

(a) A photoelastic investigation into the stress distribution and
resulting stress concentration factors in a family of simple

bolted joints,

(b) 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, (B.S. L7l and B.S. S94 respectively).

The planning of the two parts of the initial programme was complete& in 1953
and 1954 respectively. The photoelastic investigation was started early in
1954 at University College London, under Ministry of Supply Contract.
Initial results were published in January 1955 and more in August 1955,
Further results were published in November 1956 and in May 1958,

In 1955 and 1956 some details of the metal fatigue test programme were reviewed
in the light of the photoelastic results to date, and early in 1956 the contract
for the manufacture of the specimens was placed by the Ministry of Supply with
Plant Machinery and Accessories Ltd, of North Kensington, London W,10, The
contract for the initial testing of the specimens was placed by the Ministry

of Supply, with the Department of Metallurgy, University of Cambridge, in July
1957, Early in 1959 a similar contract was placed with Short Brothers and

Harland Ltd, Belfast to test all the large size specimens,

In 1961, Tiltman Langley 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 Cambridge University,
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In addition to these contracts, a number of exploratory and special tests were
undertaken by National Engineering Laboratory (NEL) East Kilbride, Glasgow, generally
to establish techniques or to solve special problems, This laboratory has excellent

facilities for, and considerable experience in fatigue investigations.

The relevant Contract lNumbers are given below:-

Manufacture of Specimens

Plant, Machinery and Accessories Ltd.

Contract No., 6/P and Eq/17398/CB7 (b)

The pins were made almost exclusively by the Royal Ordnance Factory at Woolwich,
and since this factory was part of the then Ministry of Supply, arrangements for

manufacture were internal to the Ministry.

Tests
(a) University of Cambridge

Agreements Nos., 7/Gen/1623 and PD/29/030
(b) Short Brothers and Harland Ltd.

Contracts Nos. 6/Exptl/4900/CB38 (b)

and KS/1/0364/CB43 (a)2
(c) Tiltman Langley Ltd,

Contract No, KS/1/036/CB43 (a)2

The work of co-ordinating and monitoring this extensive programme had, by 1955,
become considerable and it was decided by the Structures Committee of the RAeS
that the time was appropriate to form a separate Fatigue Committee to investigate
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 Supplyx. The Fatigue Committee does, of course,
deal with all other investigations on behalf of the Royal Aeronautical Society,

in respect of fatigue,

The testing of the metal fatigue specimens and the aHalysis of the results of the
initial programme have taken a considerable time because often the work had to
take second priority to more urgent investigations in the laboratories concerned.
Again, staff were not always available to review, analyse and report fully 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 seen originally in general terms,
and subsequently 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,

-----------—-------— ------------ - - - - - - -

*Later Ministry of Technology and now Ministry of Defence
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Eo2 Main Objectives of the Programme

a2} The Photoelastic Programme

The photoelastic investigation was originally planned to include multi-bolted
joints as well as single 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 plate

Ratio of Young's Modulus of the material of the pin to that

of the plate, 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 plate 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 longitudinal
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 plastic
flow and work hardening which is bound to occur in actual metal joints under
load., Moreover, endurances estimated from data obtained from the photoelastic

tests could not include the effects of fretting.

Thus the programme of fatigue tests on the metal joints would provide a
comparison with and a checkon the endurances estimated from the photoelastic
tests, and also provide some information on the influence of fretting, if and

when it occurred,

R ants
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To this end the geometrical characteristics and degrees of fit for the metal

joints were made the same as those used in the photoelastic programme.
This progranme, designated Stage 1, is the subject of the present report.

) Relation to the Fatigue Data Sheets of the

Royal Aeronautical Society (Reference 0)

In May 1959 the Fatigue Committee issued a Tentative Data Sheet A,05.02
"Estimation of Endurance of Pin Joints' based upon the results of the

photoelastic investigation,

This Data Sheet was revised and re-issued on a more substantial basis in May 1965
when an adequate number of results from the fatigue tests was known, At the

present time further data are becoming available from an extension of the current
programme and from other research workers, and if necessary a second revision will

be made.

The Data Sheet which is of necessity somewhat complex, gives a means of estimating
the endurance of pin joints from fatigue data on other types of specimen, by
estimating the maximum shear stresses at the critical region (the origin of
expected failure) in the pin joint, The choice of maximum shear stress as the
criterion is due to the nature of the comhined stress system prevailing, Under
such a system fatigue endu-ance is more closely related to the maximum shear

stress than to the maximum tensile stress,

The internal stresses due to interference fit pins (where used) are obtained from
another Data Cheet - Item 65004 pp53-55 inclusive (or pp57-59 inclusive for

; : x
interference fit bushes),

Having obtained the maximum shear stresses for the limits of the fatigue cycle on
the bolted joint, these are expressed in terms of an equivalent loading cycle on

another type of specimen for which fatigue data are already available,
Two methods of estimating the endurance are given:-

(a) by reference to fatigue data for unnotched specimens,

Data Sheet E,07,03 and

(b) by reference to data for single pin joints without interfercnce,
Data Sheet E,05,03%'

Currently, the results of tests on the actual joints also provide useful
supporting data and checks on the Endurance Curves of Data Sheet E,05.01, E.05.03+
and E,05,04, - Endurance of structural joints, Endurance of lugs without

interference fits and Endurance of lugs with interference fits,

Mow revised and issued as Data Item No, 71011
+Superseded by Data Item No, 72020,




It is hoped that eventually some information on size effect, variation of
geometry, fretting and other features will become available from the full

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

2. DESCRIPTION OF THE PROGRAMME

2.1 Outline of the Programme of Fatigue Tests

Turning now to the actual schedule of fatigue tests undertaken, this was as
follows., (Including some changes from the original plan noted in paragraph

2.2 below).

2.1.1 The Test Specimens

Like the photoelastic ones, these were of the single hole, flat plate type,
with the pin in double shear. It was hoped by choosing three different sizes,
defined by the width of the parallel portion, to obtain some information on the
effect of size of specimen, The widths chosen were 2 in,iU%in and V‘in, i.e.,
in the ratios 2,67; 1.,67; 1, The essential dimensions are given on Figures
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 1D
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 used for

some of the static tests.
Pigure 2.5 gives Limits 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 were an insurance against failures at the jaws of the testing

machine,
Type B for "pin loaded" tests, the pin being loaded in double shear,

Type C for similar tests to A, of parallel width, and used for specimens in
which the hole size was sufficiently lurge relative to the width to ensure that

failure would not' take place at or near the jaws of the testing machinme.
Type D of parallel width for similar tests to B,

The choice betwsen 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 types A and B,

Suffixes 1 and 2 were originally intended to provide for the inclusion of a

few small size specimens to be tested on an alternative machine te the Amsler
Vibrophore, namely on a 2 Ton Schenck machine, and this is the reasen for the

" ~




slight difference of dimensions between specimens 4Al and 4A2, and between 4Bl
and 4B2, llowever, the alternative testing machine was not available at the time
and both types were tested on the Amsler Machine, The pin forms and dimensions

are also given on Figures 2,1, 2,2 and 2,4,

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

d _ diameter of hole ks el
D width of specimen G
d
These three values were:-p = 1/4, 3/8 and 1/2, although the number of specimens
at d/D = 3/8 was limited, All the plates were manufactured by

Messrs, Jas., Booth Ltd, from one melt of aluminium alloy to Specification B.S.L71®
(Unclad Aluminium Alloy Sheet, 4.4%/0 copper, solution treated and precipitation
treated) and all the pins of Steel to Specification B.S.S94% (55 Ton Low Alloy
Steel)

2.1.2 Dimensional Tolerances and Pin Fits

Figure 2,5 gives the limits to which the plate specimens were made. It should be

noted that all the pin holes were made to a tolerance on the diameter of

40,0003 in.

The pins were made to a special Schedule of very close limits and then all pins
and all holes were measured and selectively fitted in order to provide for the

following degrees of fit,

(a) Push Fit Pin (clearance 10,0003 in) denoted by 'P"

(b) 0.4°/0 1Interference Fit denoted by 'fl' (to within
10.0003 in of nominal)

(c) 0.8°/0 Interference Fit denoted by 'fz' (to within

+0.0003 in of nominal)
and a few specimens for comparison to -

(d) Loose or Clearance Fit (clearance +0,004 in) and denoted by 'L'
+0,006 in)

For further details of manufacture, see paragraph 2.3,

2:1.3 Testing Machines

In general the large specimens were tested in a standard 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 Amsler Fatigue Testing Machine,

22kt Load Levels

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

fnmi{y of endurance curves, Each enduraQEE"EH;ve wog{ﬁ_zgg;esent a particular

®pPor further details see Appendix B




mean stress and would be derived from at least four points representing a range

of alternating stresses, Some configurations were omitted because the results

that would have been derived would have fallen weil outside the useful endurance

range,

Finally

stress,

for each configuration and each combination of mean and alternating

at least three nominally identical specimens were tested,

All these configurations and loadings are shown in tabular form in Tables 2,1,

2e2s 443 amd 2.5,

NOTES

1.

TABLE 2,1 Stress Levels (on the net area)

Alternating Stress used for fatigue
Mean Stress (0/0 ult,) cycling (O/o ult,)

22% 15 125 10 75 5

50 J i / J

40 / / J /

25 / J . J v

15 J v Vi v

10 J J

“/o ult," signifies "Percentage of Average Tensile StrengtH'of plain
specimens (and some unfilled hole specimens) tested under static

loadings, Average Tensile Strength = 31,0 Tons/Sq.in (69400 1b/sq.in)

Some combinations were omitted when test results from them began to

fall outside the useful range of 10“ to 107 cycles endurance,

At least three specimens were tested for each combination of mean

and alternating stress, for each configuration,

o et
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TABLES 2,2, 2,3 and 2.4 Configurations Actually Tested
NOTES
- Fach group of numbers in the Tables signifies a family of endurance
curves one for each percentage mean stress quoted in the group,
25 Specimen Types A and C are for load applied to the plate only,
; Specimen Types B and D are for load applied to the pin only,
4, 'L' signifies lLoose or Clearance Fit Pin
'‘p! o Push Fit Pin
'fl' i 0.4%/0 Interference Fit Pin
'f2' i 0.8%/0 Interference Fit Pin
5 Three values of d/D were tested for each size of specimen,

o O s Dot O d -

See next page for Tables 2,2, 2,3 and 2,4,
(For detailed results see Appendix C paragraph C,1.l).

TS a——

.
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2.2 Comparison of Original and Final Test Schedules

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

that were made to the original test schedule,

The dominating reasons were that of time consumption, coupled with the fact that
in all the testing establishments involved there were other investigations that
entailed the use of the testing machines concerned, and that were often of higher

priority, The following changes were therefore made:~-

(a) Mumber of Specimens

Originally it had been intended to test ten nominally identical
specimens at each load level and for each configuration,
Preliminary tests indicated that, possibly because of the care
taken in manufacturing and testing the specimens, the scatter
was not in general so wide as had been anticipated., It was
therefore decided at an early stage to test only three specimens
for each configuration and load level, Even so, the programme
took a considerable time, fatigue tests requiring more attention

to detail than straightforward static tests,

(b) Number of Alloys

It was decided to test only one specification of aluminium alloy
plate rather than two or even three as at first considered. The
choice of BS.L.71 was made because this material was regarded at
the time of the programme initiation as being the most dependable
aluminium alloy material, bearing in mind that there were other
important properties to be considered, such as notch sensitivity,
crack propagation characteristics, ductility and stress corrosion

cracking susceptibility, as well as fatigue itself,

(c) Number of Holes in Specimens

In the initial proposals, more than one hole in a row and more
than one row of bolt holes were included, This development was
set aside, bearing in mind that there were some tests available

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

Another change from the original programme was the addition of a
number of load cycles at low stress levels, both for mean and
alternating stress’, This was because the endurance at the lower
ends of the original stress ranges were not always sufficiently

long to provide an adequately useful

SV,
"

*These tests are now designated "Supplementary Investigation No, 9",
The results are given in Stage 2 of this report,
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The original programme was drawn up for push fit pins and two degrees of
interference fit (0.4°/0 and 0.5°/0), Subsequently, loose fit pins were
included for a small number of specimens in each of the main groups - large,

medium and small,

Again the earlier plan was to initiate the tests only at one level of mean
stress, with one or two other levels to follow, but eventually five levels

of mean stress were included in order to provide a wider range of investigation.
This was easily arranged because of the original large number of specimens per
loading per configuration, the excess specimens being used in Stage 2

(The Supplementary Investigations)of the programme, which is fortunate since

all will be from the same melt of material,

Finally, a few aluminium alloy pins were made for initial tests but were

subsequently discarded as being unrepresentative of practice,

2.3 Manufacture of Specimens

This was carried out by Messrs., Plant Machinery and Accessories Ltd, and in
all some 12,000 specimens were made, This total number was built up as
follows, (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 configurations of pin and hole
3 d/D ratios per configuration
4 mean stresses per configuration

4 alternating stresses per mean stress

and there were originally ten specimens for each combination of configuration

and stress cycle,

This led to 10, 080 specimens, The remainder were intended for sundry

configurations and for contingencies,

The change from ten to three specimens for each combination provided ample

specimens for the subsequent stages of the extended programme,

Each plate was identifiable and a record was kept, identifying each specimen
with not only its plate number, but with its position in the plate, (See

Tables of results in Appendix C).

It should be noted that the term 'plate" was used initially 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 respectively, and therefore may be more commonly

termed ''sheet'',

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

have the same meaning.

—r

e
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Before cutting, a photoelastic study was made of a sample plate marked out to

show the positions of the specimens, and the design of the fillet or run-out at
the ends of the specimens took into account the stress distribution in the plate,
Thus the fillet became a sine curve rather than a simple radius. This refinement
proved to be of debatable value but at the time of launching the programme it was

thought to be justified,

The final milling cut on the edges of all specimens was held to +0,00l in and because
of this it was agreed that the burrs left along the edges would be negligible and
need not be removed by the manufacturer, The testing laboratories were given
authority to remove with care any burrs that they considered were excessive in
terms of good quality engineering practice., Very few were considered excessive,
Any burrs left on the edges of the holes were removed by the use of fine emery

"

paper, grade O and then grade 00, The surface of the plate were left "as

manufactured',

In regard to the holes, which were required to be to 10,0003 in limits,some initial
difficulties were met in preventing ovality, but eventually a standard reamer was

used in a jig borer and the requisite accuracy was achieved.

In order to plan the necessary pin fits, all holes were measured by the
manufacturer's Inspection Department and the results recorded to the nearest 0,001 in
using a taper plug gauge. This inforr.z*ion was invaluable in planning the

ranges of pin sizes to be manufactured, and in choosing subsequently by selective
assembly combinations of pins and specimens to give the desired fits or
interferences, All specimens were treated with a transparent, strippable coating,
then wrapped in brown paper, and stored in a heated dry place, All the pins were

made by the Royal Ordnance Factory, Woolwich,

In order to facilitate ease of assembly, the pins were made with a 1° included
angle taper over half their length and the parallel portion was approximately

four times the plate thickness of the specimen so as comfortably to accommodate
the fork end applying the load, Both the specimens and the pins were made to a

high standard of quality,

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

This part of the report is most conveniently dealt with by grouping the

information under the headings of the Testing Laboratories,

24051 Cambridge University, Metalluzgy Department

This was the first centre at which continuous testing was undertaken, although
from the start of testing, exploratory work was undertaken by National Engineering

Laboratory (NEL) Materials Group (Z), (See paragraph 2,4,3 below).

SR g g
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Assemblx

In all cases the protective coating was removed from the holes before assembly,

but lanolin grease was applied during testing.
The assembly of the pins in the plates was carried out as follows:-
Push Fit

Small loads were applied axially to the pins. Where necessary a lubricant

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

Interference Fit

Here the same techniques was employed but larger loads were necessary, and a
lubricant was invariably employed. Steady pressure was applied through an
Instron testing machine., Alternatively a Zwick Machine was used., This method
was vevy satisfactory and there was reasonable correlation between the loads

required, the degree of fit and the size of pin,

Detailed loads for individual pins are available but not given in this report,
However, the range of loads for each configuration is given at the ten of each

table of results - See Appendix C,

Alignment

Initially, difficulties were experienced in assembling the specimens in the
testing machines because of the problem of eliminating lack of alignment,
rotationally, between upper and lower jaws of the testing machine, and to a

lesser extent, axially,

A very considerable amount of time and thought were devoted to the problem and
how to eliminate it, and an automatic aligning device was eventually developed
and produced by the University. This was adopted for both medium and small
specilens tested in the Losenhausen and Amsler testing machines., The device
enabled the two ends of the specimen to be pre-assembled accurately, quickly
and free from strain in the zero load condition., Appendix A, contributed by
Metallurgy Department of Cambridge University describes and illustrates this

device.

Calibration of Machines

Static and dynamic calibrations were made and found to agree with those of the
makers, Strain gauges were applied to sample specimens and used to check the
testing machine readings. Although the correlation was fair, there were more
errors and less consistency in the strain gauges than in the machine readings.,

The latter were therefore adopted as the standard load measurement,
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Testing Machines

Cambridge University used two types of testing machine, Foér the small specimens,
a 2-Ton Amsler Vibrophore capable of applying a maximum mean load of 1 Ton tension
(or compression) and a maximum alternating load of +I1 Ton superimposed on the mean

load was employed, The lower practical limit of load was about 0,02 Ton,

The speed of frequency range of this machine was from 2,000 to 12, 000 cycles per
minute (c,p.m.), but this range was narrowed for the plate specimens, Initially
some tests were made at two speeds, 3,600 and 7,640 c.p.m.x The difference
between results was not significant and subsequently all tests were made at

between 7,000 and 8,000 c,p.m.

For the medium size specimens a 6-Ton Losenhausen Fatigue Testing Machine was
employed, This was capable of applying a maximum mean load of 3 Tons tension or
compression, and a maximum alternating load of the same amount (a maximum total
load of 6 tons). The test programme load cycles were wholly tensile and
therefore tended to require the limit of 3 Ton +3 Tomns, The speed range was

from 1,000 to 3,000 c.p.m., and initial tests to explore this‘range were carried

out."

The resulting endurances at the high speed were somewhat lower 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 significant,

Order of Testing

On completion of a number of exploratory tests it was concluded that more
reliable results would be obtained if, within a given group of specimens, those
which were to be subjected to the highest stress levels were tested first,
progressing downwards for the remaining specimens towards the lowest stress
levels, Tests of specimens which were still unbroken at an endurance of the
order of lO7 cycles would be discontinued, and if several tests at a given
stress level were so terminated, then tests at lower stress levels in that

particular configuration would not be carried out,

In respect of configurations, the unfilled hole specimens were tested first, then
the push fit pins and finally the interference fit pins, Unloaded pin :
configurations were tested before loaded pin configurations, This order of
testing and the procedure for assembly noted above were maintained in order to
minimise scatter of endurances at a given stress level, and although results
suggested that this had been a wise precaution there is a feeling that more

investigation into the order of testing might prove useful,

—




2:5:2 Messis Short Brothers and tlarland Ltd, Testing Laboratory, Belfast

At this centre all the large specimens were tested, except for some exploratory
tests by NEL. A number of the problems invclved were similar, and their
solutions were also similar to those encountered at Cambridge University.
Indeed there was continuous co-ordination between the two organisations

through the Royal Aeronautical Society. Naturally there were variations in
technique due to the large:r size of the specimens handled and to different

experiences, and these are described below.

Assembly

Because of the larger loads involved, some failures occurred initially at the
ends of the specimens., due to the high load concentrations at the grips. To
overcome this, the ends of these specimens were coated with a film of Araldite
about 1/16 in thick, before insertion in the testing machine. Specimens were
protected from corrosion with lanolin as at Cambridge, but nevertheless some
corrosion resulted from the use of blue ink used for marking, and was thought

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

Alignment

The special specimen grips used by Cambridge University were not found
necessary for the large specimens, and it was established that good alignment
could be achieved by selective assembly of suitable end packing pieces that
ensured freedom from constraints at zero load. When inserting the pins a
grease lubricant was used, and in some cases molybdenum disulphide was added

to the grease.
Calibrations

Static and dynamic calibrations were, of course, made and checked satisfactorily

before testing began,

Testing Machine

All the large specimens were tested in a 2-Ton Avery-Schenck of the resonant
frequency type, with a maximum mean load of 10 Tons and a maximum alternating

lcad of +l10 Tons.
All tests were carried out at a nominal speed of 2,000 cycles per minute, -

Order of Testing

In general the high load cycle specimens were tested first and the sequence
proceeded downwards in terms of loads, until lives of the order of 107 cycles

were attained,
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203 National Engineering Laboratory, Materials Group (Z), East Kilbride

As already stated, this organisation carried out some preliminary static tests,
and a number of exploratory tests to assist the Royal Aeronautical Society and
the Ministry of Technology in planning some of the details of the early stages

of the programme, in terms of

Load cycles to be used

Degrees of fit

Geometry of fit

Testing machine calibrations and

Methods of assembly

This laboratory did in fact test most of the loose fit pins, and designed the
fork end fittings for the 'pin loaded' cases, Later in the programme, NEL
studied a representative selection of the occurrences of fretting encountered at

the various laboratories and reported on them,

2.,4.4 Tiltman Langley Limited, Redhill, Surrey

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

medium size specimens,

Testing Machines

These were all of the NPL Slipping Clutch 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 1lb mean ioéd and

14,500 1b alternatihg load

2-Ton Machines 2,500 1b mean load and

41,500 1b alternating load.
The speeds of testing were between 2,500 and 3,000 c.p.m,

Calibrations
The machines were all calibrated both statically and dynamically at the
commencement of the programme, and twice during the working period they were

checked statically,

Assembly

Descriptions of the successful methods of gripping the test specimens for this

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

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

assembly, and accelerate the progress of the work,
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2D Results

[he complete results of all tests are given both in tabular form and graphically

in Appendix C. For ease of reference, the numbers allotted to a particular table

of results and to the corresponding graphical presentation, for a given

configuration and type of loading. are identical, e.g.

Table C.5 and Figure C.5

both refer to the same results., namely for large specimens, d/D = 1/4 with a

push fit pin, pin lo.ded,

2.6 Notation

The notation used in the analysis is given in Section 3,

SECTION 3 NOTATION AND DERIVATIONS

3l Notation

d Nominal diameter of hole and pin

D Width of parallel section of test specimen
f[ Average Tensile Strength of plate material

(taken from static tests)

0 g
f 0.2 /o Proof Stress of plate material

(taken from static tests)

K Geometric Stress Concentration Factor (S,C.F,)

based on bearing area of pin

K Geometric S,C,F, based on gross area of cross

section of test specimen

KZ Geometric S,C,F, based on net area of cross

section of test specimen

N Endurance

m Parameter characterising shape of R,M,Diagram
Sm Mean Stress on net area

Sa Alternating Stress on net area associated with
sao Alternating Stress on net area associated with

zero mean stress

| '
Sm Kt'sm
' 1
Sa Kt'sa
t Thickness of plate specimen
- n'." o .-

Units
inches
inches

Ib/sq.in

Ib/sq.in

cycles

Ilb/sq.in
S Ib/sq.in

Ib/sq.in

lb/sq.in

Ib/sq.in

inches




.-

1 Units
L Loose fil
For limits

p Push fit - See Section 2 -
paragraph 2,.1,2

f] O,su/u Interference Fit

4 U.-“/o Interference (it J
2

P Derivations

For the plate Material of these tests (all one batch)

ft - 31 .0 Fons/sq.in -~ 69,400 lb/sq.in

fp = 25,0 Tons/sq.in = 62,500 lb/sq.in
vk = G0 F

p L

When deriving Stress Concentration Factors from RAeS Data Sheets, note that:-

> " D-d  _ d
RL KL°_B— = Kt(l D)
"B b-d D
and KL = KB' 3 KB(d | e
SECTION 4 MAIN FEATURES OF THE EXPERIMENTAL RESULTS
4,1 General Remarks

All the individual results are tabulated and also presented graphically in
Appendix C, together with a bLrief comment for each configuration and size of
specimen, This present section attempts to observe the effects of the several
variables involved, namely size, mean stress,alternating stress, geometry and
the different degrees of fit of the pins in the holeé. Where endurances are
compared., the mean curves are used rather than actual results at a given stress
level, This procedure was considered to present more realistic and effective
comparisons than those which would result from comparing extreme values,
remembering of course that the actual plotted points are always available in

Appendix C, for an assessment of probable scatter,

In searching for the influence of one parameter it is almost certain that one
will observe the influence of other parameters, so that groups of '"collected
curves'" will be referred to in more than one of the following paragraphs, as
found convenient, These "collected curves' are precsented as Figures 4,1 to
4,33 inclusive, However, before discussing the above, a few remarks are made
concerning speed of testing, choice of testing machine, variation from sheet to

sheet, and location within a given sheet,
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&od Effect of Speed of Testing

A limited exploration on this feature, within the range of the testing machines
used, was carried out by Cambridge University, and the results are described in

Appendix C, paragraph C.Z to this report,

A three to one speed range was tested on the G=Ton lLosenhausen and a two to one
speed range on the 2-Ton Amsler machine, A range of alternating stresses at one
level of mean stress (S /fl 0,25) was used,

m

The scatter of results was not large, and, for the Losenhausen machine,

endurances at the higher speed were somewhat lower than at low speed, For the
Amsler however, there was little difference between the endurances at the two
speeds tested, It would appear that, within the ranges tested, the effect of

speed of testing is not significant,

For convenience of operation, the losenhausen test programme was carried out at
about mid-level of the speed range, and the Amsler tests towards the upper ends
of the speed range, Thus the choice of testing speeds was reasonable in the

light of the foregoing evidence,

443 Effect of Choice of Testing Machine

Unfortunately this particular variable was not really investigated because of the
limited number of machines available and of administrative difficulties, There
are however two sets of results for the same design of machine, namely a 20-Ton

Avery Schenck, Ref, Tables C,0(a) and C.6(b) and Figs., C,0(a) and C,6(b),

One machine was at Short Brothers and Harland and the other at the National

Engineering Laboratory,

There is a slight difference in the results at Sm/f¢ = 0,25 and 0,15, those at
Short Brothers and larland being somewhat more favourable, but the total number

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

4,4 Variation from Sheet to Sheet

Refs, Appendix>C:-

Table C.19 and Figures C,19, 19a, 19b, 19¢ and 19d (Unfilled lole)
Table C,24 and Figures C.ZA; 24a and 24b (P,F, pin, pin loaded)
Table €.,25 and Figures C.25 (0,4°/o I.F. pin, pin loaded)

Table C.26 and Figures C,26 (0.5%/0 I.F, pin, pin loaded)

In the first reference separate plots for each value of mean stress are presented.
sheet numbers being identified, In all cases the scatter is small and well within

that expected for nominally identical specimens,




In the second reference eight different sheets were used but all the specimens
were cut from one end of each sheet, The two groups tabulated were tested at
different times, and are plotted on separate graphs, They each led to quite
reasonable curves, although tnere was not a full range of alternating stress
for each mean stress in group (a), It is clear however that variation of sheet

has no effect,
Similar remarks apply to the third and fourth configurations.

Thus no effect of sheet variation is evident and this of course is what would
be expected from a set of sheets all manufactured from one melt, However, as
pointed out in Appendix C, with respect to Table and Figure (.19, it does not
necessarily follow that sheets representing the extreme upper and lower
permissible limits of mechanical properties and/or chemical composition would

conform to the same extent,

445 Location of Specimen within a given Sheet

Reference Appendix C, Table C,19, Table C,24, Table C.40 and note (6) of

paragraph C,3,1.

With reference to note (6) there were for the small size specimens
approximately 21 strips and 15 specimen positions in each strip so that strips
1 and 21 represent edges of sheets and strip ll represents the centre line,
Again, positions A and O represent ends of sheets and position H the centre
of length, For the large specimens there were only half the number of strips

per sheet and specimens per strip,

A study of the endurances for a given loading and within a given sheet indicates
that there is no consistent merit in any given position with regard to

endurance,

4,6 Effect of the Presence of an Unloaded Push Fit Pin

Figures 4,1 to 4,9 inclusive show for a given size of specimen and d/D ratio,
direct comparisons between the endurance curves for Unfilled Hole and Push Fit
Pin, Pin Unloaded, Each figure contains the appropriate references to the

original results plotted in Appendix C,

It is important to repeat that in this and the majority of subsequent
comparisons the geometric mean curves have been used, It is considered that a
comparison of mean curves will give a more representative conclusion than
using extreme values, The actual scatter of results can be seen from the
graphs in Appendix C and should always be borne in mind when assessing the

fatigue performance of a given structure or detail part,
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Remembering this fact, one is led to a general conclusion that the effect of an
unloaded push fit pin on the resulting endurance is not large and barely affected

by the ratio of d/D.

At high alternating stress (order of 14,000 lb/sq.inch or Sm/fL = 0,20) the
addition of the pin may increase the endurance by a factor of the order of 2.0 to
2.5, At low alternating stresses (order of 5,500 lb/sq.inch or Sm/fL = 0,08)
the addition of the pin may change the endurance by a factor of the order of 0,5

o . . T o6 |
to 1,1, Scatter may increase or decrease individual cases by as much as 50 /o,

1t would appear that the beneficial effect of the support of the pin at the edges
of the hole near the ends of the transverse diameter of the hole accounts for the
improvement at high alternating stress, whilst the possibility of the occurrence
of some fretting at low alternating stresses tends to nullify or even reverse

this trend,

This comparatively marginal effect is also supported by the fact that the Stress
Concentration Factors for both unfilled hole and for push fit pin, pin unloaded,
are virtually the same - see Appendix C, paragraph C.3,l note (5) and Reference 3.
The incidence of fretting and its effects on the test results are discussed in

paragraph 4,15,

Two further observations may be made; mean stress has an almost negligible
influence, and size has only a small one in favour of the small specimens - see

paragraphs 4,10 and 4,11 for more detailed discussion,

b4e? Comparison between Unloaded and lLoaded Push Fit Pin

Figures 4,10 to 4.16 inclusive show these comparisons over a range of size and
d/D ratio, again with reference to the appropriate original figures in
Appendix C, It should be noted that there are no results for d/D = 3/8 for the

medium and small specimens,

Endurances for the loaded pins are significantly lower than those for the
unloaded pins for a given combination of the other variables, This is, of course,

to be expected with the higher stress concentrations for a given applied loading.

The reductions in endurance are relatively greater for low d/D (1/4) than for

moderate d/D (1/2),

There is also a trend towards greater scatter of results at low alternating
stresses, particularly for the medium and small sizes. Again scatter is less for

loaded pins than for unloaded pins,

In general mean stress has only a small influence on the results, except at

Sm/ft = 0,15,
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The influence of the size is even less on the loaded specimens compared with ‘
the unloaded ones, In an attempt to suggest very approximate ratios of
endurance for loaded pins compared with unloaded pins the following figures 4

are offered,

.\a/fL

d/D = L/4 diD = Lf2
High (0,20) LA3 Eo L/L0 1L/2 to 1[f3
Low (0.08) L /50 o, LifLO 344 to' LAS

It should be noted that these are ratios of mean endurances, that size effect
is included (but is not large) and that the extreme ratios tend to represent

the lowest mean stresses,

4,8 Comparison between lLoose Fit and Push Fit Pin

Only a few tests were carried out on loose fit pins, Reference to Tables 2,2,

2,3 and 2.4 of Section 2 shows that these were as follows:-

iLarge Specimens, Pin lLoaded
Medium Specimens, Pin Unlocaded All at d/D = 1/4

Small Specimens, Pin Unloaded

There are corresponding results for push fit pins so that direct comparisons
may be made, and these are presented on Figures 4,17, 4.18 and 4,19

respectively,

4,8,1 LLoaded Pin (Figure 4,17)

Bearing in mind that for these particular loose fit pins only one result was
available at a given level of alternating stress, and that the relevant curves
can only be regarded as tentative, there is remarkable agreement between the
two sets of curves for loose and push fit pins for all three levels of mean
stress plotted, Nevertheless from what has been seen in respect of loaded push
fit pins, one would not expect a great deal of difference between a loaded loose
fit pin and a loaded push fit pin at a low value of d/D and so regardless of

the scarcity of data, Figure 4,17 would appear to indicate a true comparison,

4,842 Unloaded Pin (Figures 4,18 anqﬂig.mz

Here there are more results, and for both medium and small size specimens,

Again both are at d/D = 1/4,

Allowing for scatter there appears to be no great difference for the small
difference in size (1.67:1,0). There is clearly some loss of endurance at hignh

alternating stresses but to a less extent at low alternating stresses,
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Approximately the reduction factor is from 1/2 to 1/4 at high Sa and from nil
to 1/3 at low Sa (based on mean curves)., Another interesting factor is that

on comparing the results of the loose fit unloaded pins with the corresponding
configuration but with unfilled holes, it is found that there are no significant
differences in endurance curves for a given value of mean stress. (Compare

=

Figure C,19 with Figure C.20 and Figure C.35 with Figure C,36).

It may generally be concluded that loose fits do not seriously reduce endurances,
but this conclusion is based on limited evidence and there were several examples

of fretting., (See paragraph %,15),

4,9 - Effect of Interference Fit

The endurances for two degrees of interference fit are plotted on the same
figures as for the push fit pins for the otherwise corresponding configurations,
and are presented on Figures 4,20 to 4,26 for unloaded pins, and on Figures 4.27

to 4,33 for loaded pins,

4,9,.1 Unloaded Pins

As would be expected, there is a significant gain in endurance for the
interference fit pins, because of the induced tensile stress in the material
surrounding the pin, which effectively reduces the applied alternating stress.,
However, if the interference is large enough to cause plasticity this effect will
be modified, and for very large interferences, it may even be reversed,
Furthermore excessive interference fits in materials which are sensitive to

stress corrosion cracking could cause premature failure,

The improvement in endurance is considerably greater for d/D = 1/2 than for
d/D = 1/4, but the improvements for 0.8%/0 interference fit compared with those
for 0.40/0 interference fit are less for the small specimens than for the medium
size specimens, There were no tests for 0.80/0 interference fit in the large

size (pin unloaded).

The increases of endurance are less at high values of Sa/ft than at low values,
for both 0,4°/0 and 0.8°/0 interference fit pins, This is probably due to the
greater amount of yielding at high Sa/ft' The effect of mean stress is more
marked for the interference fi! pins compared with push fit pins, but the effect

of size is less marked,

For the medium size specimens at d/D = 1/4 the 0.4°/0 interference fit pins
show results out of step with the general trend. This could be due to the degree
of interference being slightly under normal, as indicated by the relatively small
loads required to insert the interference fit pins, combined with a small degree
of interference on the push fit pins as indicated by the relatively high loads

required to insert the push fit pins of this size and configuration,




Thus some of the interference fit specimens might be regarded as push fit pin
specimens and some of the push fit pin specimens as low interference fit

specimens.

Adopting the same procedure as for the previous comparisons, the following
approximate ranges of factors for increase of endurance of interference fit

over the corresponding push fit pin are suggested (both for pin unloaded).

For 0.40/0 Interference Fit

CL a/D = 14 d/D = 1/2
High (0.20) 3/4 to 6 7 to 100"
Low (0,08) 3/4 to 9 10 to 100
For 0.80/0 Interference Fit
Sq7fs 4/D = 1/4 4/ = 1/2
High (0,20) 4 to 10 }.no results
Low (0.08) 5 to 10

It should be noted that the higher factors for a given configuration are
usually associated with the lower values of mean stress, and that size effect,

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

4,9,2 Loaded Pins

In general the increases of endurance for loaded interference fit pins compared
with push fit pins are not so great as for unloaded pins. The effect of d/D
is still considerable as for the unloaded pins, but the effect of mean stress

is less marked, Size effect is also small,

It would appear that the reasons for these facts are the greater stress

concentrations of the loaded pins, and associated lower scatter of results,

Approximate factors for increase of endurance due to interference fit are as

follows (pin loaded)

For 0.40/0 Interference Fit

Sy/fs a/b = 1/4 a/b = 1/2
High (0,20) /4 to 3 2 to 100™
Low (0.08) 3/4 to 3 2 to 100"
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For O.Ho/o Interference Fit

S/, d/D = 1/4 a/D = 1/2

High (0,20) l to 5 10 to 100"

Low (0,08) 1 to 15 20 to 100™

Again the higher factors are usually associated with the lower values of mean

stress.

4,10 Effect of Mean Stress

In general, this can be seen from any of the graphs of the initial plots in

Appendix C, and from the re-plots on Figures 4,1 to 4,33 of the main report,

However, in order better to demonstrate the effect of this variable, cross plots
of Sa against Sm for a series of constant endurances have been derived (see
Tables 4,1 to 4,5) and are presented on Figures 4.34 to 4,45 inclusive, These
tables and figures cover unfilled Holes, Push Fit Pin - Pin Unloaded, Push Fit
Pin - Pin Loaded, O.qo/o Interference Fit Pin - Pin Unloaded and 0.40/0
Interference Fit Pin - Pin Loaded. For each configuration two values of d/D,

namely 1/4 and 1/2, have been considered.

From what has been observed already in respect of size, it does not seem
unreasonable to combine results for large, medium and small specimens by using
average values for a given configuration and value of d/D. By making this
presumption the presentation becomes clearer, and there are more data per point
upon which to base conclusions., In paragraph 4,11 which discusses effect of size

it is concluded that this presumption is justified.

The resulting curves are effectively R-M diagrams on a basis similar to that
of RAeS Data Sheet A,00,02 and may also be compared directly with Figure 3 of
Data Sheet E,02,01,

However, the Stage 1 results are available only down to Sm/ft = 0,15, and so the
left hand side extensions of the curves for all configurations except the
interference fit pins have been predicted from RAeS Data Sheet E,07,01, Figure 3-
for artificially aged Al~Cu Alloy, This data sheet gives a mean line for Sao’
K; =1,0, i,e, plain specimens, and values for Sao for the Stage 1 specimens
are obtained simply by dividing the mean line values for a given endurance by the

appropriate Stage | value of K;. See Table 4.6,

This method is not accurate for low endurances, e.g., below 3 x 104 cycles,
because the procedure of dividing by K; becomes increasingly pessimistic, and

: " 4
50 no extension below Sm/ft = 0,15 1is given for the curves at 10 endurance,

"Based on limited evidence
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In regard to the interference fit pins, for reasons already discussed in
Appendix C paragraph C.3.1 note (5) a common value of KE cannot be quoted,
and hence values of Sao for a given endurance cannot be calculated. Thus
the extreme left hand side of the R=-M diagram cannot fully be drawn.

Conclusions

(i) For all configurations other than interference fit pins the mean stress
has negligible effect on endurance for a given value of Sa’ over the
range Sm/ft = 0,20 to 0,50, This appears to be due to the occurrence
of plastic flow at the region of the maximum stress concentration, It

is expressed by the condition:-

S f 5
' v My P _ gy 8
Kt(sm + Sa)? fp or Kt ft > ft Kt ft

and is consistent with the point E H of the curves G E H in Figure 1
RAeS Data Sheet A,00,02,

Below Sm = 0,20 f, it is difficult to assess from these tests a
definite law of behaviour, but the rough rule that endurance is inversely

proportional to mean stress for small variations of S appears to be
SR

reasonable,

(ii) For the interference fit pins the effect of mean stress is much more
marked, particularly at low endurances, Unfortunately, there is only
limited evidence at d/D = 1/2 and therefore Figures 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 10° cycles).

(iii) The above conclusions apply in general to both d/D = 1/4 and d/D = 1/2,
although the achieved values of Sa for a given endurance are somewhat
greater for d/D = 1/2 compared with d/D = 1/4, especially for loaded
pins,

(iv) For all configurations other than interference fit pins there is a slight
trend towards a fatigue limit at an endurance $f about 10’ cycles, for

mean stresses of 0,25 ft and greater,
4,11 Effect of Size

From a study of all the results available using mean endurance curves, it 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 width of specimen, The use
of the specimen width as a measure of size is somewhat arbitrary, Alternative
bases could be either the ratio of d/D since the amount of material at the
side of the hole has an influence on stress concentration factor and hence on

endurance, or the basis could be simply the diameter of the hole -~ 'd',
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It is believed that any one of these bases is an acceptable one, especially as
the effect is not large and is of course somewhat masked by general scatter, and

so the original basis of width of specimen will be retained.

The smaller the size of the specimen, other variables being constant, the more
favourable becomes the fatigue performance, There are two ways of expressing the

relative performances
(a) as a ratio of endurances for a given alternating stress, and
(b) as a ratio of alternating stresses for a given endurance,

Because of the general shape of the endurance curves (a) tends to be more reliable
at low endurancesand (b) tends to be more reliable at high endurances. For

convenience both methods will be given,

Method (a)

From paragraph 4,10 it is justifiable to quote average figures for the range
Sm/ft = 0,50 to 0,25 except for interference fit pins for which only average
figures for Sm/ft = 0,50 and 0,40 will be quoted, However, because these are
average figures, the results may be considered accurate only to two significant

figures.,

As in previous comparisons, values at two levels of Sa/ft are quoted and Lhe

results are given in Table 4,7,
Method (b)

Here the data are conveniently available in Tables 4,1 to 4,5 inclusive, Ratios
of Sa for small specimen/large specimen can be obtained at stated endurances,
again averaging the figures for Sm/ft = 0,50, 0,40 and 0,25 for all except
interference fit, and for the latter averaging only Sm/ft = 0,50 and 0,40, and
quoting the results to two significant figures. These results are given in

Table 4,8,
Conclusions

(i) Although only a limited range of size of specimen is covered
(2,67 to 1,0) there is definite evidence of a size effect, whether
judged by ratio of endurances for a given alternating stress or
vice versa. However, the previous decision to average the results
of all three sizes of specimens is justified when the size effect
is considered in relation to the general scatter of fatigue test

results,

(ii) Using method (a) leads to an apparently greater size effect at

low alternating stress, but this is not necessarily true (see

g e .




notes on Table 4,7)., By using method (b) which, from the
nature of the curves tends to be more reliable at low
alternating stress, leads to a more uniform assessment (see
Table 4,%), 1In fact the resulting ratio could be regarded as

a general reduction of stress concentration factor of the

order of 1,1 to 2,0 for a size reduction of 1/2,67,
(iii) l'he size effect is somewhat less at d/D = 1/4 compared with
d/D = 1/2, This is consistent with the more powerful effect

of the higher stress concentration factor associated with

4/b = 1/4,

(iv) There appears to be a somewhat larger size effect for push
fit pins compared with interference fit pins. This may be
partly due to the fact that the loads to insert some of the
push fit pins were relatively high, The effect is least for

unfilled holes,

4,12 Effect of Geometry

In this broadest sense this variable can be regarded as covering the size and
shape of the specimen, and its lack of uniformity, all of which lead to a
stress concentration, But because size has been covered separately, in this
report 'geometry' will be interpreted by the ratio of d/D. This in turn is
expressed in the value of the stress concentration factor, but it should be
remembered that stress concentration factor also includes the influence of pin

fit,

Figures 4.1 to 4,33 already discussed, and also the original curves in
Appendix C enable direct comparisons to be made, for the different
configurations tested, and each configuration will be discussed briefly, As
previously, in accordance with the findings of paragraph 4,10, results for
Sm/ft = 0,50, 0,40 and 0.25 have been grouped together for all but the

interference fit pins,

4,12,1 Unfilled Hole (Reference Figures 4,1 to 4,9)

Bearing in mind the general scatter and the fact that the curves are through
mean values, it cannot be claimed that there is any significant effect of

change geometry in this configuration,

4.12.2 Push Fit Pin - Pin Unloaded (Reference Figures 4,1 to 4,9)

Here again, the differences between high and low d/D are not marked, and to a
considerable extent are lost in the general scatter of results, This is better

appreciated by further reference to the relevant initial plottings in Appendix C,

v

- - - vt .y

i red

e tmen —-v——-——-———w——w——*-

{ i B
.

—

e —




H

g 123 LLoaded Push Fit Pin (Reference Figures 4,10 to 4,16)

llere there is a definite increase in endurance for the higher values of d/D.
"his increase in contrast to the two previous configurations is probably due to
the greater levels of stress concentration present in the loaded pin
configuration, Adopting the earlier procedure, the following figures give an
appreciation of the order of the ratio of increase of endurance, assuming the

endurance at d/D = 1/4% to be unity

3l E, d/D = 1/4 d/p = 1/2
High (0,20) Unity 2 Eo D
Low (0,08) Unity 4 to 10

The higher values in a given range coarrespond generally with the lower values of
- .
mean stress, Size effect has  heem accounted for, i,e, not included, since the

ratios quoted are all for d/D only for a given size,

4.,12.4 Unloaded Interference Fit Pin (0.4“/0 Interference)

(Reference Figures 4,20 to 4,20)

Only the O.QO/o interference fit can he commented upon as there are insufficient
data for 0,8°/o, Even so there is only a limited amount of data for 0.4%/0
interference fit especially at Sm/ft = 0.25 and below, The effect of d/D is
much greater than for push fit pins, and the range of increase factors for
increase of d/D is much wider. Only approximate figures can be quoted as

follows:~-

SE/AE
__S_é_!/ft Sl £y d/D = 1/4 d/b =1/2
0,20 (U.)U Unity 4 to 6
4 0,40 Unity 5 to 50
| 0,25 Unity 40 Lo 50
0,06 [0.50 Unity 10 to 25
4 0440 lInity 10 to ©0
| 0425 Unity 50 to 10O

e 1225 Loaded Interference ['iL Pin (0.40/0 Interference)

(Reference Figures 4,27 to 4.33)

flere there are similarly large increases in endurance for increase of d/D and

because of the limited data only approximate factors can be quoted:=-

5,/f, Sl £y d/b = 1/4 d/D = 1/2

0.20 0, 50 Unity 3t 1d
0,40 IInity 10 to 60
025 lnity 150 to 250




S S
S/t m’ £t a/b = 1/4 d/D = 1/2
0,08 0,50 Unity 2.5 to 5.5
0,40 Unity 14 to 65
0.25 Unity 200 to 500
4,13 Summary Presentations

G.13:1 General

So far in this section, attempts have been made to study the effect of each
variable in turn., Some variables have proved to be of little consequence - at
least within stated limits, Others have been found to have a significant, but
not large effect, and a third group to have considerable influence, An
example of the first type is mean stress (excluding joints with interference
fit pins)., Examples of the second group ate size and the ratio of endurance

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

There are many examples of the third group, such as geometry or stress
concentration factor, and the endurance of interference fit pins compared with

that for push fit pins under similar conditions of loading.

Often it has been difficult to be precise in stating the magnitude of these
influences because of the scatter inherent in fatigue results, To some extent
the consideration of mean endurance curves rather than full scatter bands has
helped to clarify this particular problem and to avoid making extreme statements,
but in assessing the merits of a given design, the effect of scatter must

always be considered and reference to the basic curves of Appendix C should

frequently be made.

After careful consideration, it was concluded that the preceding findings could
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 manner,

as follows:-

G 13,2 Basis of Presentation

(i) For all configurations except interference fit pins, it is
. ] - : = L}
possible to plot Kt S, instead of Sa (o1 KL Sa/ft
instead of sa/ft) and so include automatically the effect
of K;, whether it be due purely to geometry or to a

combination of geometry and configuration,

(ii) Reference to paragraph 4,10 and Figures 4,34 to 4,39 shows
that because of the locally steep stress gradient at the

seat of a stress concentration, and the consequent plastic
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flow, the effect of mean stress over the range S /fL = 0,25
m

to 0,50 is virtually negligible, so that all endurances for a

given configuration and value of .\a/ft over this range of

mean stresses can be combined and average values used without

loss of accuracy,

(111) In regard to size, this variable can be shown directly by
plotting average values in accordance with (ii) above, but
with differing symbols for each size, thus:-

Large Specimens i
Medium Specimens @
Small Specimens X
(iv) Paragraph 4.8 has shown that it is justifiable to include in

this summary presentation any results for lLoose Fit Pin
Configurations, These are plotted with an extra ring around

each point,

Thus the following tables and figures evaluate and plot the

resulting summaries.

Summary Presentations

UNFILLED HOLE

Table 4,9 and Figure 4,4% -
Table 4,10 and Figure 4,45 - PUSH FIT PIN - PIN UNLOADED™
Table 4,11 and Figure 4,46 = PUSH FIT PIN - PIil LOADED™

Each Presentation covers:=

Average endurances for Mean Stresses of 0.50, 0.40, and 0.25 fy.
Values of K; appropriate to the particular configuration for

three values of d/D namely, 1/4, 3/8 and 1/2,
Separate (average) endurance for Large, Medium and Small sizes,

Figure 4,47 shows a comparison between the three configurations.

together with some other iunteresting data.

4,13,3 Discussion on the Summary Presentations

(i) On each of Figures 4,44, 4,45 and 4,46, band widths of the
average results discussed above have been drawn. They cover
both the range of sizes tested and the scatter of those

average results,

nIncluding a few Loose Fit Pins where available,
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(ii)

Although in general

specimens tend to be nearer to the

band, and those for the sma

Lthe average results for the large

lower limit of each

Il specimens towards the upper

boundary ‘of the band, this is not universally so, and

hence the width of the band

is not a true measure of size

effect! indeed it exaggerates the effect, For

accurate estimate of the in

paragraph 4.ll.

Bearing in mind the wider s

is considered advisable Lo

band when using these curves for design, or

fluence of this vari

catter of individual

a more

able see

results it

work to the lower limit of the

if the middle

of the band is used a suitable factor for scatter should

be applied,

Figure 4.47 shows the comparison between the three

configurations under consideration,

It is clear that in terms of fatigue endurances, the

differences between these three bands, although not

negligible, are small, and individual scatter could reduce

them to a marginal amount, or even reverse them,

The use of K;

the effect of

S instead
a

of Sa automatically includes

d/D and leaves one with a clearer picture

of the situation as compared with the discussions of

paragraphs 4,0

and &, 7.

Considering the same two levels of alternating stress as

before (S /f
a 'k

= 0,20 and

0,08) and using an average

K; of 3.0 these become K; sa/ft of 0,60 and 0,24, Then

taking mean values for each band width, which effectively

excludes influence of size, a table of comparative

endurances at

been compiled,

these two levels of alternating stress has

Relative Endurances
K' s /f Urnfilled Push Fit Pin Push Fit Pin
E At Hole Pin Unloaded Pin Loaded
0,60 1.0 20 0.9
0.2‘0 [.0 I.S 0.9
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(iti)

Thus under otherwise similar conditions the unloaded push fit
pin gives endurances of from 1.5 to 2,0 times those for an
unfilled hole while a loaded push fit pin gives endurances

which are marginally below those for an unfilled hole,

These figuies are of course only approximate but are not
significantly at variance with the earlier ones of paragraph
4,6 to 4.7 when one considers tiiat the summary presentation

tends to exclude some of the scatter,

Al though comparisons between the iesults of this programme

of research and the existing RAeS Data Sheets are discussed
extensively in Section 5 of Lhis report, it is of interest at

this stage to compare the test results as presented on Figure &4.47
with an endurance curve derived from Data Sheet E,07,01, Figure 3

coupled with the principles laid down in Data Sheet A,00,02.

The first data sheet gives a mean endurance curve for B.,S, LG5
unnotched material (i.e. Kz = 1,0) and tested at zero mean

stress (Sa()' This curve is plotted as curve (1) on Figure 4.47,
)

Data Sheet A,00,02 gives a general relationship between Sao and

K; S for notched specimens, at a given endurance N when
subjected to a combination of mean and alternating stresses.,
Sm m
This 1s K'S = S 1 - (K! =) (1)
t & ao t ft

(for Notation see Section 3),.

Because for almost the full range of Sm/ft = 0,20 to 0,50 at
the values of K: of Stage 1, Kl Sm/fL under elastic
conditions exceeds fp/ft' then the true KZ Sm/ft (due to

plastic flow) becomes:-

S £ S
K' ?ﬂ = ?B - K; Ti (Reference paragraph 4,10
t t

conclusion (i)).

££ Sa m
' Lt E B e gl
Kt Sa i Sau I (ft KL [L) (2)

Assuming fp = 0.2°%/0 proof stress = 0,90 ft (Reference Appendix C,
paragraph C,1,2) and m = 1,4 (Reference RAeS Data Sheet E,07,03),

a




Equation (2) becomes

S
" o _ = o Tepy | !
KL aa = Sao[l (0.90 KL fL)
.o K} 5, 5
- - o G - S - ® 3
oY fL rl 1 (0,90 Kl ft) (3)

Equation (3) gives a particular relationship between KiSa

and Sau at a given endurance for notched material of the
type used for the test specimens,
Using this equation and assuming values of KESa, values

of Sao corresponding to a common endurance have been
calculated. A curve of K;Sa plotted against N has been
added to Figure 4.47 as curve (2), the values of N being

obtained divectly from curve (1).

It may be noted that alternative assumptions could have
been made in regard to the choice of the values of fp/ft

and m,

For example fp/fL could have been chosen as 0,875 or 0,85,

and m could have been chosen as 1.5 to 1,6, Curves (3)

and (4) on Figure 4,47 show the effects of these alternatives,

thus:~-

Curve (3) corresponds to both

]

fp/ft 0.90 coupled with m = 1.5 &dnd

fp/ft = 0,875 coupled with m = 1.4

whilst curve (4) corresponds to both

0,90 coupled with m = 1,6 and

fp/ft

fp/ft 0.85 coupled with ~m = 1.4,

Clearly the positions of these curves (2, 3 and 4) are
sensitive to the choice of fp/ft and m, and care should
be taken to achieve the most representative choice, Over-
estimation of the value of fp/fr and under-estimation of
the value of m both tend to give a conservative estimate,
However, the differences between the three curves are not
large in relation to the widths of the scatter bands of the

three configurations shown on Figure 4.47, These curves
afford a general comparison between the test results and

computed endurance curves from Data Sheet E,07,01 coupled with

—— . —— .
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Data Sheet A,00,02, At first sight the agreement appears to be
good, However, the slopes of the computed curves are less

than that of the boundary endurance curves for all three
configurations and it is considered that this is probably

due to the influence of fretting.

I1f a factor of 1,25 is applied to the values of K; for the
computed curves at an endurance of 10" cycles, reducing to

1.0 ai 104 cycles, then the computed curves and the

endurance curves derived from the test results all have the
same slope. For example curve (3) becomes curve (3A).

Because the latter are mean curves the factor of 1,25 might

be greater in some instances, say up to 1.5, (For a discussion

of the examination of fretted specimens, see paragraph 4.15).

41344 Interference Fits

Summary Presentations, plotting endurances against K{Sa for Interference Fit
Pins are not feasible because, as has already been pointed out, KL for
interference fit pins varies with the applied loading. However, some re-grouping
of results is possible by combining at least those for Sm/ft = 0,50 and 0,40,
and plotting Sa against N but this exercise is more conveniently presented

in Section 5 paragraph 5.9.

4.14 Occurrence of Failures at Locations Other than at Minimum Cross Section

There were a number of occasions on which this occurred and these were given
special consideration, They are indicated in the tables and on the graphs by the

leteers 0" and 'R,

4.14,1 'J' - Indicates Failure at thc Jaws or Grips of the Testing Machine

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.
It is believed that these failures were due primarily to the local stress
concentrations at the grips and Lo some exlent this was eliminated or at least

minimised by coating the ends of the specimens with Araldite 1/16 in thick,

4,164,2 'F' - Indicates Failure Above or Below the Hole or at the Fillets

In these instances the reasons for the failures were not immediately obvious.

Further photoelastic investigations on some of the relevant configurations helped
to clarify the problem and indicated that there could be small areas of stress
concentration centrally placed on the specimen axis just above and below the hole,
These alone, or possibly combined with slight non-homogeneity of the material

could account for this type of failure,

B = —— o — -
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Another cause may have been slight corrosion occasioned by the use of Blue

Marking Ink.

Slight imperfections in the profile or finish of the machining of the fillet
were considered to be the probable reason for failures at the fillet, but
photoelastic studies showed that stress concentrations not associated with the

machining were sometimes present,

Non axiality of loading was also considered as a possible cause, but in view
of the considerable care taken during assembly of the test specimens, and the
fact that some of the failures oiiginated right on the longitudinal axis of
the specimen, this cause was ruled out as a probable one, except in isolated

cases,

4.,14,3 Photographs

Figure 4,48 illustrates some of these types of failure. 1In the upper photo
the two left-hand ones are type 'J' and the right-nand one is believed to be
type 'F' since failure was probably due to a stress concentration below the
pin, Some similar specimens failed even nearer to the hole, The lower
specimen is also type 'F' but was probably due to some local damage at the
machined edge since it is clear that the fracture commenced there. On the
other hand it is possible that there was some small eccentricity of loading in

this case.

4,15 Occurrence of Fretting

The testing laboratories were requested to report on signs of evident fretting
as and when it occurred, Initially it was reported that there did not appear

to be much fretting on the early tests (with unloaded push fit pins). However,
a more searching review, supported by examinations under a microscope revealed

that there was fretting on many of the specimens, and to varying degrees,

In order to obtain a uniform assessment of this fretting it was arranged that
the testing laboratories would submit typical samples in all configurations to

be examined independently by the National Engineering Laboratory.

The actual specimens which were so examined are indicated by the addition of
(Fr) against the specimen Identification Number in the Tables C.l to C.50

of Appendix C,

For convenience, details of these specimens are also presented in Table 4,12,
The ranges of all the variables are reasonably well covered and from a glance
at the table it is clear that fretting to some degree was present in many

pinned configurations, irrespective of size, mean stress, alternating stress

and geometry. Perhaps it could be said that fretting was slightly more
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prevalent at combinations of low mean and alternating stress than at the

stress levels, but the evidence available is limited.

higher

Again, it is to be noted that the samples considered to be outstanding in terms

of fretting were not necessarily those with the lowest endurance for a given

stress level,

It is convenient to discuss the findings under headings of Configuration,

G50

Loose and Push Fit Pins, Unloaded (Items 1, 13 to 18 and 30 to 35

)

The specimens with loose fit pins showed hardly any fretting and the fractures

. O . :
had commenced at the pin hole surface at 90 from the axis of tension.

Perhaps this freedom from fretting was in part due to the protective lacquer

initially used on the test specimen, but this cannot be regarded as a serious

influence.

For the push fit pins, all samples examined showed some degree of fretting,

albeit not large. The fatigue cracks originated in the fretted areas around the

: (o T
pin hole and were somewhat removed from the 90 position.

el Va2

| oaded Push Fit Pin (Items 5=-7 and 19-21)

(a)

(b)

General

The incidence of fretting on the pin-loaded specimens was more
intense than on those with unloaded pins. The greater intensity
was doubtless due to the progressive elongation of the loaded

hole, and is what one would expect.

A number of examples from all three sizes of specimen were
examined in detail, The large specimens proved to be easiest

to deal with, The incidence of fretting on the medium and small
specimens was sometimes difficult to determine because in a
number of these specimens the protective lacquer inside the holes
was not always completely removed, as it should have been. This
was a difficult operation on the smaller specimens, remembering
that the true hole diameter had to be maintained. The difficulty
was resolved eventually by machining away most of the lacquer and

then using a solvent,

Large Specimens

A number of examples had been noted by Short Brothers and Harland
to possess areas of fretting, and it was reported that the

origins of failure were always in these areas.,

‘ 'j %) Jl - 'W%’f;ﬁ‘
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Three further specimens tested at low stress levels and
identified as 21, 4.F, 38,2.E and 42.4.E, (all Type 1.B.1/2,
d/D = 1/4 and listed on Table C,5) were examined by NEL ’
as a check, because they appeared at first not to have any
signs of fretting. Further examination however, revealed
heavy frelting at the ends of a transverse diameter of the
hole, with the main fractures occurring near the outer
edges of the band of heaviest fretting. In each case there
were fractures on both sides of the hole, with several
fatigue nuclei on a given specimen, Specimens 21,4.F and
42,.4,E also had other fairly large cracks within the
regions of fretting, whilst Specimens 35,2,.E and 42.4.E
each had a band of deformation across one side of the hole
in the fretted region, which might have been due to local

indentation 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 18,11.F, The other two (25.6.F and
26,12 ,F) had fatigue cracks originating from the region of
fretting (more than one crack per side of specimen). All
three specimens gave endurances 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 Specimens

There is no record of the examination of any small specimens
in this configuration, although a number of small specimens

did show some fretting.

4553 Unloaded Interference Fit Pins (items 2-4 and 24=26)

All these samples were at 0.40/0 Interference Fit., All samples except 33.9,A
had fracture origins at the edge of a fretting band and these fretting bands
tended to be at one of four symmetrically disposed positions at about 45° to
the transverse centre line through the hole., The fractures were between 30°

o .
and 45  to the transverse centre line,

The exception, 33.9.A, had very little fretting and the fracture was not
associated with it, but close to the transverse centre line., The fracture

faces were liberally striated.
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Again, checking with the relevant tables and graphs, these examples of fretting
were not associated with one particular value of d/D nor were they confined to
a particular stress level, They may therefore be regarded as typical for unloaded

- 4 . C
interference fit pins (0.4)/0)_

4,15,5 Loaded Interference Fit Pins (Items 8-12, 22, 23 and 27-29

. - - A L0 / - s
In this configuration both 0.4 /o and 0.8 /o 1,F. pins were examined, covering

large and medium size specimens,

As for the unloaded pins the fractures originated at regions of fretting,
sometimes at two separate locations, These locations were at positions ranging
from 10° to 45° to the transverse centre line and on the "unloaded" end of hole.
They were sometimes at different angles in the same specimen. There was no
fretting on the '"loaded" end of the hole, probably due to the high contact
pressure, resulting from the interference plus the pin loading, minimising or

preventing slip.

It was noted that in spite of the higher interference on some specimens (O.M“/o)
there was still some fretting., This was somewhat unexpected, On one of the
0.8%/0 1.F, samples (10,12,C) the fracture originated from a fretting mark on the
side of the plate, rather than at the hole, This was probably because of contact

between the plate and the loading fork.

Photograghs

(i) Figure 4,49 shows a section taken through the fretted region of
the hole surface parallel to the surface of the plate, and showing
fatigue cracks for Specimen 33.5.A, Push Fit Pin - Pin Unloaded

(Magnification x 060),

(ii) Figure 4,50 shows three pairs of specimen failures all at the

same load but with different relationship between pin and hole,

The 'f; fit pins (0.4%/0 interference fit pins - pin loaded) show
failures largely but not entirely one-sided, with the origins of
failure well towards the unloaded end of the hole (see Table

C 33},

The push fit pins = pin loaded show failures of a similar nature
but either at the end of the transverse diameter or even towards

the loaded end of the hole (see Table C.32).

The pre-stressed pin is not in the Stage 1 group of tests, but

is of interest inasmuch as the pre~stressing appears to have
created a more uniform stress distribution which has led to
fractures on both sides of the hole at the ends of the transverse

diameter,




Ci1i) Re ference to Appendix C, Figures C,51 and C,52 shows two
Pt g
more photographs of multi-fatigue cracks originating from a

fretted region. (Specimen 1,7,A, Table C,38),

fe k56 Effect of Fretting on Endurance Curves

Re fe rence to the endu -ance curves for those specimens which were examined and
found Lo exhibit significant fretting shows that in a number of cases the
curves were quite steep. ¢svecially where Sm/ft is high., This is consistent
with what one would expect, due to the accelerating effect of the fretting on
crack initiation, Once the crack has started. the remaining endurance is

short, since it depends on total stress rather than on range of stress,

The following is a list of figures which show steep endurance curves
indicating the occurrence of fretting, Some are for the examples of Table 4,12

already discussed, They cover a range of configurations,

Figure blm/ft
Ge 5 0.50
c. - 0.40
Cell 0,50 and 0.40
C.l4 0,50 and  0.40
Cl7 050
C.24 0,50, 0,40 and 0,25
€33 0.50
C.40 0,50, 0,40 E@nd 10.25

C .42 (Group (a) 0,50, 0,40 and 0.25

An attempt has been made in paragraph 4,13,3 (iii)in respect of pins without
interference fit, and in paragraphs 5,%.2 and 5.8.,3 in respect of pins with

interference fit, to evaluate a numerical assessment of the effect of fretting.




TABLE 4,1 EFFECT OF MEAN STRESS UNFILLED HOLE
a/b=1/4 Ref,Figs C,l, €.19 and C€.35 d/D=1/21 Ref,Figs C,13 C.29 and C.45
Sm/ft 0.50 | 0,49 1 0,25 | Q.15 s,/f, |0.50 0.40 | 0,25 |o0.15
Su |34 002 700f1- 40010 400 | Sp 34 70027 700|17 400 |10 400
Values of S35 at Values of S, at
N = 10% cycles N = 16* cycles
L 15 600 {23 000} 23 500 - 21 500{22 500]25 500 | -
M 21 500123 000 - - 17 800|118 800 - -
S 21 000[20 000 | - - 21 500]23 500] - E
Average 19 370|22 000 | 23 50 - 20 27021 330f25 500 | -
N = 3x10% cycles N = 3x104 cycles
L 11 00013 600 | 15 400 - 12 100]12 250414 300 -
M 14 500|113 200 | 14 700 - 11 000|111 900)14 000 |15 600
S 13 900|13 000 | 16 000 - 13 300]13 300|22 000 =
Average 13 130§1L3 330} 15 370 - 12 130|12 48016 770 |15 600
N o= 107 cycles N = 10° cycles

L 7 700 8 100 9 900 - 7 4501 7 600| 8 500 | 10 000

M 9 400| 8 200 8 800 - 6 950| 7 400] 7 850 8 500

S 9 800| 8 800 - 12 500 8 700] 8 300(11 100 -

Average 8 960] 8 370 9 350112 500 7 700 7 770] 9 150 9 250
N = 3x10° 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

g 7 600 6 600 - 9 800 6 500| 6 200| 7 250 9 700
Average 6 5001 6 500 7 400f 8 400 5 5301 5 530} 6 150 8 100

N = 10% cycles N = 100 cycles

L 5 500| 6 400 7 359 - - - 5 200 8 150

M 4 100 5 350 5 600 5 950 - - - 3 700

S 6 050f 5 400 = 7 900 5 550 5 250§ 5 750 8 600
Average 5 220fF 5 710 6 4501 6 925 5 550} 5 250] 5 475 6 820

N = 3x10° cycles N = 3x10° cycles

L 5 150] 6 200 7 000 - - - 5 150] 7 350

M - 4 950 5 4001 5 200 - = - =

S 5 400| 4 950 - 6 700 5 100 5 000] 5 200 7 800
Average 5 2758 5 340 6 200 6 450 5 100} 5 000] 5 175 ¥ 3is

N o= 10/ cycles N = 107 cycles

L 4 900 6 000 6 900 - - - 6 800

M - 4 700 4 9500 4 950 - - - -

S 5 000] 4 650 - 5 700 4 950] 4 900] 5 000 7 000
Average 4 9501 5 120F 5 93 5 325 4 9501 4 900} 5 000| 6 900
& RS = O S —r——
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IABILF &.2 FLFEFI OF MEAN STRES PUSH FIT PIN - PIN UNLOADED
d/D=1/4 Ref.Figs C.2, C.2]l and C.37 d/D=1/2|Ref,Figs C.l4, C.30 and C.4
.\‘m/t’l 0, 50 0,40 0,25 6.15 Salfs 0,50 0,40 0.25 0.15
S 3G 70012 00 1T 400 1O 400 '\m 34 700127 700117 400 |10 400
Vvalues of Sg at Values of Sy at
= 10" cycles N = 104 cycles
l 24 500125 020 - - - - - =
M - - - - D2 500 - - -
S - - - - 22 500]22 500 - -
Average 24 5000 25 020 - - 22 500122 500 - -
N = 3x10™ cycles N = 3x10% cycles
L 13 000 14 000 - = 13 90015 800 J26 500 -
M 23 000 - - - 14 50018 800 |22 000 -
S 18 000] 23 000 |2+ 500 - 15 600 |18 000 |22 000 -
Average 18 000] 18 500 |26 500 14 670118 200 |23 500 -
N = 109 cycles N = 10 cycles
L 6 4501 7 200 - - 6 400[ 7 100 {9 000 -
M 10 950f 14 950]13 950 - 9 250 |11 000 |15 800 -
S 10 200 11 200 |16 000 - 10 800}13 500 |16 000 -
Average 9 200|111 12014 975 - 9 15010 800 [L3 600 -
N = 3x107 cycles N = 3x105 cycles
L 3 400| 3 900 - - 4 650 [ 4 900 | 5100 -
M 7 0001 7 650 | 8 950 |10 300 6 150 6 600 - -
S -6 900( 7 350 |10 7@0 - 7 700 |10 400 |12 000 -
Average 5 77016 300 | 9 325 |10 300 6 170] 7 300 | 8 550 -
. N = 106 cycles N = 10° cycles
L - - - - - - - -
M 5 500 | 5 600 6 300)] 7 150 4 400 - - -
5 300 | 5 700 | 7 700 |12 900 5 300 | 7 800 | & 700 _
Average 5 400 |5 650 7 000 |10 025 5 100 7 800 8 700 -
N = 3x10° cycles N = 3x10° cycles
L - = " - » - - -
M 5 000 |5 150 5 250 § 5. 200 - - - -
S 4 550 15 000 6 400 8 500 4 900 | 6 000 6 600 9 300
Average 4 71915 075 5. 825 6 850 4 900 | 6 000 6 600] 9 300
N = 107 cycles N = 107 cycles
L - - - - - - - -
M - - 4 750 3 850 - - - -
8 - - y 930 6 350 - 4 600 4 950 | 6 80O
Average - - 5 150 5 150 - 4 600 4 950 ] 6 8OO
. - g S
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FFECT OF

MEAN STRESS

PUSH FIT PIN - PIN LOADED

d/D=1/4 Ref . Figs €, 8, €24 and  C.4%0 d/D=1/2|Ref.Figs C.16, C.32 and C48
S/ fi] 0.50 [0.40 | 0,25 | o.15 | S,/f, | 0.50 | 0.40 | 0.25 |o.15
Sm 34 700127 700 | 17 400|110 400 Sm 34 700127 700{ 17 400 | 10 400
Values of 5, at Values of Sj at
N o= 104 cycles N = 10" cycles
L 9 5001 7 500 | 11 00014 500 17 500[ 20 000|25 000 -
M 11 100|112 400 | 14 000 - 23 500| 24 900f25 000 -
S 17 800(22 800 | 24 000 - 18 700 - 23 000 -
Average 12 800 |14 230 | 16 300]14 500 19 900|222 450)24 300 -
N = 'lxl()':+ cycles N = 3xl(14 cycles
L " | 5000| - 6 500| 8 500 8 250 8 650[11 250 | -
M 6 600 7 500 8 400 - 14 700] 15 300|15 900 -
7 4001 8 900 | 11 900| 9 300 12 000 - 17 000 -
Average 6 300| 8 200 8 930| 8 900 Il 650111 975]14% 720 -
N = 1()(j cycles N = 105 cycles
L - - 4 3001 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 20012 400 |10 400
Average 4 125 4 700 5 5701 5 500 7 4301 9 620| 9 520 |11 650
N = 3x107 cycles N = 3x105 cycles
L - - 3 400 ] 3 700 4 6001 4 700| 5 100 -
M - o = = 5 800 6 000| 6 800 8 700
S 4 300 | 4 300 5 100 | 4 100 6 200 8 700| 9 100 7 400
Average 4 300 | 4 3600 4 250] 3 900 5 530] 6 4706 7 000 | 8 050
N = 10" cycles N = 10" cycles
L - - - - - - - -
M - - - - 4 800| 4 900 | 5 200 | 6 150
S - - - i 4 900| 6 200 | 6 700 5 000
Average = - - - 4 850] 5 550 5 950 9. DI
N = 3x106 cycles N = 3x10° cycles
L - - - - - - - -
M - - - - - - - 4 80O
S - - - - - 9 1001 5 300 3 800
Average - - - - - 5 10015 300 | 4 300
N = 107 cycles N = 10 cycles
L - - - - a - - -
M - - - - - - - 4 000
s - - - - - - - 3 250
Average - - - - - - - 3 625
MR v e =y o




TABLE 4.4 EFFECT OF MEAN STRESS 51
().Qa/o INTERFERENCE FIT PIN - PIN UNLOADED
d/p=1/4 | Ref.Figs C.3, (.22 and C.38 d/D=1/2|Ref.Figs C.15, C.3l and C.47
s./f, ] 0.50 | 0,40 0,25 | o.15 | S,/f, | 0,50 | 0.40 | 0.25 0.15
Sm |34 700 |27 700{17 400 |10 400 Sm |34 700]27 70017 400 |10 400
Values of S, at Values of S, at
N = 10" cycles N = 104 cycles
L iy B ¥ g - ¥ o -
M i = - & i - = =
e & ~ - - - - - =
Average = - - - - - o -
N = 3x104 cycles N = 3xl10" cycles
18 000 | 26 500 - - - - - -
15 000 | 20 000 - - - = - =
s 21 000 | - - - b . - "
Average 18 000 | 23 250 - - - = - -
N = l()5 cycles N = 1()5 cycles
L 10 000 | 15 200 - - - - - =
M 8 400 9 700{21 600 - 15 600{17 400 - -
S 12 000 | 17 000|20 000 - 20 000 - - -
Average 10 130 | 13 970120 800 - 17 80017 400 - &
N =3 x 10° cycles N = 3 x 109 cycles
L 6 150 9 15017 900 - 11 200{16 600 - -
M 5 600 6 550112 500 - 11 700|114 200 - =
S 8 000 | 10 600|112 700 - 15 600 o < "
Average 6 580 | 8 770|14 370 | - 12 830f15 400 = =
N = 10 cycles N = 10" cycles
L 4 600 | 5 75013 800 | - 7 400112 700| - =
M 4 200 5 600| 8 100 - 8 600 |11 550 - -
S 5 700 7 150] 8 400 - 12 400 - - -
Average 4 830 | 6 17010 100 - 9 470112 125 - -
N = 3x106 cycles N = 3x10% cycles
L - 5 150110 900 - 5 800 |11 000 - -
M - 5 100] 6 900 - & 600] 9 500 - -
S 4 700 | 5 700| 6 600 | - 10 000 - = =
Average 4 700 | 5 320| 8 130 - 7 470110 250 - -
N = IOT cycles N = lO7 cycles
L - 4 700( 9 100 - 4 900 |10 200 - -
M - 5 150( 6 300 - 5 300] 7 700 - -
S > 4 950| 5 600 - 8 000 - - -
Average - 4 930 7 000 - 6 070| 8 950 - -
& R T




TABLE 4.5 EFFECT OF MEAN STRESS
().40/0 INTERFERENCE FIT PIN - PIN LOADED

d/D=1/4 Ref.FPigs C.6, C,25 and C.,4l d/D=1/2Ref.Figs C,l7, C.33 and C 4
S/ f] 0.50 | 0,40 [ 0,25 | 0,15 ] Sy /f, [0.50 |0.40 | 0.25 | 0.15
5m 34 700 |27 700(17 400 [ 10 400| S, B4 700 |27 7000 17 40010 400
Values of Sy at Values of S, at
N = 104 cycles N = 104 cycles
L 10 900 {11 900|18 400 - - - - -
M 11 000 [12 60015 000 - - - - -
S 13 900 |16 700122 000 - - - - -
Average 11 930 ]13 730118 470 - - - ~ -
N = 3x10% cycles N = 3x104 cycles
L 6 150 6 500 [10 900 |12 800 - - o =
M 6 350 | 7 700| 9 500 - 16 5000 18 300 ~ -
(- 7 900 S 400 |12 600 - 16 000{ 21 000 - -
Average 6 800 7 870 L1 000 |12 800 16 250f 19 650 - -
N = 10° cycles N = 10° cycles
L 3 400 3 550 |1 6 100 6 600 5 000 - - -
M 3 500 | 4 500 |5 800 [ 9 500 8 400|11 900| ~ -
. 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 =~ S
N = 3x10° cycles N = 3x10° cycles
L = - 3 650 |L1 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 ooo| -
: N = 10° cycles N = 10 cycles
L - - - 8 500 - 8 800| 19 o0oo| -
M - - - 5 150 - 5 150] 17 700 g
S - - 5 100 3 900 - 8 500| 23 000 -
Average - - 5 100 | 5 850 - 7 480 19 900) -
N = 3x10° cycles N = 3x10® cycles
L - - - 6 500 - 5 200| 13 600| -
M - - - 4 200 - - 14 300| -
s - - 4 700 | 4 000 - 6 700 | 16 600| -
Average - - 4 700 | 4 900 - 5 950 | 14 830| -~
N = 10/ cycles N = 10’ cycles
L - - - 5 200 - - 9 500| -
M @ - - 3 700 - - 11 500 -
S - - 4 500 - - 5 400 | 12 200| -~
Average - - 4 500 | 4 450 - 540011 070] -~
i — ——— - : ; ..,“ ' "‘i-_‘vpi‘."w?*,r—
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TABLE 4,12

SPECIMENS EXAMIMED FOR FRETTING BY NEL

Item | Identification Configurationx Size T'ype d/D S“/fL jf;”k Ref,Table
1 33,5,A PFP-PU L {1a1/2 |1/4{0.40] 0.,225] c.2
2 33e 7, A 0,4%/01F=PU 1 1A 1/2 |1/4 |0.50] 0,225] cC.3
3 33,9, A 0.4 /0IF=PU L |1a1/2 Ji/4jo.40f0,10 | C.3
% 34,3.B 0,4°/01F-PU E P18 Bf2 1/ [9.25] o.15 €3
5 ARAE PFP-PL L | 1B/1/2 |1/4 [0.25] 0,05 C.5
6 38,2,E PFP-PL L | 1B 1/2 |1/4 f0.20] 0,10 C..5
7 42,4,E PFP-PL I LB L/2 1/4 |0,20] 0,05 .5
8 43,6 ,E 0.4°/0TF-PL L Lim 12 J124 J0.25}0.15 1| c.6(a)
9 43,8,E 0,4%/01F-PL L | ILR E/2 /4 j0.25] 6,075] €,6/(a)
10 20,9,G 0.4°/0IF~PL I 1B 1/2 |1/4 |o,15] 0.075] C.6(a)
11 VA 0.8°/01F-PL T IDI 1/2 lo.50] 0.225| c.18
12 16,12.C 0,8°/0IF-PL L DI 1/2 10,50] 0,10 C.18
13 23.16,C LFP-PU M | 2A 5/16 |1/4 |0.50]0,225| (,20
14 29,15,B LFP-PU M | 2A 5/16 |1/4 |0.40]0,075] cC.20
15 30,10,€ LFP-PU M |2a 5/16 |1/4 |0.25)0.075] C.20
16 22,13,D PFP-Pli M |2a 5/16 l1/4 J0.50]0.225] c,21
17 24,6,B PFP-PU M | 2A 5/16 {1/4 j0.5010,075] cC,21
18 30,3.B PFP=-PU M |2A 5/16 |1/4 j0,25]0.075] c.21
19 18,11,F PFP-PI M | 2B 5/16 |1/4 0,500,225 .24
20 25.6,F PFP-PL M | 2B 5/16 [1/4 lo,40]0.075] cC.24
21 26,12,F PFP-PL M | 2B 5/16 |1/4 J0,25]0.075] (.24
22 26,1,F 0,8%/0IF-~PL M ] 2B 5/16 |1/4 J0,25]0,15 C,26
23 26,18,F 0,8°/0TF~PL M | 2B 5/16 |1/4 J0,25]0,075] c.26
24 4,18,B 0.4°/0IF-PU M 12C 5/8 |L/2 J6.,50]0.,225) ¢.31
25 Gl I 0,49/0TF~PU M |2Cc 5/8 [1/2 |o,40]0.225] c.31
26 52D 0,4°/01F=~PU M |2c 5/8 |[1/2 Jo,40|0,10 C. 3l
27 16,14,E 0,4°/oIF=PL M |2p s5/8 [1/2 fo.50]0.225] c.33
28 17ah.C 0,4°/01F~PI M |2D 5/8 |1/2 Jo,40]0.10 Cy 33
29 17,10,A 0,4°/0IF-PL Mm |2p 578 f1/2 b.25]0.225] ¢.33
30 Lol G LFP-PU S |4A; 3/16 |1/4 [0.50)0,225] cC.36
31 24650 LFP=PU S [4A13/16 |1/4 10.40]0,10 C.36
32 3.16,1 LFP-PU S |4A; 3716 |1/4 J0.25]0.075] c.36
3% 1,19,1 PFP-PU S -1aa 3/16 '[174 |0,5010.2250 C.3°
34 2.9.3 PFP=-PU § |aa 3/16 [1/4 Jo.2510.045] C.37
35 25228 PFP=-PU S |4A 3/16 |1/4 J0,40]0,075] C.37
"KEY

PFP=PU ~ Push Fit Pin - Pin Unloaded

O.loo/oIF-PU - 0,4°/0 Interference Fit Pin - Pin Loaded
PFP=-PL = Push Fit Pin = Pin Loaded

0,4%/01F=~PL - 0,4%/0 Interference Fit Pin = Pin Loaded
0,8°/01F~PL - 0.89/0 Interference Fit Pin - Pin Loaded
LFP=PU = loose I'it Pin = Pin Unlcaded
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SECTION 5 COMPARISONS WITH RELEVANT RAeS DATA SHEETS

5l Introduction

The Faligue Sub-series of the Royal Aeronautical Society Data Sheets contains
a number of sheets dealing with endurance of aluminium alloy structures or

detail members and with the prediction of endurances from basic test data.

Some of these data sheets have already been mentioned, but all those which are

relevant to this research programme are listed below,

£.02,01 Endurance of complete wings and tail planes (bending and
end load)
E.05,01 Endurance of structural joints
EL05.03 Endurance of lugs without interference fits (superseded By Item No.72020)
E.05.04 Endurance of lugs with interference fits
£E,07,01 Fndurance of unclad aluminium alloys (in bending)
E.07.02 Notes supplementary to E.07.01

E,07.03 The effect of mean stress on endurance

All the above are applicable to aluminium alloys and are for tensile loading
unless stated otherwise, All were based on data from sources other than the
Bolted Joint Fatigue Research, but E,05.03 and E.05.04 include some of the early

results of this research,

A.00,01 I'he effect of mean stress on fatigue strength (plaiq
test piece)

A,00,02 The effect of mean stress on fatigue strength (test
piece with stress concentration)

A,05.02 The estimation of endurance of pin joints (from basic

test data)
The first two of these data sheets are based on the work of Gunn - see Reference 9,

The last one is based on the photoelastic work by Jessop, Snell and Holister - see
References 2 to 5 inclusive, but 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

Reference 8,

These data sheets have been in use for some years and the completion of Stage 1 of
the Bolted Joint Fatigue Research has enabled them to be examined in the light of

the results of this research, Indeed, one of the reasons for the research was to




provide more information upon which to base such checks, leading where
necessary to revision of the data sheets, or even to the issue of new ones.
Data Sheet F,05,03 was the first of these to be revised and it is now
superseded by Data [tem 72020 which incorporates the relevant results of the
Bolted Joint Fatigue Research, MNevertheless a comparison between the old data
sheet and Lhe present research is still of interest, see paragraph 5.+.

Thus the following paragraphs review each data sheet in the light of the

results of the present research,

Vwl Data Sheet E,02,01 - Endurance of Complete Wings and Tailplanes

(see Figure 95,1)

In comparing the results of the present research with this data sheet it must
be remembered that the basis of the data sheet is full scale fatigue testing

on aircraft structures designed in the early 1940's, Both design knowledge and
testing techniques have improved considerably since those days and therefore
one might expect somewhat better performance from modern designs., Again the
failures concerned would cover a wide range of details and therefore of K;
values, and this is reflected in the considerable scatter repcrted in the notes

on the data sheel,

Perhaps the most useful comparison is to plot Figure 3 of Data Sheet E,02,0l and
Figure 4.38 (Push Fit Pin - Pin Loaded, average all sizes, d/D = 1/4)on the

same diagram, and this is presented on Figure 5,1, The choice of Figure 4,38
gives the most severe of the average results of the three configurations

tested (excluding interference fit pins) combined with the highest stress

concentration factor for the push fit pins,

The bolted joint specimen results are generally favourable relative to the data
sheet curves, for a given endurance, particularly at N = 10 cycles, However,
if instead of plotting average results for all three sizes of specimen, only
the large specimen results are plotted (see Table 4.3, d/D = 1/4) then these
alternative bolted joint curves are generally somewhat less favourable than the

data sheet curves,

? : ; 4
One exception to these conclusions is for the endurance of 3 x 10 cycles and
mean stresses less than Sm = 0,15 fg. Here the bolted joint curve falls
significantly below the data sheet curve, but it must be remembered that this

part of the curve is not for true test values, but is assessed from
Data Sheet E,07,01, Figure 3 (see Table 4,6) and should therefore be regarded

with caution,

From the foregoing, it is concluded that the existing curves of Data Sheet

E.02,01 are still reasonable for initial design purposes,

i ha L narn i v -t




TS Data Sheet E,05,01 - Endurance of Structural Joints

(see Figure 5,2)

Like the preceding one, this data sheet represents early designs of joints in a
number of different aluminium alloys in current use, during and immediately
following the Second World War, It covers a range of multiple bolted joints of
various qualities of fit (excluding interference fits) and a small range of mean
stress from 0,13 fy to 0,22 f,, The size of the joints was probably within 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
period concerned
and C the lower limit, representing those cases where no

special attention was paid to fatigue.

The range of mean stress covered by the data sheet results is small and of low
absolute magnitude and so it is appropriate to compare these results with those
for Sm/ft = 0,25 to 0,15 in the Bolted Joint Fatigue Research programme -

combined to give one set of curves.

The compatible configuration is Push Fit Pin - Pin Loaded, although of course
some bolts in the joints were loaded by a combination of pin and plate loading.
Since the K; values for the joints of the data sheet are not known (and
variable) one cannot plot KESa. However, it is possible to show the effect of
KE by grouping the B,J,F,R, results according to d/D., There are insufficient
results at d/D = 3/8 to give a band and so there is but a simple line - for
large specimens only, 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 comparison is
presented on Figure 5,2, and is most encouraging. The single line for d/D = 3/8
virtually coincides with the mean line A of the Data Sheet, the band for

d/D ='1/4 lies adjacent to, but almost entirely on the lower side of this mean
line, and the band width for d/D = 1/2 lies symmetrically about the upper limit
line B,

In general, comparing the full band of the B,J,F.R. results with the full band
width of the data sheet joints, the B,J.F.R, results appear to be more
favourable, and this in spite of the fact that the data sheet joints had
tightened bolts and the B,J,F,R, joints were made with pins only, and no
clamping of the plates,

However, it must be remembered that the plotted points from the current research

are mean results and are averaged for a small range of comparatively low values
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of Sm/ft’ so that in reality there will be some additional scatter of
individual results, 1In passing it may be noted that if the results for
Sm/ft = 0,40 and 0,50 were included, the B,J,F.R, results would be somewhat
lower, but not unduly so, For reference, these test results were taken from

Appendix C, Tables C,5, C,11, C,l6, C,24, C,32, C,40 and C,48,

5.4 Data Sheet E,05,03 - Endurance of Lugs without Interference Fitsu

=

(See Figures 5.3, 5.4, 5,5 and 5,6)

Although this data sheet covers lugs in more than one type of aluminium alloy,
no significant influence of choice of alloy was evident, Otherwise the range
of the important variables covered was similar to that used for the Bolted
Joint Fatigue Research, That is for pinh diameter, ratio of d/D, ratio of
t/D, range of mean stress and degree of fit, In fact the ratio of t/D
extended up to 1,0 compared with 0,5 for the B,J.F,R, and the degree of fit
covered by the test specimens of the data sheet was not quite so consistent
as for the B,J.F.,R., 1In 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 evaluated for the B,J,F.,R. for the range
S./f, = 0.25 to 0,50 (see Section 4, Table 4,11 - push fit pin - pin loaded)

and these will be used for the comparisons,

For clarity 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 virtually negligible. Size of specimen is

indicated by separate symbols as before,

Figures 5,3, 5.4 and 5.5 show these comparisons with the three band widths of
data sheet E,05,03, Figure 5.4 has only a single line for d/D = 3/8 because
only large specimens were tested in this configuration, Being large specimens,

this line 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
agreement with one another, but the B,J.F,R., limits are curves, compared with
the straight lines of the data sheet, and are somewhat steeper at low

endurances, The increased slopes are probably due to fretting.

The upper limits for d/D = 1/4 and 1/2 of the B,J,F,R, are also curves 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

*This data sheet is now superseded by Data Item 72020, but for consistency
the test results will be compared with firstly the old data sheets and

secondly the new Data Item,
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limits, This can be seen by comparing the upper curves of these three figures

with those of Figure 5,2 which are drawn for Sm/ft = 0,25 to 0,15,

Nevertheless, the agreement between the present test results and Data Sheet
E.05.03 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 scatter of results has in fact been plotted successfully, but the
presentation on a small sheet of the size used in this report is apt to be a
little confusing, and so it has been omitted in favour of the clearer "'Summary

Presentation'" curves, using the data from Table 4,11 of Section 4,
g

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 Aluminium Alloy Lugs with Push Fit Pins

(Tensile Mean Stress)'. Figure 4 of this new Data Item presents a summary of all
the*data available for large, medium and small specimens of material with the
ratio fp/fL = 0,85 to 0,91, and therefore incorporates the appropriate results
from the Bolted Joint Fatigue Research, Thus one would expect to find good
agreement between the two, and this is shown to be so by plotting Figure 4 of
Data Item 72020 and Figure 4,46 of this report on the same graph, This is given
on Figure 5.6,

YD Data Sheet E.05,04 - Endurance of Lugs 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 there is less information at the lower values of mean stress, More

than one degree of interference fit is involved.

Although the effect of mean stress is more marked for interference fit pins than
for push fit pins, this is not excessively evident if the pins are loaded, and in
any case the number of Bolted Joint Fatigue Research results at Sm/ft = 0,15 is
very small, Therefore in the interests of simplification the comparison has been
made for the range Sm/ft = 0,25 to 0,50, using average values 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.

Table 5,1 gives the derived mean endurances for 0.4%°/0 interference fit pin -

pin loaded and
Table 5,2 gives similar information for 0.8°/0 interference 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 respectively, and are compared with the approximately equal d/D ratios of
Data Sheet E, 05,04,

i L L e -
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Considering these three figures, the conclusions are similar to those for {
push fit pin lugs, namely that the results for the Bolted Joint Fatigue |
Research fall largely within the corresponding band widths of the Data Sheet
E.05,04 and that the agreement is even better if the full scatter of results

is plotted, There is however 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 pins, These features are partly due

to the high endurances achieved, and to the greater number of unbroken
specimens., Curves for the test results at d/D = 1/2 have therefore been

omitted but the results are plotted.

In Section 4, paragraph 4,15.6 reference has been made to the fact that
fretting tends to steepen the slope of the endurance curves, and Table 4,12
gives details of some specimens on which fretting was studied in detail, Some
of the results plotted on Figure 5.9 are for these fretted specimens, notably
items 8,9, 11, 12, 27, 28 and 29 of Table 4,12 (seé 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

data to produce a revised data sheet for interference fit pin joints,

546 Data Sheet E,07,0l1 - Endurance of Unclad Aluminium Alloys and

Data Sheet E.07,02 - Supplementary Notes to E.07,0l

The first of these two data sheets presents basic fatigue test data in bending
for a range of aluminium alloys, Figure 3 of the data sheet covers L 65
material which is basically the same material as used for the sheet specimens
of the present research (L 71), The mean curve of Figure 3 has been used in
paragraph 4,13,3 sub-paragraph (iii) to introduce a comparison between this
data sheet and the Bolted Joint Fatigue Research results, The comparison is

discussed further 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 finish, which in the case of the Bolted Joint Fatigue
Research was 'as rolled". 1In Stage 2 of this research a Supplementary
Investigation (No,5) has been instigated in order to provide some data on

the latter aspect,
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L Data Sheet E,07,03 - The Effect of Mean Stress on Endurance and

Data Sheets A,00,01 and A,00,02 - The Effect of Mean Stress on

Plain and Notched Specimens Respectively

Data Sheet A,00,0l1 presents and discusses a basic relationship between mean

stress S , alternating stress S in the presence of S , and S the
m a m ao

complementary alternating stress for the same endurance at zero mean stress.

Data Sheet A.00,02 extends this analytical approach from plain to notched

specimens based on the expression:

Sao Smm
Sa = =] = (K't. ?—)
1
K t t

and postulates the effect on Sm of plastic yielding at the root of the notch,

leading to:

% ' ' g <
St K',S, when S, +K'.s <f

and S$¢ = E=S., whems Sig+ Kg=tf
m P a a &

p-
(For notation see Section 3, and derivation, reference 9 of this report).

Data Sheet E.07,03 applies this analytical approach to the basic fatigue test

data for plain specimens as presented in E,07,01, and produces three families
of endurance curves for a range of values of Sm/ft’ covering three values of

the parameter '"m'" namely 1,0, 1,2 and l.4,

The data may then be used for both plain and notched specimens, if the

appropriate value of K' is included,

t
These data have already been used in Section 4, paragraph 4,13.3 (iii) for a
comparison with the Summary Presentations of Section 4 and have led to reasonably
gocd agreement between the Bolted Joint Fatigue Research and these data sheets
where m = 1,4 to 1,6 coupled with the appropriate choice of value of fp/ft,

and provided that some allowance for fretting is made (see paragraph 4.13.,3(iii)).

5,8 Data Sheet A.05,02 -~ Estimation of Endurance of Pin Joints
(See Figures 5.10, 5,11, 5,12 and 5,13)

3.8,1 General

The comparisons made here are with Issue 2 of this data sheet, derived as noted
in paragraph 5.1, The data sheet is somewhat complex, and is based on the
assumption that the endurance of a joint is determined by the values of the
maximum shear stresses at the hole boundary corresponding to the maximum and

minimum applied stresses of the fatigue cycle,
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The data sheet outlines a method evaluating these maximum shear stresses due {
to the combined effects of interference fit (if any), load applied via the
pin at the section under investigation and load passing through the plate

but not applied via the pin, 1

The stresses so determined are then used to calculate an equivalent stress ]
cycle on a simple specimen for which fatigue test endurances are available,

e.g. a plain unnotched specimen or a single pin joint without interference,

The curves in this data sheet were originally based on the results of
photoelastic investigations, and are therefore strictly valid only for
elastic strains, and the use of the data sheet for values of q' much in

excess of 0,7 fp is not recommended,

An assumption implicit in the evaluation of endurance by A,05.02 is that
fretting is equally damaging whether the joint has push fit or interference
fit pins., In general fretting in the presence of an interference fit pin i

would be less damaging.

In order to compare this data sheet with the results of Stage 1 of the Bolted
Joint Fatigue Research, appropriate predictions will be made via the data 1
sheet, for the endurances for 0.40/0 and if valid for 0.80/0 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 predictions 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, However, for a number of combinations
of interference fit and stress level the value of q' will be in excess of

the limit noted above and will therefore be omitted, or if the comparison

is included, the text and the appropriate Figures will be annotated -
accordingly,
Because these predictions are sensitive to the choice of fp/ft and m, it
has been decided to compare specific combinations of d/D and Sm/ft’
Reasonable coverage will be provided by the following:

d/D = 1/4 and 1/2 and for each of these, Sm/ft = 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,

e

b Vinigmartrisrad e - a S T
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Note

In all these predictions the basic relationship of Data Sheet A.00,02 (Reference 9)
is implied, via Data Sheet E.07,03, namely -
S

e - : o (RY . W
E tsa a0 ' (K £* f()
together with the assumption that -
= K''S  whe 83 +*K' 8 <«
Sm' K tsm when ot tsm fp
- . 5 ¢ + 5 = >
and Sm, fp Sa' when Sa- K tsm > fp.
il .4
Also that ft = 69 400 lb/in and fp = 60 500 1b/in

giving fp/ft 0.875 coupled with m = 1.4,
(Reference paragraph 4,13.3 (iii)),

5,8,2  0,4°/o Interference Fit Pin - Pin Unloaded (See Figures5.,10 and 5,11)

In this group, the combination of d/D = 1/4 and Sm/ft = 0,50 leads to

values of q' ranging from 0.8 fp to 1.0 fp and therefore comparisons for this
combination are not expected to be strictly 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 4,45 of this report,

pusn fit pins, pin unloaded - mean curve,

The predictions are then compared with the appropriate mean endurance curves for
the tested specimens with 0.4°/0 interference fit pins pin unloaded, as given in

Appendix C,

Table 5,3 summarises the results of the predictions by both methods for

d/D = 1/4 and also gives references to the appropriate tables in Appendix C for

the comparative test results,

Table 5.4 gives similar information for d/D = 1/2,

Figures 5,10 and 5,11 present the same information in graphical form,
Comment

For d/D = 1/4, Method (a) predicts lower endurances than Method (b), but even

Method (a) leads to endurances generally in excess of the test results,
particularly at low values of Sa/ft' This may be partly due to the high
values of q', but the highest values of q' actually occur at the high values

of S./ft where the discrepancies are least,

it §
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The difference at low values of Sa/ft could well be due to fretting in the |
test specimens; three specimens of this group were specifically examined for

fretting (Reference Table C,3). Assuming that all of the differences

between the endurance curves for Method (a) and those for the test results are 3
due to fretting, then this represents a correction factor on K'L of from 1
1.15 ta 1.25 for Sm/ft = 0,50 and from 1.25 to 1,35 for Sm/ft = 0,25 (see

paragraph 4,15 for a discussion on the examination of fretted specimens).

For d/D = 1/2, the predictions by both Method (a) and Method (b) are in good
agreement, particularly for Sm/ft = 0,50, For Sm/ft = 0.25 there are
insufficient test results to justify drawing curves but the mean results are

plotted and indicate that the predictions are of the right order,

5.8 O.&O/o Interference Fit Pin - Pin Loaded (See Figures 12 and 13)

5 P P

The same procedure as used in paragraph 5.8,2 will be followed except that,
because of the lower endurances and the greater importance of this i
configuration, comparisons will be made at three values of Sm/ft' namely

0,50, 0,25 and 0,15, for d/D = 1/4,

The predictions by Method (a) will be made using Data Sheet E,07,03 as
before, but Method (b) will use the mean curve of Figure 4,46 of this report }

(push fit pin - pin loaded),
Table 5,5 summarises the results by both methods for d/D = 1/4 and
Table 5,6 gives the similar information for d/D = 1/2,

Figures 5,12 and 5,13 present the same information in graphical form,

As for the unloaded 0.a°/o interference fit pins, the ‘combination of >

d/D = 1/4 and Sm/ft = 0,50 leads to maximum shear stresses which are well

beyond the recommended limit of 0.7 fp - ranging from 1,17 fp to 1.47 fp.

However, for information, the comparisons will be given, =

The predictions for d/D = 1/2 and sm/ft = 0,50 and d/D = 1/4 and |

’Sm/ft = 0,25 are at best borderline in this respect,
Commen t

For d/D = 1/4 Although predictions by both methods are in reasonably good

agreement with one another, they all lead to endurances which are slightly
higher than the corresponding test results, This is not surprising for
Sm/ft = 0,50, and to a lesser extent for Sm/ft = 0,25, because of the higher

shear stresses,
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For the group of tests at Sm/ft = 0,15, there appears to be some inconsistency
insofar as the endurance curves for small and medium size specimens are
significantly lower than those for the large specimens, - a reversal of the
usual trend, If the endurance curve for the large size specimen is assumed to

be correct, then the agreement between test and prediction is acceptable,

For d/D = 1/2 The comparisons for Sm/fl = 0,50 show that the predictions

of endurance are too high, presumably because the maximum shear stresses are
above the recommended limit, llowever, the endurance curves for the test
specimens are somewhat steep, and it is known that fretting was present on some
of the specimens in this group (see Table C,33), Thus the discrepancy is

probably partially due to the occurrence of fretting.,

The comparisons for Sm/ft = 0,25 are in fairly good agreement with the test
curves, There is some evidence of the effect of fretting when comparing the
test results with the predicted curve by Method (b), leading to a "fretting

9
factor' of the order of 1,25 at an endurance of 10 cycles,
(See paragraph 4,15 for a discussion on the examination of fretted specimens),

5.8,4 0,8°/o Interference Pin - Pin Unloaded and Pin Loaded

Pins with this high degree of interference are not normally used, and the chief
reason for including this degree of interference in the programme was to obtain
some information beyond the normal range in order to view the latter in a broader

perspective than would otherwise have been possible,

Some provisional comparisons between the test results for 0.8%/0 interference
fit pins and the predictions of Data Sheet A.05,02 have been made, but in every
case, pin unloaded or loaded, the maximum shear stresses evaluated ranged from
a minimum of 0.9 fp to a maximum of 1,55 fp. Clearly these are well beyond the
limit of 0,7 fp recommended in the data sheet, and reasonable predictions would
not be expected, This proved to be the case and so the details have not been

included in this report,

5:8:5 Summary Comment on Data Sheet A.OS,OZ-(Issﬁe 2)

Predictions by both Methods (a) and (b) of this data sheet for the endurances
of both unloaded and loaded interference fit pins are satisfactory, provided the
combination of degree of interference and stress level does not lead to maximum
shear stresses much greater than 0,7 fp. In some, but not all of the
combinations examined, satisfactory predictions were also obtained when the
maximum shear stress was as high as 0,8 fp' Above this value of 0.8 fp the
predictions for endurance became increasingly in excess of those of the

corresponding test results,

SRS T EPESSCR— P u—

st |
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~

Combinations of 0.40/0 interference and Sm/ft = 0,50 at d/D = 1/4,
unloaded and loaded fell into the same category, but at Sm/ft = 0,25,

0.40/0 interference and d/D = 1/4 all predictions were satisfactory.

At d/D = 1/2 and 0.&0/0 interference fit, all predictions at Sm/ft = 0,50,

pin loaded were satisfactory, 1

For 0.80/0 interference fit none of the combinations led to a satisfactory

prediction largely because of the high resulting maximum shear stresses,

Notwithstanding the above comments, there was a general falling away of the
test curves relative to the predicted endurance curves, at low values of
Sa/ft, and this is believed to be due chiefly to the occurrence of fretting,
The correction factor in terms of K't for a given endurance ranged from
1.15 to 1,35, which is somewhat smaller than was expected, The small effect

of the fretting may be due to the presence of the interference fit pin,

In using this data sheet, it was found that at low values of fnom/q'0 where i
the curves of Figure 1l converge towards q'/q'° =1,0 it is not easy to
maintain accuracy and a larger scale re-plot of this area would be helpful, i
Also additional curves for d/D = 0,15 and 0.25 would make for more rapid

evaluations, ]

The procedure is complex and sensitive to the choice of fp and m, Some
amplification and clarification of the text would be welcome, although most of

the problems become clearer from a close study of the example,

5,9 General Comment on the RAeS Data Sheets

In so far as they are affected by the results of the current Bolted Joint

Research Programme,

(i) None of the existing relevant data sheets when considered within
their range of validity has been found to be seriously at
variance with the test results; indeed most of them are in good
agreement, but a few would be improved by the inclusion of

the Bolted Joint Fatigue Research test results where applicable,
These are E 05.03" Endurance 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 thc preceding paragraphs).

'Now revised and issued as Data Item 72020




124

(ii)

(iii)

bt s e -

The importance of the effect of local plastic yielding at a stress
concentration must always be borne in mind, In addition to the
information already incorporated from Data Sheet A,00,02, Data
Sheet E.07,03 would be enhanced if the condition K't(Sm + Sa) Z»fp
could be shown for a small range of proof stresses, e.g. fp/ft = 0,80
to 0,90, for guidance when this data sheet is used for notched

specimens ~ i,e. S and S  being treated as K''S and K' S .,
a m t a ol

On reflection, it is realised that this proposal is a little
difficult because the data plotted thereon are applicable to a
range of stress concentration factors, An alternative presentation
for Data Sheet E,07,03 has been suggested in which Sao/ft would be
plotted against K'tSa/ft for a range of values of fp/ft and m,

as related by equation (3) of paragraph 4.13.3 (iii),

. 5 = [ - ot - (] m

e SR = K tSa/f P (fp/ft K'tsa/ft) ],
applicable for K't(sm 5 Sa) Z-fp, and the values of m ranging

from 1,0 to 1,6,

The essence of the Summary Presentations for Unfilled Holes and Push
Fit Pins = Pin Unloaded might well be included in the Data Sheets

(in addition to Push Fit Pins - Pin Loaded),

NB
The Engineering Sciences Data Unit of the Royal Aeronautical Society
is fully aware of the findings of this Report, and appropriate

action is already in hand,.
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TABLE 5.3

COMPARTSON WITH RAeS DATA SHEET A,05,02 (ISSUE 2) (Ref.Fig 5,10)

0.40/0 INTERFERENCE FIT PIN - PIN UNLOADED

d/D 1 /4

s /f QUL Predicted T/IHH cycles ComPari Witz'Fig' Ref

mot A Method (a)]| Method (D) T e Dpegﬂlx g w
0,225 0,024 0,058
(9 7 0,09 0,145

0,50 0.10 0.27 0,40 G B 22 C.28
0.075 1,10 2.5
Q225 (5P 5 0,35
(9 o 155" 1.0 10,0

0.25 | 4’1o 20.0 5160 C.3 C.22 C.28
@, 05 >100 >100

TABLE 5.4 COMPARISON WITH RAeS DATA SHEET A,05,02 (ISSUE 2) (Ref,Fig 5.1l1)
0.4°/0 INTERFERENCE FIT PIN - PIN UNLOADED
d/D L/2
6 -
S if S /ft Predicted N/10 cycles Comz:re ::i:iili; Ref
¢ ¥ Method (a) | Method (b) T =

05225 0,055 0,088
0.15 0,16 0.24

B 910 0,70 1.25 o L s al
0,075 P 10
0,225 Qu7d 1910
0,15 Sed 10 .

%2971 " 9,10 >100 >100 o 7t ) Ny
0,075 >100 >100

- ke —— - :v-_. —_
Jei TR T
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TABLE 5,5 COMPARISON WITH RAeS DATA SHEET A,05,02 (ISSUE 2) (Ref,Fig 5,12)

O,qo/o INTERFERENCE FIT PIN - PIN LOADED

a/D = 1/4
s /¢ g Je Predicted “/106 sycles Compare with Fig,Ref
mot a t Method (a) | Method (b) in Appendix C
L M S
0.225 0,005 0,009
0.15 0,02 0,026
0,50 0.10 0.065 0.075 C.6 C.25 C.41
0,075 0.1l4 0,15
Q2425 0,018 0,027
0,15 0,065 0,072
0523 T 6,16 0.20 0.225 Cub Co3 wanl
0,075 0,55 035
0,15 0,30 0,30
0,125 1,20 1,0
0.15 0.10 3.00 10.0 C.6 C.25 C.4l
0,075 20,0 >100
0,05 >100 >100

TABLE 5.6 COMPARISON WITH RAeS DATA SHEET A, 05,02 (ISSUE 2)(Ref,Fig 5.13)

0.40/0 INTERFERENCE FIT PIN - PIN LOADED

4/p = 1/2
6
Predicted N/10" cycles Compare with Fig.Ref
S /f S I in A ix &
m/ ft a' 't Method (a)] Method (b) - it pp’"g X -
0,225 0,075 0,075
o.50 0.15 0,20 0,20
5 0,10 1,0 0,85 GaL7 & 33 C. 49
0,075 4,0 9550
0,225 1.0 1.0
0,15 6,0 100
0.25 0.10 >100 >100 C.17 C.33 C.49
0,075 >100 >100
NB

There are no Bolted Joint Fatigue Research test results at Sm/ft = 0,15
and d/D = 1/2 with which to compare predictions, In any case the

predictions would be at N > 108 cycles.,
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SECTION 6 CONCLUSIONS

6,1 General

When this programme of research was planned, the limits laid down for the
manufacture of the specimens were considered to be fairly close, but not
extreme by the current standards., The close limits were considered to be
necessary in order to minimise the scatter of results and to give a reasonable
chance of detecting the influences of the numerous variables included in the

programme, A study of the results now available fully justifies this provision,

Despite this provision, it is clear that there is still a significant and
sometimes considerable scatter of endurance of nominally identical parts, the
magnitude of which can be observed from the tables and graphs of Appendix C,
Frequently this scatter causes overlapping of the scatter bands representing
related configurations, or representing increments in the value of a given

parameter, and may tend to confuse conclusions,

For this reason, much of the analysis in this report has been made by using
mean endurance curves rather than scatter bands, and it is felt that the
results achieved have justified the procedure adopted, provided that the
existence of the scatter and its possible range for a specified set of
conditions are kept in mind constantly, The range of the scatter is greatest
at low alternating stresses and/or high d/D, and lowest when the alternating
stresses are high and/or d/D is low, Tt can be as low as the equivalent of
a scatter of 1,25:1 between the mean and the minimum endurances, or as high

as the equivalent of a scatter factor of 10:1 between the mean and the minimum
endurances, .However, more normal scatter factors (mean to minimum endurances)
for a given configuration and loading are of the order of 3:1 for high

&

alternating stress and 5:1 for low alternating stress,

Throughout this research it has often been evident that the influence of one
parameter is combined with that of another, and assumptions have had to be made
in order to eliminate, at least partially, one variable, in order to examine
another, Similarly the variety of configurations (degree of pin fit and type
of loading) have complicated the analysis, On balance it is considered that
the optimuii order in which to discuss these matters is to deal with the
parameters of mean stress, size and geometry (K't) first and then to discuss

the configurations,

6,2 Effect of Mean Stress (Ref,paragraph 4,10 and Figures 4,34 to
4,43 inclusive)

In normal configurations, i,e, excluding pins with interference fit, in the

regions of high stress concentration, the material is sufficiently ductile

NP
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to enable plastic flow to occur which reduces the maximum local stress from the

- : o
theoretical figure to a value approximating to fp’ the 0,2 /o proof stress.

Therefore K't S Sa) is reduced to fp locally,

The effect of mean stress is thereby reduced and is virtually negligible above an
applied mean stress of approximately 0,20 ft' This enables all results except

those for Sm/ft = 0,15 or less to be grouped together into one population (for

a given size and configuration), thus simplifying analysis,

As Sm is reduced below 0,20 ft there is a gradual increase in endurance for a
given alternating stress; alternatively, 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 behaviour is modified when interference fit pins are used. In
these circumstances it would appear that endurance is inversely proportional to
the applied mean stress over the whole range of the tests, except that for very
high endurances (above 10° cycles) and d/D = 1/4 (i.,e. high K't) there is

a slight trend towards the reduction of mean stress influence, though not to the

same degree as for normal configurations.

6,3 Effect of Size (Reference paragraph 4,l1 and Tables 4,7 and 4,8)

The range of size covered by the Bolted Joint Fatigue Research was limited to
2,67:1,0 and the conclusions concerning this effect do not necessarily apply to

changes of size which are markedly beyond this range,

The size effect from these tests is not large, but is of some significance. The
smaller the size of specimen, other variables being kept constant, the more
favourable becomes the fatigue performance, There are two ways of expressing the

relative performances,

(a) As a ratio of endurances for a given alternating stress
and
(b) as a ratio of alternating stresses for a given endurance,

Because of the general shape of the endurance curves, (a) tends to be more
reliable at low endurances and (b) tends to be more reliable at high endurances.
However, method (b) gives more consistent comparisons over the full range of
tests (see Table 4,8)., These comparisons lead to the conclusion that there is
an increase in permissible alternating stress for a given endurance, ranging
from a factor of 1,1 to 2,0, for a reduction in size in the ratio of 1:2,67,

The configuration of an unfilled hole lies strongly 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,

g . - p f‘i‘,f‘ji.'
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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.

Size effect is somewhat less at d/D = 1/4 compared with that at d/D = 1/2,

possibly due to the higher stress concentration factor at d/D = 1/4,

6.4 Effect of Geometry (Reference paragraph 4,12, Figures 4,1 to 4,33)

For the purposes of this report. ''geometry'" signifies a change in the ratio

of d/D, which in turn is expressed adequately as a change in the value of K't'

For unfilled holes and unloaded push fit pins, geometry has but little
influence, For the other configurations there is a significant effect, there
being a definite increase in endurance for an increase in d/D (i.e, for a

reduction of stress concentration factor),

For convenience the ratios of increase of endurance for increase of d/D from
1/4 to 1/2 are repeated here (and taken from paragraphs 4,12,3, 4.12,4 and
4012.5).

Data are given for two convenient values of Sa/ft namely 0,20 and 0,08, i,.e,

high and low in the context of this programme of tests,

Because of scatter, it is necessary to quote ranges of these endurance ratios.
For the push fit pins, because change of mean stress has but little effect,
only one range for a given Sa/ft is quoted, although the higher.ratios in
the range tend to apply to the lower values of Sm/ft' Size effect has been

eliminated from these figures,
For the interference fit pins separate ranges are given for each value of
S /f.-

EFFECT OF GEOMETRY IN TERMS OF: Range of Endurance for Increase
Ratio for d/D = 1/2 /4/D = 1/4
7

Sa/ft Sm/ft

6,4l Push Fit Pin - Pin Loaded

0,20 0.50 to 0,25 < Bo° 5
0,08 0,50 to 0,25 4 to 10
- ._._.....T..._—-..,_ B— -~ - ——— e <o
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Oobe2 0.4°/0 Intecference Fit Pin - Pin Unloaded 3
0,20 " 0,50 4 to 6 b

1 o0.40 5 to 50

| 0,25 40 to 50

0,08 0,50 KO o - 25

0,40 10 to 60

L 0,25 50 to 100

Betie3 U.q“/o Interference Fit Pin - Pin Loaded

0,20 [ 0,50 3 ter L2

1 0,40 10 to 60

L 0.25 150 to 250

0,80 [ 0,50 245 Eo. 9.5

1 0.40 14 to 65

| 0,25 200 to 500

NB

There are insufficient results to enable reliable endurance increase ratios to
P o : ; )

be obtained for 0,8 /o interference fit, but they are certainly greater than

those for 0.40/0 interference fit and probably of the order of 300/0 greater,

65 Unfilled Hole, Loose Fit and Push Fit Pin, Loaded and Unloaded

(Reference paragraph 4,13 and Figure 4.47)

Relative Endurances

Having considered the influence of parameters applicable to all configurations it
is now convenient to compare the configurations themselves, and in so doing it
has been established that they fall into two groups = those without and those

with interference fit pins,

Considering the first group and studying Figure 4.47, coupled with Figures 4,44,
4,45 and 4,46, it is clear that the endurance bands for each of these
configurations can justifiably be embraced by one rather broad scatter band, if
plotted in terms of K'Lsa instead of Sa‘ using average values for the range
of mean stresses from 0,25 ft to 0,50 f[. The effect of size is also included

in this broad band,

Figure 4,47 also shows some éomputed mean endurance curves for notched specimens
(K'tsa versus N) derived from the basic data of Data Sheet E,07,01 (Figure 3)
coupled with the theoretical relationship given in Data Sheet A.00,02,

These curves are slightly sensitive to the choice of fp and m and three such

choices are given,

“
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In comparing the computed endurance curves with the boundary endurance curves
(or with the mean curves) of the broad scatter bands, it appears that the
computed curves have less slope than the boundary curves, This general
difference is probably due to the effect of fretting, Taking curve (3) as a

representative computed curve, a factor of 1,25 on K'L at an endurance of

6 ) 4
10" cycles reducing to 1,0 at 10" cycles would change this to curve (3a) and
bring it into line with the common slope of the endurance of the test results,
Allowing for scatter about the mean values the factor of 1,25 could well be 1,5,

This is not as large a factor for fretting at high endurances as might have

been expected, (See also paragraph 4,13,3 (iii)).

Turning to the finer differences between one configuration and another in this
group, they are hriefly represented by the following table of relative
endurances of the mean curves of Figures 4,44, 4,45 and 4,46, taken at two

levels of alternating stress (Reference paragraph 4,13,3 (ii)),

Relative Endurances
K' s /f Unfilled Push Fit Pin Push Fit Pin
t s t Hole Pin Unloaded Pin Loaded
0,60 1,0 2.0 0,9
0,24 1,0 LS 0.9

Thus under otherwise similar conditions the unloaded push fit pin gives
endurances of from 1,5 to 2,0 times those for an unfilled hole while a
loaded push fit pin gives endurances which are marginally below those for

an unfilled hole,

6,6 O,é?igmggg 0.8°/o Interference Fit Pins, Loaded and Unloaded

(Reference paragraphs 4,9,1 and 4,9,2)

There is a significant gain in endurance for an interference fit pin compared
with that of the corresponding joint with a push fit pin, because of the
induced tensile stress in the material surrounding the pin which effectively

reduces the applied alternating stress,

Joints with 0.80/0 interference fit pins are not always much superior in
endurance to those of 0,4°/0 interference fit pins, especially under high
loading because the plastic deformation in the regions of high stress, which

reduces the effective mean stress, also reduces the degree of interference,

Ao o o g _;ngwwfm”
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The influence of mean stress, size and d/D have already been discussed and in
general the effects of these parameters are more marked with interference fit
pins than with push fit pins, There is also more scatter of results at long

endurances compared with that for push fit pins,

The improvement in endurance is considerably greater for d/D = 1/2, than for
d/D = 1/4, when comparing interference fit pin joints with push fit pin joints

: o 3 g ¢ 0 f 2
and also when comparing 0,5 /o interference fits with 0,4 /o interference fits,
K

The results for interference fit pins are not amenable to tle same form of
Summary Presentation as were the normal configurations because of the effect of

applied load on the resultant stress concentration factor,

It is therefore appropriate to consider the values of the Endurance Increase
Ratio, i.e, the ratios of actual endurances of interference fit pin joints to
the endurances of the corresponding push fit pins, Here it is necessary to
quote ranges for these ratios because of the scatter, and although this was at
first examined for each values of Sm/ft, it became clear that there was not a
great deal of difference in the ratios with change of Sm/ft. The highest
factors were usually associated with the lowest values of mean stress,
Therefore, in the interest of simplification one range is given for each value
of Sa/fL and d/D, which may be considered applicable to all values of mean
stress, These are given in paragraphs 4,9,1 and 4.9.2 and for convenience are
repeated here,

EFndurance of Interference Fit Pin Joint
Endurance of Push Fit Pin Joint

ENDURANCE INCREASE RATIO =

Unloaded Pins

For 0.40/0 Interference Fit

S/ L a/n = 1/4 d/D = 1/2
0,20 3/4 to 6 : 7 to 100®
0,08 3/4 to 9 10 to 100®
(8] ’
For 0,8 /o Interference Fit
S/, a/b = 1/4 /D = 1/2
(
9,40 4 o 30 Insufficient
0,08 5 *to 10 results

Loaded Pins

For 0,40/0 Interference Fit

Sa/f¢ d/D = 1/4 d/D = 1/2
0,20 3/4 to 3 2 to loo™
0,08 3/4 to 3 2 to 100

®Based on limited evidence,

s L S -

|




For 0.80/0 Interference Fit

S/ £, 210 = 14 d4/D = 1/2
0.20 l to 5 7 to loo™
0,08 1 to 15 20 to 100%

: : 2 ; o :
It is also of interest to consider the comparison between 0,4 /o interference

o "
and 0,8 /o interference,

Endurance Increase Ratios for 0,8%°/o interferenci/g.éo/o interference have
been evaluated for each level of mean stress (where sufficient data are
available), for unloaded pins at d/D = 1/4, and for loaded pins at both

d/D =1/4 and d/D = 1/2, Two levels of Sa/ft have been considered as
before, There is no significant difference in the range of ratios evaluated
at the various mean stresses and therefore a common range applicable to all

mean stresses is quoted,

The results are as follows:

Endurance of 0.80/0 Interference Fit Pin Joint

ENDURANCE INCREASE RATIO

I

Endurance of 0.40/0 Interference Fit Pin Joint

Unloaded Pins d/D = 1/4 only
Sa/ft
0.20 2 to 7
0,08 2 to 10

(Ratios for d/D = 1/2 would probably be of the same order as for loaded
pins at d/D = 1/2 - see below)

S /f

at 4/p = 1/4 4/p =1/2
0,20 1 to 2 4 to 50"
0,08 1 to 5 10 to 100™
647 Occurrence of Fretting (Reference paragraph 4,15)

Fretting occurred in a considerable number of specimens and in all
configurations, except of course the unfilled hole configuration, A
representative selection was examined by the National Engineering Laboratory,
in addition to those examined and photographed by the testing laboratories,
The former are listed in Table 4,12, and are also indicated in the tables of
results in Appendix C,

The study of these fretted specimens showed that there was only a little
coordination between fretting and stress level, inasmuch as there were

somewhat more specimens with fretting at combinations of low mean and low

¥Based on limited evidence,

biiior Eresire d o g ol
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alternating stress, For a given mean and alternating stress level specimens

exhibiting fretting were often not those with the lowest endurance,

In regard to d/D there were more fretted specimens at d/D = 1/4 than at

d/D = 1/2, roughly in the ratio of 3 to 1,
There was less fretting in the small size specimens,

In regard to configurations, as was expected, there was only minor fretting with
the unloaded loose and push fit pins, and the majority of the fractures occurred

at the hole edge at 90° to the axis of tension,

For the unloaded interference fit pins some fretting occurred and the fretting

. o
bands tended to be symmetrically disposed at about 45 to the transverse centre
line through the hole., The origins of fracture were at the edges of the fretting

bands, and a little nearer to the transverse centre line,

Turning now to the loaded push fit pins, the fretting was more intense than with

the unloaded pins, as would have been expected, The fretting was generally in
bands at or near the transverse axis of the hole but generally towards the loaded
side of the hole, Often there was more than one fracture, the fractures being
disposed towards the loaded side of the hole,

It was a little surprising to find that fretting occurred in the 0.40/0 and even
in the 0.80/0 interference fit specimens, This was located towards the unloaded
side of the hole, possibly because the combination of interference and load had
failed to prevent slip, Fractures were found between 10° and 45° from the

transverse diameter, towards the unloaded side of the hole,

The fretting often caused the endu ance curves to assume a steeper slope than

would have occurred otherwise, These are discussed .in paragraph 4.15,6,

From comparisons between test results and endurance curves which had been
computed from basic fatigue data sheets it appears that the numerical effect of
fretting in the tests of this research can be expressed as a reduction factor
ranging from 1,15 to 1,5 on alternating stress for a given endurance, this factor
applying mainly to endurances of the order of 3 x 105 and greater, This is

somewhat less than was expec' ed. (See also paragraphs 6,5 and 6,8).

6,8 Comparisons with Relevant RAeS Data Sheets and Consequent Recommendations

Comparisons have been made between the results of the tests described herein and
the relevant data sheets — essentially those dealing with the fatigue endurance

of aluminium alloys with and without pin joints,

No serious disagreements have been found, The understanding of a number of
features of bolted joints has been clarified and information has been acquired
which will enable several data sheets to be reinforced, extended or revised, This

process is currently progressing and new issues being made as and when available,

e Lk -
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The main conclusions from these comparisons are as follows:

68,1

149

Data Sheets E,02,01 and E.05,01l are well substantiated by the results of

the present research,

().8'2

Data Sheet £.,05,02 has already been revised and extended by the inclusion of

all the data on the loaded push fit pin joints of the present research, and

re-issued as Data Item 72020,

6.8:3

Data Sheet E.05,04 (Endurance of Lugs with Interference Fit Pins)

would be

improved considerably by the inclusion of the relevant data from Bolted Joint

Fatigue Research,

6.8,4

Data Sheets E«07,0l and E.07,02 give adequate basic data on plain

and netched

aluminium alloy material, Wher used in connection with bolted joints the

possible influence of fretting should not be overlooked.,

68,5

The effect of geometry and mode of loading are adequately represented by the

stress concentration factors given in the current data sheets and

can be related to K'tSm and K'tSa in all instances.

6,8.6

endurances

Data Sheet E,07,03, coupled with the two data sheets AgO0.0l and A.00,02

provide adequate information regarding the influence of mean stress provided

that where stress concentrations occur allowance is made for the

reduction in

mean stress which results from plastic deformation in these regions,

It should be noted that in Data Sheet E,07,03 the resulting deductions from

the families of curves therein are somewhat sensitive to the choice of the

values of fp/ft and m,

For the present research the best values appear tu be fp/ft = 0,875 and

m = 1,4, but due allowance for fretting must be made,

g~ o - o 8
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Consideration might be given to an alternative presentation of the data in
E.07.03 by plotting Sao/ft against K'Lsa/ft from the relationship between

these two quantities, given in Data Sheet A,00,02, assuming

i

S kY. 8 when S o +K' S < f
a t m

m t m p

=5 vhe S Y 8
[p a’ R a' t°m 7 p

it

and S ,
m

6.,8.7

Data Sheet A+05,02 provides an adequate method of estimating the endurance of pin
joints with interference fits provided that the combination of degree of
interference and loading is moderate, Where this is not so the resultant maximum
shear stress will exceed the recommended limit of applicability, namely,

q' f 0.7 fp. and the validity of tie curves given in Figure 1 of the data sheet
becomes increasingly doubtful, Furthermore, the resulting predictions will tend
to over-estimate the true endurances, Under such high loading the plastic
deformation in the regions of high stress, which reduces the mean stress there,
also tends to reduce the degree of interference, Thus the benefit from
interference fit under high loading proves to be slight and particularly so with

a high degree of interference,

Notwithstanding the agreement between Data Sheet A,05,02 and the results of the
Bolted Joint Fatigue Research, this data sheet would be of great value if the
text were revised to expand and clarify some of the steps involved therein,
Moreover Figure 1 would be improved by the addition of curves for d/D = 0,15
and 0,25 and a large scale replot of the area in which all the main curves

converge towards q'/qz) = 1,0,
6.,8,8

Predictions of endurances from basic data sheets such as E.07,01, E.07.03 and
A.05,02 should be accompanied by some consideration of the possibility of the
occurrence of fretting, Data Item No, 67012 gives some guidance, In the present
research, although many of the specimens exhibited fretting, the influence of
this fretting upon the fatigue endurances was not as large as would generally be

expected,

6.8,9

Although many of the comparisons noted above have been made via individual mean
endurance curves, some have been made via scatter bands which have been
established by up to 30 values at a given stress level, 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 values so established was of the same order for each sub group whether for

—




loaded pins or even for unfilled holes, Thus the validity of the general
conclusions drawn from these comparisons and from this research is

substantiated,
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