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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 geommtrical 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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FATI GUE COMMITTEE
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VOLUME I i i  SUMM AR Y

An extensive programme of research into the fatigue endurance , and gene ral

behaviour of sing le p in bolted joints has recentl y been comp leted , and is

reported in VOLUMES I and II of this S and T Memo .

The programme was first suggested by the Royal Aeronautical Society and

the work has )een financed by the Ministry of Defence and its predecessors ,

sihile the progress has been monitored periodicall y by the Royal Aeronautical

Society ’s Fati gue Committee ,

The main p a t  of this work (referred to above) has , for convenience , become

known as ‘Stage 1 ’ , but during the development of the research it became

obvious that information on a number of associated aspects would be most

hel pful , and since there were sufficient reserve test specimens to permit an

extension of the test programme , a number of Supp lementary Investi ga tions

we re p lanned and agreed , and have now become known collective ly, as Stage 2.

VOLUME III

S.I. No .1 - The effect on endurance of pre-stress ing the holes by

pressing an oversize ‘hard steel ball through them i.e.

“Ballising ”.

S.I. No .2 - The effec t of using flat-s ided p ins (The flats being

pa rallel to the direction of load).
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S,I. No .5 - Some evidence of the i n f l u e n c e  on endurance of surface

finish and hole ed ge cnamfe rin g of loaded push fit pin

joint.

S,I. No .6 - The influence of small variation s in p in fit .

VOLUM E IV

S.I. N o .7 - The effect on endurance of radiusing the edges of the

bol t holes , by press forming.

S.I. N o .8  - Stress corrosion tests on standard and non-standard

specimens.

S.I. No.9 - An extension to lowe r stress levels of some of the

tests described in Stage 1.



SUPPL EMENTAR Y IN\ ZSTIGATION No. I

T IL E EFFECT ON EN DURAN CE OF PR E-ST RESSING TIlE HOLES BY PRESSING AN OVERSIZE
HAR D STEEL BALL T~1ROUCH THEM i.e. “BALLISINC”

1 . LNiRO1 )t-U~IO~-~

liii e dj orit y of fati gue failures in the bolted joints of this research have

th eir ori gins in cracks that start at the ed ges of bolt holes and thus it is

natural to g ive consideration to the possibility of improving the fati gue

resistanc € of this reg ion . An obvious method of effecting such an improvement

is to create a small reg ion of compression a round the hole by locally cold-

working the surface of the hole , and a convenien t way of doing this is to force

an o\-€ r-size steel ball through the hole .

A small programe of tests on specimens so treated was therefore arranged , the

specimens being prepared at Short Bros. and Harland and the fatigue test being

carried out by Departmen t of Metallurgy at Cambrid ge University. The loaded

push fit p in was chosen as the most useful configuration for this research .

2. TIlE TESTS

The form and general characteristics of the specimens were the same as for the

r~ain programme of the Stage 1 tests except that only medium size specimens were

used ,

Figure (0) of this report shows the main feature s of the specimens and is

extracted from Figu re 2.2 of the main report on Stage 1. Only mean s t resses

of 0.25 
~t 

and 0.15 
~t 

were emp loyed because in the Stage 1 tests on

interference fit pins these levels of mean stress showed the greatest

improvement in endurances , relative to those of push-fit .

The same three ratios of d/D (pin diame ter to width of specimen) were used

as in Stage 1, namely 1/4, 3/8 and 1/2 for which the nominal geome tr ic stress

concentration factors (i.e. ignoring pre stressing of holes) are 3.73 , 2.72

and 2.22 respec t ive ly.

A range of three degrees of interference between the ball and the pin hole was

investigated , name ly 1
0
/0, 2

0
/0 and 4

0
/0

End ur ance cu rves for each configuration , loading and degree of pre—stressing

we-re obtained , together with a control endurance curve , i.e. no pre-stressing ,

for each value of S
m
/ft and d/D. To minimise errors of machine settings

the con trol tests were carried ou t imediately af ter the correspond ing tests

;~‘ith the pre—stressed holes.

In a l l  cases th ree  n o m i n a l l y i d e n t i c a l  specimens we re te s ted for each stress

leve l , excep t for the controls , when only one specimen per stress leve l was

t e s t ed .
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2

I N i i e e  s p e c i m e n s  of each t y p e  for a t  least  two degrees of pre—stressing were

: ! a n u f a c t u r c - d  f o r  i n c l u s i o n  in the  s t r e s s  cor ros ion  tes ts  covered by S.I. No.8.

During t h e  pie-stressing process no lubrication of the ball or of the hole was

n i p  I oyecl .

I t  s h o u l d  be n o t e d  t h a t  in  the  p r e l i m i n a r y  t e s t s  fo r  t h i s  i nves t igat ion Cambridge

U n i v e r s i t y  S t a f f  h a d  d i f f i c u l t i e s  in a c h i e v i n g  s a t i s f a c t o r y  p in f i t s , due to

d i s t o r t i o n  of the  h o l e s  and to b u r r s  l e f t  a t  the edges of the holes , after the

b a l l i s i n g  p rocess .  A j i g -bore r  was t h e r e f o r e  used to improve the shape of the

h o l e s  and the ed ges of the h o l e s  were l i g h t l y f i l e d  and po l i shed  wi th  f ine emery

paper  to remove the b u r r s .  I t  was a r ranged  t h a t  for  la ter  tests  Short  Brothers

and t l a r l and  shou ld  ensure  th a t  the ho l e s  were co r rec ted  fo r  tape r and

b a r r e l l i n g ” and t h a t  the  ed ges of the  ho les  were de -bu r red  a f t e r  the pre—

s t r e s s i n g  process.  The recommended procedure  was to remove the minimum amount of

material by reaming and honing , the final hole surface finish to be comparable

-:ith that of the original specimens. Also any metal raised at the edges of the

holes  was to be removed by file and the filed area hand polished flat to the

or i g inal  f i n i s h .

NOTATION

For convenience , the relevant N o t a t i o n  of the Stage 1 Repor t  is repeated below -

d = Nominal  d i amete r  of hole and p in

D = Width of parallel section of test specimen

= Average Tensile strength of plate material (from tests)

f = Average O .2°/o Proof  Stress  of p late  mate r ia l  (from tests)

= Geometr ic  S t ress  Concen t ra t ion  factor  based on net  area of

cross section of t e s t  specimen

N = Endurance

S = Mean Stress  on net  area - -m
S = Al t e r na t i n g  Stress  on net  area associated w i t h  Sa m
t = Thickness  of p l a t e  specimen

4. RESULTS

These are presented in Tables 1 to 9 and are plotted on Figure s 1 to 9; all

curve s are for  loga r i thm mean va lues  a t  each s t ress  leve l . Each f i gure deals

with a p a r t i c u l a r  va lue  of d/ D  ( 1/4 , 3/8 or 1/2) combined wi th a pa r t i cu l a r

amoun t of oversize of the ball , (10/0, 2
0
/0 or 4

0
/0), and shows the results for

both S /f = 0.25 and 0.15.m t

The cont ro l  endurance curve s are id e n t i f i a b l e  wi th  a given value of Sm/f t
and d/D.

:: ~~~~~~~
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a r :ia~ te r of i n t e : ~- , t  on Fi~ &tre .s I . 2 a nd  t I~c-rc a r e  a l s o  shown -~-h e r e

~~5 d l  l a h I €  — I C  C u r i ~ spo n d i n ~ o u t  r o 1’~ cu r - :  s f o r  the  p a r t i c u l a r  c o n f i g u r a t i o n

and n i a n  c i  c~ , La ke-n from the Stage  I t e s t s .  These are the c u r v e s  shown

t h u  . md in  t h o r :  th ey should I C  i d e n t i c a l  w i t h  t h i €  c u r es of t i e

con t ro l I c  ~ t c  . : i c hi \ & : I (  - lath at t hi sai l ti i i c  as t i c  p r e — s t r e s s e d  N o l e  t e s t s .

F I R  a n t  i~~ I i~ , I e n t I s lu [ U good f o r  d / l )  1 / -~ and 3/8 , b u t  t n e  ~- t a gc- I

c u r v  s ac ~l i . , ii t l y o p t i m i s t i c  a t  b o t h  le~- e l s  of mean s t r e s s  fo r  d / D  = 1/ 2 .

T h i s  i s  n o t  s i i c p r  i i n ~ s i i u -~ t h e r e is ~e - n e r a l l y mor e scatter of a l l  r e s u l t s

at d/D - l / ~~.

h a v i n g  e - s t~ ihI i c e  N -~~ a s o n a N I c  a~~~ eni nt clue - c -n t he  re sult s of these two sets

of  control t s t ~~. l i i i  r e s u l t s  of  t h o s e  t e s t e d  c u r r e n t l y w i t h  t h e  p r e — s t r e s s e d

h o l e  t e s t s  w i l l  be used in the followin g a n a l y s i s .

Fi g u r e s  1 to 9 a l s o  s t i n t -  t h a t  - t i l e - r e  i s  si g n i f i c a n t l y more s c a t t e r  of re s u l t s

f o r  a r i v e n  s t r e s s  l e v e l a t  L o w  value s of a l t e r n a t i n g  s t r e s s , and in f a c t  t h e r e

s-fe ii a numbe r of ~t n h r u k e n  spec  cur ti s a t  10 c y c l e s  f o r  tite S / f e 0 .1 -
~ g r o u p .

Some- of the  e x t r e m e  s c a t t e r  c o u l d  b iace  been due to e x c e s s i v e  “ b a r r e l l i ng ” uith

th e  -I / o  o v e r s iz e  b all , For t h e s e  r e a s o n s  some j u d gement  was r e q u i r e d  in o r d e r

to o b t a i n  r e a s o n a b l e  c u r v e s  when  t h e  e n d u r a n c e s  we re h i gh a n d / o r  the  s c a t t e r

l a r g e .

A N A L Y S I S

A l t h o u g h  i t  i~ c l e a r  f r o m  Fi gur e s I to 9 tha t the p ie--s tressed holes are

gen e-rall y beneficial , it was thou ght that the p icture would become cleare r

if the curv e- s we re re-p lotted t o  show on one graph al l  three degrees of

pre-stressi n~ for g iven values of d/l) and S / f
e. 

This form of presentation

i s  shown on Fi gures 10 to l~ inclusive . •

I t  i s  c l e a r  f r o m  t h e s e  f i g u r e - s that for almost all combinations of d/D and

S / f 1 
the optimum amount of li re-—stressing corresponds to a 2

0
/0 or Just ove r

2
0
/0 c,e-ec sir ball , and t h a t  in  g en e r a l a —t~ /o os-c rsize ball is too large .

It is possible that lie reason for this is the excessive barrelling which

occurs if the ball is greater than say , 2~-°/o to ~
O/o

In orde r t o  present a numerical a s s e s s m e n t  of the  improvemen t  in endurance

that resu lts from this process the actual values of the Endurance Increase

Ratio , i.e .

l - n d u r a n c e  of  Specimen wi th P r r — s t r e s s e d  l l o l e
Enduranc e of Con t rol Specimen

t a -f- been tabulated for two con eni ent levels of a l t e r n a t i n g  s t r e s s , one h k I c

and one [ow - see- Iri bl e 10.

— 

• 
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I ‘ I ~~ the mol e . in It i I ~ ~ C a ~~!( t I t  ~ raph  i a I p r e s e n t a t i o n . t h e s e  r a t  ios ( o r

n-i t - R  r b I O .~~~* i t  I~~I —  o f  th e - s c  r a t  i o s .  fo~ o b v i o u s  o n v e n i e n c f  ) have I c e  p l ot e d on

I aid H f o r  d / l )  I / f . i/ ~~ a n d  1/2 r e s p e c t i \ - c l \- - .

. CONCLUSiON S

( i t The u se  o t  an > e e - r s i , e  c a l l  p i  sse-d th i -ou gh t i l e -  p i n  h o l e  w i l l  g i \ e

an i t i c i l  a s i n  t h e  e n d u r a n c e  o f  a j o i n t  h a ’  i ng a loaded  p u s h  f i t

p i n . for a range of  I °/o h o  i / O  o~-e -rs iz . I o w e v €  r , for a l :ost

a l l  thc comb ina tions of d/i . ~ I f  ~~: b S If  t e sted , the
1 I a I

m ax i t n u c  e n d u r a n c e  Inc  r e a s e  r a t  i n  is  o l , t  a i n e d  b y the  use  of a 2
0

/0

to 2~~
0 /o ove r s i z e  b a l l .

The cc -su I ts that s h i o t - ~ exceptions to this are as follows , but in

cc i i  of  the  c o m p a r a t i e c l y s m a l l  numbe r of specimens tested , th ese

e x c e p t  ions should be viewed i~~ i th caution .

(a ) At S If = 0.25
—.——-1T1.--— t

For h i gh d/ l J  (1/2) and Low 5 1
~~L 

(o .os) the maximum endurance
increase ratio occurs for a 1

0
/0 ove rsize ball , rather than fo r

0 0
2 /o or 2:- /o (see Figure I~~). 

-

(N ) At S /1 0.15

For d/D = 1/4 and VS and at hi gh S / f  (0,15) the improvement

in endurance  c o n t i n u e s  tip to a ‘-~
°/o oversize ball (see Figures it

S and 17).

It s h o u l d  he no ted  t h a t  t he re were  a numbe r of unbroken specimens

associated with the exception at S
m /f t 

= 0.25 and low S
a
/f t and

therefore it is difficult to he precise when estimating endurance

Increase ratios (see Fi gure Q t .

For the two exceptions at S
m
/f

t 
= 0.15 it would appear that

some- of the 2
0
/0 oversize ball results are unusuall y low ,

L particula rl y at S / f
1 

= 0.10 for d/D = 1/4 (see Figure L ) and

- it  S / f
e 

= 0.125 f o r  d/ 1) = 3/N (see Fi gure 5). These 2°/o ,

S
m
/f t 

0.15 curve s would have been si g n i f ican t ly s teepe r and

further to the ri ght at their uppe r ends if the particular

resul t s had been more in keep ing with the remainder of the results ,

and in conseque nce the max imum imp rovemen t would again occur

n e a r e r to a 20
/0 o v e r s i z e  b a l l .

— 
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5

(ii ) Choosing t h t ‘- caximeint increase in endurance as noted above ,

from Fi .~ut- s lb to lb and converting the log—ratios back to

~o -i al ratios leads to Table II “Maximum Endurance Increase Ratios ”.

- \l1 these maxima occur at 2
0
/0 to 2 ii

O
/o o v e ’s i z e  ba l l  except  as

s t a t e d  in c o n c l u s i on  (U  above , and for these exceptions the

maximum v a l u e  o c c u r r i n g  bias  been q ’a o t e d  r e g a r d l e s s  of ba l l  s i ze , on

the assumption that if a much larger population of results were

a~ ailab 1e the “e x c e p t i o n s ” w o u l d  no t  a r i s e .

(iii) Finall y, notwithstanding the detail fi gure s give in Table II a

s imp l i f i e d  bu t  c o n s e r v a t i v e  range of endurance  increase  r a t i o s

wou ld be as foll ows:

Endurance  Increase R a t i o

dID 1/-i 3/5 1/2

Fli gh 5a”~~t 
1.5 to 2.0 1.5 to 3.5 2.5 to 25

Low 
~~~~~ 

35 to 70 35 to 70

In each range the  lowe r figure corresponds approximate ly to

Sm / f t 
= 0.25 and the hi ghe r f i gure  approxima te l y to

S
m
/f

t 
= 0.15.

II
!

~~~~~~
• •
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$
St pUL~:N l:N b~~I -i Y IN’~b- 1 b I C A J 1 O N  ‘-;o, I

- \:bI I- I Ih: h— S Th tESSI- 1) 1101 - I . I OAI)El) P I 1 S I h  FIT PIN Reference Figure 1

1
0/ 

O V E N S  I 7t - DAL I

c hu e-n  I ‘/P~ 2 1) 5/1 d/D I/~-i Nominal = 3 7 3 k

Ti s i c  d a t  I~ a i r H  - i (Ige I n i icr s i t y
F e - s t i n g  - l i c h i n c  . b Ton Losenhausen , Speed 1 500 c.p.m.

Specimen s t r E ss T e t e l s  Cy c l e s  
— 

Logar i thm Geometr ic
l d e i i t i f i —  I ( ° Io Ilti ma te) to Cycles to Mean
~,a t

1
1Ofl •LSa F a i l u r e  F a i l u r e  Cyc les

23 .ln .A - 1 1  8 1 0  

— 

4.073
2 ~~, 1 0 . 1) 25 22’. 10 650 4,027 10 550
23 .V.B 9 210 3,964
2 ’-~~l0.A - 7 710 ~~~~~ control

23. 1-S .’ 
- 

2~~~ ~00 4, 456
25 15 27 ~3() 4.442 25 460

23.l7 .~- 19 91)0 4.300
2o ,lO.C _______ _______ 

32 220 4.507 control

2— i .3,B 13 7 180 5.137
23.15 .1 2~ lo l1~ 1)50 5.060 105 660
2),ls .D 35 160 4.815 -

26 . l l . -\ 54 350 4 .735 control

2—+ .l 3 ,B 502 200 5.702
2 a ,~~.6 25 419 540 5,, 622 386 440

237 590 5. 375
26.ll ,B 

_______ _______ 

121 620 5.083 con trol

24.l5,A 211 600 5.325
24.l4.A 15 l2~ 

148 330 5.171 144 870
2~~,l4,B 74 690 4.872
2’ .1l .l-~ - 

59 510 4 775 control

2 -e .16 .A 270 950 5~ 433
24.l7 .A 15 10 111 710 5.046 156 100
24 .l6 .B 85 650 4.932
2n ,l2 ,~L_  -~~~~ - 

182 320 5 .260 cont ro l

2’-f.lS .A 6 849 000 6.835
24 .l7 , B 15 386 560 5. 587 - 

2 505 360
24 . 17 .C 280 520 5.449
26.12.D 

____ 

108 830 5.035 con trol

24 .19 .8 10 531 000U 7 .02 1U
24.1.1) 9 295 000 6.967 >18 425 670
24.2.E 15 5 5 451 000 6.736

2c> .12 .E 656 680 5.815 contro l

IT Unbroken

+ i ,e . be fore  h a l l i s i n g

- ~~ - - -~- - ___



SUPPLEMENTAR Y INVESTIGATION No .1 7

TABLE 2 PRE— STRESSED HOLE LOADED PUS h FIT PIN Re ference Figure 2

OVERSIZE BALL

Specimen Type 21) 15/32 d/D ~/b  N o m i n a l  = 2 . 72
k

Tested at Cambrid ge t Jni eer s ity

F e — s t i n g  M a c h i n e , 6 Ton Losenhausen , Speed 1500 c.p .m.

Specimen stress Levels Cycles Logari thm Geometric
Identifi- ~ /o Ul tima te) to Cycles to Mean

NUT b 
5
m 

±S
a 

Failure Failure Cycles

7.17 .C 18 200 4.260
7.1’ .D 25 22~ 15 560 4,191 15 730
7 .I T .E 13 440 4 .130
9 .19 .E 

_______ _______ 
26 470 4. 420 control

7 .18 .8 . 27 930 4,445
7.lS.C 25 15 25 940 4.412 25 280
7.18.A 21 970 4.340
9 20.A _______ _______ 

41 230 4,615 control
7~ lS ,D 89 890 4.954
7.18,E 25 10 84 020 4.924 82 610
7.19.A 73 920 4,868
9.20.B 117 520 5.070 control

7.19.D 2 266 410 6.355
7 .l9 .C 25 7 ’ 417 300 5.620 931 430
7 .19 .B 110 580 5. 041
9 .20 .C 190 340 5. 280 control

7 , 20 .A 101 600” 5.004
7 ,20. B 76 900” 4 .885 83 000”
7 .19 .E 

l7-~ 122 72 130” 4 .860
9 .20 .0 97 810” 4 ,990 control ”

7 .20 .C 98 220 ” 4 .993
9.l1 .A l 7~ ” 10 85 860 ” 4 .933 84 800”
7.20 .D 81 320 4. 910
9 .17. E 

_______ _______ 

103 070” 5. 012 contro l

9 .l l .C 11 984 640U 7,078U
9,1l,D 15 71 10 586 27OtJ 7.02411. >7 605 400
9.1l ,B 254 240 5.405
13,2,E 

_______ _______ 

239 640 5.112 control

9.l2.B 12 755 000U 7,lO5U
9.12.A 15 10 346 000 .014 >7 895 670
9.ll .E 586 000 5.767

l3.3.B 721 860 5.860 control

U Unbroken

~ Mean stress inadvertently set at l7~°/o ul timate instead

of 15°/o , bu t as first approximation endurances marked ~

have been corrected by multip lying by 17.5/15.0 = 1 .17

when plo tt ing on Figure 2.

+ i.e. before ballising

— — —  -- _______-

• ~~ - - - ,~
. ~, - -. - . ~+~~~TT ~~~~~-is 

_~__~_ — -~ ~~~~~~ - - ~ (_ _.__



Sb L’PLFNh- TA R ’ l\~~ l- STICATIOT-b No • 1

- \11ll i 1’RF—ST IIESS [l) HOLE LOADED PUSH FIT PIN Re fer&tce Figure 3

1
0

/ 0  OVEk ~~ [t i .  RAI L

p & in te t I ~pe 21) 5/ 5  d/I) 1/2 Nominal 2, 22~
TcsH at Cambrid ge b -nic e rsi tv

t e s t i n g  N i a c h i t i e - ,  a I o n  l o s e n h a u s e n ,  Speed 1 500_c . p . m .
Sp e c i men S~ ress le vels Cycles Logarithm Geometric
Id en t i f t —  ( /o  I i t i m a t e )  

- 
to Cycles to Mean

- ~~a 
Failu re Failure Cyc les

29 530 4.474
25 22~ 

29 500 4 .46 9 27  590
23 440 4.369

___________ —— _______ 

19 200 4.282 contro l
(,~ 6~ C 78 250 4.894

2 5 15 67 O() 4.830 65 160
49 540 4, 695

b.LB 
________________ 

44 790 4.650 control
6.6.1) 3 189 000 6.503

2~ 10 1 064 300 6 .027 1722 500
6.6.E 914 190 5.960 -

6 .1 .C - 100 450 5. 002 control
6~~7~D 10 568 0000 

—- 
7,0230

25 ~~, 10 553 550U 7.021U >8 629 100
4 765 000 6 .677

6.l.D 243 120 5.385 control

12 586 000 7. 100
6 , 8 .A 15 1 2 -  355 150 5. 550 4 383 650
6 .-S , B 209 790 5. 321
(> , 2 , B 197 900 5. 296 control

6.8.C 9 921 890 6 .996
6.9.B 15 10 3 474 690 6.541 4 564 000
6.9.A 295 440 5.470
6.2.C 183 190 5,262 control

6.9.E 14 832 0000 7.1701)
6,9.1) 15 11 273 000U 7 .053U ) 12 233 670
6 . 9 .C 10 596 000U 7.025U
0.2.1) 407 290 5.610 contro l

U Unbroken -

+ i~ e~ be fore hall i sing

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~I l l I  I-~II N~ A kY 1- .\ l- STIGATION No .1

hAB I t - . -~ R - -s lRi -b 3Lt ) bO I L l OADED PIIS1I FIT PI N Re ference F igure  4

2
0

/ 0  () VEI-b S1/ i-~ BAI t

rIC O I t  21) - >1 ~ (I/i) = 1/.. N ominal K ’ = 3 7 3 +

ic -
~ &-sI at Cambi id 5c tin i ~ er si t~

T e s t  ing -tar 1 i tie , Ton iosenhausen , Speed 1 500 c .p.m .

~peclmen itress iev el s Cycles l ogarithm GeometricIdent ifi- (°/o Ultimate ) to Cyc les to Meancation - -
N umbe r S

m -~
‘a 

Fail u e Failure Cycles

19 .1 ,F 14 Ml() 4.170
l ° . l O , F 2 5  2 2 ’ . 1 3  650 4. 1 3 5  1 3  450
[9.-i .E 11 900 4.125 

______________

2 7 .16 .1- 
- 

34 190  4 . 5 3 3

19 . l - ~~. l - 2 5  1 5  26  9s0 4 . 460 30 040
20.11 .1 —______ ________ 

26 9o0 4.430 
______________

20 , 18 .1 130 110 5. 115
22 .5 . 1- 25 10 92 540 4 . 9 6 5  100 090
22 .-+ .F 

_______ _______ ~7 610 4 .890 
_____________

22 .9 .1- 2 158 790 6 , 335
2 3 . l a .F 25 306 750 5.485 893 160
22 .h .F 

________ ________ 

2 13 950 5 .329
24 .l6 .F 219 100 5. 340
24.15.F 15 12 145 040 5.160 149 450
24.4.F 84 210 4.925 

______________

24 .l7 .F 280 210 5. 448
25 .17 .F 15 10 173 920 5.240 198 620
2~~.10~ F 141 710 5. 150 

______________

26,14.F 10 550 000U 7 ,022U
26 , 15 .F 15 7~ LU 522 00011 7 ,02011 >7 160 370
2 7 .14 .F 409 120 5. 611 

______________

27.16.F 11 178 000U 7.049U >2 7 .l5.F 10 588 0001) 7 .023U 10 883

U tJ nhroken
+ I .e. before bal lising

1ABLE 5 PRE—STRESSED HOl E I.OADEE ) PUSH FIT l’lN Reference Figure 5
2°/a OVERSIZE BALL 

+
Spec imen Type 21) 15/32 d/D = 3/s N o m i n a l  = 2.72
Tes ted  a t  Cambr idge  U n i v e r s i t y
Testin Machine 1 6 Ton Losenhausen, Speed 15(X) c ,p . m,

Specimen Stress Levels Cycles Logarithm Geometric
Iden tifi— 0/0 ultimate ) to Cycles to Mean

T 5m -~-
5

a Failure Failure Cycles

14.20.G 4 7 000 4 .672 
—

14.16 ,0 25 2 2 ’ 30 680 4.564 39 100
l4. 19 .F 

_______ ________ 

33 (- 31) 4 .52 6
l5,2,E 

- 

73 750 4 .866
15.1.0 25 15 70 630 4.848 67 520
15.2.0 58 190 4.765

14 ,2 .E 25 10 12 670 0001) 7 .135U >6 483 840
_13. 6 ,C 

- _______ ________ 
297 690 5. 472 

______________

14. 8 ,0 10 585 000(1 7.02211
14 .3 .D 25 ~~ 7 190 730 6 .855 >6 076 620
12.19.C 

_______ _______ 
454 130 5.656 

______________

14 .12 .0 15 121.. 681 500 5.834 3 9 0 
-

14,11 .0 190 440 5. 278 ~
14.14.0 10 825 000(1 7.035U
14.14,D 15 10 10 601 000U 7.025(1 >10 657 330
14.13.8 10 546 0001J 7,022U 

_____________

U Unbroken
+ i .e. be fore ba lli sing

4 -~~— - -•-- - — - — I.
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I D  SIIUI’lEM Ei-. Al-Vt I N V E S T I G A T I O N  N o. 1

I AI )I I. ‘ l ’ R L — S F R E S S E I t  lUt E i UA I)ED PUSH FIT PIN Refe rence Figure 6
2 °/u  (IV ERS T /.E RAI L.
Sp ec i men T y pe 2 13 5/s d/D 1/2 Nominal K~ = 2 .22

k

1 & - s t & d  at Cambr idge U n i v e r s i t y
I s t in g ~lar hin e , -ron i usenhausen , Speed 1 50() c.p .m.

Specimen ~ tress levels Cycles Logari thm Geometric
Ident i fi— ( / 0  u l t i m a t e )  ,~
cat ion 0 ~yc es 0 mean
Numbe r S

m .!.5a 
Fail ure Failure Cycles

5•~~ A 58 550 4. 767
5 .9 . 13 25 22~ 41 700 4 .620 44 420
5•9.D 33 000 4,515 

_______________

5.1t ).13 125 970 5.097
5.lo . 25 15 114 930 5.056 113 240
5,10.1) 98 820 4 .994 

_____________ 

5.11.A 10 342 0001) 7.015(1
5 .l1 .( - 25 10 336 450 5. 526 >3 617 990
5 . ll .~ _______ 

175 520 5. 243 
_____________

5 , l3. C 
- 

12 452 000U 7. 0951)
5 .11 .1) 25 7~ 12 036 00011 7 ,08011 >8 365 610- 
5 .l l .A 608 820 5.784 

_____________

5 ,14.13 
- - -

~ 

- -  

10 727 -640th 7 .030U
5 . l b , D 15 l2~ 10 611 88011 .026U >8 162 710
5 .l3 . E 

________ 

3 148 410 6 , 497 
_____________

5.15, A 10 581 000u 7 .023U
5 .14. D 15 10 10 568 0001) 7 .022U >10 570 000
5. 14 . E 10 561 0001) 7 .0211)

1ABLF T’ PRE—STRESSED HOLE LOADED PluSH FIT PIN Refe rence Figure 7
40/ o  OVERSIZE BALL 

—

Specimen Type 2B 5/1 6 d/D = 1/4 Nom inal K’ = 3 .73
k

Tes ted a t Camb r id ge Unive rsity t
Testing Machine~ 6 Ton Losenhausen , Speed 1500 c ,p m~

Specimen Stress Levels Cycles Logari thm Geome tric
Iden tifl- (o/o Ultimate) to Cycles to Mean

Sm 
+S Fail ure Failure Cycles

25.5.C 
— — 

10 480 
- 

4, 020
25.4.C 25 22~ 10 280 4.012 10 060
25.4.B 

_____ 

9 420 3.973 
_____________

25.6,C 27 460 4.437
25 . 8 .11 25 15 19 130 4. 281 21 800
25 . 9 .B 18 800 4. 274

25 , 9 .D 
— 

83 390 4, 920
25 . 10. E 25 10 59 740 4. 775 66 380
25.ll .C 

______ _______ 

56 000 4.748

25.l1.D 177 210 5. 248
25.12.A 25 7~ 160 290 5.205 159 790
25.l2.C 

_______ 

141 880 5.151

25.l2 .E 145 660 5.162
25, 13 .8 15 12~ 135 220 5. 130 137 110
25. 12. 1) 

_______ 

130 440 5. 115

25 . 13. E 788 970 5. 897 —

25. l3 . C 15 10 158 900 5.201 354 790
25. 13. D 116 490 5. 066

26 .12. D 4 001 170 6 .601
25 . 14. E 15 7~ 655 550 5.816 1 718 260
26 .3.C 498 070 5. 697 

_____________

26 .5.E 
— 

4 921 800 6.691
26.4.8 15 5 4 460 000 6.650 4 324 680
26.3,D 3 592 250 6,555

-I- i .e. be fore hallising

II unbroken

—— —.—----—-- --—.---,-—----——- —---—--— —  — - —-. — -,~~~ .- - — -

-- ~~~~~~~~~~~~ -



SU PPLEMENTARY IN\’ESTIGATION No .1 11

TABLE ~ PRE-STRESSEI) 1-IOLE LOADED PUSh FIT PIN Reference Figure 8

4°/o OVERSIZE BALL

Specimen Type 2D 1 5/ 3 2  d / D  = 3/ti Nominal K~ = 2 .72
k

r e s t e d  a t  Ca m b r i d g e  U n i v e r s i t y

Uesting Machine , 6 Ton Losenhausen , Speed 1 500 c,p.m.

Specimen Stress Levels Cycles Logarithm Geometric
Identifi- (0/s (ultimate) to Cycles to Mean
cation Fail u~e Failure CyclesNumbe r m — a _____________ __________ ______________

9 14 D 39 250 4.594
9 14. E 25 22~ 38 470 4. 584 34 580
9 ,14 .B 26 030 4 .416

9 15 B 71 830 4.855
9 :15: A 25 15 61 190 4, 787 57 840
9.15.C 40 490 4.605

9 15 0 1 133 080 6, 054
9 l 6 :A 25 10 255 480 5.408 503 680
9 , l5. E 122 470 5.088 

______________

9 16 D 3 003 360 6 .477
9 1 6 :B 25 7~ 1 203 740 6 .080 1 502 970
9 , l6 .C 

_______ 

301 820 5. 480 
_____________

9 17 B 1 129 590 6 .051
9: l7 :A 15 12~ 499 920 5. 697 669 040
9 , l6 .E 

_______ _______ 

377 600 5,575 
______________

9 17 D 10 611 000U 7. O25U
9 :l7 : C 15 10 662 500 5, 820 >3 925 240
9. 18. A 502 230 5. 701

9 18 B 12 690 0000 7. 104U
9:18 :1) 15 7~ 10 643 00011 7. 02 711 )‘ll 292 330

_ 9 .18 .C 
______ ______ 

10 544 0001) 7. 022U 
_____________

U unbroken
+ i.e. before ball ising

_ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _ _ _ _  1~ H- - __________________- -~~~~~~~~~~~~-----— .- - - --— .- —~~ __
77 

—- - -

— ..I ~~ ~~ ..h _



2 SUPPLEMENTAR Y INVESTIGATI ON N o . 1

I ABL E 9 PRE-STRESSED II0 EI - LOADED PUSH FIT PIN Reference Figure 9
. 0/ OVERSIZE BAL I.

~)pC-cimen Type 2D 
~~~~~~ d/ D  1/2 Nomina l  K~ = 2.22

k

l e s t e d  a t  C a m b r i d ge l l n i s e - r s i t y

1€ - s t i ng N a c h ine , ‘j Ton Losenhausen , Speed 1 50() c .p. m .

Spec imen S t r e s s  L e v e l s  Cyc les Logari thm Geometr ic
I d e n t i f i -  (0/ s  U l t u n a t e )  to  Cycles to Mean
ca t ion  S +S F a i l u r e  1’ai lu re  Cycles
Numbe r 

- -  

m — a
3 . 4 . 9 28 180 4.450
3 .3 .E 25 22~ 22 810 4 .357 22 950
3. 3 .D 17 850 4 .252

57 040 4 . 756
3.5. A 25 15 56 850 4 .753 53 930
3. 7 . ’\ 47 890 4. 680 

_ _ _ _ _ _ _ _ _ _ _ _ _

3. S .D 207 220 5. 316
3.9 .A 25 10 125 430 5, 096 149 070

______  - ______  _______  

114 550 5 .060 
_ _ _ _ _ _ _ _ _ _ _ _ _

3 .l0 .A 
— 

7 587 000 
— 

6 .880
3. 9 .13 25 7½ 4 399 000 6 .642 4 301 270
3.9 .B 

_______ _______ 

917 810 5. 962 
______________

3. IO .B 739 440 5. 868
3.11. 1) 15 12½ 216 370 5.335 371 840
3.12 .A 159 710 5. 202
3, 12 .B 1 326 290 6 .121
3 .13, A 15 10 314 620 5. 496 620 450
3 . l2 ,D 220 430 5. 343
3 .l5. E 12 699 000U 7 .lO4U
3. 14 .C 1.5 7~ 10 563 49011 7. 0240 >9 247 500
3, 15. 11 

_______  

4 480 000 6 .650 
_____________

3.20 .A 14 845 000U 7.l7lU
3.19.E 15 5 14 508 000U 7. 1610 >13 182 230

- 
3. 17 ,B 

_______ _______ 
10 193 690(1 7. 00 70 

______________

IJ unbroken
+ i .e . be fore h a l l i s i n g

lABLE 10 ENDURANCE INCREASE RAT IOS FOR FULL RANGE OF TESTS

EN I )UR ANC E INCREASE RATIO ENDURANCE OF SPECIMEN WIT h PRE-S TRESSED BOLL
ENDURANCE OF CONTROL SPECIMEN

( a )  d/ D 1/4 ( N o m i n a l  K~ = ~. 73)

0.25 0.15
— 

0 .20 0.08 0.15 0.08

Increase Ratios:-

1°/a Control 1.35 2.66 1.18 3.66

2°/o Control 1.75 4.95 1,08 4,88

4°/o Control 1.25 1.38 1.94 4.45

— - —
.— — 

— 
,. —4 .— ~~~~~~~~~ 

— — —



13
TABLE 10 (Con t .)

SU1~PL EM EN TAR Y INV ESTIGATIO N No • 1

( b )  d i r )  
~~
/ -  (~~o m i n a I  K ’ = 2 . 7 2 )

Sm / f t 0 .25 0.15

_________- 

0.20 ] 0.08 0.15 0.08
Inc rease  R a t i o s : —

l °/o C o n t r o l  0 .60 1.2 6 0 .70 1 .77

2°/o C o n t r o l  1.58 59 .0 1.11 ->500

4°/o C o n t r o l  1.34 8.80 3.70 94. 0

(c) d/D = t/2 ( N o m i n a l  K~ = 2 , 2 2 )

~m~~ t 0.25 0.15

S/f
e 0,20 0.08 0.15 0.08

Increase Ratios:-

10/0 Control 1.50 37.~ 12.4 31,6
2°/o Control 2.37 18.6 59.0 70,0

4
0
/o Contro l 1.25 4.20 1.94 7.9

TABLE 11. MAXIMUM ENDURANCE INCREAS E RATIOS

(Generally for 2°/o to 2~ 5
°/o OVERSIZE BAL L)

d/D 1/4 3/8 1/2

S /f 4

0,25 0,15 0.25 0.15 0.25 0.15

0.20 1 ,80 
_____ 

1.60 
_____ 

2.40 
_____

0.15 
_____ 

1.95 
_____ 

3,70 
_____ 

59 .0

0,08 4. 90 5. 25 60 ,0 500 37. 0 71 .0

_ _ _ _ _  i~.~~TT: ~~~~~~T7’
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- 
Su PPLEMENTAR Y L-~~ ES F I GA 10- - -o .2

rIlE EFFEC I OF USiNG l-’LAT-S I I ) I - I) F I N S  ( T I l E  FLAT S BEING PARALLEL TO THE

DIRECTION OF l OAD)

I • IN -rU oDu c T i ~r -

- A numbe r of  i n \ c - ~~I i g a t o r s  Iia’; - experimented with the usc- of bolts or pins

manufactured w i t h  f l a t s  on bo th  s ides  of the boLt , and pos i t ioned  so tha t the

flats were assembled para llel to the direction of the app l ied l oad . The

ob j e c t i v e  of such  a device  is to remove the possibility of fretting occurring
- 

at the reg ion of maximum stress concentration , name ly at or near the extremities

- of the t r ansve r se  d i a m e t e r  of tne  b o l t  h o l e .  F r e t t i n g  may s t i l l  occur near the

ed ges of the f l a t s , h u t  the  a s soc i a t ed  s t r e s s  in these reg ions w i l l  be lowe r
- than the maximum s t r e s s .  Thus t h e  f o rma t ion  of cracks in the specimen should be

de layed .

- 
A small  programme of t e s t s  was therefore arranged.

- 2 . NOTATION ( U n i t s  a re  in l b  and inches throughout)

For convenience the relevant Notation from the Stage 1 report is repeated below -

d = Nomina l  d i ame te r  of hole  and p in

D = W i d t h  of p a r a l l e l  s e c t i o n  of t es t  specimen

- = Aver age  Tens i l e  S t r e n g t h  of p late material (from tests)

- f = Average O.2°/o Proof  S t ress  of p la te  mater ia l  ( f rom tes ts)

- 
= Geometric Stress Concentration factor based on ne t  area of

cross section of test specimen

N = Endurance

S = Mean Stress on net area
m

S = A l t e r n a t i n g  S t ress  on n e t  area associa ted  w i t h  Sa m

t = Thickness  of p la te  specimen

I 
-~ ___________________ _________________

• - • * •~~~~ ~~~~~~~~~~~~ -- - ~~~~~~~~~~ ~~~~~~~ m-~- - - ‘i_I, — - -• t~~
- — -, -



3. TEST PROGRAW-IE AND STRESS LEVELS

All th e  t e s t s  were c a r r i e d  out  by Short  B r o t h e r s  and I l ar l and  Ltd  u s i n g  a

20 Ton Ave r v - S c h e n c k  f a t i gue t e s t i n g  mach ine  o p e r a t i n g  a t  2 1) ( XI  c .p. r . A l l  the

p l a t e  specimens and p ins  we re  taken from s tock r e m a i n i n g  from Stage I of t h i s

r e s e a r c h .

Onl y the l a r g e  si ze  spec imens  were  t e s t e d  because  t H e s e  ~- -~~~~ con s i d e r e d  to ‘(-

more like ly to demonstrate any advantages than ei tHE r the sr-i all or medium s u e .

Both push fit and interference fit p ins were included . Stage I had shown that for

d/D = l/—+ there was hut a small diffe rence be tween endurances for a push fit and

an interference fit p in , possibl y because of the hi gh stress concentration factor

associated with d/D 1/4. T he re f o re onl y specimens with d/n = 3/s and 11+

were tested.

A l l  specimens we re to the type “D ” , i .e~ of p a r a l l e l  w id th  w i t h  a sing le pin at

one end and wi th all the load t r a n s m i t t e d  by the p in .

In regard to the e x t e n t  of the f l a t s  on the p ins , one othe r i nves t iga tor

(Reference 2) had found that a subtended angle of at least +40
0 f rom the

t ransverse  d iameter  was necessary in order  to achieve . a si gn i f i can t e f f e c t . For

this supp lemen tary investiga tion +450 
was chosen , and retaining clips were used

to prevent  ro ta t ion  of the bol ts from the ir chosen po s i t ion .

I t  was c lear  that  the maximum bene f i t  ( i f  any) from tile use of flat-sided bolts 6

would be obtained at low va lues  of mean and alte rnating stresses since such

condi t ions  of loading were more l ike ly to produce f r e t t i n g .  Consequent ly the

stress levels chosen for these tes ts  were

S
m 

= 0.25 
~t 

and 0.15 
~t

S = 0.225 
~ 

down to 0.05 
~t 

fo r 5
m 

0.25 f~
and 0.14 ~t dQwn to 0.05 ft for S

m 
= 0.15 ft

Table  1 g ives p a r t i c u l a r s  of the range of tes ts.

Fi gure 1 g ives de t a i l s  of the geometry of the specimens and the m a t e r i a l s  used .

4 . RESULTS

Tables 2 and 3 g ive the endurances for push fit pins (with flat sides) for

d/D = 3/8 and 1/2 respective ly. Tables 4 and 5 give similar results for

O .4°/o in terference fit pins (with flat sides). Table 6 gives endurance s for

some round pins wi th  a push f i t , tested as con t rols at the time of testing the

flat sided pins . Althoug h these were a little lower than the corresponding

Stage I endurance s , they were not seriousl y so , and therefore the relevant

- — I ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~—— — — -w- _ _
~ - - 

--~~• -  
~~ -~: 

- -
~~~

- H~~ ~~~~~~~~~~~~~ -•
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S I d g ~ I end urance curve s for round pins have been used for all comparisons when

assessing the meriLs of the flat sided pins , rathe r than repeating the full

range of Stage 1 tests . The appropriate references to the Stage 1 endurance

c u rv e s a r e  g iven on each of the figures presenting the endurance s of the current

t e s t  spec imens .

t h u s  Fi g u r e  2 p I -cs n t s  e n d u r a n c e  c u r v e s  for  specimens to type lD3/4  ( d / D  = 3/ 8)

w i t h  f l a t  s ided  p ins  to pusn  f i t  s t a n d a r d  fo r  mean s t resses  of 0 .25 ft and

0 .15 
~~ 

In  a d d i t i o n  Fi g u r e  2 shows the  Stage 1 endurance  curves for the same

c o n f i g ur a t i o n  h u t  w i t h  round p ins , and for  the same two values of mean stress ,

t oge the r w i t h  the  f w  c o n t r o l  t e s t  r e s u l t s  obtained concurrentl y with the present

t e s t s .

Fi gure  3 shows s i m i l a r  da ta  fo r  push  f i t  p ins wi th  f l a t  sides , bu t  for  specimens

to type 1.D .1 ( d / D  = 1/ 2 ) .  In t h i s  ins tance  the re was no compa ra t ive  endurance

curve  for  the  la rge  s ize  of specime n in Stage 1 and so the medium size endurances

have been p lotted and “co rrected ” by a f ac to r  of 1/1 .7 on endurances , assessed

f r o m  Stage 1 , Fi gure  ~.46 to g ive an app roxima te es t ima te for  endu rances of

la rge si ze spec imens .

Figu r es 4 and 5 give corresponding da ta , but for pins with 0.4°/o interference

fit instead of push f i t , but no comparisons were possible for = 0.15

because of the limited amoun t of data from St’3ge 1.

Finall y in order to supp lement the information in the tables and figures noted

above , a s e l e c t e d  numbe r of specimens was examined in de tail  fo r na tu re of

failure , wi th special re ference to fretting and toe origins of cracks. The
information is presented on Table 7 for push f i t  pins and on Table 8 for

interference fit p ins. Mo reover Tables 2 to 5 are annotated with respect to

th e  degree  of l e t t i n g  in accordance  w i t h  the da ta on Tabl es 7 and 8.

5 . DISCUS sI ON OF RESULTS

5.1 Push Fit Pins (Tables and FI gur es 2 and 3 and Table  7)

For bo th  v a l u e s  of d/1) ( 3 / - ’~ and 1 /2 )  t h e r e  was more s c a t t e r  of r e s u l t s  a t  the

l owe r v a l u e s  of S / f  than at the hi ghe r v a l u e s. Also the scatter at lowa t
v a l u e s of S / f  was a l i t t l e  more than that for round p ins . The endurancesa t
fo r  p ins  with f l a t  s ides we re g e n e r a l l y g r e a t e r  than those fo r  the

cor re spond ing  t e s t s  w i t h  conven t iona l  round p ins , a t  the lower values of

S / f  a p p r o x i m a t e l y below S / f  = 0.075 f or d/D = i/8 and belowa t a t
S / f

t 
= 0.125 for  d/ D = 1/2 . The extent of the gain ranged from the order

of 5 to 20 t ime s , the fac tor increasing with decrease of Sa /f t~ 
At values of

S / f
t 

above these l e v e l s  there  was l i t t l e  si g n i f i c a n t  improvement for  the use

—
~---~~~ —~~~~•--- — —- .— — — —--  — -

- - - - -- ,•—~~- - - -  - -
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of  f l a t  sided pins. The influence of d/D on the results was not large , but in

fav our of the hi gher value . In regard to the nature of the failures (see Table 7)

a p p r e c i a b l e  f r e t t i n g  occur red  onl y on two of the twelve specimens examined and

t h i s  was for  specimens t e s t e d  at  a lmost  the lowest stress levels , and with the

hi ghe r v a l u e  of d/ D  ( lowe r S .C .F .) .  The f r e t t i ng  was en t i r e ly be tween the pin

and the hole  on the loaded reg ion , and the  crack or i g ins general ly near the

c o r n e r s  of t r e  f l a t s , again  on the loaded reg ion of the hole .

5 .2 O .4°/o I n t e r f e r e n c e  F i t  P ins  (Tables  and Fi gures  4 and 5 and Table 8)

For t h i s  c o n f i g u r a t i o n  the  ev idence  shows t h a t  the  f l a t  sided p in has no

advantage ove r the  round pin , in f a c t  in almost  every comparison ava i l ab l e  the

f l a t  sided p in leads to endurances  which are lowe r than those for  the

corresponding  round pin . I t  would appear that  the usua l  advantages acc ruing

from the presence of an interfe rence fit pin become nullified or reversed due to

the presence of the flats on the p in , and a rev iew of Table 8 shows tha t severe ,

or at least appreciable fretting occurred a t  or near the corners of the f l a t s  on

the m a j o r i t y  of the specimens examined , and a lmost  invar iably on the un loaded

reg ion of the hole . Crack ori g ins were large ly near  the ends of a t ransverse

d i a m e t e r  h u t  some did occur near the corners of the f l a t s .

5,3 Comparison with Other Research Investigators

5. 3. 1 J. Sch ilv e ,  D, Brock and F .A. Jacobs (Reference 1)

He re the Au thors were inves tigating several forms of lug type specimens ,

incl ud ing those inco rpo ra ting p ins wi th flats. These particular specimens were

approxima tel y the same size as the medium specimens of the Bol ted Join t Fa tigue
Researc h , bu t in the American Aluminium Alloy Material 7075 T6. The p late s were

5 m (0.20 in) thick and the pins were 10 mm (0.40 in) diameter; d/D was 0.33 ,

and the p ins were a push f i t, slightly closer than those for the Bolted Joint
Fa tigue Resea rch.

was 0.27 and the resulting endurance curves (with and without flats -

Figure 12 of Reference 1) were reasonably simila r to those g iven on Fi gure 2 of
this  report for S / f  = 0,25 bu t included a “cross over” from beneficial to

m t
o therwise a t S

a
/ f t 

= 0,15 instead of equa l endurances at S
m
/f

t 
= 0.085 on

Fi gure 2 . The agreemen t can be said to be good , remembering scatter , and the

sl igh t l y d i f f e r e n t  m a t e r i a l .

5,3~ 2 D,J. Whi te (Reference 2)

In this investi gation the tests were made in a differen t material name ly

Specification F .V .5208 (14°/a Cr , 5
0/a Ni ; ferritic stainless steel) average

150 000 lbs/in 2
. The plate s were 0.5 in thick 4.25 in wide and the

‘ “‘
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p ins :Iaclf ~f Fn 25 steel and 2 in diameter . Thus d/D = 0.45, Clea rance

He ~~ - e i t  t he p in and the  h o l e  was (
~ .(~~5)o in t h u s  g i v i n g  a push fit of a similar

o r d e r  to tti o s€ if the flol t e-d J o i n t  - a t  i gue R e s e a r c h . V a r y ing degrees  of flat

t -;e-ie te st cl and ~t iu we d t h a t  t he  h s t  f o r m  was w i t h  a sub tended  ang le of +40 0

(ef. ~5
° f Rol t~~d J o i n t  l - a t i gue U i - s e a r c h ) ,  the mean s t r e s s  fo r  these  t e s t s

was 15 tons/ in
2 

~ i~- in g S
n / f t 

= 0 . 2 2 5 .

The tests a~i th e- re fore Hi compared wit h those represented on Figu re  3 (push

f i t , d / l )  = 1/2) of the p r e s e n t  r e p o r t .  in s u f f i c i e n t  da ta  are g iven in

Reference 3 to draw an accurate endurance curve for the joints containing p ins

with flats hut at the fati gue enduranc e of 30 x iO
b c y c l e s  the f a t i gue

fat igue strength with flats
strength rati o . i .e . - - was 2.9 (Reference

fat i gue strength with round pin

Table I , Figu re 6 and Figure 2 of Re ference 2), From Figure 3 of the present

tests, at S / f  = 0.25 and an endurance of 30 x tile fati gue strength ratio
m t

is 5.5/2.5 = 2. 2 which gives a fair comparison .

N.B. No comparative data for interference fit p ins are available.

6 • CONCLUSIONS

6 . 1 Uus h  F i t  P i n s

The use- of p ins w i t h  f l a t  s ides  a r r a n g e d  so tha t  they  are  p a r a l l e l  to the

d i r e c t i o n  of app l i e d  load can he b e n e f i c i a l  in t e rms  of endurance , for  push

f i t  p ins w i t h  t he  p in loaded , when the stress levels are comparative ly low;

i.e. alternating stresses not greater than the order of 0.075 
~t 

and 0.125 
~t’

The improvemen t in endurance increases as the alternating stress decreases ,

rang ing from the order of 5 to 20 t ime s the endurance for joints with round

p ins. For hi ghe r values of alternating stress there was little or no

improvement in endurance for the use of flat sided p ins , in fac t in some cases

there  was a r e d u c t i o n  in endurance .

The presen t series of tests covered onl y mean s t resses of 0.15 f
~ 

and 0.25 ~~
I t  is no t  c e r t a i n  t h a t  t he  improvemen t  would  be f u l l y ma in t a ined  under  the

app lication of hi gher mean stresses .

From the results of a de tailed examination of the nature of the failures of a

representative number of these specimens it is clear that the presence of the

flats restrict s the fretting to reg ions where the stress is lowe r than the

maximum and thus delays the onse t of cracking.

It should he noted tha t it is of paramoun t Importance that the flats are

assembled and maintained In a direction parallel to the direction of the

app lied load , and that the edge s of the flats should be radiu sed .

_
- 

~~~~~~~~~~~~~~~~~~~~~~ ~~T 
- 
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.2  0,4
0
/0 I n t e r f e rence F i t  P ins

I - o r  t h i s  co n f i g u r a t i o n  t h e  f l a t  s ided  pin  p roduces  no advantage  over  the round

p i n . a r i d  i n  mo s t  of  the  c o m p a r i s o n s  the flat sided pin enduranc e-s we re lowe r.

It r-ot jld appear that t u e  flats on the pin have an adverse effect upon the stress

l )a tt E r n normal Ly ~~sociated with an interference fit p in .

—\ppr e ci a h le - or -~~- € r i  fretting occurred on the majority of specimens examined ,

and always at the unloaded reg ion of the pin .

- - . (
~onlparisons with Othe r investigators

t ompari sons with the work described in References 1 and 2 support the conclusion s

of p a r a g r a p h  6 , 1.

EU l- NCEH

1 . S C I I I J V E , J . F a t i gue t e s t s  on A l u m i n i u m  A l l o y  Lugs
31- OCK , D . w i t h  specia l  r e f e r e n c e  to F r e t t i n g
JV ()B~~. F.A • N .L.R. - T .N .M . (paragraph 6.9, Tabl e

and Fi gure 12). March 1962.

2 . ~ I l I T E , D .J . E f f e c t  of Pins with Flats and Resin-Bonded

Pol ytetrafluorethy lene coat ings  on the

fat igue strength of large p inned connection s

made from alloy -steel F.V.520B ,

P roc ,Instn .Mec h .Engrs ., Vol .1-5 5 , 49/ 1,
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Su PPl EMENTAR Y INVESTIGATION No.2

F A UI F: 2 SP E C II IE N TYPE I D 3/4 — PUST FIT - d/ D = 3/8 Reference Figure 2

Specimen S t r e s s  L e v e l s  Cyc les  Logar i thm 
- 

Geome tr ic
I d e n t i t y  

(Pe r c e n t a g e  
~~~ to Cyc les  to Mean

Sm +Sa F a i l u r e  F a i l u r e  Cyc les

l2 . 12 . - -\ 100 100 5.000 
-

14.2.( 25 10 67 600 4.827 75 060
14.2.A 62 500 4 ,795
14,2,D 138 600 5. 141
l .2 .E 25 7. 5 125 800 5. 097 128 700
l4 ,3.A 122 500 5. 088

2 307 200 6.362
l4.1O.D 25 5 1 625 700 6.210 1 116 000
l4 .13 .A 371 000 5.570

15,4.A >3 593 200 >6 ,555
15.1.B 25 4.25 >2 709 400 >6,433 >2 558 000
15. 4. D 1 717 700 6 .234
19 .l4 .G 220 100 5.342
19 .9 .E 15 10 190 000 5. 278 155 000
15 , 7. A 89 100 4 .950

l9. 9 .A 264 200 5. 420
15 . 7 .B 15 7 .5 247 400 5. 392 252 200
l~~, l l .l) 245 400 5 .388

l9 .l3.F 3 370 4OO~~ 6.527~
19.I3 .G 15 6 1 580 000 6 .198 1 971 000
19 .14. A 1 436 600 6 .156

14 , 12 ,B 10 000 000U 7 ,000U
1-r , ll .C 10 000 000U 7.000U
l - + .l l ,D 15 5 ~ 

6 751 900 6 .830 >2 427 700
14, 12 .C 1. 118 800 6 .049
l-r . 12 .F 612 500 5. 786
14. l2 .D 

_______ _______ 

442 600 5. 645 
______________

19 .9 . D 15 5 10 000 000U 7 .00011 >10 000 ooo —

U Unbroken
+ l i gh t  f r e t t i n g  (see Table 7)

Loads to i n s e r t  p i n s  ranged f rom 40 lb to 100 lb but
some we re not recorded.
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T \ H I E :-H I- . . V -Il - H FYl l I I — P U SH ~IT — d/ D 1/2 Ref er ence Figure 3

Sp e c i ; . r n  
t~~~~ ,s t i - i - s  f~v c l - s  Logarithm G e o m e t r i c

lcIc n tit — 
(I rcenta bc- t t )  Cy c l e s  to Mean

i i  F a i l u r e  F a i l u r e  Cycle .s

1 .~~ .( 2 5  2 2 .  30 000 —+ . -~7 7  30 000

lô ,~
) .A 

— 

1 100~ -r.910~2 5 15 72 400 ~~~~~ 4f> ( )  7 3  14 1)
lt ; .~~.C. H f> 500

I 755 100 6.2 5 2
2 5  10 125 45 5. ~I l  47b 000

l f> . l l , I - ’ 185 -00 5 .261
_________  ______ — 

H 3 2  501) 5. 920
15 . 1 .1) 2 5 7 .~~ 5~~() -45 ) 5 , 7 t ~~ 579 300
15 . ~, F + 4 ( 1  ( ) ) ( ~
19 .2 .G 25  1 , 75 U) 0( X) ) $ r 0 t  7 , 0(X)U > 10 000 0(X)
l9 .2 .B 2 5 5 10 000 UOu I 7 .0001 > 10 000 000
18 .h , ll 200 s(X ) 3 , 103
L3 .~~.D 15 1~ 112 000 5, 050 130 200

98 100 4.990

~~1 ~ . 11 • i- 
-

~~ SOS 000 
— 

S • 700
19.l .D 15 12 .5 223  o00~ 5.346k 259 500
19 ,4.A 153 ~0O . 185

1 . 1O .F EI 00 000 5. 903
I - ~. l1 .r) 15 10 35- 3 000 5. 547 410 800
l - - . t0 .E 245  000$ 5. 3s9$ _____________

l t .9 ,1) 10 000 00011 7 .0001;
lr .9 .B 15 7. 5 6 708 500$ b .825$ >5 715 000
V .10 .D 

_______ 

2 783 000 
— 

6 .442 
______________

l5 , l~~.A I i  000 00011 7. 00011
1.0 000 00011 7. 00011

l~~. - .F. 15 6 5 10 000 00013 7 .000’J >10 000 ooo10 000 00011 7 .00011
I -c . I 3.C 10 000 00011 7. 00011
1.~~ — .13 10 000 00011 7, 00011 

—

1 ’ Ir ~ b~-~ ke-~
+ l i g h t  i~ e-tt i n ~

- ~ce Table  7
$ appre r a t - l i -  fr tting

l oads to  i n s e r t  p i n s  - c r y  s o u l where  r e c o r d e d

— - - - -- — 

I 

— - — - 
- — -  . -~~ - -

- —.-—----- -- — ---- -- - - - ---- - -------- - -- -~~~~~~ — - - - - - - - - - - - - -



4 2  SUPPLEMENTARY INVUSTICATION No .2

T AI ( I  I-~ S1>ECIMI N ry i ’i - : 1 D 3/ >-r  - O.4°/o  INTERFERENCE FIT PIN - d/ D  = ~~~

R e f e r e n c e  Fi g u r e  ~

Str ess Levi-Is - -Specimen (Pe r c e n t a g e  
~t) Cyc les  L o g a r i t h m  Geometr ic

I d e n t i t y  - to Cyc l e s  to Mean
— a F a 2 i u r e  F a i l u r e  Cy c l e s

19 .14,13 - 174 300 5 .242
19 . 1 . 13 25 12 .5 151 000 5 .178 k 14u 700
19 , 1.~.E —______ _______ 

124 9OO~~ 5 .006 _____________
l9 .12 .A 257 000k 5.4l0~19 .11.1- 25 10 233 000 5.368 ‘ 226 200
l9 , 11 .G 193 000 5.2o5 

______________

19 ,l--+ .F 
‘ 25 8 .2j  3l 1 900 5 .909 539 800

l9 .lLc .L 
________ ________ 

355 800 5,555 
______________

19.11 ,C 10 000 000[ 7,00011 
-

19.11.13 25 ~.5 > 2 ~+6 3 sOI)~ >6.391 >2 288 000
19 .1l~ >3 4~~h 000 5.687k 

______________

19 . i2 .F 2 29r  100 6.360
l9 . 12 .D - 15 12 .5  - 1 024 300 6 .010 866 400
19 .12 .C — 2 .7- 500’~ 5 ,430’~ -

19 . 12 .B >3 975 500 >6 .600
L9 .12 .G 15 10 

- 
765 300$ 5.885$ >1 077 OQO

l~~. i3. A 4 10 000 .,~~.6 l3  
___________

l9 .14 .C 15 ~3~~~5 4 084 500 6.610 1 95 6 00019 .l4 .D 
_______ _______ 

937 200 5 .972 -

19 .13.C 15 7 ’5 10 000 00011 7.0011 ‘>7 805 00019 , 13 .B 
_______ _______ 

6 093 800$ 6 , 78.3 $ 
______________

U Unbroken - -

~ severe f r e t t i n g  1 L o a d s  to i n s e r t  p ins ran ged from
$ appreciable fretting I.See 11,20 lb to 2020 lb
+ li gh t  f r e t t i n g  - J Table 8 -

TABLE 5 SPECIMEN TYPE I I) I - 0.4°/o INTERFERENCE FIT - d/ D 1/2 R e f e r e n c e  Fi g u l c S

- S t r e s s  L e v e l sSpecimen Cy c l e s  L o g a r i t h m  Geometric
I d e n t i t y  ( P e r c e n t ag e  

~~~ to Cy c L e s  to Mean
Sm ~

Sa F a i l u r e  F a i l u r e  Cy c l e s

l6 .2~~E 
- 

207 200 5 .315 -

16 , 2 .D 25  22 . 5 195 2O0 ,~ 5 .2 9 7  185 300
16 .5. F 155 000
16.l0.A 274 400’~ 5~ 438X
16 , 1i .E 25 15 259 600 5.414 243 400
16 .l1 .D 

_______ ________ 

202 -40(1 5 .305 
______________

16 , 2 .13 2 12 3 0(X) ” 6 . 365 ”
U .S .A 2 5  12 .5 1 952 400 6.290 1 977 000

1 705 600 6.232  — -
I8 .8.G 25 11.75 10 000 0001! 7 .000U >10 000 000
1f> ,5~ E 25 11.25 10 000 000U 7.000U >10 000 000
15 .2.13 25 10 10 000 00011 7 .000U >10 000 000
l6 ,14 .F 15 14 10 000 (X)OUX 7 .000UX >7 750 000l6 .9.F 

_______ _______ 
6 007 600” 6.750” ______________

l6 .9 .C I S  12 .5 10 000 (X)OU” 7 ,00013” >10 000 000

U Unbrcken Loads to inse rt p ins ranged f rom
~ severe fretting , see Table 8 1120 lb to 1 790 lb

-

— 

~~

- 

~

.- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- ---— 

.,
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S h I l l  !-NI-2 ~ i .-\iH I N\ l-H~l 1(T A 110 -- o.2

I - \ I II ( 5 )  i l - i l l  S i .+ • P I A l  I l S

I - - S )ress I~~~c l - , - - -
I I I >  o 1 .~~t I c S I u~ ar I t lim (e-ot~c i - t r1c

I ~Ic n 1 i i ’  
) I i~ C ( c I -~ ~c IL 

- t o  t - ‘. l i - s  to Me -an

~ ~ 
-~-~ a J -a h i t  I a i i u Cyc I es

c c 0 1 ( 1 1  I .  [ ) c  1 ) / c  - l u s h  i l  , (1/ ) = V~~ I~c 1 . Ii ~~rire 2

I I  , \ 200 5 ,7 7
- I 4 . 9 . ! ~ + + ~~ 

1) 1 ) > .C ) I
1 4 . ( 1 . I > 5 . ~ 

- * 1)2 200 >
~i ~~~~ I

I ~~, I 0 .A 1 + 2  55 )  ~5 ( 3
I-i . I 0 .(; lOs ( 5) 0
I 4 . 10 • t :  107 15)  5 , -1 , -f >

l oads to ins r ( pins ran ge ci f r o m  -4) 1 >  2 9 - ~ Ii )

( i  [ e c i r r c fl l’ vpc  I I) I, P u s h  U N ,  c l / I )  = 1 / 2 ,  bc- f. i~ u c  -

in > , I • It 3 r ~~ 501 )  5 , 75
I ~ . l . t ;  - + 1 9  too
I .1 .1) 15  ( 5 ~~~~~ Ioo > •~~~~~> >  

~~5 -00
I -~~. -5 , 1- • (9 -~Ot 5 ,5 [0

~~~~ \ 1 (( 0 ),
I ~.h .A 2 ( r — +  )0 ( (  + 2 ( 1

L a d ~ 10 i n s e r t  p i n c  n ot ~~r i a 0 - r t h a n  ~ r~~_j~j~~_ — ____________

tot The-si- e n c l t t r a r o  a Wi- a l i t )  I c I c e  I ow the’ corresponding

- n d rr r anc s of St >c , I - and . I • 4 t r t I r c - r  1)

Ho f i n  t t ie r c o n t r o l s  0 +  cc t Ic ri- lore t e sted , it In i n g

con si de e d th at t h e -  St  a~ c - 1 endu c-an i- s for p l a i n

round I pins woo I ci so ff1 cc

• 
- ~~~~~~~~~~~~~ T-~~ ~-~T



- I  [ H I  -7- t l - F.-\Jt’ c TN\ L S T ) r \ l 1  5 Ho . 2

I \ i t l  I - I I  SI! I- I l  P t. l 3 .- \ l  l FAT l~~I H t - H- [A LV ( ( I -  [A l! [Rl - 5

~ p e C i E - I i  ~~tro sc e ve Is Position of l~rett~ ng~~ Degree  of
[ d e n t  i t ’  

( I c  c c e n t ~~~c l
~~
) crack  

~o s i t i o n s I F c e - t t i n g
- — [ O r l g L f l S

--p e r t - - r n  I re I I) t/

______ - 
2 5 +  10 5 3 0  —

— ____ 

— —

2 5  -e 7 .5  3 — — — —

+ . 2 5  —
. 31) — — — —

— 

5 . 7 .A  
- 

15  + 10 5 , 30 3 .3(1 - - -
17 .11 • j l  15 1 ~r 5 .30 — — —

9 . l S , F 
- 

I S  6 4.30 - 4,30 to 7.30 l i g h t

~
- I ) c - c i f len vpe I I) I

I . , A 
- —  

2 S ~~~ 15 1 9 -~~ - Li g h t
i I . I l , F 25  ± 10 

— 3 .30 — — — —
I8 .l~~.C- 25 7 , 5 3 — — — —
l9 .4,A 15 + 12 . 5 3 — -4 , 10 to 7.30 Light

5 .10 .15 15 ± 1( 1 9 — . 30 t o 7 ,~~~ App rec iab l e
l6 ,~

) .B 15 7 , 5 7 .30  .30 to7.~~) App reciable

“ C l o c k  face notation-
~1 -

12. -

c 9 t 3 •

h
— - — - -~~~~-----~~.-—- -—-—----- -----—-. — - - -~~~~~~ —‘-- — —.-,--—---- __

;- — —

- - - — ---- - --___ -- -_ _ _  _ _ _ _ _ _ _



S U P P L E ~1 !- H F .-\H r I N V E S TIGATION No .2

( A l  0 ,~~+
°/ I c T [ H - !- SE N C E  FiT pi;- : OUALITATIVF SU1~ff4AR Y OF FAILURES

Spec i~7i-n 5t i ~~5s L i - ) C l 5  P o s i t i o n  of I F r e t t i n g  Degree  of
( P e r c e n t a g e  

~~~ k I • K -Identit y - M I Posit ions F r e t t i n g
- m -~~ a origins L

S p e c i men  T ype I D 3/- I c

19 .13 .E 25 -e 12 .5 3 — 10.30 1 .30 Severe
19 .11 .1’ 2 5  ~ 10 3 — 10. 30 1.30 L i g h t
19 .I1.A 25 ±. 7 .5 -8.30 — 10.30 1.30 Li ght
l .l2 .C 15 + 12 .5 3.30 — 10 .30 1.30 Seve re
I 9 .12 .C 15 + 10 9 4 , 30 10 .30 1.30 Apprec iab le
19 , 13. B 

— 
15 -I- 7 . 5 7 , 30 ~~~~~11 to  1 App rec iable

Specimen Type 1 13 1

16 ,5,F 25 ± 2 2 .5 9 — 1 0.30 1 .30 Severe
16 . lO ,A 25 ~ 15 3 - 1 0 .30 1 . 30 Severe
I 6 .2 .~~ 25 + 12 .5 1, 30 — 10 .30 1 , 30 Severe
16.9.C 15 ± 12 .5 — 10 1 Severe
16 .9 .1’ 15 ~ 14 3 — 4 .30 10 Seve re

~ 
- 16,14 .1’ 15 -t- 14 

- 
- [ —  10 1 Se vere

K
Clock face notation

- — - 
- - , - 

-

- —‘ -.c~- - - ‘ -



- - -

- Fu\T $~~~ c~ P~~~~~~ S

____I ~?~ irP~L.!~ Of SP ~~~~~~~~~~ ~~~~~~

~‘LA1~~ ~~~~~~~~~~~ ~b -c&cc~b~~ as. %~7~ - ~~~ ¾~SLC~L
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PiN ~~~~ B.Z. S 94 .

- ~~~~~L

Specimen T ype 1 13 3/4 1 D I

d / D  3/8 1/2
ho Ic Dianne ) r ‘d ’ O~ 75 ”+0.0003” I .0”+0~0003”

P l a t e  L e n g t  l i m i t s  +0 ,0 1 ’  +0.01”

1- I c i d t h  l i m i t s  +0 .002” +0 .002”

Push Fit ‘d ’ hi 75~I..0.0O01 
~ o”~~~°~~

”
Pin —_________________________ -0,0002” -0.0002”

).-~*
°/o Interfe rence Fit ‘

~~~ ~~~~~~~ ~~~~~~~~~~~
- , I ,,+0 -i-0
~idt ti ac ross flats w 0.53 -+o.oo~ ” 0.707 +0 .002 ”

— ——-. — —1—~~~~~
—-— —— — —

~~ 
—

~~~ —.--- — — - - —
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H I i  l-ML~ [ARY i~~ I S! iGAF Ie )5 
No,

L I I I - :  UI -  F I SCF 1) ! P i l l — I  OAD ING TOE TEo I ~- I l.C 1M E N S

H I i O N

- \v c~ Ic - * ome t e  r r r d s  I i - ott re sea rc i ai cc r a f t  and i ron aircraft ope rat iri g in

r e su la r  s e r v i c e  r a c e  Shown t h a t  o c c a si o n al  hi gh loads  can occur  a t  any t ime in

l i c e - l i fe  o f  I r e  5 t r U C t  l i r e , Su c h ]  loads ~-av cause p l a s t i c  d e f o r m a t i o n  a t  reg ions

o f  h 1 5 I  ~ t r i s s  L n , : l r : e - n t r a t  i o n . w t ’ i c t i  in  t u r n  may a f f e c t  the  s u b s e q u e n t  f a t i g u e

lif e of that part of the  s t r u c t u r e . Supp l e m e n t a r y  T n c ’ c - s t ig a t i o n  n .3  was

a r r a n g e d  to i n v e s t e g a t one a spe c t  of  t h i s  p a r t i c ul a r  f e a t u r e , name ly the

app l i c a t i o n  of  a sing lc hi gh t e nsil e load p r i o r  to t h e  f a t i gue l o a d i n g .

2. NOTATION (Units a~- e in lb and inches t h r o u g h o u t )

F or  c o n v e n i e n ce -  the relevant Notation from the Stage I r epor t  is repea ted  below —

d o r n i n a l  D i a m e t e r  of  h o l e  and p in -

13 ~‘ Width of parallel section of test specimen

A c e r a g e  Tensile stren gth of p late material (from tests)

I = Average 0.2
0
/0 [‘roof Stress of p late material (from tests)

K ’ = Geometric Stress Concentration factor based on net area of

c ross  sec t i o n  of t e s t  specimen

1 = Endurance

S = Mean Stress on net aream
S = A l t e r n a t i n g  S t r e s s  on n e t  a rea  a s soc ia t ed  w i t h  Sa m

= l’h i c k n e s s  of p l a t e  spec imen

1 . TEsT PROGRAMM E ANt) STRESS l EVELS

l’hes e -  t e s t s  we t-e c a r r i e d  o u t  in the Department of Metallurgy of the University

of C a m b r i d ge , u s i n g  a 2 Ton A m s l e r  f a t i gue t e s t i n g  mach ine  ope ra t i ng  a t

~ S0() c .p. m .

- \ i l  t h e  specimens c-;e re t a k e n  from s tock r e m a i n i n g  from Stage I of the research ,

and eli tails are g i e n  on Fi g u r e -  1 of lhi s report .
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U n I v  spe c imens of the sma l lest size of those emp loyed in Stage 1 ~~re used for

this investi gation , la rgel y due to availability of specimens and all ~~re eithe r

of  types ‘4B’ or ‘-i l) ’ . i.e. of the ‘p in Loaded ’ form . Type ‘4B ’ with the

enlarged end was preferred for specimens with d/D = 1/4 because of the greater

stress concent :at ion fac tor associated with this particular value of d/D.

fh r e e  s t a n d a r d s  of p in  fit e~-ere included , name ly push fit , 0,4
0
/0 interference fit

and 0.-~°/o interference fit . For cacti of these standards the previous three

c o n f i g u r a t i o n s  of i e o m e t r y  were t e s t ed , i .e. d /D = 1/4 , 3/8 and 1/2.

For the  push f i t  specimens the co r respond ing  nominal  v a l u e s  of were 3.73 ,

2 . 7 2  and 2 .22 respective ly.

For the  i n t e r f e rence f i t  p in specimens i t is no t possible to quo te sing le values of

for group  of s7ecimens because the value changes with the magnitude of the

l o a d i n g.  
-

A f u l l  range of specimens was sub jec ted to an initial single pre-load giving a
stress on the net  area of 0 .75 

~t 
and another full range subjected to an i n i t i a l

sing le p re - s t r e s s  of 0.60 
~~~

Fati gue testing was then carried out at mean stress levels of 0.25 
~ 

and 0.15 
~

for each of the two levels of pre-stress , wi th alternating stress levels rang ing
from j u s t  below the mean stress leve l down to 0.075 

~~ 
In combinations where

d/D and degree of in terfe rence we re h igh some tests were omitted because the
resulting endurance s would have been well beyond l0~ cycles. At each stress leve l
three nominally iden tical specimens were tes ted .

Finall y, a limi ted number of control tes ts were included for each specimen type

(ge ne ra l l y one specimen per stress level). These of course were not pre-loaded ,

hut were fatigue tes ted cu rren tly with the main tests. Where available , the

corresponding endurance curves from the Stage 1 tests have been used to help in

the assessment of the effect of pre-loading. The full range of tests is suninarised

in Table 1.

RESULTS

4.1 Push Fit Pins

T a b l e s  2a , 2b and 2c g ive the test results for specimens Type 4~ 3/ 16 , d/ D = 1/4;
‘a ’ , ‘b ’ and ~~ refe rring respective ly to 0.75 ft p re— stress , 0.60 

~t pre-

st ress and controls tested cur ren t ly wi th them (hereafter described as •current 
-

con trols ’).
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F i ~~u i  2 p r e s e n t s  a l l  t h e  r e s u l t s  c on t a i n e d  in t h e s e  th ree  t ab les  toge ther  w i t h

t l i c  co r r e s p o n d i n g  Sta~ * 1 endura nce- curves (wt;ere availahl~ for specimens

I t hoot pie— load •

- T a b l e s  !a , (N and Ic g ive the test results for specimens Type 4D 9/ 32 ,

d/I) = ~~/ b1
; ‘a ’ - ‘ b ’ an d  ‘ C ’ h aving the same si gnificance as given above .

3 p r e s e n t s  a l l  the  re s u l t s  c on t a i n e d  in Tab le s  3a , 3b and 3c toge the r

w i t h  Inc  r el e c a rt Sta~ e I and 5 . 1 . No .9 results .

T a b l s -+5 , ~+ N an d - +c ~ i - e  the t e s t  re - s u i t s  fo r  specimens Type 4D 3 /k ,

d / l)  = 1 /2  (‘a ’ - ‘ N ’ and ‘ c ) , a~~a i n  r c f e r r i n g  to 0 .75  f 1 p r e — s t r e s s , 0,60 
~t

p r e — s t c e s s  and c u r r e n t  con t r o l s  r e s p e c t i v e l y ) .

Fi gu r *  -c p r c s c n t ~ a l l  t h e s e  r e s u l t s  g r a p h i c a l l y t o g e t h e r  s-d th the r e l evan t

Stage  1 and m • I , No .9 r e s u l t s ,

Interference Fit Pins

Tables Sa. 5b and Sc c o n t a i n  t e s t  r e s u l t s  fo r  specimens T ype 4B 3/ 16 ,

d/i)  = l/ -+ , but w i t h O .—*~~/o i n t e r f e r e n c e  f i t  p in i n s t e a d  of a push f i t  p in .

Fi gure  5 p r e s e n t s  a l l  t h e s e  r e s u l t s  toge the r  w i t h  the re levan t Stage 1 d a t a ,

Ta b l e s  a .  f r I - and (IC and Fi gure 6 cover  s i m i l a r l y the test results for

specimens  T ype 4D 9 / 3 2 , d / D  = 3/k with a O.4°/o interference fit pin .

Tables 7~~~, 76 and 7c and Fi gure 7 c o v e r  specimens Type 413 3/5 , d/ D  = 1/2 with

a Il .-+
0 /o i n t e r f e r *- n c e  f i t  p in .

4 . 0.8
0

/ 0  i n t e r f e r e n c e  F i t  P i n s

Tables - a  to lOb togethe r with Figures 8 to 10 present  a l l  the test  r e s u l t s

for sim i l a r spe c imen types bu t wi th 0.8°/o interference fit pins.

lii i-

Reference to all these ta tr i e s and fi gures are given in the last two column s

of Table 1 of this r -port .

4 .4 E x a m I n a t i o n  of F a i l u r e - s

F rom a close examination of ti re failed specimens a few were selected from among

th e- push fit p in s p e c i m e n s  as be ing  i l l u s t r a t i v e  of the types of failures , and

(IE- ~~r ( e s  of f r e t t i n g ,  F r e t t i n g  c-ra s more e v i d e n t  on the  push  f i t  p in specimens

t h a n  on those  w i t h  i n t e r f e rence fit p ins. The particulars of these failures are

g l e n  In T a b l e s  I I  and 12 . c o v e r i n g  p u sh  f i t  p ins  w i t h  dID = 3/~ and 1/2
- ( - S [ ) ( ( t ive ly.

p.
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5. I)ISCUSSTON OF RESULTS

5 . 1 Push Fit Pins (Figu res 2 , 3 and 4 and Tables 13a and l3b)

From a st rc dv of these- Fi gures and lab les i.t is clear that although in general

the  app l i c a t i o n  of a p -c-load does lead to an increase in the endurance of a

J o i n t  w i t h  pus h f i t  p i n s ,  f o r  a given app lied stress (an increase in the stress

leve l s u s t a i n e d  f o r  a i i c e n  en d u r a n c e ) , there are l i m i t a t i o n s  and reservations

which must be noted , re-cause of the influence of geometry and mean stress. In

fact it is convenient to discuss the effect of pre- load in terms of the influence

of these two variables.

Taking first , the hi gher mean stress of S
m / f t = 0.25 , it was possible to draw

reasonable endurance curves over most of the range covered (10-c to 1O
7 
cycles),

a-nd i t  was no t ed  t h a t  a t  l e a s t  fo r  d/ D  = l/~+ and 3/s. there was an increase

of endurance at a given stress leve l for pre-stresses of both 0, 75 
~ 

and 0.60 
~t

and the higher pre-stress leve l led to the greater increase of endurance . At

d/D = 1/2 however , alt hough the pre—stress level of 0.75 ft was marg inal l y mo re

effective than tha t of 0.60 f t . in both cases the resulting endurances were lower

than those for the Stage I tests without pre-loading . This change of effect of

the pre-load is thought to he due to the fact that the stress concentration

factor for d/D = 1/2 is significantl y lowe r than those for the other two

values included in the tests.

For S
m

/ f t 
= 0,15 the results show the same trend but apparentl y with less

consistency , and no t always so c lear l y marked as for S
m

/ f
t 

= 0.25 .

It is suggested that this is partl y due to the fact tha t the reduction of

stress concentration at the critical locations , d ue to the app l ica tion of the

pre-load , cannot be so effective when a lower mean stress is operative .

Moreove r , for the tests at S
m / f t 

= 0.15 and a t d/D = 1/4 there was insufficient

da ta prov ided , bo th for the pre-loaded specimens and for the controls.

At d/D = 3/8 the increase in endurance fo r  a p r e - s t r e s s  of 0.75 f1~ appeared to

he la rge , but most of the specimens were unbroken at 1O
7 cycles and therefo re

ra tios of inc rease of endurance cou ld on ly be assessed approximate ly. More
reliable cocuparisons were possible at a pre-stress of 0.60 ~t , 

where the gain

was less for S /f = 0.15 compared wi th S If = 0.25.m t m t

At d/D = 1/2 the increase of endurance for both levels of pre— stress was

somewhat greater than for the mean stress of 0.25 ~t but it should be noted that

the Stage 1 control curve for S
m 

= 0.15 ~t and the current control curve both

l ie mainl y be low the similar curves for S
m / f

t 
= 0.25 , which is against normal

expectations.

~~~~ fl ‘~~~~~~~~~ ~~~~ - — - — —— ~~~~~~~ - —
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- ro t - i  t he  p r e c e d i n g  d i s c u s s i on i t  i s  e v i d e n t  t h a t  to attemp t to give numerical

~- a 1 r r e s  to he- ‘-i a.~sri t u d c of i n c r e a s e d  en d u r a n c e s  due to pre—loading would he

d i f f i c u l t , and the a l I € r f l a t i v e  of slating ratios of increase of alternating

s t r e ss f o r  a ~,iv er  endurance provides a more consistent means of assessment ,

Ta H 1 e  s 1 r e~ and 1 (b t a r e  t h  re f o r e -  been p r e p a r e d , g i v i n g  v a l u e s  of  the r a t io

S with p r e - l o a d
a - f o r  a stated endurance . notin~ that these compar isons  f o r

x- i t  I r o r .I p r  — I oad -
a

both Ic ~e Is of pr e —  ~t ress are rad r e la t iv e - to --ta g e - 1 and S.1.-o .9 results

whc -rc s a t i a b l e , l O t  r e - t at i k E  to c u r - r e n t  c o n tr o l s  onl y wh et - c  no b tag e 1 or

5 .1. N O .9 r e - c u t  t s  e x i s t .

For convenienc e , tire summaries f r o m  F a l 1 s 1 ~a and l 3b q u o t i n g  ranges  of these

ratios for - a range oh enduranc e -s are riven be l ow.

At S If = 0.25 (see Tab les 13a for details)
1-Il t

d / D  1/4 ~~~ 1/2

P r e - s t r e s s  0 , 75 
~t 0 .( 0  

~ 
1 , 75

~ t O.h() 
~t 

0, 75 f~ J 
0 .60 

~~

3 x l u ~ 1 , 5 1 .2 1.2 0 .95 (i ,95 0 .90
t o  to  to  t o t o t o t o
l0~ 2 . 7 2 . 1 2 .7 2 , 1 0 .65 0 ,65

At S
m / f t 0, 15 ( b e e lab le 13h for  d e t a i l s )

d/D 1/-c 3/8 1/2
P r e — s t i -ess  0 .75 f

~ 
0.60 

~t 
0,75 

~t 
0.60 

~t 
0.T5 

~t 0.60 ~t

cy c l e s  3. 65 a t  0 .55 2.0 1 .05
1 5 5
L 0  3x10 to to to
to 2 .4 a t
l0~ ~~~ 1 .5 1.05 1 .25

H l n s u f f i c i e n t  d a t a  a v a i l a b l e

In these  t a b l es  the f i r s t  f i gu re  of the range is associated wi th the lower

endurance quoted whereas the second f i gure of t he range is associated with the

hi gher endurance quoted .

b ith regard to the influence of geom etr y , desp ite the limitations of available

data at 
~m

’
~~t 

= 0.15 both the tables and the associated figures 2 to 4 show

th is influence which is mainl y that the lowest d/D r a t i o  ( h i ghes t  s t r e s s

concentration factor) leads to the greatest increase of S for a given

end ur ance , and vice versa , thus supporting the statemen t made at the beg inning

of this paragraph .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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.2 0 -4 /0 In te rfe rence Fit Pins (I- i~~r r I ( - 5  5 , o and 7 and Tables I- ca and 155)

I n  t h i s ~ 1 1 1 0 1 )  of u- st s i l l . C ir ;r e ns , but o n l y  f o r  d/ D  = 1/ -c , the  r e s u l t s  show t h e

- t r e n d  as f o r  sp ec  i r i n s  w i t h  pus h f i t  p i n s .  A l so , where  d a t a  are a v a i l a b l e ,

t b c u r r e t r i  con t rols and  St alS I r e - s u i t s  are in fairl y good agreement.

I-nd orance s f r r  ( 1 , 7 5  I~ 
t I C  — S t  r e  ss a r e  s iI ~r ri f i c a n t l y ~re-ater than those for

( r .- -0 f t  ~~~ l — s t r e s s  f o r  crc  a i r  st - re  ss of 0 . ~ 5 
~t 

, b u t  the  o r d e r  is s l i g h t l y

I C - c rscd f o i  t Ire I co - L I  a n  S t  1( SS  i n  ( 1 . 1 5  
~t .

For d/D = (/0 and d/l) = 1/2 , c - e n  allowing for l ire limitations of the- data

r r o v i d  0 , t i r e  I C  I S  r e r at ly a -eduction in e n d u r a n c e  f o r  a g iven s t r e s s  k - c e - i

h e n  a p r e — s t r l  ss i s  app l i e d . M o r e - o v e r  a t  d/ 1) = 1/ 2  the hi gher pre—stre-ss

I - ad~ to a great r 4 d i i i  t i on  in  c n d r r  r a n c e  . I t  a p p e a r s  t h e r e  f o r e  th a t f or 0.5
0
/0

i n t e r f e r e n c e  f i t  p i n  s p e c i m e n s  a p r e - - i r r a d  on l y i n c r e a se s  the endurance  when the

s r r l ss concentration fact or a t  the  c r i t i c a l  reg ion i s  h i gh ( i .e . d / i ,  1/ 4 ) .

I-o r hi -g ir e r v alues of d/D ti r t re ve rse is true , with a c l e a r  t r end  fo r  less

consistency and a greater scatter of results.

It would appear tha t tire - effects of Li r e p ie-lo ad on a joint with a 0.5
0
/0

in te - r l e - r en c e fit p in is g e n e - i - all y to reduce the advantages of the interference

fit pin .

N u m e r i c a l l y it is onl y possi ble to q u o t e  r e l i a b l e  v a l u e s  f o r  the r a t i o :

S w i t h  p r e —  load

S w i t hou t p r e - l u a d fo r  t i re -  g roup  of  s p e c i m e n s  w i t h  d/ D  = 1/4. These a re

g i ven in t a b l e s  I -+ a and 14b b u t  s u m m a r i s e d  b e l o w  for  conven ience .

A r  H / i  = ( 4 . 2 5  ( Se e  F a b l e  l - + ~ t o r  d c - t a i l s )

d/ D  = 1/s only

P r e - — s t r e s s  0 .75  
~t 0,60 

~t

N

c y c l e s

1.25
to 1) to

3 x IO~ 1 , 5 1.5

At S / f  0 , 15 (See labl e l- ~I I )
~~~~~~n-t

d/ D  = 1/4 onl y

Pre-stress 0 .75  
~ 

0.60 t~

c y c l e s

io 6 
2.5 —

— 
x io 6 

— ~~~~ 3 . 3
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U.S /u [ t i l l  IC r e l i e l  l i t  Pin (i- i g r r r - s  ~, 9 and [0 and T a b l e s  i 5~ an d l 5 b )

-\ s in  tIle p r e - v i hl s ~ r u u p  u - s t e d  , r n  app lication of a pre— load leads to an

I tic I I  aS (- of rrr l n i r an c for a g i r e - i n  s t .  ss I c - v t  1 onl y when d/1) = I/ — ~ (in g i r

St f cs c ur Io nt ren t i n n  fa ctor ) . ec ci Ir e - less , t h e  i n c r e a s e  is l e S S  m a r k e d  than

for t i r e  0.0
0
/0 i O U  n e - r e - n e c  l i t  p i n s .

For \ — a l u (  s of d / I )  = l / -~ slot 1 / 2  t he  ap p l i r  a t i o n  of  t h e  p is  — t o a d  gene - n - a l l y

r e d i n ce S t i l l  - n d i i r c n n i c e  f o r  a ~ nn s t r ~ -ss  l e v e l , i .e . i t  i m p a i r s  t i m e -  b e n e f i t s

o f  tt i i n t c  r fe- r c-n c f i t  p in . t h i s  statement app lies to bo tti 1 - c e - l s  of mean

stress inc luc k d in t h r  S I  t e s t s , in  so f a r  as d a t a  a r  a v a i l a b l e .

Tables I ~a and I Sb ~ c - al uc s of t i r e  r~~t i 0 ;

S~ w i t h p r e - l o a d
- 

d . [or d/0 = i/in onl y, and t he-se - a i i o s  we-re summarisedS i- 1 I I~~r li I p c i - —  I
a

t i e  r e  f o r  conven I l  i l l

A~ = (1 .2 5  f t  (b c- lab le- IS a for de -l ails )

= I / o  onl y

I r E - — S t  ress  it , 75 
~~ 

(i , r i )  
~~

cycl e- s

3 x 10~ 1.15 1 .1

to t o  to

2 . 1 l .~

= 0,15 Ii (O e-e- Table i s h )

d / l) = 1/4 only

P r e — s t  r e-S5 0 . 75 f
~ 

.

cyc l es
l0~ 1 ,03 0.97

5 , -n i - x a m r r i n i a t  ion of  F a i l u r e s  ( r a b i e s  i t  and 12)

l I n e -  specimens reported upon in t a bles 11 and 12 s-c rc not i i n e  onl y one s

cx l i i b i t i n g  f r e t  ing b u t  to re- - , r ns 11 r e d  m r  be t ~‘p i cal  of the  m a ) o r i t y  of

samp les  i n  I I ~ p u s h  f i t  p in i - en nn • i- re- t t  in g  was less  e v i d e n t - on s p e c i m e n s

‘, i th  t i l l  hi g t ie s t stress conc ent i- a t  ion  f a c t o r  ( d / i )  1/ s )  and so onl y

specim ens w i t t i  d/ I )  t/(i sod 1/2 are listed . Furthermore , there was less

f r e t t i n g  On t I r e  s p e c i m e n s  w i t h  i n t e r f e r e - o r e  fit p ins.

- ~~~~~~~~~ - - - - --- - —~~ - - - — -. —



I I r e  Ie,~ e of Inc tt iir ~, l o c k  d, f rom “ l i ght ” to  “moderat e ” and sometime s “severe ” ,

w i  t r i m  a given gr i n n ~l 01 So cci rrie nc . In enera i the  l e a s t  f r e t t i n g  was a s s o c i a t e d

i u i l h  tIr e -  lowes t  - rid u r a n n c s , h u t  n ot  a l w a y s  so . The mos t  c o n s i s t e n t  e v i d e n c e  was

lie fac t t h a t  a t n r i o s l  a l l  i b n ~ f re - t ing on specimens ~ ith d/ D  = 1/2 and on those

Le- sted at 101.: s t i i s S  l e v e l s  s i t h d / I )  = ~/Lc occu1- r ed un i que ly at 3, 0 o ’c l o c k

and 9.0 o ’c locS , i .u- . at the end s o f  t h e -  t r a r s c e r s c -  d i a m e t e r . M o r e o v e r  wh er e

c r acks o c c u r r e d .  t h ey  ~-;~ cc ap p ro ’iT :rat e lv in the same locations. All of the six

- i r e c L ime - its c --i th d / l )  - - 1/2 c roc ked on one side on ]

CON CLI’S 101-I S

1 P u s l r  I 1 F i n s  ( I -  k - m n  re- s 2 .  ~ and -. and l a b  les  I ~a and 1 3b)

(a) Pre— lr~~r I

F i r e  aDp l icot ion o f  a pr -c — l ad t o a pus h f i t  p in j o i n t  g e n e r a l l y

m c i -eased t i e -  endo an- n for a g i ven  a I ~~ m a t i n g  c i  ess leve l

(or the S 1 rirlkll s l i er - r atin g stress for a ~ i r e n  endurance ).

N c o : c -r t h e l e s s  t i l t s  i m p r o v e m e n t  was in I ho-need by the deg ree of

stress concentrati on pi e-sent and by the Ic-re- I of app l i e d  me an

st ress, The- gr~ a tI- r the magnitude of stre ss in the critical

cc g ion , due to c. Ir e - se two pa rar e- te rs , the greater the volume of 
-

m a terial subjected to p las tic deformation , and c o n s e q u e n t l y

tile greater the i rcipro co - r e -n t  i n  f a t i gue p e r f o r m a n c e .

In t h i s  t e s t  p rogramm e the  p r e — s t r e - s s  of  0. 75 ft  led to somewhat

g r e a t e r  g a i n s  in e n d u r a n c e  t h a n  d i d  t he  p i n - - s t r e s s  of 0 • ’ ( )  
~t ,

hut see remarks i n  p a r a g r a p h  ( b )  b e I r ~~~, Since no tests were

c a r r i e d  o u t  a t  p r e — s i r e s s e s  g r e a t e r  than 0 .75 ~t i t  is  not  —

p o s s i b l e  to  claim that 0.75 ~t 
is an o p t i m u m , b u t  i t  may be

t h a t  a p r e - - s t r e s s  much hi gher t h a n  0 . 75 ~t c o u l d  p roduce  some

a d v e rse e f f e c t s , e .g .  t i m e  i n t r o d u c t i on  of pe rmanen t  se t , or of

h a c k — l a s h  in t h e  j o i n t s .

( 5 )  Geometry

For d/I) = I / - c  a n d  t/R (mnrni i n a l I-~ = 3.73 and 2.72 r e s p e c t i v e l y)

t h e  g a i n  in c i -r r l r m r a a c~- i n c n c s m e d  w i t h  inc r e a s i n g  d e g r e e  of  s t r e s s

concentration facto and vice re-ns a . For d/D = 1/2 (nominal

2.22 and the  [r oe - c t K~ emp loyed in t h e s e  t e s t s )  the

im p r o c - e r - - r e r  t in cody — duo ( fo r  a g i c e - m n  s t r e s s  l eve l , due to p m - c —

l o a d i ng , c-as either c e n m n c e d  or nullified , pa rticularl y at the

lower of  the  two r m s a n  Stres ses emp loy ed in the se tests.

I 
— - 
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(c) ~-i e - a ri Stre ss

There was more scac t e r of resolt s at the lower mean stress of

0.15 I~~, b u t  ‘ a ny  of the endurances achieved at this stress

c - c - re r e - I l  r~ rid c y c l e s and the specimens s t i l l  u n b r o k e n .

T h u s  t i l e  c v  ide-rice at this lowe r level of mean stress was

indecisive - at time s. N eve rtheless the tests at the hi gher mean

stress generall y produced greater endurance gain ratios for a

g il-en alternating stress level (or greater alternating stress

gain ratios for a g iven endurance .) Converse ly, whe r-e the

ge-uric tr \ was such tha t the K~ was si gnificantl y low

( I ~~ = 2 .22 , d/ ll) = 1/2) tests at the hi gher mean stress showed

a r e d u c t i o n  in endurance at a g iven alternating stress leve l

f o r  the  app l i c a t i o n  of a p r e - l o a d .  (See pa ragrap h (b)  above )

( d )  Cene ral

As commented in the discussion , the effect of the pre— load and

che influence of geome t ry and mean stress are best expressed
Sa 1

numericall y by quoting ratios of wi~~i pre-  oa~ for a
- 5a without pre-load

given endurance and these are set out for push fit pin

specimens in Tables 1 ~a and 13b , but summarised here for

conven ience .

At  S = 0 , 25  ~t 
(See Table  l3a)

In

d/ D  1/ 4  3/8 1/2

Pre—stress 0.75 f t 0.60 ~t 
O~ 75 ~t 

0.60 
~~ 

0 , 75 
~t 

0.60 ~t

N

3 x l0~ 1 ,5 1.2 1,2 0.95 - 0.95 0.90

to to to to to to to
2. 7 2 .1 2 .7 2. 1 

- 
0.65 0.65 

- .

-
~ / f  0,15 (See Table 13b for details)

~~~~~~~~~~~ t

d/ D 1/4 3/8 1/2
Pre—s tress 0.75 

~ 
0.60 

~t 
0,75 

~t 
0.60 ~t 

0.75 
~~ 

0,60 
~t

N
cycles 3 ,65 at 0 .1u 5  2,0 1.05
10~ 3x106 to to to

c y c l e s
to 2.4 at

10’ l0~~~ 1~~ 1.5 1.05 1,25

~ 1n s u f f i c i e n t  da ta  av a l ah l e

‘
~ 

— 
‘ ‘  ~kT r ’



l r  0

u .2 
— 

( ) .--n
0
/o Int erf e r en ce- F i t  P i n s  (F i g u r e s  5 , 6 and 7 and Tables l4a and 14b)

(a) For d ID ~— 1/-4

l i n c  0 , n~~/o in t e e I C  r e -n r c  f i t  p in spec imens  showed the same trend as

f o r  t h e p u s h  I i i  p i n  spec imens , name ly t h a t  a t  bo th  l e v el s  of p r e —

st r e s s  I ~e r e - a o l  t i n g  c - n d u r a n c e s  we re g r e a t e r than  for  the

c o r r e s p o n d i n g spe c imc- ns  s i t h o u t  p r e - l o a d .  At the hi gher  mean

s t n e s s  of  ( 1 .25  ~t 
t i n  e n d u r a n c e - s  f o r  0. 75 

~~ 
p r e — s t r e s s  we re

s l i g h t l y g r e a t e r t h a n  f o r  ( I , N0 1
~ p r c — s t r e s s .  but  the r e v e r s e  was

t r u e  f o r  a rn e - an  s t r e s s  of 1) , l 5  
~t .  N e v e r t h e l e s s - the  gain in a l l

cases  w a s  si g n i f i c a n t .

(b)  For d/ D  = i / - c  and 1/ 2

There was a r e d u c t i o n  of  e n d u r a n c e -  f o r  a lmos t  a l l  specimens , and

as far as data were ava ilable this app lied to both values of mean

st ress, It would appear that the app lication of the pre— stress

in the presence of moderate and ‘ow degrees of stress

concentration has an adverse effect upon the

an interfe rence fit p in.

(c) Numerical Values for the ratio of improvement of alternating stress

sus t a ined  a t a g iven endurance have therefore been quoted for

d/D = 1/4 only and these are to be found in Tables 14a and 14b , but

are surrunarised below.

At S = 0 .25 
~~ 

(~ e-e Tab le  l4 a  fo r  de t a i l s )

d / D  = 1/4 onl y

P r e — s t r e s s  
- 

0 .75 
~~ 

0 .60 
~t

N
cyc les

4x 10 1.45 1.25
to to to

3 x 10
6 

1 .8 1.5

At S = 0,15 
~ 

(See Table 146)
m d/ I) = 1/4 on ly

Ne-stress 0,75 
~t 

0.60 ft

N

cycle s

io6 2 .5  —

3 x 106 2 .8 3 3

— — -  — ~- - -— — __ ._____•__r~~~~~~~~_____. _ _- - _____~-,~~~~--- .. —, — -- —- — -— .~- ----— —.— — — - —
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m ) , -- ° / o  Interference Fit [‘ins (Fi gure s h , 9 and 10 and Tables 15* and l5b)

( a )  1 , ,  c l / h r  ‘- l / #

he -re is still an increase in endurance for the app lica tion of a

pce-load , at least for S = (‘.25 ~t but as far as can be jud ged

fror r  the l i c h c d  amount of data available - this gain is marg inal

at 1-m = 0.15 ft. In any case the gain at all stress levels is
m

0
less than the similar gains for 0.4 /o int erference fit .

(b) For d/l) = 3/’~ and 1/2

As in t h e -  case of the lesser interference fit the app l ica t ion of

a pre--load reduces tile endurance , and p res umabl y for the same

reason s alre ad \- stated.

(c) unm e-- m - i ca l ‘alues for the ratio of increase of alternating stress

sustained at a given endurance have been evalua ted for d/D = 1/4

only and these are given in rabIes 15a and l5b , but are summarised

below .

At  S 0.25 
~~ 

(See Table ISa for details)

d / D  1/4 only

Pre—stress 0 . 7 5  
~ t 0 .60 

~t

N

cyc les  -

3 x l0~ 1.15 1,1
to to to

10
6 

2.1 1.8

A t  S 0 .15 f (See Tab le  15b)t 
d/ D = 1/4 onl y

P r e - s t r e s s  0 .75  ~t 0.60 ft
N

cy c l e s  1.03 0.97

5.4 ~iaLur e  of Failures

A representative selection of failed specimens from the push fit pin group

we re examined in detail (see Tables 11 and 12). These were chosen because they

showe d a g r e a t e r  degree of f r e t t i n g  t han specimens in the interfe rence fi t pin

groups . 

- --—- L E r w — ~~~~—------- — --- — - 
~~~~~~ — —fl —
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the failures wer e ~en e n a l 1 y as would Ire expected except tha t nearl y all those
spec kmen s e - --~~: H e ! f r o m  t i r e  g r o u p  w i t h  d / D  = 1/2 and those from the group wi th

d/D = 3/-s and with low app l ied stress levels , had fretting uniquely at the ends

of t I r e transverse diameter . lo reove r for all the specimens at d/D = 1/2 cracks

‘ c c n n m r e d  onl y on one sid e - of ihe pin at the frettin g location .

~~~~~~~~ ~~~~~~~~~~~~~ 
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—h i 1 i’i k-~-U- 1 .-1NI 1N\ I - , t I C A i I m r N  No. 1

I A P I . h .  I LA -Si - II [I-~v~L~

P i n  Sp e c i n n t in 
d/D Fr - c—st ress S /f 

x Re fe rences  fo r  R e s u l ts
F i t  ) ‘ p d  m t Table  Nos.  Fi g u r e  Nos.

0.25
0.75 

~t u ,l5 2a

45 3/ 1 ’  1 /4  2c~ 2
0.tr0 f 0 . 2 5  2b

~ u . l5  
_____ ______ ____________

t n .25
~~~~~ ~t 0 .15 3a

-ci ) 9/ 3 2  3 / - ~ r 3c~ 3
0 60 f 0.2i

t 0 , 15-

0.250.75 
~ 0.15 -Ca

.d ) 3/’ 1/2 0 25 
4c

0.60 f - 4bt 0. l~ ____ _____ __________

0,75 
~t 

0.25
0.15

4B 3/16 l/~ 5c 5
o, so ~t Sb

0.75 f
~ 0.15 6a

al ) 9/ 32 3/-’ 
- 

6c 6
° 0.60 f 

0.25 (ib
t 0.1-5

0.25
0.75 

~~ 0 15 
a

C 4D 1/0 1/2 7c 7
0 .60 f 1 7b

0,25 -

0.75 
~t 

8a
0.15 

____

4B 3/16 1/ 4  — 8c 8

0.60 
~t 

o~ 8b
__________ 

0 .15 
____ _____ _________

0,25
0.75 f 9a‘- 0.15

4D 9 /32  3/ 8 — 9c 9

0.60 
~ ~~~~ 

9b

0.75 
~t 

0.25 b a
40 3/5  1/ 2  

____________ _________ _____ + 10
C 0.25

0.60 
~ 0.15 lOb

X
Each value of mean stress coupled wi th an appropriate range of alterna ting
stresses to produce on endurance curve .
Three specimens tested at each stress level , for all pre—l oaded specimens .
Curren t control tests (generally one specimen tested at each stress level )
for each specimen type and value of Sm /f t~

+Tables 2c , 3c etc . give curren t con trol results , but note that there we re
no such controls for 0.80/0 interference fit with d/D = 1/2 , and so
there is no Table lOc .

- — ~~—,-~~~~~~~— — — _____________ — _________________________________ -— ————- - -

— -~~~~~~~~~
-
~~~- -:~~t1~~- ~~~~~~~~~~~~~~~~~~



H IT t EM E N TA R ’ IN\ 1-H T o-\fl ,N 1- 0 . 1
0 I t H I  Hi ’ P I N  — PIN LOADED

FABLE 2a 0 . ~5 ~~ i’RE— *Ffl i SS i -~eference Figure 2

--T 1-. ( I M E N  t \ P E  ~ P- 3/lb d/D = 1/-s  Nominal K’ = 3 . 7 3

Tested at ni ani r Ni - i d ge i n n i v e r s i t y

Testing Machin e - 2 Ton Ams le-r Vibrophor e . Speed 7500 c . p . m .
Loads to in se r t  p ins, small .

Stress levels
~pecimen Percenta re ft Cycles Loga rrthm Geometric
Identity to Cycles to Mean

S
m .~

S
a F a i l u re F a i l u r e  Cy c l e s

b0 .15. E 6 4 500 4 , 509
10.15,11 25 22 .5 63 500 -+ , ‘c02 56 800
1O .L - -+ ,C 4’s 500
1O . l~~.r ~~ 5 800 5. &9i
9.I4 .i 25 15 47 000 ~~~~~ 710 000
9.l7 .E 620 000 5. 92

9.18.A 1 1 308 000u 7.0541J
9.l’- .E 25 10 11 03 000U 7.04311 >6 440 000
9,l- c .B 2 150 000 6.332

9,19 ,B 31 190 00011 .49511
9.l9.C 25 7•5 15 800 000U 7.19911 ‘17 100 000
9.l9.A 10 214 0001! ~.0bOU

9.2 1.B 12 440 000U ~,095U
9.2 1.C 15 12 .5 11 232 000U 7.050U 11 430 000
8.15.D 10 671 00011 7.029U
U deno tes u n b r o k e n  specimen

TABLE 2b 0.60 
~~ 

PRE-STRESS Re ference Figure 2

SPECIME1-I TYPE 4B 3/lb d/D = 1/2 Nominal l’(~ = 3 .73

Tested at Cambrid ge University
Tes ting Mac h ine - 2 Ton Axnsle r Vib ropho re , Speed 7500 r .p.m.
Loads to insert p ins, small .

S tr ess Leve lsSpecimen 
~ ~. ~ 

Cycle s Logarithm Geometrtc
Iden tity ercen age t to Cycles to Mean

Sm +Sa F a i l u r e  l- ’a i l u re  Cycles

8,15,C 37 000 4.568
9.15.J 25 22 ,5 22 000 4.342 20 750
8. l5, B 11 000 4.404 

_____________

9.3,A 247 000 5.393
10.2 1,11 25 15 154 000 5. 186 . 156 000
9,4,C 101 000 5,005

9.9.E 3 342 000 6.525
9.9.C 25 10 445 000 5.649 836 000
9.9.A 

_______ _______ 
390 000 5,591 

______________

10 ,4 .0 11 469 000U 7 .06011
10, 3, 0 25 7 .5 10 001 300U 7. 00011 >8 080 000
l0 .3.F 4 620 000 6.665 

______________

10,16 ,0 10 540 000U 7.022U
l0.16,D 15 12.5 10 378 00011 7,014U >10 300 000
10.15,11 10 000 00011 7.000U

U deno tes un b roken spec imen

— - —‘- —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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SUPPLEMENTAR Y IN VESTIGATIO N No.
PUSH FIT PIN - PI~ ~~~~~~ 

65

F ABLE 2c CURRENT CONTROL ~tS~~ i~~e . no P r e - l -,ad Refe rence  Figure  2

SPECIMEN TY P E -I 4 B 3/ 15 d/ D = 1/4 K~ = 3, 73

Tes te d  at Cam brid ge Univ er sit y
Testing M achine - 2 Ton Am sier Vibrophore , Speed 7500 c.p.m .
Load s to insert p ins , small.

Soec~ nlen 
______ ______ 

Cy c l e s  Logar i thm Geometric
i d e n t i t y  Sm 

-~S Failur e Fail ur e Cycles

II ) .20 .C 25 22 .7 1 - .- 000 4.204 16 000
25 5 44 000 4.643 44 000

10.1 ..\ 2 5 10 116 000 5.065 116 000
lO .6 .G 2 5 7 .~ 778 000 5 .890 778 000
10 .16 . I ~‘ 15 12 5 104 000 5.016 •l~ 98 000
10 , 17 .5 f 

_______ 

93 000 4,966 J

TABLE 3a 0, 75 f~ 
Uh1 - - H ’Ni -I S S Reference - Fig u r e  3

i~} ’ EC l l - t [ , ’, H f  IS -. -+ 0 9 / 3 2  d /D  = 3/ 8 Nominal K~ = 2 . 72

Tested at Cambrid ge university
r e s t i n g  M a c h i n e  - 2 Ton Arnsler Vibrophore . Speed 7500 c.p..m.
Loads to insert p ins, small .

Stress T1~ veIs~~Spe cimen Per cen tage ~t 
Cycles Logarithm Geometric

Ident ity to  Cycles  to  Mean—_________ m a F a i l u r e  F a i l u r e  Cycles
20 .2 3 .L 50 000 4 .699
20.24.B 25 22.5 45 000 .653 42 900
20 .23 , 1< 35 000 ‘i.54 5
20.24 ,F 

— 
749 000 5. 873 -

20 .24 .C 25 15 312 000 5.493 380 000
20 .24 .D 236 000 5 .372
20.24.J 11 530 00011 7 .06111
20 .24 .1< 25 10 1 103 000 6 .043 >2 080 000
20.24.11 71-5 000 5 .855
20.25 .8 25 

- 

~ 
17 623 000UF 7 .2 4 6 U F  > 4 200 000

20.2 5 ,A ‘ 1 002 000F 6,000F
20 , 25 .E 12 987  000 7.111
20 .25 .C 15 12 , 5 10 932 000U 7. 03811 >8 700 000
20.25 .D 4 635 000F 6.66—s F
20.25 ..J 10 851 00011 7.03511
20 .25 , 1 15 10 10 500 00011 7,020U >9 350 000
20 .25 .11 7 096 000 6 .850
20,25 .1< 

- 15 32 7 000U 7.135 11
20.25 .L 15 7.5 11 419 00011 7.059U .~1l 850 000
20.25 .M 10 607 000U 7.026 11

U denotes  unb roken  specimen
F denotes  specimen e xamined and repo rted upon fo r na ture

of f a i l u r e

— -—— — — —  
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SUPPE.EMEN FARY 1N\ t-.STIGATION No .3
bb P I JS FI  FIT PIN - PIN LOADED
TABLE 30 O.oO f i’i~i- - ’-~ s i-:s~~~ Re fere nce Figur e 3

SPE C IME F V P E  L~ 0 9/ 3 2  d / l )  = 3/’ No m ina l  K~ = 2 .72

Fested at Cambridge ttn iversi ty
listing Machine - 2 Ton Aj~s1er Vibrophore - Speed 7500 r.p.m.
l oads t insert pins, sma l 1 .

- ~~t~~ ss Le vels  Cycles Logarithm Geometricpen men lercen tage 
~t to Cycles to Mean

I d e n t i t i  S -I- S F a i l u r e  F a i l u r e  Cy c l e s

20 , 26 .F 23  000 . 360
20 .25. 0 25 22 . 5 18 000F 4 .255F 17 000
20.2b .C 12 000

2O ,26.G 198 000 5.296
2O .26 .J 2 5 15 12-s 000 5.092 127 000
20.26.11 ‘-~~+ 000 4 .925

20.2 .L 2 103 000 6.323
20.26.N 2 5  10 515 000 5. 711 7(X) 000
2O .27 .C 326 000 5, 512

20 .28. C 15 810 0000 7 , 200 11
20 .2 7 .E 25  7 . 3 776 (100 5.~~90 >1 570 000
20 .28 .E 534 000 3 .72b 

_____________

20 .28 ,F 308 000 5,458
20.25 ,D 15 12 .5 233 000F 5.3i~6F 231 000
20 , 28 .G 171 000 5. 233

20.28 .1-1 1 425 000 6.154
20.29 .~T 15 1(1 1 220 000 6,085 

- 1 150 000
20 ,29 .1 555 000 5, 946

20 .29 ,M 11 430 00011 7 .059U
20 .29 .L 15 7 , 5  I l  313 00011 7 .05311 >6 250 000
20,29 .1< 1 808 000 6,275
2 1 . l .N 16 903 000UF 7 , 228 U F
20 .29 .N 15 5 14 629 000IJ 7. l65U ‘15 000 000
2l . l .M 

_______ _______ 

13 582 00011 7.13211 ______________

U denotes unbroken specimen
F denotes specimen e xamined and reported upon for nature of

f a i l u r e  —

TABLE 3c CURRENT CONTROL TESTS i .e . no Pre-load Re ference Figure 3

SPECIMEN TYPE 4 D 9/32 d/D = 3/8 K~ = 2. 72

Test ed at Cambrid ge University
Testing Machine - 2 Ton Mrsler Vibrophore , Speed 7500 r .p.m .
Loads to insert p ins , small.

Stress  L e v e l s  — 
. 

-

Specimen Pe rcen t age  f t  Cycles Logarithm Geometric
Iden tit to Cycles to Mean

S +S Failure l’ailu re Cycles
2 1 .4.F 25 22 .5 29 000 4.462 29 000
21 ,4.1 25 15 60 000 4.778 60 000
2l .-+ .J 25 10 350 000 5.544 350 000
2l .4.M 25 7.5 360 000 5 , 556 360 000
2 l .4.N T~~~ 12 .5 148 000 5.170 

— 
148 000 

-

2l .5.B 15 10 203 000 5.308 203 000
2 1 .14 .G 15 7 , 5 598 000 5. 776 598 000
21.14.11 15 5 13 500 000U 7, 13011 >13 500 000

U denotes  unbroken  specimen

— —,. —~~~ .,-,——~~~~~~~~~~~~~~~~ .----—-- - - .—-- - - ‘--~~~~~~~—---—---—---—- — ,.- - — - - — - -  — - -—---——~~
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SUPPLEMENTAR Y I N V E S T I G A T I O N  No ,3 
58PUSH FIT PIN - PIN LOADED

1ABL E 4b 0, bO 
~~ 

PRE—STR 1ISS Re f e r e nc e  F igure  -s

SPECIME N t y i i  ~ I) 3 / . ~ d / D  = 1/2 N o m i n a l  K’ = 2 .22

Tes ted  a t  Lai :. ’r i d g c  [n i v e r s i t y
Testi n g ‘ l a c 3 n i n - — 2 Ton A-n sler Vibrophore , Speed 7500 c.p.m.
l oads to insert p ins , sma l l

S t r e s s  l e e l s  -
Specimen Percentage 

~t 
Cycles Logarithm Geometric

I - to Cycles to Meane n t i t y  Sm 
-I-S Failure Failur- Cycles

2 1 .2 , 11 
- 

3’s 000 -~~53l
23 .2.B 25 22 . 5 31 000 -4 ,491 29 000
2~~~2 .I 2— s GOO F 4.380F 

_____________

2 3 , 3. G l ’-’ 2 000 5.260
23 .3.A 25 15 101 000 5.004 104 000
2 3 , 3 .B ‘i9 000 4.538

2 3 .3 . J 386 000 5 , 585
2 3.3.H 2 5  10 173 000 5,23~ 154 000
2~~. 3 .K 

______ ______ 
9-s 000 4. 973 

____________

669 000 5 .825
23 , 3.0 25 7 .5 581 000 5, 765 593 000
2 3 . —s .A 536 000 7 , 728

23 .~s .D L543 000 5.646
23 ,4,C 15 12 .5 19’s 000 5.288 234 000
23.4.B 169 000F 5 .2 2 7 F  

______________

23 ,4 .E 916 000 - 5.961
23, .-+, i 15 10 51-s 000 5.710 585 000
23 .. G 423 000 5.626 

______________

23 .4.1< 11 111 00011 7.045U
23 . 4 .0 15 7.5 3 559 000F s.4O8F >3 390 000
23.4.M 1 376 000F 6.l38F 

_____________

23.5 .H 11 520 00011 7.06011
23.5 ,B 15 5 ii 000 00011 7 .04011 ‘10 800 000
23, 5.E 10 066 000U 7.OO3U 

____________

U denotes  unbroken spec imen
F denotes  specimen e xamined  and r e p o r t e d  upon fo r  n a tu r e

of f a i l u r e

TABLE 4c CURRENT CONTROL TESTS i ,e, no Pre-load Reference Figure -s

SPECIMEN TYPE 4 D 3/8 d/D = 1/2 K~ = 2.22

Tested at Cambrid ge Universit y
Tes ting Machine - 2 Ton Am sier Vibrophore , Speed 7500 r.p.m.
Loads to insert pins , small.

Specimen p~~~~~~~a~~
V
~~
I5 Cycles Logari thm Geometric

I d e n t i t y  to Cycles to Mean
S +S Failure Failure Cycles

_ _ _ _ _ _ _ _  
m — a  

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _

23 .6 ,H 2 5 k  000 5.460
2 3 .s .I 25 22 .5 114 000 5. 058 98 300
23 .6 .J 

______ ______ 

29 000 4. 462 
_____________- 

23 ,6 .1< 25 15 61 000 4 .784 61 000
2 3 . 6 .M 25 10 539 000 5. 730 539 000
23 . 6 .N 25 7, 5 327  000 5 .5 13 327 000

23.6.0 15 12.5 75 000 4 .880 76 000
23.7.C 15 10 170 000 5,230 170 000

____________ 
15 7.5 775 000 5.888 775 000

‘I 
— - - -  — - —

~~

—-- ----—,--—-—

~~

-,-

~~~~~~~~~~
--.‘-—-—.- — - - —
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67
SUPPLEMENTAP ’i INVF 1~ ICM ION No .3
PUSh FIT PIN - PIN t OADI-;D

A BLE ~a 0.75 f~~~~~ -S ;- : - - -s R e f e r e n c e  F i g u r e  4

SPECIMEN TYPE -. D 3/ 8 d/ D  1/2 N o m i n a l  = 2 .22

l’ e - s t e d  a t  Ca m b r i d ge 1tn i~~e r s i t v
T - s t i n g  M a c h i n e  - 2 Ton A i n s l e r  V i b r o p h o r e , Speed 500 c .p . m.
t oads to insert p ins, small .

Specimen l - ~- a ~~~1~~ 
Cy c l e s  l oga r i thm Geometr ic

- - t - to Cycles to Meanen i S +S Fa i lu re ~
‘a il ure Cycles

22 ,7,1< 44 000
22 ,8 .1 2 5  22 . 7 29 000 - s .--+ f’2 32 500
22.5 .17 2 ?  000

22 ,9.1 134 000 5,126
22 .9 .-A 2 5 [5 -~ l 000 - -~, 9O8 95 000
22.9,F 70 000
22 ,11.11 2~,n 000F .390F
22 ,12 .C 25 10 21-+ 000 5.330 212 000
22 .9.1-1 l - - 1  000 5.257 

—
22 .13.-i 7~ O 000
22 . 12 ,0 25 .5 5 71) 0111sF 5,755F 612 000
2 2 . 12 , D 

________ ________ 
5 3 3  000 5 .726 _______________

22 .14.E 1 149 000 6,060
22 .17.D 15 12 .5 ~~7 000 5.Ir’s S 606 000
22 .19.0 435 000 5,u38 

______________

22 .29 .C 1 25:3 000 6.101
22 ,20.5 15 10 1 028 000 6.011 880 000
2 1 ,1.A 524 000 5,720 

______________

15 ~~~ t ~d 
_________ 

1 650 000

23,1.1< 29 658 000IJ 7,473U
23.l .N 15 5 14 184 00011 7.15111 ~l6 300 000
23.l.L 10 320 000U 7.01211 

______________

11 deno tes  unbroken  spec imen
F denotes specimen examined and reported upon for nature of

failure

- -~~ 

- 
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~U P U L E M L  ~~~~Y _ 1NVESTIGATI ~~N No.3 
69

I - \R1 N 5a o .—.~7T 1NT ERFI- IRENCE PIT PIN - PIN LOADED Re fe rence  F igure  5

0 . _ S  1t U S E - S t R E S S  SPECIMEN TYPE 4 8 3/ 16 d/ D = 1/4

Ic ~ted at Cambrid ge Uni v ersi ty
!esting M ach ine - 2 Ton Am s l e r  V i b r o p h or e , Speed 7500 c.p.m.
Range of loads to i n s e r t  p ins 165 to 305 lb

Stress leve ls -Specimen P e r c e n t a g e  
~t 

Cyc les  Logar i thm Geomet r ic
I d e n t i t ’ , to Cycles  to Mean

- S
m ~

S
a Failure Failure Cycles

12 .2.E 53 000 -4 ,920
12 .2.F 25  22 .5 40 (XII) 4,690 57 700
12 ,1.0 47 000 -4 ,671 

_______________

12 .2 .- I 936 000 5 .970
12 .2 .1 25 15 204 000 5 .309 329 000
12 .2 .0 187 000 5 .271 

_______________

12.2.1 11 580 000U 7.06111
12 .2 ,1 25 10 11 076 00011 7 ,045U >10 900 000
12 , 3,E 

_______ _______ 

10 017 00011 7 .00611 
_____________

12 .-+ ,1- ( 11 717 000U 7 ,On O [ T

l2 ,4 ,.I 15 12 .5 9 7 7  000 5 .9S~ >2 230 000
12 .—s .A 

_______ _______ 

955 000 5 .980 
______________

12 . 5 ,C 30 103 00011 7,4705
12 , 5 , A 15 10 12 270 00012 7,0595 >16 100 000
12.5. B 

_______ _______ 

11 520 000U 7. 05111 
_____________

IT deno tes  u n b r o k e n  sp ecimen

TABLE Sb 0 .60 f~ PRE-STRESS Re fe rence Fi gure  5

SPECIMEN TYPI- 4 B 3/1h d/~ = I l L .

Tested  a t  C am b r i d ge L r i v e r s i t y
T e s t i n g  Machine 2 Ton Am s i e r  V i b r o p h o r e  Speed 7500 r .p.m .
Range of 1oa~is to i n s e r t  p ins  120 to 225  lb

St ress  Leve l s
Specimen 

~ ~ 
Cycle s Logarithm Geometric

Identity ~~~~~~~~~~~~~~ t to Cycles to Mean
S~, ~S Fail ure Failure Cycles

l2 ,5. M 37 000
12 .5 , I 2 5  22 .5 ~~~ 000 .531 33 200
12 .5.F 

_______ 

29 000 .462 
_____________

12 .6,A 
— 194 000 5 .288

12 .6.17 25 15 112 000 5.049 125 000
12 .5,0 91 000

12 . 7.H 
— — 

1 189 00011 7.04811
l2 .7.A 25 10 2 778 000 6.444 >3 500 000
12 .7.G 

_______ ________ 
1 375 000 6 .137 

______________

12 .7.3 15 771 000U 7.19811
l2 ,8 .B 2 5  7 .5  14 230 00011 ~.l53t1 >13 500 000
l2 .,8.C 

_______ _______ 

11 102 01)011 7,045 11 
______________

12 .8 .J 11 022 00011 7 .04 21 1
12 ,5.L 15 12 ,5 4 906 000 6 ,691 >4 830 000
12.5.11 2 098 000 6.321

12,5.0 14 040 00011 7 .11s7U
12 ,-s .M 15 10 10 160 00011 7 ,00511 >7 750 000
l2 .9,D 

_______ _______ 
3 253 000 6 .513 

______________

12 .10.F 21 060 000tJ 7, 32411
12.10,0 15 ~‘.5 11 250 00011 ~.O5OU >13 450 000
l2 .10.E 

_______ _______ 

10 166 000U 
- 

7 ,00611 
______________

U den otes unbroken spec imen

— -- —--- -———. —~~~~~
---—-- - -.—-——- - — — — - —- - —s.-- —
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SI l > P L E ME hl AR Y 1 N \ l : sF 1 G A T 1  01 No • 3

T A R T  I- c 0.4~ /0 IN Fl-i-1FFRl-7 ~1 ’E FIT P I N  - [-‘IN LOADED R e f e rence Fi~~ure  5

C I  SIlENT CON tROt. TESTS I .e • n~ Un- c— load
SPEI VTSN i t - I - s 5 3 / 1 - 5 c l / U  1/ 4

l ’c s € d  a t ) a:: rid~ c I’ n i i c r s i  t~
T e s t i n g  ‘1a~~h in e  — 2 ion A r n s l e r  V i b r o p h o -e , Speed  771)0 r.p.m .

1a n i , ~c of I- - .~ is to in~ s i t  p i n s  — l i t )  to 200 lb

Specimen 
ct ress Te \e ~ s Cycles l ogarithm Geometric

- - 
ci - ~g - t to Cycles to Meanl u e n L i t -  

~~~~~~ ~t c - -

m — a F a i l u r e  F a i l u r e  Cy c l e s

1 2 .2 .5 22 , 5 Is 000 4 .2 04  l l ~ 000
12, 2 .5 I S  -s- ooo ~~~~~~~~~ —s -s 000
12. ( . 1 - 10 131 000 5. 117 13 1 000
1 2 • • 0 

____________ 
‘, 5 I 002 000 • 001 1 002 000

12 .0 .11 12 .5 1-.’) 000 5 ,172 149 000
1 2 , 9 .1< 0 165 1)0(1 5. 2 1 7
12 , 9 .3 15 j o  -~o 000 s .9 - 9  120 OO

l 2 ,1o .1 7.5 5 3—s 000 5. 2~ 534 000
12 .11.3 5 1 :~-~5 000 5 , 172 1 - 5 ~ 000

TABL E Ga 0, 75 f
~ 

55 1- 1—S nss s R e F e r ence  Fi g u r e  6

‘J ’T-lClJ-IEN IVU L 4 1) 9/ 32 cl /i ) =

ie sted at Cambri dgc- t i n iv c- n - c i

Tes t i n g  M a c h i n e  — 2 Fun Arns le r V i N r u p l u j  c - Speed 7500 r .p. m .
Range of loads t~o in sc r t pins 2s5 to —S’+O lb .

5tresg Te ’els
Specimen le rcent age 

~~ 
Cy c l e s  L o g a r i thm  Geomet r ic

Identity 
- 

- 
to Cycles to Mean

m -~-
5
a I-ai l ure- Failure Cyc les

2l .5.N 75 000
2 1 . 5 , E 25 2 2 . 5  55 000 4, 740 51 1)00
2 1. 5 .1< 31 1)00 4 ,40(1

21.6.1) 2 3s 000 5. 173
2 1 .6 .E 2 5 15 15 1 000 5. 25 7  1-+ -k 000
21 .1. 76 000 Ls , ’-sSO

2 1 .6.11 11 159 00011
21 .5 .5 2 5  h O  10 J 75 00011 7.006U >~ -s(S) (100
21. 6 .1 5 024 000 6,751)

21.14. I 10 2 75 00011 7.0125
2 1 • I L . • 1< 2 5 7 • 5 10 l~ 7 00011 7 , ) 10711 >10 200 000
2 1, 5 .0 10 1 1.0 00011 7,00611

21.7.1 1 15 2s9 1)001’ 7,ln~3U
2 1. 7 .8 15 12 . 5 10 2 2 9  1)001 7. 010 11 > 11 650 000
21. 7 • ’ , 10 171 00011 7. 00611

U de n o t e s  u n b r o k e n  sp e c i m e n

‘ -- -— — - ‘- - -- .~~~~~~~~-- — — ~~~~~~~~~~~~~~~~~ 
— - -- — - —-
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UP! E11t1:i \RY T~°:i 0TICATION No, 3
111 1-5 ;i- ’L I (II SIT PIN - PIN !OkDFD

T -Y-LE 5-~ 0. It f hisI — 7l l ,~~- -~ Fe fererce I- i~ ure ~

SPECIMEN (‘VI F -s 0 9 / 3 2  d / D  = 3/

Testid at Car ’Hd ~ c t ni vc rsitv
Fc~~tin~ Nac hi nc — 2 Ton \csler Vibrophore , Speed 7500 r .p.m .

l1 ari~ c of loads so insert p ins 2 5  to 440 lb

Sp ec ime n 
— 

Cycles  Logar i thm 
- 

Geometric

Identity ~ f ±~ 
Cycles to hear ’

- 

~m 
! — - a F a i l u r e  F a c l u r e  Cy c l e s

2 1 ,7.5 2 000 4.556
2 1 . 7 .F 25  22 .5  - -p 3  000 4 .633 51 000
21 . 7 .17 4 3 (60 —s , 633

21 . 7 .5 143 000 5. 16-1. -

21 , 7 , 5 25  15 143 000 5 .164 136 500
2 1.7.1 120 000 5.078

2l,7.N 1 118 000 6.0-.5 
- ______________

2 1.1-s .L 25 10 804 000 5. 905 555 000
21 .14 .11 224 000 5.349 

______________

21 ,8 .8 2 487 000 6 .394
2 1.8.D 25 7.5 2 171 000 6.336 1 925  000
2 l ,~ - .A 1 318 -000 6 .118

2 1 , 8. 1 1 1)01 000 6 ,001
2 1 .8.G 15 12 .5 816 000 5.912 750 000 -

21.8.5 5 J 7  000 5 .712
21 .8.1< 10 448 00011 ‘.019U
2 1 ,5.L 15 10 10 343 000U 7.01212 >10 300 000
21.8.11 10 166 0005 7.006U

U deno te s  unbroken  spec imen

T r S L I T  cc CURRENT CONTROL TESTS i ,e~ no Pr~ —load Reference Figure -

SPECIME N TYPE 4 D 9/32 d/D = 3/8

Tes ted  a t  Cambr idge  U n i v e r s i t y
Testing Machine — 2 Ton Arnisler Vibrophore Speed 7500 c . p . m .
Range of loads to insert pins 330 to 440 lb 

_____________

c ecime n 
S tre ss Leve ls  Cycles Logarithm Geometric

- 
Percentage 

~t to Cycles to Meanent ity S +S Failure Failure Cycles

25  22 .5 
____________ _________ 

70 300

2 1~ 6 , r~~~~ 
— 

1 326 000 5 ,51 3
2 1 .7. M 25 5 274 000 5,436 2 8 000

2 1 ,(.L 25 10 3 526 000 6 .546 1 280 00021 .7.0 46-5 000 5,670 
_____________

~l.7.A 25 7 ~ 
10 168 00012 7.00211 >3 660 00021.0.F ‘ 1 339 000X 6,l25X

15 12.5 
~~~~ _________ 

- >10 350 000

- 
15 10 20 387 00011 7 .30 711 >20 387 000

denotes unbroken specimen
- sp ec 1rn~in failed away from hole

- ~_-~~~~~~~~~~~~
- - - - - - ---



~LPPLL-1-TENTAR V ill EST 1CATION No~~
72 0.4°/ o I N T E R F E R E NCE FIT PIN - PIN LOADED
TABLE 7a 0. 5 f~ PilE- STRESS Re ference Figure 7

SPECIMEN FlUE -s 0 3/5 dID 1/2
Tested at Camb rid ge U n i v e r s i t y
Test ing Machine - ~ Ton Am~ ler ~ibrophore Speed 7500 c.p.m.
Range öi loads to Insert pins 1’~s5 to 460 tb

- - St ress Levels . -

~pecimen Percentage 
~t 

Cycles Logarithm Geometric
Identity to Cycles to Mean

____________ _______ 

±S
a Fail ure railure Cycles

22 . l ’ .D ~333  000 5 .801
22 .17 .0 2 22 .5 583 000 5 . 755 -4 30 000
22 .18. C 215 000 5. 332

22 . lv .C 1 627  000 6 .210
22 .l8 .L 25 15 522 000 5.718 728 000
22 . l A .H 454 000 5.656

22 .15 . 7- 16 -831 00011 7.22611
22 ,16.1’ 25 10 1 oll 000 6.206 >3 500 000
22 .19 . 5 1 595 000 6.202 

_______________

22 .19 .L lb 7Ff) 000U 7.273U
22 .19 .E 25 7.5 10 04-s 00011 7.00211 >8 660 000
22 .l9 .F 3 4Sf) 000 6.537 

______________

22 .25 ,0 21 170 000U 7 .326 11
22 .25.L 15 12 .5 10 000 000U 7. 00012 >8 230 000
22 .20.F 2 544 000 -5.420

22.20.J 14 888 000U 7.172U
22 .20 .5 15 10 10 445 000U 7.02011 >11 610 000
22 .20.1 

- 
10 1r ’7 000U 7.00311

U denotes unbroken specimen

TABLE 7b 0.60 f-~ PRE-STRESS Reference Figure 7
SPECIMEN 7YPE 4 1) 3/8 d/D 1/2

Tested at Cambrid ge lJnivs- rsit y
Test ing Machine - 2 Ton Psmsler Vibrophore , Speed ‘500 r.p.m .
Range of loads to insert p ins 290 to 485 lb

Specimen Stress levels Cycles Logarithm Geome tr ic
Identity 

Percentage 
~t to Cycles to Mean

S
m ~tSa Failure Failure Cycles

22 .21.F 1 545 000 6j90
22 .2 1.G 25 22 ,5 1 -1.20 000 6.151 790 000
22 .21.J 

_______ _______ 
2 2 c~ 000 5.347 

______________

22 .2 1.M 11 413 00015 ~.056U22 ,2 1,L 25 15 11 331 00011 7.053U >11 160 000
22 .2l.N 10 800 00011 7.03311
U denotes unbroke n speci men

TABLE 7c CURRENT CONTROLS i .e. no P r e - l o a d  Re fe rence Figure 7
SPECIMEN TYPE 4 D 3/ 8 d/ D 1/2
Tes ted a t Cambrid ge lJn i~— ers ity
Testing Machine - 2 Ton Amsler Vibrophore , Speed 7500 c.p.m.
Range of loads to insert p ins 320 to 440 lb

~
tress

~
Leve

~
s 

Cycles Logarithm Georn:tric

______ 

S
m ±Sa Fail ure ~ai1ure Cycles

22 :i5 :F 25 22 .5 10 145 0000 7.004U >2 940 000

22.18.N 25 15 21 890 000 7.340 >15 600 000
22.21 .0 

_______ _______ 
10 870 000U 7,036U 

______________

22 .l9.C 25 10 12 640 0000 7.IOOU >12 640 000
~2.20.B _______ 

7 , 5 11 093 000U 7.0450 >11 Q91 000
22.20.0 15 12,5 10 ~50 00013 7.0l~ U ~ 1o 350 000
22.2l .A 10 15 197 00013 7~ 180U >15 197 000

U denotes  unbroket i  specimen

— — —-——,-——.——-—-~~~~ ———-- ..— — - - _____
~~~~~ _-,~~~~

---- — — ---- ;— — —~ — — — — -- - 
—————-—---



SUPPLEMEN I\~ - 11 - H ft-H iON No .3
I-. 5~ 0, b~~/o INTERI ESLNC [r, (‘IT PiN — P 1’ LOADED Re f e r o n c e F~~~~~e ‘~

(( . 5 ft_~~~~
- ST1

~
E S  SPECIMEN TYPE 4 B 3/ 16 d/ D  = 1/4

ested at CamNriJ gc Ini — ersi t y
Testing ‘-tachine - 2 Ton AmsLer Vibr ophore , Speed 7500 c .p.m .
Range of loads to insert pins , 330 to 500 lb

- Stress Levels •Spec imen  Percentage__ft 
Cycles Logarithm Geometric

I d e n t i t y  to Cyc les to Mean
___________ 

S
m ~

S
a Fa il ure F a i l u re Cyc le s

12 .11 .A 53 000 4 . 724
12 .7 ,1) 25 22 .5 31 000 4.491 32 000
12 .7 . 7 

______ _______ 
20 000 -+. 30l 

____________

12 .l2.~1 1 012 000 6.001
l2 .12 .B 25 15 143 000 5.155 207 000
12 .12 .C -_______ _______ 

62 000 .792 
______________

12 .1 .- I 11 284 000U 7.052 15
12.1.5 25 10 - 11 061 00011 7.04315 >~ 100 000
12 .1.1 

_______ _______ 

4 272 000 6.630

12 .3.C 11 860 000U 7.074 15
12 .3,A 25 7.5 11 578 00011 .Oc 3U >11 300 000
1.2.l.L 

_______ _______ 
11 373 000U 7.05415 

______________

12 .s.N 12 028 000U 7,08112
12 ,4.1 15 12.5 11 710 00011 ~.01)8I >10 930 300
12 .2.C 

_______ 

9 241 000 6,965

12 .6.5 19 342 000U ~.285U
12 ,6,F 15 10 1— . 158 000U T .160U >14 800 000
12 .6.D 

_______ _______ 

11 560 000U .063U 
______________

U deno tes  unbroken  specimen

TABLE Sb 0.60 ~t PRE-STRESS R e f e rence Fi g u r e  8

SPECIMEN TYPE 4 B 3/ 16 d/ D = 1/4

Tested at Cambrid ge University
Tes ting Machine - 2 Ton Amsier Vibrophore , Speed 7500 c.p.m.
Range of loads to insert p ins. 330 to 485 lb

Specimen ~~~~~~~~~~~ Cycles logar ithm Geome tric
Identity to Cycles to Mean

m — a Fail ure Failure Cycles
12 .9.8 44 000 4.643
12 .9 .A 25 22 .5 40 000 4 .602 26 800
12 .7.F 

______ ______ 

11 000 4,041 
____________

12 .9.11 294 000 5.467
12 .9 .1 25 15 194 000 5 , 2-8 5 192 000
l2 .9 .C 124 000 5.093

l2 .12 .K 
- 

1 949 000 6.289
12 . 12 .L 25 10 1 281 000 6,106 1 160 000
12. 2,A _______ _______ 

s30 000 5,800 
_____________

12 ,2.8 10 507 000U .O2lU
12 .3.K 25 7.5 10 488 000U 7,02011 >5 500 000
12 .3. 3 

_______ - 
1 5ls 000 s , 180 

_____________

12 , 3. L 11 750 00011 7 .0691J
12 .3 .0 15 12 .5 11 083 000U 7.045U >5 820 000
l2 .3,M 

_______ _______ 
2 463 000 6.390 

_____________

9 . l l .A 
— 

15 198 00011 7.1800
9.ll.E 15 10 11 113 00012 7.04512 >12 250 000
12.5.G 11 061 000U 7,043U
U deno tes unbroken specimen 

— -
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SUPPLEMENTAR Y INVESTIGATION N o .3
0 ,8°/o INTERFERENCE FIT PIN - PIN LOADED

TABLE Sc CURRENT CONTROLS i .e. no Pre  b a -I  Re fe rence Fig ure 8
SPECIMEN TYPE 4 B 3/ 16 d/D = 1/4

Tes ted a t Cambr idge University
Tes ting Machine - 2 Ton Amsler Vibrophore , Speed 7500 r.p.m.
Range of loads to insert pins , 330 to 425 lb

Stress LevelsSpec imen Percen tage 
~t 

Cycles Logarithm Geometric
to Cycl es to MeanIdentity S +S Failure Failure Cyclesm — a

12 .12 .A 22.5 13 000 4.113 13 000
l2 , 1.G 15 92 000 4.964 92 0002512 .1.1< 10 250 000 5.398 250 000
l2 .3.B _______ 

7.5 872 000 5.840 872 000
12 .5.5 15 12.5 12 982 000U 7.112U ‘12 982 000
12 .7.E if) ii 541 00012 7.06012 >11 541 000

U denotes  unbroken specimen

TABLE 9a 0.75 
~t 

PilE-STRESS 
- Re fe rence Fi gure 9

SPECIMEN TYPE 4 D 9/ 32  d/D = 3/8

Tes ted at Camb ridge University
Tes ting Machine - 2 Tori Amsier Vibrophore , Speed 7500 r.p.m.
Range of loads to insert p ins , 500 to 800 lb

Stress Levels
Specimen Percentage ft Cycles Logarithm Geometric

to Cycles to MeanIdentity S
m 

+S Failure 1’ai lu r e  Cycles
21,9,B 94 000 4.972
2l.9.A 25 22 .5 76 000 4 , 880 75 000
21,9.C 59 000 4.770

21.9.1 277 000 5.442
2 l .9 .J 25 15 243 000 5. 385 248 000
2 1,9 .H 

_______ _______ 

227  000 5. 356

21 .9 .0 14 603 000U 7. 165U
21,9,N 25 10 2 143 000 6 .328 >3 650 000
2l .9 .L 1 559 000 6.191 

______________

21.10.C 19 628 00011 7.294 12
2 l , l0 .B 25 7 .5 11 275 000U 7.052U >13 150 000
2 l . 10.F 

_______ — 
10 287 000U 7.Ol2U 

______________

21 .10.5 6 008 000 6.783
21.10.1 15 12 .5 3 222 000 6.507 2 240 000
2l .10 .J 

_______ _______ 

579 000 5j~.2

21.lO.L 10 270 00011 ‘,012U
21.lO.M 15 10 10 159 00012 7, 0060 >10 200 000
2 1, 1O ,N 

______ ______ 

10 084 0000 7,002U 
____________

U denotes  unbroken specimen

— — -  - -—- -————- ..—. - - -.- -.- __ _ _ _ -,~z., ----—- -_~ - ---__--- -w-;~ —.~~~~~~~~ -



SUPPLEMENTAR Y INVESTIGATION No .3

O.8~ /o INTERFERENCE FIT PI N - PIN LOADED 75

TABL E 9b O.O f t PRE-STRESS Reference Figure 9

SPECIME:-: TYPE 4 0 9/ 3 2  d/ D  = 3/8

T e s t e d  a t  C a m N : i d ge U n i v e r s i t y
T e s t i n g  M a c h i n e  - 2 Ton Amsl er  Vibroptiore , Speed 7500 r.p.m.
Range of loads to insert pins , 5 f) to 715 lb

Stress Levels
Specimen Percentage 

~t 
Cycles Logarithm Geometric

Identity to Cycles to Mean
S +S Failure Failure Cyclesm — a

21.11.17 748 000 5.873
2l .ll.G 25 22 ,5 176 000 5.245 282 000
21.11.A 170 000 5,230 

______________

21.11.1 10 343 00012 7.01315
21 ,11.3 25 15 10 181 000U 7.00711 >6 550 000
21.11 .1 _______ _______ 3 063 000J 6.485J 

_____________

2 1.11.N 32 876 00012 7,51611
2 1 .12 .A 25 10 10 283 000U 7.Ol2U >15 100 000
21.11.0 10 179 00012 7.00712 

______________

2 1,12 ,E 10 634 000U 7.028U
2l.l2 .D 15 12 .5 10 275 000U .012U >10 350 000
2l ,12 .C 10 092 000U 7.004U 

_____________

U deno tes  unbroken  spec imen
3 denotes  failed at Jaws

TABLE 9c CURREN T CONTROL S i.e, no Pre-load Reference Figure 9

SPECIMEN TYPE 4 D 9/ 32 d / D  3/8

Tested at Cambr i dge  U n i v e r s i t y
Testing Machine - 2 Ton Amsler Vibrophore , Speed 7500 r.p.m.
Range of loads to insert pins , 560 to 800 lb

S tress l evels Cycles Logar ithm Geome tr icSpecimen Percen tage ft to Cycles to MeanIdentity S +5 Failure Failure Cyclesm — a

21. 11.5 25 22 .5 3 644 000 6.560 2 940 0002l .9 .F - 2 371 000 6,375 ______________

2 1.9.K 25 15 5 591 0003 6.745 1 4 050 0002l .ll .M 
_______ _______ 

2 9 3 ~ 000 ___________ ______________

2l .lO.A 25 10 10 437 00012 7, 02012 >10 250 00021 . 12 .B 
______ ______ 10 008 00012 7.00111 ____________

21. 10.17 25 7.5 10 425 000U 7. 01812 >10 425 000
21 .10.1< 15 12 , 5 19 737 000U 7. 295U >15 000 0002 l .l2 . F 

_______ _______ 
11 369 000U 7. 054U _____________

21.10,0 15 10 6 758 0001 6.8291 >6 758 000

U deno tes unbroken spec imen
3 denot es fa i led a t Jaws
I denotes specimen fractured at a line of an inclusion

and not at the p i n  hole .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



SUPPLEMEN TATY INVESTIGATION No. 3
76 O ,8°/o INTERFERENCE FIT PIN - PIN LOADED

TABLE lOa 0.75 
~~ 

PRE ST RESS Re ference Figure 10

SPECIMEN TYPE 4 D 3/8 d/D = 1/2

Tes ted at Camb r id ge Un ivers ity
Testing Machine - 2 Ton Amsler Vibrophore , Speed 7500 r.p.m.
Range of loads to insert pins , 640 to 825 lb

Specimen 
~~~~~~~ 

Cycles Logarithm Geome tr ic
Identity +S 

to Cycles to Mean
— a Failure Failure Cycles

22 .l3.N 13 658 000U 7.135U
22 .26 .5 25 22 5 11 142 00012 7.04612 >7 900 000
22 .l3. L ‘ 10 173 000U 7.005U
22 .13. 1 2 517 0003 6.400-1

22.23.3 15 504 000U 7.l9OU
22. 13 . 0 25 15 I l  490 000U 7.06011 >12 600 000
22.23 . 1< 11 293 000U 7.052U
22 .23 . N 31 970 000U 7.505U
22 .23.L iS 12.5 12 551 000U 7,O96U >16 000 000
22 .23 . M 10 110 000U 7,005U

U denotes unbroken specimen
J denotes specimen failed at Jaws

TABLE lOb 0.6O~~~ PRE- STRESS Reference Fig~ire 10

SPECIMEN TYPE 4 0 3/8 d/D = 1/2
Tes ted a t Camb ridg e Unive r s i ty
Tes ting Machine - 2 Ton Amsle r V ibrophore , Speed 7500 c.p.m .
Range of loads to insert p ins, 690 to 815 lb

Stress Levels
Specimen Percentage f Cycles Logarithm Geometric
Identity to Cycles to Mean

___________ 

.~
S
a Failure Failure Cycles

2 2 . 2 4. 8 12 158 000U 7.084U
22 .23 . 1) 25 22 .5 12 010 000U 7. 080U >11 650 000
2 2 . 24 ,C 10 802 000U 7. 03313

U deno te s unbroken specime n

NOTE
There were no current controls tested for this configura tion
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7’) S1’I~PI i51ENTAR ’ IN\i~STICATION No.5
TABLE I 3a PRE- OAUFI ) SP F C 1 M E~ F U S E !  FIT P I N  - PIN LOADED

S WITS PRE-LOAD
VALUES OF RATIO: 

~ WITHOUT PRE-LOAD FOR GIVEN ENDURANCE

MEAN STRESS = 0 .2 5f ~ 
____________________ ____________________

d/ D  1/4 3/8 1/2

P r e — s t r e s s  0 , 75 ft  0 .60 ft  0 .75 f t  0 ,60 ft  0 .75 f t  0 ,60 ft

Cy c l e s
3 x iü 4 1,50 1,20 1.18 0.95 0,95 0.90

10~ 2.03 1,~~ 1.49 1.17 0.80 0,76

3 x l0~ 2 . 35 1.65 1.83 1.45 0 .70 O ,~~5

10
6 

2.55 1.76 2.00 1,56 0.65 0 , 63

3 x l0~ 2,60 1 .~~4 2.23 1.75 0.78 0,73

lO~ 2.70 2,10 2,68 2.10 - -
x lO~ 1.5 1,2 1.2 0.95 0.95 0.90

I to to to to to to to

l0~ 2,7 2 .1 2.7 2,1 0,65 0.65

TABLE l3b MEAN STRESS = 0.15 
~t

d/ D 1/ 4 3/8 1/2
Pre - s t r e s s  0.75 ~t 0.60 ~t 0 , 7 5  ~t 0 .60 ~t 0 .75 ~t 0. 60 

~t

N
Cycles

3 x 1 04 - -  - - - -
5 C C

10 ,~~ ,~~ - 0 ,86 - 1.07
5 0 C.)

3 x 10 — 1.34 2.00 1.15
6 ~~ 4-’

10 - 1.-+7 1 .30 1.24
6 0 (4

3 x 10 H 0 0 3. 65 1,47 1.10 1.24

lO~ 2.~+ 1 .35 1.04 1.18

10~ 3,65 0.85 2 .0 1.05
6

- - at 3xlO

~~to 2.4 to to to

at 10’ 1,5 1.05 1.25 
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SUPPLEMENTAR Y INVESTIGAT iON No.4

TIlE EFFECT OF TRANSMISSION OF LOAD BY CLAMPIN G

INTRODUCTION

It is general eng ineering practice for structural joints with bolts i1~ shear —

as dis tinct from moving joints in a mechanism - to tighten the bolts against the

joint p la tes. The degree of tigh tening may va ry cons ide rabl y but is seldom

neg li gible. If it is con t ro l led  and main tained , the frictional forces thus

crea ted may be used to transmit some or all of the load applied to the joint.

A progranane of tests on specimens with controlled bolt pre tension giving

resultant clamping of the joint p la tes was therefore  evolved to assess the value

of the clamp ing.

2. NOTATION (Units are lb and inches throughout)

The following notation is taken from the Stage I report , and is app licable to the

presen t tes ts —

d = Nomina l

D = Width of parallel section of test specimen

= Average Tensile strength of plate material (from tests)

= Average 0.2°/o Proof Stress of plate material (from tests)

= Geometric Stress Concentration factor based on net area of cross

sec tion of tes t specimen

N = Endurance

5 Mean Stress on ne t area
m

S = Alternating Stress on net area associated with Sa m

t = Thickness of plate specimen P

—-.
~~~~~ - — —-  —

-



• 

• 

91

T il E TEST PROG R AMME

Test Specimens

The loaded p in f o rm of join t was chosen , using the shapes of the large type “B”

test specimen of Stage 1 , but with rounded ends. For details of the test

specime ns see Fi gure 1 of this report . Onl y one nominal size of pin hole was

chosen , namely 3/4 in diame te r , leading to d/D = 3/8 for all tests. The

ma te r i a l  of th e p late s was alumi nium alloy to British Standard Specification

L7 1 , as be fo re , but not from the same batch of ma terial as that used for all the

Stage 1 tests . A 3/4 in diameter B.S. S96 steel bolt was used instead of a

pla in  p in as in Stage 1 , and wi th  a s tandard mild steel washer in mos t case s ,

hu t in a few tes ts a spec ia l l y des i gned washer was used , with a l~ in

diame ter coun te rbo re on the fay ing surface (See Figure 1). The choice of a

relative ly large bolt was made to ensure an adequate clamping pressure , and the

special washer to increase furthe r the clamp ing area.

3.2 Bolt Pre—tension

Three groups of simila r specimens were made , each group having a different

degree of bolt pre-tension . The val ues chosen we re 700/0 , 850/0 and 1000/0 of

the O.2°/o proof strength of the bolt giving clamping loads of 29 600 Ib ,

36 000 lb and 42 300 lb respec t ive ly. For convenience in this report reference

is gene ra l l y made to the percentage bolt pre-tension s rather than to the actual

clamp ing loads. Some initial tests were made with a bolt pre-tension to only

400/0 of the bolt proof strength , bu t joint slip occurred at a very early stage

and so the minimum bolt pre-tension was raised to 700/0 for the main progranune.
(For furthe r comment see paragraph 5.2).

The prescribed amounts of bolt pre-tension were controlled by micrometer

measurements of bolt extension , to pre-de termined values obtained from

appropriate stress—strain curve s, derived from actual tests on nominally

identical bolt assemblies - see Appendix to this report. This procedure was

considered to be more accurate than that of inferring bolt tensions from

app lied bolt torque readings . However , the latte r method can be used if

preferred and Data Item 72022 give s relevant information.

3.3 Bolt Fit

-0.0002 inThe bolts were made to a tolerance of
-0.0007 in

The majority of specimens were manufactured with a push fit , the hole diame ter
+0.0007 inbeing 0,75 in -0 0005 in but a few specimens were made with a large clearance

fit , the hole diameter being 0.8125 in , i .e. 0.0625 in nominal clea rance on
diame ter. Care was taken during assembly by means of a jig to ensure that the

bol t was concentric with the hole in the plate .



92
For comparison , it may be noted tha t in Stage 1 of this research the push fit

tolerances were achieved by selec ti ve asse mbly to a standard of -40.0003 in, and
• -+0.004 in p

the clearance fit. specimens were to a standard of 
~~ 006 in’

3.4 Assembly Treatment

All specimens in Stage 1 were protected from corrosion during pre-assembl y

storage by a stri ppable lacquer and then wrapped in brown pape r , but on assemb ly

these we re removed and rep laced , prior to testing , by a thin coat of lano l in

grease.

The specimens used in the present investigation were manufactured , assembled and

tested under laboratory conditions without a time interval for storage. As far

as can be ascertained they were all degreased before assembly and then subjected

to one of the following treatments -

(a) left dry ,

(b) assembled with lanolin grease ,

(c) assembled with “Thiokol” tank sealan t between mating surfaces ,

and then painted overall with “Tl-’iokol” after assembly, or

(d) assembled with “Duralac ” primer between mating surfaces , and

then painted overall to standard aircraft requirements after

assembly.

3.5 Test Programme and Stress Levels

The tests were carried out by Messrs Short Brothers and Harland , Belfast , using a

20 ton Avery Schenck Fatigue testing machine , and testing at 2000 c.p.m.

Only one level of mean stress was emp loyed , name ly 14 000 lb/in2 , (earlier tests

at Sm 
= 12 000 lb/in2 had indicated that endurances would be beyond 1O7 cycles

in far too many cases). Al ternating stresses ranged from 11 000 lb/in2 down to

4 000 lb/in2.
-p

In general only two specimens per combination of stress leve l , treatmen t and

configuration were tested , as it was hoped that the variation in assembly

treatment would have a much smaller effect on endurance than would the ma in

feature of the tests , name ly clamp ing by means of bolt pre—tension . The results

proved this to be so. All the important variantsof the programme are summarised

in Table 1.

It may be noted that in the absence of a control test result on the particular

batch of L71 p late used for the se tests , it is not unreasonable for purpose s of

comparison wi th Stage 1 to assume tha t the value of 
~t 

for the plate is the

same as the average value used for the Stage 1 material , namely 69 400 lb/in
2,

This leads to the following values of S
m/f t 

and S5/f t 
(to tha nearest Q.005~.

— ~~~
;•- .—~~~ - . -~~~~~~ ~~~~~~~~~~~ — - - - — ~~~~~~~~ .1 ~

— I ~
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$

S = 14 000 lb/in
2 

(for all tests)

S / f t = 14 000h9 400 = 0.20 approximate ly

S 11 000 lb/in 2 

~a”~ t 
= 0,160

S = 10 000 lb/in 2 S /f = 0.145
a a t

S = 9 000 lb/in
2 S / 1 = 0.130

a a t

S = 8 000 lb/in
2 S / 1 = 0.115

a a t

S 7 000 lb/in
2 S / f  = 0.100

a a t

S = 6 000 l b/ i n 2 S / f  = 0.085
a a t

S = 5 000 lb/ in 2 S / f  = 0.070
a a t

S = ‘-~ 000 lb/in
2 S / f  = 0.060

a a t

4. RESULTS

4.1 The Tables

Tables 2. 3 and 4 present all the resulting endurances for tests on specimens

with bol t pre-tensions of 70°/o , 85°/ o and 1000/0 bol t proof strength

respective ly. Wi thin each table they are a rranged in the same orde r of

confi guration as listed in Table 1. I t should be no ted tha t it is onl y in the

group at 700/0 bolt pre-tension that specimens were tested in the two

configurations , numbers 5 and 8, i.e. Type 65004, push fit pin , and

Type 65006, clearance fit p in , both assembled with Duralac , and the special

washers. The tests in these two configurations were added at a late stage in

the prcgrame to augment the data already received .

In the majority of tests , the specimens failed through the section at the bolt

hole. Where this was not so, appropriate footnotes have been added to the

tables.

4.2 The Figu res

Graphical presentations of the results are given on the following figures.

Figure 2a shows the results of all the tests on specimens with push fit pins

and 70°/o bolt pre-tension , while Figure 2b shows the results for all the

specimens wi th clearance f it pin and 700/0 bol t pre-tension (Reference Table 2).

Figure 3a and 3b presen t similarly the results of all the tests on specimens

with 85°/o bol t pre—tension (Reference Table 3).

Fi gures 4a and 4b presen t the r e su l t s  of all  the tests on specimens with  1OO~ /o

bolt pre-tension (Reference Table 4).

. hI i~~~~~~~~~~~~~~~~~~ •~:: T~
- -
~ I:- :.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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In addition , each fi gure shows the i~~lev ant endurance curve s from S I a~~ I j u i

S
m / f t 

= 0.15 for both push fit pin , p in J ad e d  and for 0.4°/o inter fcaen ce fit

p in , p in loaded , in order that conIpari~ onI s i a y  he made with the pre~~cnt tests at

S / f t. 
= 0,20 (see Stage 1 , Appendix C . I?~~~~i r . s C .il and c. 12 ) .

Fi gures 5a , 5b and Sc g i~~- re-arranged inese n talions of all endurance c U r ’ . ( s for

th is supp lementary invest i gation , in urder t o  facilitate a better a pp l e c i a t i o l l

of the  re t a t  i ye n c r  i t s  of t he  t h r e d~ .~ re’ - (If ho! t . pre— tension and a I so of he

othe r v a r i a n t s  i n c l u d e d  in the  in ~ e s L i ~~s t io n .  ‘ he choice of g roup ing  of t he

curve s in th ese  l a s t  th r c  f i gu re s  ha s  ( ( n  ~~~) V (  m e d  e n t i r e l y by c o n s i d e r a t i o n s

of c l a r i t y  of p r e s e n t a t i o n . C u r v e s  a z t  d e n t  ~f i e d  by the  number of the

c o n f i g u r a t i o n  coup led wi th the  percenta~~ bol t  p . : - tension , e.g. 4 / 1 ( 1 ( 1 I E f ~~(C 5 Ef l t S

confi guration ~o .4 w i t h  1000
/0 bo l t  p I r . _ e l I i ~~ion . and c o n f i g u r a t i o n  ~ o .o is  lo t

spec imen type u~ O04 assembled with 1 )ur ala with a push fit p in and standard

washe r~

-i . Examination of Specimens

A selected number of specimens were dis tu antted and examined in detail in oider to

dete rmine the extent and location of f rctt in~~, the condition of the I )ti ralac wh f i .E

app l i ed , and to c o n s i d e r  the  i n f l u e n c  of  hese features on the endura nces

ach ie  ved.

Tab les  6a , 6b and 6c record  the e v i d e n c e  So found  f rom specimens w i t h  70
0

/0 , h5 °/ o

and 1000/0 b o l t  p r e -t e n s i o n  r e sp e ct i ~~~l~~.

Table 7 summarises the mean enduranc es for the various groups of these specimens

which were examined , and (
~u ot e s  r a t  l o s  of rriean endurance for comparisons be tween

diffe rent treatments , p in fits and degr~~~s o l clam p ing .

5. DISCUSSION OF RESULTS

5. 1 General Observations

A broad s t u d y  of Fi g u r e s  2a to 4h I f l C I U S I I . C shows that there are qu 1l ~ a number of

t e s t  specimens which  were u n b r o k e n  a t  10~ cy c l e s .  This  has led to a l i t t l e

d i f f i c u l t y  in d r awing  accu ra t e  e n d u r a n c e  c u r ~~~s in some ins tances .  l t  may be tha t

the op t imum choice of mean s t r e s s  f o t  t t i i s  l i m i t e d  i n v e s t i ga t ion  s h o u l d  ha~ e been

0.25 ~t i ,e . 17 400 l b/ i n 2
. On the o t h e r han d , the modern r e q u i r e m e n t  fo r  long

f a t i gue l i v e s  leads  to lowe r des i gn stresses than hitherto and O~20 ~t 
or

14 000 l b/ i n 2 mean s t r e s s  is no t  uncorrxnon , f o r  1.71 m a t e r i a l . However , e xpe r i ence

and a u n i f o r m  s tandard  of j u d g e m e n t  has p r o d u c e d  a reasonable  set  of e n d u r a n c e

curve s fo r  the t e s t  load ings.

- ~~~~~~~~~~~~~~~~~ * 
.
~~• . ‘~

.
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•
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The most importan t observation is that , whatever the degree of bolt pre-tension

(within the range considered) and whateve r the assembly treatment , all the

results of these tests y ield endurances vrry much greater than those for

specimens with unc lamped push fit p ins under the same loading , and s till

significant l y grea ter than the cor responding O.4°/o interference fit pin

confi gurat ion . It would appear therefore that a comparative cost effectiveness

exe rc i se , including the checking and maintaining of the bolt pre-tensions , is

justified before resorting to inte r ference fit p ins in mul ti—bo l ted joints , with

a hi gh degree of load transmission . It is realised of course that the majority

of all structural joints automaticall y incorpora te some bolt tightening , but

the resulting clamp ing effec t cannot be relied upon unless the degree of bolt

tightening is adeq uate and is con trolled and recorded , and then subjected to

subsequent periodic checks.

Notwithstand ing the above remarks , there are noticeable differences be tween the

endurances resulting from the three degrees of clamp ing and also from the other

variants , and all of these w ill be consider ed f ir s t , after which a more detailed

comparison will be made be tween the endurances for the clamped specimens with

the bolts at 70
0

/0  bol t pre-tension and the Stage I push fit and interference

f i t  j o i n t s .

5 . 2 Degree of Clamping (As indicated by bolt pre-tension ,

Reference Figures 5a , 5b and Sc)

Each cu rve presen ts the mean endurances ove r a range of al ternating s tresses
fo r a part icular configuration at a stated degree of clamping and the effect of
the variat ion of th is clamping is best described by the rela tive posi tions and
slopes of the endurance curves. To this end the following tabular statement is

g iven. The two columns of comment s describe the change s due to increas ing the P

bol t pre-tension from 70°/o to 85°fo and from 85°/o to lOO°/o ,

Increase of slope is c learly no t favou rable and probably indica tes excess ive
fretting.

- 
I :: ~~ 

— _________ -



9~)

Bolt
0 0 0

Pre-tension ) 70 /0 8 • /0 100 /o

Configura t ion
Numbe r,,j,

I ‘~o significant No sir-nifican t
change change

2 Small reduction Significant increase
of slope of e’ durance

3 Small reduction Sign if ican t inc rease
of slope of slope
Small reduc tion S ignificant increase
of endurance of endurance as S

a
decreases

6 Significan t Return to order of
inc reas e of sl ope end ur ance f or 700/0

bolt pre—tension

7 No significant No significan t
change change

NB

There are insufficient data for confi gurations ~os. 5 and ~ to enable simi i :’~r

comments to be made .

Reviewing the foregoing observations , it would appear that for this limited

range of tests , specimens with a clamping load equivalent to a 700/0 bolt pre-

tension generall y gave better resu].ts than those with either 85°/c or 100°/c.

Neve rth eless , it is log ical to assume that the clamp ing e f f e c t depends  upon o the r

factors besides bolt pre-tension , e.g. coefficient of friction , surface finish

or treatment , bol t head and/or was he r s i ze , and upon plate and washer

stiffnesses. Moreover only a few preliminary tests were made with bolt pre-

tensions less than 70
0
/0 bolt proof strength and althoug h 40

0
/0 proved to be too

low it could be that (say) 600/0 would  have proved in these tests to have been

optimum . It should be noted that the app lication of l00°/o bol t ’ p r€—tens ion

proved in practice to be extreme ly difficult to achieve .

Therefore the present test programme should not be regarded as a gene ra l

indica tion of the behav iou r of all types o f bol ted join ts , and in a particular

app l ication one would be advised to exp lore a range of clamp ing loads, and

varia tions of othe r physical characteristics such as those noted above , before

f inal i sing on the solu tion of the problem.

- - . - 
I — 

~~~~4. . .
~~~~~~~
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Assemb ly  Treatment (Re ference Figures 2a , 3a and 4a)

The relative merits of the four assemb ly trea tments are shown in these three

fi rti res for each of the t h r e e  bo l t  p r e — t e n s i o n s

Curves 1 - Dry

Curves 2 - Grease  to DTD 825

Cu r v e s  3 - Thioko l fuel tank sealant to DTD 900/4610

C u r v e s  -+ - l ) u r a l a c  to DTD 369 and painted to DTD 5555
ove rail

For these four confi gurations all other variables have been kept constant ,

(e.g. all are push fit with standard washers).

It is clear that Confi guration No.4 - Duralac assemb ly and pa inted ove rall - is

superior to all the others tested , and cons is tently so for all three degrees of

bolt tension . There is a sli ght element of uncertainty in regard to spec imens

assembled with Thiokol , pa rtl y because none were tested at alte rnating

stresses above 8 000 lb/in
2 

and partl y beca use prac tically all unbroken

specimens were not tested beyond LU
7 

cycles. Neve rtheless , there does seem to

be sufficient evidence to support the apparent greater slope of the endurance

curve s for this treatment , and therefore it must be regarded as slightly

inferior at low alternating stresses.

The greas ed specimens are gene -rally s l ightl y better , in terms of endurance , than

the dry ones , possibl y beca use o f reduced fre tt ing in the former. On the othe r

hand the greased specimens in general have endurances somewhat less than those

assembled wi th Duralac. Clea r ly, the greased specimens would in practice

require constant maintenance attention or they would soon degenerate to the

standard of the dry specimens and become increasing ly suscep tible to cor rosion.
In any case it is far more satisfactory to assemble with Duralac or an

eq uivalent prime r which meets the requirements of DTD 369 , and contributes

considerabl y to the prevention of corrosion .

5.4 Choice of Washer

5.4.1 Wi th Pus h Fit Pin ( R e f e rence Fi gure 2a)

The re is one stress leve l at which th ’ s comparison was made , name ly 14 000
+10 000 lb/in

2 fo r con f igu ra t ions 4 and 5 , bu t only at 70°/o bol t pre-tension .
Both groups of specimens were assembled with Duralac . The improvemen t in
endurance for fitment of the special washer at this stress leve l was In the

ra t io of about 2:1.

Al te rna t ive ly for a constan t endurance the alternating stress can be increased
0by a b o u t  15 /0 .

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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5.4.2 Wi th Clearance Fit Pin (Reference Figures  2b , 3b and 4b)

The re is more evidence of the effect of fitting the special washe r in this case ,

via configurations 6 and 7 which were for dry specimens but tested at all three

degrees of bolt tension . The improvement achieved for fitment of the special

washer was consistentl y good at all three degrees of bolt pre-tension .

Eva lua ting ave rage endurances ove r the range of Sa = 10 000 lb/in
2 

to

8 000 lb/in
2 

it can be said that the fitment of the special washer , with a

clearance fit p in , lead s to an improvement of from 4.1 to 8.1 on endurance at a

g iven stress , the ratios tending to increase with decrease of alte rnating stress.

Alte rnative ly, expressed as a improvement of pe rmiss ible S
a 

fo r a g iven

endurance , the improvement for fitment of the special washer ranges from 1.2 to

1 .5 at 5
a 

of the order of 10 000 lb/in
2
, to f rom 1.3 to 1.75 at Sa 

of the

order of 8 000 lb/in

Thus in special cases the extra cost of a specificall y designed counterbored

washe r is justified , particularl y in conjunction with clearance fit pins.

5.5 Comparison of Pin Fits (Figu res 2a and 4b inclusive)

5.5.1 With Dry Assembly and Standard Washer

Configura tions 6 and 1 at all three levels of bolt pre-tension provide a

reasonable amount of data for a comparison to be made .

From Figures 2a and 2b (700/0 bolt pre-tension) the clearance fit produces

marg inally greater endurances than the push fit over the whole range of

al ternating stresses tested.

From Figures 3a and 3b (850/0 bolt pre-tension) the :learance fit is somewhat

superior in endurance above S
a 

= 8 000 lb/in
2 but infe rior below 8 000 lb/in2

due to the s teepness of curve 6.

From Figures 4a and 4b (lOO°/o bol t pre-tension) the clearance fit is 5

approxima tely eq ual or marg in a l l y inferior in endurance compared with the push

fit pin.

Bearing in mind the scatter of results it cannot be claimed that the standard

of pin f it make s a significan t di f fe rence to the resul ting endurances , when used
with a standard washer and dry assemb ly.

5.5.2 With Duralac Assembly and Special Washers

The special coun terbored washers were introduced into the test progranine in order

to ensure maximum load transmission due to cla~itp ing when a clearance fi t pin was

employed. Unfor tunatel y there a re only two sets of results in this configuration

which enable a comparis~~ of p in fi ts to be made i.e. Confi guration s S and 8 at

70°/o bolt pre- tension . (Figures 2a and 2b).

I 
—____  — -- 

— — —
~~~ .- 
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h i t clearance fit mean endurance (at 10 000 lb/in
2 a l t e rna t ing s t ress )  is 40°/o

gr eate r than that for the push fit pin. Bearing in mind the in heren t sca tt er

p r e s e n t , t h i s  is  n o t  a large  increase  b u t  could be wo r th whi le  in special cases.

In general there fore , the fit of the bolt does not have a significant influence

upon the endurance , but when combined with a special counterboard washer the

clearance fit does g ive some advan tage , p resumabl y due to the grea ter load tha t

is tran smitted by c l am p ing .

5.6 Evidence from Examination of Selected Specimens

Firstl y, it was obse rved tha t for all the specimens which had been assembled

with Duralac , the Duralac was still li quid  when the specimens were disman t led .
Nevertheless , when the inspection was carried out 7 -8 days later , it was dry

and set . The li quid state was reassuring and no doubt due to the efficient

overall painting of the joint .

Reviewing the evidence g iven in Tables  Ga , 6b , 6c and 7 leads to the following

observa tions.

(1) There was hardl y any fretting in the bore of the bolt holes but

some deg ree of f re tt ing occur red on the faces of almos t every

specimen examined. The fretting on the specimens treated with

Duralac was generally (with one exception) only light to

modera te , whe reas abou t one half of the specimens assembled

dry showed some heavy fretting. For the Duralac treated

specimens the endurances tended to be inverse ly propor tional

to the degree and/ or  ex ten t  of the f r e t t i n g .  (Specimens ,

order numbers 2, 3 and 4 , also 8 and 9).

(ii) Several of the specimens did not fail in the test area , bu t in

the reg ion of the gr i ps , or sometimes the primary failure was
in one of the side p la tes , followed by failure of the specimen.
In these cases it was observed that the degree of fretting at ,

or to the rear of the bolt hole , was often ligh t or moderate.

(iii) From the comparisons associated with Table 7 the indications

are tha t in te rms of endurance -

(a) Duralac treatment is superior to dry assembly.

(b) When the special washer is used , the re is generall y no t a
great deal of difference be tween the use of a push fit pin and

a clearance fit pin , al thoug h specimen order numbe r 8 with a

clearance fit pin is particularly good .
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( c )  Othe r v a r i a n t s  be ing  cons tan t , 850/a bolt pre—tension is inferior

t o 70°/c b o l t  p r e — t e n s i o n .

( d )  O t h e r  v a r i a n t s  be ing  c o n s t a n t  1000/0 bo l t  p re - t ens ion  is s u p e r i o r

to 1)°/o b o l t  p r e - t e n s i o n  ( b u t  see paragraph 5 .2 ) .

In gene ra l  these  l a t t e r  obse r v a t i o n s suppor t  those a l read y deduced f rom the

t ab les  and g r a p h s  of the f u l l  results.

).7 General Comparisons be tween Clamped and Unclamped Joints (Figures 2a

and 2b )

having discussed the comparativel y mode ra te d i f f e rences be tween one conf iguration

and anothe r (all the clamped joints ) it is appropriate to return to the earlier

observation of paragraph 5.1 , name ly tha t a l l  the clamped join ts are significan tl’

superior in endurance to those which are not clamped , such as are tes ted in

Stage 1 of this  resea rch , fo r i t w i l l  be remembe red , all Stage 1 specimens were

assembled with p la in  p ins so tha t the re could be no clamp ing.

The re is mo re evidence avai lable  in thi s inves tigation for specimens with a
clamp ing load equivalent to a pre-tension of 70

0
/0 of the O.2°/o bol t pro o f

strength , and therefo re this group alone wi ll  be anal ysed.

Table 5 presents comparative endurances for the present clamped specimens , and

for those of the corresponding specimens of Stage 1 for loaded pu sh fit p in and

for 0.4
0
/0 interference f i t p in joint configura tions. The Stage 1 endurances

are interpolated from the curve s given on Figu res 2a to 4b inclusive for

S
m 

= 0.25 
~t 

and 0.15 
~t ,  since the tests of Supplementary Inves tigation No.4

were a l l  ca rr ied ou t fo r S
m 

= 14 000 lb/in
2 

= 0.20 
~t. 

The comparisons are

made for al terna ting stresses of 10 000, 8 000 and b 000 lb/in
2
.

The rela tive magni tude of the imp rovemen t in end urance for  the clamped join t over
the unclamped joi nt is also g iven in Table 5 in rela tion to bo th the pus h f i t p in

and to the 0.4
0
/0 in terference  f i t p in specimens of Stage 1. The improveme n t is

expressed as an “End urance In cr ease Ra tio ’ wh ic h may be def ined as the ratio of:-

Endurance of clamped joint
Endu rance of lJnclamped Joint

W hen compa red wi th Stage 1 push fit pin specimens (greased), the endurance
increase ratio for dry clamped joints ranges from about 9 at 10 000 lb/in

2

alte rnating stress to about 150 at 6 000 lb/in
2
, but if the clamped joint is

given special assemb ly treatment , such as Dura lac , and painted overall , the

endu rance increase ratio ranges from the orde r of 40 at S
a 

= 10 000 lb/in 2 to

a t leas t 250 at  S
5 

= 6 000 lb/ in 2. Further improvements are obtainable if a

clearance f i t p in combined with a specia l coun terhored washer is used.

______ 

. 

I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 7J
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~o r r c  s p e n d i n g  c om p a r i s o n s , h u t  w i t h  a g reased 0.4
0
/0 inte r ference fit pin

(ti nclamp ed ) lead to more mod est endurance increase ratios of the order of 2.5 at

Sa 10 000 l b / i n 2 
to about 11 .5 at 

~
‘a 6 000 lb/in

2 
(dry) but if assembled

i;i til Do r a  l a c  and p a i n t e d  ov r a i l  , these  r a t i o s  reach the o r d e r  of a t  l eas t  10

at S = 10 0(X) [h/in
2 

and approximate ly 20 at S
a 

= 6 000 l b / i n 2 . Again , i f

a C lC-I1 otl f i t  p in combined with a special counterbored washe r is used still

f u r t  i t  imp r o v ( r ~t n :  in end ti r a n c e  i s  a c h i e v e d .

I , (~()N(:t [IS 1U~

The 51 opt  o f  1h test p rug  aritne repo i-t e d  he r e i n  i s  somewhat  l i m i t e d , b u t  i t

w o u l d  a p p e a r  t h a t  l a r R e  i n c r e a s e s  of  e n d u r a n c e  a r e  o b t a i n a b l e  i f  controlled

j o i n t  c I a m p i n ~ by m e a n s  of  b o l t  p r e - t e n s i o n i n g  i s  emp l o y e d .  The a c t u a l

e n d u r a n c e  i n c r e a s e  r a t i o ’~ o b t a i n e d  ~ar y  c o n s i d er a b l y w i t h  the m a g n i t u d e  of

the app l i e d  a l t e r n a t i n g  s t r e s s , bein g greatest for low alternating

stresses (order of ~ 0O() lb /in
2 

and under) and least for hi gh alternating

stresses (orde r of 10 000 lb/in
2 

oi more ). Some additional endurance may be

achieved by the use of a special count erbored washe r , combined with a clearance

fit bolt . (See paragraph 5.7 and Table 5).

The us~ of Duralac to DTD ~69 followe d by painting ove rall gave the greatest

endurance of all the assembly treatments tested in this investi gation . Thi oko l

fue l tank sealan t came next in order , wi th grease somewha t below this and the

d ry joint lowest of all , oth -r variants being kep t cons tan t ~see Tables 2 to 4

and F igures 2 to 5).

Whe re app l icabl e , the detailed examination of selected specimens , f o l low ing

f a i l ur e , supports t riC foregoing conclusions (see Tables e and 7).

In regard to the degree of clamp ing, the evidence of this test programme

suggests tha t clamping to the equivalent of a bolt pre-tension of 70°/o of

the 0.2°/u proof strength of Iif bolt was preferable to either -cS°/o or 10O°fr~.

A few tests with c lamp ing to the equ ivalent of onl y 400/0 bol t pre-tens lon led

to excessive sli p, but It could he that some value be tween c+0 °/o and 70
0

/0

would have proved more advantageous In these particular tests .

The e f f e c t i v e n e s s  of t h i s  m e t h o d  of i n c r e a s i n g  the  e n d u ra n c e  of a j o i n t  i s  a l s o

l i k e l y  to be d e p e n d e n t  upon a numbe r of o t h e r  features , such as p la te  and washe r

s t i f f n e s s , b o l t  head and washer  s ize , c o e f f i c i e n t  of f r i c t i o n  and s u r f a ce

treatment . There fore the p r e s e n t  t e s t  programme should  not  be regarded as a

genera l I n d i c a t i o n  of the  behaviour of a l l  types of bo l t ed  j o i n t s , and In a

particular application one would be advised to explore a range of clamp ing

loads, and other physical characteristics such as those noted above , be fore

b
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f i n al i s i n g  on t hl( solu tion of the problem. Consideration must also be g iven to

ensuring that the clamp ing forces are maintained throughou t the life of the

joint.

F

p 
•1- ’
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SUPPLEMENTARY INVESTIGATION No.4

TA.BLE 2 ENDURANCES AT 70°/o BOLT PRE-TENSION R e f e r e n c e  Fi~ urc 2a

FOR ALL TYPES OF SPECIMEN

All .it Nlean Stress , S = 14 000 lb/in
2

m (= 0.20

Specimen
Stress to Cycles to Mean

Al te rna ting Cycles Logarithm Ge .netric
Identity +S l b/ in2 Failure Fa i lure Cycl es C

1. Type 65004- Dry, Push Fit Pin, Standard Washe r
K 2 8 5 C  8 000 1 671 600 6 .222 

}‘ I 568 000
28 .5 .A 8 000 1 471 500 6 .167
28.7.A 7 000 4 234 100 6.624 -4 2 3 4  100
2~~.5.E b 000 10 000 000tJ 7. 000lJ >10 000 0(X)
28 . 3.B -i 000 10 000 000U 7,000W ]— >10 000 000
28 .5 .D ~.+ 000 10 000 000W 7.00011 

____________

2, Type 65004 - Grease , Push Fit Pin , Stindard Was h r
45 .6.13 ~ 000 3 615 400 6.558 2 570 0008 000 1 829 400 6 .261
~ 5 .5 .0 7 000 8 600 000 6.935 5 866 100
45 .6 .A 7 000 4 000 700 6 , 603

6 000 10 000 000W 7.00011 
}

>io 000 000-i5 . 5. C 6 000 10 000 000W 7.000W

3 . Type 65004 - Thiokol , Push Fit Pin , Standard Was her
2~~.4.B 8 000 3 394 300 6 .530 

]— 3 298 0002i, .5.E 8 000 3 173 200 6 .500
2t .6.B 6 000 9 285 000 6.966 ‘i— 7 224 000
26.6.1- . 6 000 5 621 900 6.750
26 , 6 , C 4 000 10 000 000W 7.000W 

F> i o  000 000
2 ~+ • 7 • C 4 000 10 000 000U 7, 000U 

_____________

4 . Type 65004 - Duralac , Push Fit p in, Standard Washe r
43 .3. D 10 000 2 412 000 6 .381 

~ 062 0(X)
43 . 2 .D 10 000 1 763 400 6 .246
4 3 .4 , B 8 000 7 970 000 6 .902 

J— 5 883 000
~e 3 .4 .C 8 000 4 343 000 6 .637
43 .4. A 6 000 10 000 00011 7 ,00011 

)->lo 000 000 -I
43. 3 • A 6 000 10 000 000U 7, 000W 

_____________

X45 ,8,fl 10 000 6 440 8O0~ 6,809.
~~~ Type 

6J0
4 - Dura lac .  P 1sh Fi t  Pin. S1ecial ~~~ch’~

X 2 8 9 B  10 000 3 948 600SJ 6 .597SJ
10 000 3 274 900SJ 6 .5 15SJ 

367 20()

(Table 2 continued on next page )
U - denotes unbroken
+ specimen failed f r o m  f r e t t e d  area
S one s ide  p l a t e  f a i l e d  from f r e t t e d  a r ea

specimen dismant led  and examined a f t e r  f a i l u r e
.1 specimen f a i l e d  in g r i p area
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SUPPLEMENTAR Y. INVESTIGAT iON No ,4

TABLE 2 ENDURANCES AT 70°/o BOLT PRE-TENSION Re ference Figure 2
(cont.) FOR ALL TY PES OF SPECIMEN

All at Mean Stress , S = 14 000 l b/ i n 2 = 0.20 fm t

Specime n 
Al~~~~~~~ing Cycles Logarithm Geome tric

Iden tit to Cycles to Meany 
.±Sa 

l b/ i n 2 Failure ~Fai1ure Cycles
6, Type 6 5005 - Dry, Clearance  F i t  Pin, Standard W~ sher

8 000 2 657 000 6 .426 IT- 2 418 000
46 , 2 ,8 8 000 2 185 000 6 .339 ~J46 ., 2 .A 6 000 10 000 000U 7 .000U f>lO 000 000

46 .1 , !) 4 000 10 000 000W 7. 000U 11>10 000 000
46 .l .B 4 000 10 000 000U 7. 000W (1
7. Type 65006 - Dry, Clearance Fit  Pin, Special  Washer
46.6,B Il 000 2 513 30O~~ 6 .400$~, 2 513 300

10 000 5 370 000 “ 6.730
10 000 3 175 000SU 6.500SU ->2 950 000

‘
~46.7.A 10 000 1 511 200J 6.l78J
46 .5 ,D 8 000 10 000 000U 7. 000U
4u ,6 ,, C 8 000 10 000 000W 7. 000U 0

8. Type 65006 - Duralac, Clearance Fit Pin, Special Washer
44. 6 ,B 10 000 12 257 900ti~ I 7.088tJØ~ fr

‘~44. 6 ,C 10 000 7 792 900S~
2j  6 .890S$~ Jfl’ >6 120 000

M 4 4 6 D  10 000 2 397 900F14 6.379F$4 ~J____________

U denotes  unbroken
S denotes specimen f a i l u r e  in the sideptates

denotes sl i pp ing occurred at 811 300 cycles

~ 2 s l i pped a f t e r  2 242 300 cycles

$3 slipped after 3 160 000 cycles
$
4 

slipp ing occurred during first few minut.es

F Fretting occurred at point of failure
x Specimen dismantled and examined after failure
J Specime n failed in gri p area

p

— - -—  a

-~~ ~~— ~~~~ - • l’ ” ’d  - - — - 
- _ _

~~~.
_
-~% . - - - ,.
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SUPPLEMENTARY INVESTIGATION No .4

LA B LE ENDURANCES AT i~5°/o BOLT PRE—TENS ION Refe rence Fi g i i r  ~~i

FOR ALL TYPES OF SPECIME N

A l l  at Mean Stress S = 14 000 lb/in
2

IT)

AtternatTng 
— 

Cycles Logari thm Geometric 
-

Specime n stress to Cycles to Mean
Ide ntity 

±~~ lb/in 2 Failure Failure Cyc l es

1~ Type 65004 - Dry , Push F i t  Pin 1 Standard Washer
28. 2 .E 8 000 4 139 000 6 , 6 16 

}, 3 155 00()
28 . 1 .!) 8 000 2 41 1 000 6 , 382
2 ’i .l . 1’~ 7 000 2 693  40() 6 , 430 2 693 400
28 .1 • C 6 000 10 000 00011 7 .000tJ >10 000 000

2~ Type 6 004 - Grease , Push Fit Pi Standard Washer
000 1 85! 000 6.267 

]_ 
1 609 100

45 .4 .D 8 000 1 732 000 6 , 239
4 5 .2 .C 1-~ 000 1 299 200 6.114
45 .5 . A 7 000 10 000 00011 7,00011
45.4.13 7 000 10 000 00011 7.00011 ~ >10 000 000

~5.4.C 6 000 10 000 000(1 7.000(1 >10 000 000

) .. Type 6 004 Thioko l , Push Fit Pin. , Standard Washer
2L. .3. C 8 000 3 099 700 6,4~0
2 4 . 3 .D 8 000 2 647 100 6 , 4 22  ~ 2 ~~ 1 000

24 . 1, !) 6 000 ~1 499 800 6 .9 7 7  5 184 500
6 000 2 828 800 6 .4 5 2

24. 3.A 4 000 10 000 DCXIII 7.00011
26 . 7. C 4 000 10 000 000W 7 .000W ~ > 10 000 000

4. Type 65(X)4 - Duralac , Push Fit Pin , Standard Washe r
4 3 .2 .A 10 000 1 508 60() 6 .179
43 . 1.D 10 000 1 281 MOO 6 .107 ~~ 1 ~8I 00(1

41 ,2 ,C 8 000 4 981 400 6 .697 } 4 9/~ 800
4 ~.2 .B 8 000 4 916 M ( X )  6 .692

• 1 , B 6 000 10 000 00011 7 , 00013 > 10 000 000
3 .1 • C 6 000 10 000 000(1 7.00013

((able 3 continued on next page ) -

U denote s unbroken

There is no specimen ~o.5 in this group

--~~ -~~~-~~~~~~ 
‘
~~~~~~~ 

-
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SUPPLEMENTAR Y INVESTIGATION No.4

TABLE 3 (Contd.) ENDURANCES AT 85°/o BOLT-TENSION Reference Figure 3b

FOR ALL TYPES OF SPECIMEN

All at Mean Stress S = 14 000 l b/ i n 2 = 0.20 fm t

Specimen 
Alternating J Cycles Logarithm Geometric

- 
Stress to Cycles to MeanIden tity -f-S 1b/ in 2j ~ 

F a i l u r e  Fa i l u r e  Cycles

~~~~~ Type 6 500 7 - Dry, Clearance Fit Pin ,  Standard Washer
27 . 1.E 8 000 3 165 000 6.500 

~~~2 969
27.2.B 8 000 2 786 400 6 .443 000

27. 1.C 6 000 7 983 400 6 .901 6 216 0002 7 , l .B 6 000 I 841 700 6~ 685
27 . 2 , C 4 000 1’) 000 00011 7,00011 >10 000 000

7 . Type 6 5006 - Dry , Clearance F i t  Pin , Special Washe r

,~46.4.B 10 000 10 000 000U 7.000U 1->4 650 00046.4.C 10 000 2 170 800S 6 .335S 1
“46 .5.A 9 000 4 466 600B 6 .650B 3 474 700K 46 S B  9 000 2 703 000A 6~ 43OA
46.4..) 8 000 10 000 00013 7 .000W L8 570 00046 , 4 ,A 8 000 7 308 300 6 .864

tJ deno tes unbroken
S denotes pr imary  f a i l u r e  through one side p la t e  and

secondary failure through three joint p lates
A denotes specimen cracked through three joint p la tes
B denotes  f a i l u r e  in specimen one inch from centre of hole
~ Specimen disman tled and examined afte r failure

NB

There is no specimen No.8 in this group

I -_______~ - —---—-—--~~~——•.,~~~~~~~~~~~~~~~~ — .____,__ —5— — - -—- —~~~~~ -- - — — -—5-
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Su PPLE M ENTARY INVESTIGATION No • 4

‘I’ABLE .+ END UR AN CES AT 100°/o BOLT PRE-TENSION Reference Figure 4a

FOR ALL TYPES OF SPEC 1MEN

A l l  at  Mean Stress S = 14 000 lb/in
2 = 0 .20 f

In I

Stress to Cycles to Mean
Spe c ime n 

-I 
Alt .e rnating Cycles Logarithm Geometric

Ident ity 
lb/in 2 Failure Failure Cyc les

I, Type 6 5004 - Dry, Push F i t  Pin, Standard Washe r
2 l~,M .B 8 000 2 206 500 6 .344 1
2 % .-M .C 8 000 1 839 100 6 .264 j— 2 015 000

K 2 8 7 C  7 000 8 345 400A 6 .92 1A 1
6 324 000K 2 8 7 ~~~~ 7 000 4 792 800A 6 .67 5A

28 .8. A 6 000 10 000 00011 7. 00011 
~~>11 550 00028.7.E 6 000 13 248 800AB 7. 122AB i

2. Type 65004- Grease, Pu h F i t  Pin, St !ndard Wuh~;
~5 .7 .D 10 000 1 388 200 6 .143 

~ 1 104 5005 .6 .1) 10 000 878 600 5.944 ~
45 .7.A 9 000 1 753 900 6.243 L 1 590 600
45.7.B 9 000 1 442 600 6 .160 I
45. 8.B 8 000 10 000 00011 7 ,000U >10 000 000

7 000 10 000 00011 7, 000U >10 000 000

3. Type 65004 - Thiokol, Push Fi t  Pin , S tandard Washe r
26.9,D 8 000 4 233 900 6.626 r 3 795 00026 , 2 .D 8 000 3 417 600 b .533 .1
42 .6 .!) 6 000 ~ 617 100 6 .936 

~ .

2 7 .9 .!) 6 000 5 318 000 6 .726 ~ 
6 768 700

26,9,.E 4 000 10 000 000U 7.000(1 1,,
26.4.D 4 000 10 000 00011 7. 0000 ~~> lO 000 000

4L Type 6 5004 - D u r a l a c ,  Push F i t  Pin , Standard Washer
45 .9 .D 10 000 3 306 300 6 .520 2 183 90045 .1 .C 10 000 1 442 800 6 .160 J
43.4.D 8 000 10 000 000W 7. 0000 1 >8 812 50045 .l .B 8 000 7 765 000 6 .880

5,45 .9 ..A 6 000 10 000 000U 7 . 00011 
}>-1o 000 000

45 , 9 .C 6 000 10 000 00011 7 .000U

(Table 4 continued on next page)
U denote s unbroken
A denotes specimen cracked through 3 joint plates and

both washers
B deno tes  c r a c k  obse rved  a t  .~~ 500 000 cycles

The re is no specimen N o.5 in this group.

~ Specimen dismantled and examined after failure
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SUPPLEMENTARY INVESTIGATION No • 4
TABLE 4 (Contd .) LNDIJRANCES AT lOO°/o BOLT PRE-TENSION Re ference Fi gu re  4b

FOR ALL TYPES OF SPECIMEN

A l l  a t  Mean S t r e s s  S 14 000 l b / i n 2 = 0 .20 f .m t

Alternating Cy c l e s  Loga r i t hm GeometricSpecimen Stress to Cycles to Mean
~~dentity +S lb/in 2 Failure Failure Cyc les

6~ Type 65005 - Dry, Clearance 1 - i t  Pin, Standard Washe r
46.2.D 8 000 1 996 800 6 .29 5 

788 000
8 000 1 603 3O0~ 6 ,2O5~

4u .3. D 7 000 196 100A b ,9 12A 
}- 4 462 700

46 .3. C 7 000 2 430 000 h~~ 185
46 .3. B 6 000 10 000 0001.1 7. 00013 } >8 468 0006 000 7 170 000A 6 , 855A

7~~ Tvoe 6 006 
— Dry , C lea rance  Fi t , Sp ecia l  Washer

K 4 6 8 ! )  10 000 4 240 700A 6.627A
46 , 8 .A 10 000 1 821 000 6 .260 } 2 779 800

46 .7 .B 9 000 6 977 000 6 .84 3 6 977 000
46 .8.C 8 000 10 000 00011 7. 00011
4 6 8 .B 8 000 9 629 000 6 .984 }> 9  ~~ 2 800

46 , 9 .B 6 000 10 000 00011 7.00011 >10 000 000

U denotes unbroken
$ denotes slipping a t 800 000 c y c l e s  and load on

specimen r e q u i r e d  a d j u s t m e n t
A denotes specimen cr-’ked through three joint p la tes

There is no specime n No.8 in this group.

x Specimen dismantled and examined after failure
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t i l ( ’l EMEN T ARY I N \ - E S F I C A T I O N  No .4

I A N L i - . - ~0MP A RL~;O~ OF 1-:NDIJR AN CES - CLAMPED JOINTS ( SUPP LEM E~ITAR Y INVESTIGATION

04) R N C [A M P E D  JOINTS ( STAGE 1)

B O L U  ‘Ri - .- l I - ;N s l o N  = 700/0 of O .2 °/o BO 1~T PROOF STRESS

I- I~ I oA!)1- : I)

Condition
’ 

~~(lb /in
2
) — 14 000

8 ( 1  b/  1fl~~~) 
— 

10 000 8 000 6 000

Confi gurat ion

-E ~ Push Fit Pin Fndurance~~ 45 000 65 000 117 000
Grease

~.4
0/o $

Int erferenc: e Fit Rndurance 150 000 320 000 1 550 000
Pin Crease

Type 65004 Endurancer 400 000 1 550 000 18 000 000
1 Dry , E.I .R . ,P.F2~ 8.9 23 . 8 154

P .F .P in , Std .k- . E .I .R . , I .F~~ 2 .65 4 . 85 11 .6

Type 5004 Endurance 650 000 2 550 000 22 500 000
2 Grease  E .I .R ., P .F • 14. 4 39 .3 194

P.F.Pin .Std .R E •I,R ,,I,E• 4.33 7.95 14 .5
TyPe 65004 E n d u r a n c e  1 750 000 3 000 000 7 200 000

3 Thiokol F.I.R ,,P.F, 38.8 46.2 61.2
P.F.Pin ,Std .’.~ I .I.R .,I.F. 11.7 9.35 4.65

— 

Type 65OO~ 

— 
Endurance 2 000 000 5 600 OO() ‘30 000 000

4 Duralac E ,I.R .,P.F. 44 .4 86 .0 >256
z —‘ P.F.Pin ,Std .W E.I.N . ,I.F. 13.3 17.5 >19.4

Type 65004 Endurance 4 370 000 - -

~ 
Duralac E,T .R ,,P.F~ 9~~.0 —

— ~~~~~~ Jashe r E.I.11.,I.F. 29 .2 - -

—4 Type 65005 Endurance 600 000 - 2 400 000 >30 000 000
6 Dry E.I.R .,P.F• 13.3 3 7.0 ~256
‘~C,F,P in ,Sr d iv E.I.R .,I.F, 4.0 .5 >19 .4-f 

Type 65006 E n d u r a n c a  3 550 000 22 500 000 -

7 Dry E .I .R . , P .F . 78 ,5 346 —

— ~~~~~~?
\4asher E ,I,R .,I.F. 23.(’ 70 -

Type 65006 End ’~r ance  9 000 000 - —
8 D u r a l a c  E .I ,R . , P .F . 200 — —
C.F.Pin ,

________  

Special Wasuie r E.I.R .,I.F, 60 — —

$ c y c l e s  to  f a i l u r e

K E , I .R . de no te- ~ Endurance Increase Ratio

Enduranc e of Clamped Joint-- - wi th respect to P .F . Pin orFndurance of (Inclamped Joint
- to I , F . Pin

P .!- • Push F i t
I .F . (R.4°/o Interferen ce F i t
C.F. Clea rance Fit
Std.W . Standard Washe r

- - -  - -~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _
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SUPPLEME NTAR Y INVESTIGATI ON No ,4 115

TABLE 7 SUM!-IARY OF MEAN END IJRA flCES FOR GROUPS OF SPECIMENS EXAI4INED FOR

DETAILS OF FAILURES

B o l t  P r c -  Orde r  Mean con figu ra t ion* S
a

tension ~sos. Endurance lb / in 2

1 1 471 500 Dry ,l .F., Std.W . 8 ooo
2 , 1 , -I ~~ ib7 000 Duralac ,P.F.,Sp l .W . 10 000

70
0
/0 5 ,~~,7 >2 950 000 Dry , CL.F .,Sp l .W . 10 000

> 4 320 000 Duratac , C1.F., Sp l .W . 10 000

85°/o 10 2 170 800 Dry , C1.F., Sp I.W . 10 000

___________ 

11 , 12 3 ‘+74 700 Dry , C1.F., Sp l.W . 9 000

lOo°/ 
13 , 14 ( ~2 .’-s 000 Dry ,  P,F., Std .W. 7 000

° 15 4 240 000 Dry ,  C1.F., Sp l.W. 10 000

SOME COMPARISONS OF ENDURANCE

(a) Du rala c v~ dry assembly (othe r variants being constant)

8,9 >4 320 000i.e. 5 6 7  
= >2 950 000 = ~~~ approx.

(b )  Push f i t  v. Clearauce fit (both with duralac and Sp l .washer )

- 2 ,3 ,4 >4 367 000i.e. 8,9 
= 

>4 320 000 = ~• o approx ,

(c)  85°/o V 70
0
/0 Bol t pre—tension (with dry assemb ly ,  C1.fi t and

spec ial washer)
10 2 170 000i.e. 

5,6,7 
= 

>2 950 000

(d) IOO°Jp y. 70°Jp B o l t  p r e - le n s i o n  ( w i t h  dry  assembl y, C1.fi t and
special washer)

- 15 — 4 240 000 ,~‘•
~~~

• 5 ,6 , 7 — >2 950 000

P .F . Push f i t

Cl.F. Clearance f i t

Std. W . Standard Washer

sp l .W . Special Washer

_ _  _ _ _  
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APPENDIX TO SUPPLEMENTAR Y INVESTIGATION No.4

T E N S I L E  TESTS ON JOINT BOLTS FOR EVALUATION OF THE 0.2°/o PROOF STRESS

( Re f I c n c e  Shor t  Brothers and Flarland Test \ote No .1091)

These tests \- € r e  undertaken to establish a reliable and consistent standard of

bolt pre-tensionin g . The bolts ~-:e re B.S. - S9b , 3/4 in diame te r hi gh tensile

steel . = 55 Tons per sq. inc h). l’he bolts used for each type of specimen

were obtained from a separate source and so three bolts from each of three

Sources ~c- re tested in tension , to obtain load — extension curves.

The method of loading the bolts is shown on Figure Al . The nu t  was positioned

on the bolt such that the length from the base of the bolt head to the nut face

was equal to that required for a particular type of specimen i.e. for Type

65004, 65005 or 65006. These lengths were 0.79 in for types 65004 and 65005 ,

and 1 .’+75 in for type 65006.

Extension s were rneas,Ired by means of a micrometer on the overall length of the

bolt , the ends of wh4 ch were ground flat to remove irregularities.

RESULTS

Load extension curves for each bolt test were obtained and all the curve s were

i-egular , with no abnorma l features. The gauge length in finding the 0.2°/o

proof loads was taken as the thickness of the appropriate specimen for that

particular group of bolts.

A summary o f the val ues of the p roof loads are g iven in Table Al (see below)

APPLICATION OF RESULTS

It was decided that the safest procedure would be to use the minimum measured

value of the 0.2
0
/0 Proof Load name ly 18.9 tons , as a common p roof load fo r a l l

bol ts. Thus the loads fo r the thre e deg rees of clamp ing we re:

70
0
/0 ]5°/o 100

0/0 bol t proof stress -;

13. 2 16 .0 18 .9 tons

The corresponding bol t ex tensions , taken from the appropriate load extension

curve s for each of these three loads were used to control the bolt pre-tensions

in each of the specimens during assembly.
TABLE Al O .2°f2~ BOLT PROO F LOAD S

Spec imen Type 65004 6500 5 65006

BOLT No .1 21 .1 18.9 19 .6

BOLT No.2 22.1 19.1 19 .75

BOLT No.3 23 .3 20.0 20.0

NOT E ALL LOAD S ARE QUOTED IN TON S

Min imum value chosen for  app lica t ion to a l l  bol ts , name ly 18.9 tons , equivalen t

to a stress of 42.75 tons/in2 or 95 500 lb/ in 2
.
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SOME EVIDENCE OF TUE INFLUENCE ON ENDURANCE OF SURFACE FINISH AND HOLE EDG E
CH AMFERING OF A LOADED PUSH FIT PIN JOINT

I • IH1RODUCTI(1

The ma )orit\ of aircraft parts - -~ide from Aluminium Alloy sheet and some from

p late up to say . 1/-. in t h i c k . a i c completed and fitted in the “as rol led ”

condition . This in’;€sti~,ation was introduced to obtain some evidence of the

exten t , if an y , to which the fati gue life of the part suffered by this practice ,

as compared with using an average quality machined surface . At the same time ,

the opportunity was taken to investi ga te the e f f e c t of chamfer ing the ed ges of

the bolt holes on both sides of the p late .

2. NOTATION (Units are in lb and inches throughout)

The following notation is taken from the Stage 1 Report , and i s app l icable  to

the present tests.

d = Nominal diamete r of hole and p in

D = Width of parallel section of the test specimen

= Average tensile strength of p late material (from tests)

= Average 0.2°/o proof stress of plate material (from tests)

= Geometric  stress concentra t ion fac tor based on ne t area of

cross section of test specimen

N = Endurance
S = Mean s t ress  on ne t  area
m
S = Alternating stress on net area associated with S
a in

t = Thickness  ot p la te  specimen

3. TEST PROGRAMME AND STRESS LEVELS

The original plan was to carry out tests on push fit specimens in which half of

the specimens would have unloaded p ins and half would have loaded pins.

Unfo rtuna tel y the results of the tests on the unloaded pin specimens were

inconcl usive , and there fore they are not included in this report.
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Loaded Pin Specimen s

These tests were carried out by Messrs Short Brothers and 1-larland Ltd of Be l fast .

I~~o levels o f mean s tress we re inc luded and for eac h of these , two levels o f

alternating stress were chosen , one comparative ly high and one compara t ive ly low.

loreover , fou r nominally identical specimens were provided for each leve l of

St t~e5 S.

The programme was repeated to include four diffe rent standards of preparation ,

t i ame l y :

the surfaces “as rolled”

(ii ) the surfaces machined to a depth of 0.015 in on bo th faces

(iii) the surfaces “as rolled ” and the ed ges of the holes on bo th sides
cham fered at 45° to a depth of 0.015 in

(iv) the surfaces machined to a depth of 0.015 in on bo th faces and
the edges of the holes on both sides chamfered at 450 to a

depth of 0.015 in.

t-Jhen examined by the testing laboratory it was found that some specimens

I)ossessed an eccentricity of load line within the plane of the specimen of

amounts up to 0.007 in measured at mid length. From a consideration of the effect

on life of the bending stresses thus incurred it was agreed to accept specimens

with an eccentricity of not more than 0.002 in . Anothe r defect which occurred

- a s that of a slight degree of bowing out of the p lane of the spec imen , up to

0.017 in. I t was dec ided to accep t a max imum bow o f 0.010 in. These two

d - f e c t s  led to a r e d u c t i o n  in the  numbe r of specimens tes ted  f r o m  64 to 51 .

Hb k - 1 gives details of the test schedule , and

l i gure 1 g ives d e t a i l s  of the t e s t  specimens.

Testing

( reat care was exercised , both in the initial set—up of the machine , and in the

subsequent installation of each specimen , to ensure axiality of load ing and to

avoid rotational misali gnment of the specimens. Specimens requiring the same

dynamic load were tested consecutive ly whe re poss ible , in order to reduce

scatter within groups.

I (flpl )rary protection of the specimens during testing was accomplished by the

dpp li ca tion of lanolin grease as in the Stage 1 tests.

RESULTS

lI~E s -  are p r e s e n t e d  in T ab l e s  2 ( 1 )  to 2 ( i v )  and on Figures 2 to 5. Fi gure 2
- i s o  con tains the endurance curves for S

m / f t 
= 0.25 and 0.15 for the same

conf i~~iiration a In the Stage I t e s t s  (Fi gure c .i l) .
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in order  to assess the r e l a t i v e  meri ts  of the four standards of preparation ,

the curve s of Fi gures 2 to 5 are re -present ed in sunsnary form on Fi gure s 6 to 7.

Fi gure 6 covers the four standards of prepa ration for a mean stress of 0.25 
~t

and Fi gure 7 covers those for a mean stress of 0.15 
~t. 

The appropriate Stage I

curve s for the “as rolled ” condition are also shown on these two figu res.

5 . DISCUSSION OF RESULTS (See Table 2 and Figures 2 to 7) -
Desp ite the limitation of onl y two levels of alternatin g stress and the

r e l e c t i o n  of a few of the  specimens provided , the results are consistent at a

gi ven s tress leve l, and in fair agreement with the “as rol led ” endu rance cu rves

of S tage  1.

On the basis of the limited data there is generally sligh tly more gain in

endurance for surface machning than for hole edge chamfering. In fact for

these tests , the hole edge cham fe ring alone did not produce any signif ican t

increase in endurance . Nevertheless , it is clear that the d i f fe rences  be tween

the endurance curves for the four standards of p repa ra tion are onl y marg inal

and , within the limits of the test coverage , no more than the general orde r of
scatte r of f a t i gue r e s u l t s .

6. METALLURGICAL EXAMINATION OF TIlE “AS ROLLED” SURFACE

It had been observed that the re was some corrosion on the surfaces of the “as

ro l led ” specimens. One typ ical example was se lec ted , n~me1y 5.8.D. Samp les of

the surface and a transverse section through the cracke d joint  plate we re

ext rac ted  as indicated in Fi gure 8 and prepa red for micro-examination as below.

6.1 Su rface Sample 1 and Transverse Micro-section -

These were po l i shed  on a r o t a t i n g  pad w i t h  a slurry of Y-alumina for two minute s

followe d by a li ght polish on -a selvyt cloth with brasso . No change in
th ickness of the specimen could be de tec ted with a ve rnier mic rome ter af ter
this surface prepa ration .

Subsequent micro—examination revealed three features of the “as ro lled” su r face
which would be absent from the “as machined ” surfaces , name ly:

(a) embedded surface part icles

( b )  heavy su r face  o x i d a t i o n

( c )  Inc ip ient corrosive at tack in both pitting and inte rcrystalline forms.

These feature s are shown on Fi gures  9 and 10 . The maximum depth of

in tercrystalline attack exhibited by the transverse section was 0.0015 in.

Such a t tack  was very in f requen t  and the p i t t i n g  was of negli g ible depth .
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Swabbing tr ea tmen t wit h ICI Deoxidine 202 failed to produce a significant

change in the surface appe arance and the embedded particles resisted a

trichioruethy lefle degreasing treatment .

6,2 Surface Sample 2

T h i s  was prepared in a similar manne r to surface Samp le I , bu t  w i t h  the addition

of a short surface grinding treatment prior to polishing. The latte r removed most

of ttic surface oxide and some embedded particles , but the intergranular a t tack

persisted since less than 0.0001 inches had been removed . The removal of the

oxide  l aye r s  exposed many more s i tes  of c o r r o si - e  a t t a c k  as i l l u s t r a t e d by

Fi g u r e  11 .

EXAMINAT I ON OF TIlE SPECIMEN FRACTURES

A l l  e x c e p t  one specimen (3 . 14. 1)) indicated a common mode of failure , name ly

c r a c k s  on both  s ides  of the hole  in the region of a t r ansve r se  diame ter  ( a t  9 and

3 o ’clock n o t a t i o n  on Fi g u r e  1) ,  w h i c h  was the  l o c a t i o n  of maximum f r e t t i n g .  The

pr ima ry f racture faces disp layed multi-initiation in the majority of cases wi t I~

crack ini t ia t ion a t the hole ed ges and/or in the bore . The re were also many

cases of secondary cracking , which cracking sometimes joined the primary crack

fron t to produce a stepped fracture face. A t the lowest stress leve l

(0.15 
~t 

to 0.075 1t) the re was tendency fo r unequal fa tigued areas eithe r side

of the pin .

ftie s ur face corrosion on the “as ro lled” specimens did no t appear to play an
e f f e c t i v e  ro le  in the f r a c t u l e  mec hanism , as ini tiation occurred within the

bo res with compara ble frequency .

CONCLUSIONS -

(t) Axial tension fati gue tests at two levels of mean stress (0.25 
~t 

and
0.15 f t) and at two levels of alte rnating stress for each leve l of mean stress

y ielded results which were consistent at a g iven stress leve l, a t each of

~-:hic h four specimens we re provided . 
-

‘

(ii) The diffe rences be tween the enduranc e s for the four different standards

of preparation we e onl y ma rg i n a l , and wit hin the general order of scatter of

such fati gue t ests . For both le—:e l s of mean stress the re was almost invariably

a small increase in endurance when both the surfaces were machined and the hole

-dge s chamfe red . At Sm = 0.25 
~t 

the machined surfaces alone p roduced a

noticeable improvemen t but this was not so at S
m 

= 0.15 
~t• 

At neither mean

stress did the hole edge chamfer ing alone produce any si gnificant increase in
end urance.
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( i i i )  Comparison s be tween the “as rolled” condition of these tests and the

corresponding results from the Stage 1 tests were fairly good.

(iv) The “as rolled” sur faces disp layed shallow intercrystalline corrosion

arid some embedded particles , and had a sur face roughness of 5 to 15

m i c r o - i n c h e s CLA . The su r f aces  of the mach ined specimens were free from

c o r r o s i v e  a t t a c k  a t  the c r i t i c a l  areas , and gave a comparable su rface roughness

in the long i t u d i n a l d i r e c t i o n , which  included some machine cha t te r  in the

transverse direction . The re was no indication that this machine chatter had any
adve rse ef fec t upon crack initiation. Furthermore , there was no evidence tha t

the surface corrosion on the “as rolled” specimens had influenced significan tly

the f r a c t u r e  mechanism , since crack init iation frequently occurred wi thin the

bores of the holes .

(v)  ~‘1ith onl y one excep tion all specimens failed wi th cracks on both side s
of the hole in the reg ion of a transverse diame ter , which was the location of
maximum fretting. These cracks disp layed mul ti-initiation in most cases , with

crack i n i t i a t i on  at  the hole ed ges and/or  in the bore of the bol t  holes.  There

were also secondary cracks , some of which joined the primary cracks leading to

stepped fractures.

(v i )  The su r face  machining produced some bowing of the J o i n t  p lates

indica ting the presence of residual stresses in the surface layers. Again,

some specimens exhibited slight load l ine eccentr ic i ty .  The worst examp les of

these two de fec t s  were r e j e c t e d .

( v ii )  This investigation was somewhat limited in scope and it is possible

that if extended there would have been more definite evidence of some of the

trends described here in . It should not be assume d th a t  the e f f e c t  of

mac h ining the sur face of a specimen wi th or wi thout a s tress raise r , but

without a bolt hole , would be the same as appears to be in the pre sent specimens.

________  _____ _____ ______

- 

- 
- *

- - - — ——- -- —. - .
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132 SUPPLEMENTARY INVESTIGATION No.5 f
TABLE 1 SCHEDULE OF TESTS - LOADED PIN SPECIMENS

A l l  Specimens were of the large  s ize  (See Fi aure 1)

Four standards of preparation were included in the tests which were as follows:

( i ) No specia l  prepa ra t ion , i.e. “as rolled”.

( L i )  0.015 in machined from both  faces.

( i i i )  Ed ges of bo l t  holes  on bo th  s ides chamfered  a t  45° to a dep th

of 0 .015 in , the su r f aces  being “as r o l l e d ” .

( i v )  Specime n machined to depth of 0.015 in on bo th  faces  and hole

ed ges chamfe red a t 45° to a depth of 0.015 in .

The specimen type , s t ress  l e v e l s  and numbers  of specimens p rov ided  at  each

stress leve l , app licable to eac h s tandard of prepara tion are g iven below:

Al ternating Number of SpecimensSpecimen Mean Stress
T 

Stress tested per Standard ofYP~ (S
m
/f

t
) (±S

a / f t
) Prepara tion

1.D.3/4 0.25 0.15 4

Push Fit 0.25 0.10 4

Pin 0.15 0 .125 4

Loaded 0.15 0.075 4

NOTE

= Maximum Tensile Stress of p la te = 69 400 lb/ in 2

Tested by Shor t  B ro the r s  and H a r l a n d  Ltd , in a 20- ton Ave ry-Schenck

Mach ine , f requency 1800 c . p .m .

— —..—~~~~~~~~~~--. - - - ~~~~~ - —
~~~~~~~~~
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~~~~ 2 ~~~ i r~ Reference Figures 2, 3, 4 and 5

~I1t ~c imen type l .D.3/-+ , dID = 3/3 , Push  F i t , Pin Loaded , K~ = 2 . 7 2

(H :~ special preparation i .e. “As Rolled ”

Loads to insert p ins ranged from ~-~5 to ~33 lb (generall y 100— 400 Ib )

— 
Stress levels Endurance

Spec imen Percentage f~~(
Logarithm Geometrictuen tity +~~ C d e sm — a -v Cycles Mean Cycles

5.2 .C 2 900 4.430
3.3.D 25  15 22 700 4.356 20 410
3.13.A 18 100 ~+ .2 57

_5.4.A _______ _______ 
15 700 4.194 ____________

5.3.8 51 200 4.710
5.2.E 25 10 50 500 4.707 46 700
4 .4 .3 43 400 4. I36
6 .6 .C 42 400 4.626

I I .6 .A 72 200 .857
6.7.A 15 12 5 50 100 4 .700 50 000
6.5.B 43 600 4.639
4.lO.E 39 600 4.597

6 .2 .C 221 400 5.344
5.8 .D~ 15 7 .5  141 300 5 .149 153 300
6 . -8 .C 

_______ 

115 200 5.060

( i i)  S u rf a c e  machined

Loads to inse r t p ins ranged from 40 to 530 lb (generally 55 to 250 Ib)

Specimen S tress Levels K ____________ 

Endurance
Iden tity Percen t~~ e ft 

c d e s  
Loga rithm Geome tric

__________ 

Sm .±Sa I’ Cycles Mean Cycles
4.’4.C 2~ 15 38 100 4.581 37 9~O 

-

~~3.12 .A 37 900 4.577

2 10 80 000 4 .902 - 69 630
I) .6 .B 60 600 4.781

3.ll .A 66 100 4.820
3.2 .A 15 12 .5 59 900 4.777 ( I I  310
4 .4 ,, A 

_______ ______ 

58 200 4.765 
____________

4.l3 .A 15 7 ~ 
132 000 5.120 118 400

4.ll.A 
________ _______ 

105 400 5.022

2 
(continued)

= Maximum Tens ile Str ess = 69 400 lb/in
+ Sub jec ted  to meta l lu rg ical examination (see paragraph 6 .0)

~~~~~~~~~ 

~~~~~~~~~~~~~~~
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FABLE 2 (Continued)

(iii ) h ole edge s c hamfe red (Su r fac es “as ro lled”)
Loads to insert pins ranged from 107 to 408 (generally 150 to 220 Ib)

S tress Leve ls Endurance
Specimen Percen tage fr”
Identi ty s +s Cy c l e s Logari thm Geome tr ic

m — a ____________ Cycles Mean Cycles

3.2.B 29 800 4.475
.14 .D 25 15 26 200 4.418 24 280

4.14 .A 21 200 4.325
4.14.B _______ _______ 

21 100 4.324 _____________

.l3 .C 50 900 4.706
u .lO .A 25 10 50 600 4.703 46 700
3.11.E 4~ 100 4.682
4.9.0 38 400 4.584 

_____________

3.2.E 70 500 4~h4H
5.4.C IS 12 .5 66 000 4.~~2() 58 320
5.13 .C 51 71)0 4.711
3.l.D 

_______ _______ 
48 ]O0 4.682 

____________

6.3.E 140 400 5.149
3.12 .D 15 139 500 5.lAL+ 12 600
3.1.A 

- .  113 100 5.052
6.8.D 

_______ 
112 400 5.050 

_____________

( iv ) Su r fa ces mac h ined and Hole Edges Cham fered .
Loads to inser t pins ranged from 63 to 432 lb (generall y 70 to 180)

Spe c imen Stress Leve1s,~ 
____________ 

Endurance
I d e n t i t y  Percentage ft 

Cycles 
Logari thm Geometric

__________ 
m — a 

____________ 

Cycles Mean Cyc les

3.2.C 42 400 4.626
4 .6 .D 25 15 33 400 4 .522  33 100
3.9.D 

_______ _______ 

25 600 4.408 
____________

3. l.C 67 700 4.825
5.4.E 25 10 66 300 4.820 64 180
4. 13. E 58 900 4 . 770 

___________

~.13 .8 64 300 4 .808
6.13 .8 15 12.5 61 500 4.788 60 390

_4 . 14 .C 
_______ _______ 

55 700 4 ,745 
____________

3. 1.E 1 7 178 800 5.252
~.l4.D 

‘~~~ 170 900 5 .232 174 800

X
f = Maxin”jm Tensile Stress 69 400 lb/in

2

- __________________________ —
‘ _

~~~.~_
_ 
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Fig. 9 Enbeddec~ surface ~nrticle (centre) and surface oxide films
on Sneci me n 5 .8 .D. X312
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i ’~ - 1 1- 1.1 F1 1-. O~ SMA LL VAR IATI ONS IN PIN ~IT

I • - 
I::t’R0DlJCTtO:~

l a i t y in the progress of the Sta ge 1 tests there was some indication that si- all

v ar iatIo ns In the degree of fit of a “push fi t” p in mi ght produce si gnificant

‘-Ilan ~ es in endurance.  Consequent ly  a small programme of tests was arranged ,

(r~ )Ioy 1ng small SpC CI~~L C t I S  of the 4.C.9/32 type with a push fit p in and the p in

Ilnloalh d . Al l the specimens we re tested in fati gue at a common str ess l iv e 1.

V II pins ~:t re m a n u f a c t u r e d  to wi th in  0.0001 in of the nominal diameter . l b  ~o l e - i

i i i  t h ~ p lat E- s were reamed to the “push f i t ” r e q u i r e m e n t s  of t h i s  r e s t - a r c h

p l o g l arne , name ly t I -K).0003 in of the nominal diameter . Subsequentl y considc- rab le

, f f o r t - ~ we re made to determine the actua l hole di~ m et e r s  of a l l  the specimens to

an a c c u r a c y  of 0.OOuO l in or 0.1 x ~~~~ in . These measured variations in p i n  f i t

c t - r e  th en  considered in rela t ion to the resu 1 ting endurances under th e  c o:m- 1I n

f a t i gue lo a d i n g .

2 . ‘~OTATI0N (Units are  in lb and inches throughout)

I-or c on v en i e n c e  t bl ( - relevant o t a t ion  f rom tIle Stage 1 r e p o r t  Is repeated be l ot-;:

d Nominal Diame ter of hole arid p in

0 ~idth of parallel sec t i on  of t e s t  spec imen

= Ave rage Tensile Strength of p late material ( f r o m  t e s t s)

1 = Average 0.2
0
/0 Proof ~L ress o f p lale material (from tests)

= Geometric Stress Concentration factor based on net area

of c ross  sect ion of t es t  specimen -
Endurance

= t-Ican Stress on net area - p

S = Alternating Stress on net area associated with S
a m

= Thickness of p la te specime n. -
p
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3 . TEST PROG R AMM E AND STLE SS LE VEL

-\~-. a l re ad y indicated onl y one type of specimen was emp loyed name ly i y p c -  4~~ I~~~~9/  2.

Fhi s a~ t I l t -  small size specime n of Stage 1 with a nominal push fit p i l l , t b it-

pin unloaded~ d / D  = 3 / V  and = 2 .2r .

Fi gure 1 g i v e s  th t a i l s  of t h e specimen.

T -- ta l  numbe r of specimens tested = 50.
Common htr es s I E \ l l :  0.4) 

~t ~4J.10 ~t•

4 . MEA SI-R l- 1-IRNT OF I l IE DEGREE OF FIT

The p i f l S  I C  I C  supp lie d to an accuracy of +0.0001 in on the nominal diameter.

The m e a s u r e m e n t  of  t i e- hole diameters to the accuracy required , using

con vent l-~naI me t hods , proved to be very difficult and the testing laboratory

(Tiltman Iafl~~Ie\ - L t d . Red hi l1~~, devised an alternative me thod , using a comparato r

to m e a s u r e  the -,ariation in hei ght of a pyramid of four l/t~ in diame te r hard

stee l halls , I - e s t i n g  on a surface p late , and arranged within the specimen hole.

Fi gure 2 il l u s t r a t e s  the arrangement .

In practice it I-;a s found convenient to attach the uppe r steel ball of the

pyramid to the- stem of the comparator which was spring loaded , thus

cent - a l isin g t1IC uppe r ball among the othe r three . The true diameter of the

hole could then cc calculated from the diame ters of the balls and the hei ght

of the I c n t r e  of the upper b a l l  from the centres of the lowe r balls . Suc h a

calculation would requi lVe very accurate measurement of the diame ters of the

ste el halls . but preliminary tests indicated that by using the same four balls

in the sar e relative positions, one could obtain sufficientl y accurate records

of t h e  positi -~e- and negati~ e deviations of the comparator height from a

se lected s tandard , and siice the nominal diameter of the hole was known t o be

within the required tolerance this was cons ide red  to o f f e r an acceptable

comp romise . The rela tion bet - -n-en comparator hei ght and diame ter of hole was

not linear bu t nearl y so and an approximate estimate gave the change in hei gh t

to he 1 . 3  t ime .s the  c h a n g e  in d i a m e L e r . The se lected - st andard  was no t  e n t i r e l ’ .

arbitrary , since it ~-;as chosen as the median of seven arbitraril y se lec ted

samp les . l I e  c o mp a r a t o r  reading was a c c u r a t e  to +0.0001 in.

~-leasurements taken in this I-;ay we re effectivel y the mean of three diameters at

120
0 

to cacti othe r so that t h e  differences be tween diameters according to the

orientation of the specimen wi re minimal ; but it was possible to detect a

max imum and a m i n i m u m  by rotating the triang le of balls in the hole. Both

long i tudinal and transverse readings we re recorded and the mean calculated , It

was n o t  possible from the position of the balls to dete rmine the direction of

I 
~~~~~~~~~ 
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the  maximum diameter , but othe r measurements indicated that this was in the

long itu dinal direction of the specimen .

The measu remen t s recorded we re o f cou r se  at tti e po in t  of contac t  of the b a l l s

with the wall of the hole , i.e. at about 0,03 in from one surface. By

Inserting floors of various thicknesses to carry the balls , (and by reve rsing

the p lates) it was found that the walls were sensibly pa rallel , except th at all

the specimens had an irregular lip at the surface , which was removed.

The laboratory and the  specimens were kept  at 60°+5°F during the tests .

Furthermo re , in orde r to ensure  f reedom from dust , the holes and b a l l s  we re wash ed

w i t h  tr ichioroe thylene and the balls handled with forceps.

Fi gure 3 p resen t s  the r e s u l t s  of these  measurements  in the  form of a h i s tog ram ,

both in t e r m s of change of comparator  hei ght and of change of d iamete r  of ho le .

5 , RESULTS OF ENDURANCE TESTS

These are presented in Table 1, which give s specimen identity , comparator hei ght

reading relative to arbitraril y selected “standard ” v a l u e , corresponding deviation

f rom “standard ” diame te r of hole , subseq uent endu rances achieved and group

desi gna t ion  (see below) . The si gn conven t ion  chosen is such tha t  for  the

va r i a t i on  of diamete r , pos i t ive  deviations indicate an increase of diame ter of the

hole relative to the standard , and n e ga t i v e  dev ia t ions , a dec rease . The reve rse

is true for the height readings.

Fi gu re  —i presents the same results in g r a p h i c a l  form , the endurances  being

p lo tted horizontally on a log scal e , against deviation from standard comparator

hei ght (left-hand vertical scale) and against deviation from standard hole

diame ter ( right-hand vertical scale) .

This plot of results shows that the majorit y of values lie in a central g ro up (“ B”)

hut three values lie well below the cen tral group of endurances, while nine
val ues lie well above (designated groups “A ” and “C” respective ly).

5.1 Group “B”

Con side r ing  first the central group . the scatter of endurance does not appear to

be di rec tly rela ted to the magnitude of the deviation from the selected

standard . However , a mean line has been drawn through the po ints , which shows a
small , but significan t tre’-id towards an increase of endurance as the diame ter of

the hole decreases .

For comparison , the  endurances  fo r  the Stage 1 r e s u l t s  for t h i s  confi gu ra t ion ,

and at the same stress leve l as the present investi gation , are plotted just above

the graph of Fi gure 4 (Stage 1 , Figure C.44) .  It w i l l  be seen that the

— — .~~~ — - ~~~~~~~~~~ —.— —~~~~~ —- —V— - — — -~~~~~ -~ — --
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01 n d u r a n c ’  s fur Sta ,~ 1 i s  a p p r o x i r n a t i  ly the  same as tha t for group

as a ~.jhole . wh i l s t  th E 1 ll ~~Stble 
- ac ;c. c of d e v i a t i o n  of h o l e  d i a m e t e r  in

~~ t a~~ I was  ~, l t  VI 
iris as c IlIlp a - d with I l i e -  p r e s en t total range of 4x1() ~ ins .

It would ap i c a l i fo . - t a  I l l - st - -it L ( r of cndurance for this present

ink ’. st i,~a j on  i~ oI t a  -~~i i s  o c d c  r as  t h a t  for a large r numbe r of results taken

f r o m  ~t . -~~e I 1 c - ~t s wHI .1 1 l r o s i r a l (  l v  one ac ’d a h a l f  t ime s the  range  of

‘ í a  I jun 1 u I € d i d !( I ( I

( c s ‘ -\ ‘‘ -ou t I - ‘

I l -  a r ~ t l a  n u f r i l  I o f  re sol t ~ J fl 10111 of I i i i  se two g r o u p s  i s  too small and tI c - j r

~-ca t t e r  too ~~~~ c i t  - t o e n a b l e  t h e m  to he conside red in the same c-as as group “B”.

I l i i  s s t  i l l  I c  av e  t i l e  q i t e  S t  on . — why are  these  r e s u l t s  s i g~ i f  ican t ly

(Olt of li ne- w i I .  I I  - c~ ni ~ 1 ~ l-oup -\ numbe r of possible reasons ha .e been

V .~~~l o . d - aWl I t i e  Sc -l fb i ci i n  I C  m i  b c  ing sub—paragraphs.

S - !— iiIO ~,I I  i t ;  - 1  ~Iat ri~~l

A l l  i l l  sp - u i  n ’. ~ t~~I ,  r f oic - n~ — b e e t . ~io . l 7 ,  of the original ~e5 to 50

Si a t s ol Sta~ i I a I I from I R E  I t  . T h i s  I cave -s the possibility C)

va ri a tio n of - 1 iial I y due t o  po~~~i l ion of s
~

€ c i r e- n within the sheet . Fi gure 5

stun- s I c  pus i t I (Iri s of t I l l  ~L * c I - ( I ~- I rom ~~( II of the three groups , and

furt h r i  r sutl —d i id es ~roup “h in t o - 4 1 1 1  I l \  ~- ate I y t hree numerica lly €-- :ua l sub—

~~~ I I I )  - o f  I c c . - i  dium ( i l l  I i ~~tl e (-dl (ranc e within the “B” range .

A st udy of I -i ~‘rr e - s i l l\. ; s t h a i  the th - c - c  roup “A ” specimens lie in a diagonal

line —IC 105.5 the- l a - u r 5 ]  f - ‘ 1  r h t  -~ t (as drawn) whilst the somewhat

I a I ~~ € r i i  ur j a I of  “C ’ ,~ coup spec I nie-ns lie- ge-ne rall y scat te red about the upper

ha I f  I f  t i c  - t a. t h o t  not in -i ‘-y particular patte rn •

(l i s t  r ilu t (In of t ; . ( h ’ ~~uup O Ic~~~( si S that there are areas of hi gh

cn du IIIn e - ; I t h I i I l  th e ~ roiip ~ .~~~~. a considera b le nombe r of B or B
~ 

in the

b . c  thi rd of the s iset ) . (in th e - other hand there are B
A 

and B
~ 

specimens

-id I (  C f l t  to 1 ) 1 1 1  *f l O  I - i n  I c ct -r i t. r.-d regi on of the shee t  . and indeed  to sonic

xt - - n I I ri I he 111110 lii i rd of the s h e e t .

Th us n ((n—hl (lt,o~~c-fl€ I ty (1 , 11 1 (1 4 (((l lri t for some of the dive rgence of endurances

ut t hi oas no (I~ fl( I - to _ Il ~~Ipc r t t Ii i s in the Stage 1 comparisons

(Section 4 paragraph .+.5).

1 ._I . S l i S i  i o n  of i n  , i ~~e-

It ha s ci I cc a l l- a c fl ~~t I i  I t  t 151 th p i n s  we r e  m a n u f a c  tu red  to w i t h i n  +0 .0001 in

of t i e  n o m i n a l  d i  I l l  t~~ • h i t h s e  que ntly a samp le of the p ins was meas ured

accu ate l y, an d  fo un d  to  ‘~~ within HI •i ,OIh) In . Va riations of this orde r could

a O l i n  I f o r  ((I L , of I lie sc a r c-I thin t ile ‘‘B” group , hu t from an

— _ ___
~~ 

b
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ex t rapola t ion of th e mean l ine  fo r  the “B” group i t  is es t ima ted that  a

v a r i a t i o n  of -1-0 .001 in would  be requi red  to accoun t for the d i f f e r e n c e s  between

the “B ” group and e i t h e r  of the “A ” or “C ” g r o u p s .

5 .5 Va r i a t i ons  in P r e p a r a t i o n  of the  Specimens

Two of the three specimens which gave very low endurances  we re found to be badly

bur red  along the edge s , b u t  s eve ra l  of the  specimens wh ich  ach ieved  much hi ghe r

endurances  were a l so  b u r r e d .

5.6 Variation in Atmospheric Conditions in the Laboratory

This feature was considered initiall y in the analy s i s , but apart from the

special ca re taken , as desc ri bed in paragrap h 4 , the distribution of the results

with respect to time was checke d and did not bear any relationship to the

distribution of endurances,

5.7 Variation between Testing Machine used

Several testing machines of the same type and loading capacity were used for

this investi gation , but there was no co-i-elation be tween these machines and the

ex treme s o f end u ran ce .

5.~s Possibility of a Disc ontinuous S—h Curve for the Material

Supplementary Investi gation h- .h has shown that it is possible to find

that at low values of S
.

/ f
~ 

there is a discontinuity in the slope of the

endurance curve . (See F igure s Id , ~a ,  ~a and lOa of that report). These

discontinu ities occurred at values of S / f r in the range 0.045 to 0.095

whereas the presen t tests were at an alte rnating stress leve l of 0.10 f1~. Suc h

discontinuities are beli eved to occur as a result of two different mechanism s of

fatigue , one of whic h becomes in e f f e c ti ve in p romot ing 1 a l lu re a t stress levels

bel ow a cr iti cal val ue , so that failure below the c~ri ti cal  s tress leve l occurs

by the second mechanism . It is possible that this feature could accoun t for - .

some of the anomolies of groups “A ” a nd “C”, In relation to group “B” .

6, EXAMINATION OF A NUMBER OF FAILED SPECIMEN S 
V 

-

The rather inconclusive result of the preceding discussion s led qui te log ica l l y
to a detailed e xamination of the nature of the failures of a selected number of

specimens. This examina tion was made by the Structures Fati gue Labora tory of

the Royal A i r c r a f t  Establ ishment  at Farnborough , Hants. Their examina tion and

subsequen t report we re made without prior knowled ge of the endurance achieved.

These endurances have been added la t e r  to the sun~nary table which fo l lows .

Thirteen specimens we re examined , numbe red as follows , all with the prefix 17 ,

deno ting the sheet number:

l 8D , 1SF , ‘~~a 191 , 20E , 2 1E , 22H , 23C , 23E , 231 , 24D , 24F arid 24H.

- — -—-~~~~—---- — - — —,~~~~~ .-~~~~~~~~
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Reference to Fi gure 5 w i l l  indicate tile location of these specimens within the

sheet.

Of these specimens -

2 a 1  wa.s u n b r o k e n

2211 had failed away from the hole from a fati gue craci; at one edge and the

wed ge grip marks suggested that the axis of load wa3 displaced towards t h i s

edge.

lie remaining specimens in which failure was from the central hole- can Ic

p laced in one of the following three categories (See Figure 0).

(a) One princi pal fati gue crack from line of frett 4n g. -

This  f a i l u r e  can be r ega rded  as normal , and o c c u r r e d  c o n s i s t e n t l y in

specimens. Bearing betwe en the p in and the bore of toe hole was apparent ove r

an arc of about 60
0 

on each side of the hole as indicated in Fi gure h a.  At

the edges of these bearing areas (A-B , and ‘-D) , the movement between the pin

and the bore produced lines of fretting damage in the bore , and the p -incipa l

fa tigue crack emana ted from one of these lines. In some cases a small secondary

crack had developed at a fretting l ine on the oppos i t e  side of the hole .

(b) Symmetrical fatigue cracking on each side of hole , from lines

of f r e t t i n g  a t  the ed ge of the bear ing  area .

This type of failure was found on onl y one specimen (231), and the fati gue

cracks emanated from the ed ge of tI le fretted area in the bore (See Figure Oh).

There we re circumferential marks in the bore and this feature toge ther with

the symmetrical fati gue cracking suggest a low fati guç~ endurance. (It was in

fact among the l owest endurances of group “B ”).

(c) Fat igue cracks from th centre line on both sides.

The re were two specimens which failed in this manner (See Figure 6c) and the

ori gins of the crack were not inf luenced by fretting, which was either sli ght

or neg li gible . These c e - c- t I n  onl y specimens in which the frac tured surfaces

we re damaged by impact of the failure .

__- _ _  - ___________________________
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Snimmarising this examination , and adding the appropriate endurances and associated

group let ters , we have:

Snecimen . Endurance Fi gureDesc r iption of Failure Group -
Identity ________________________________ ______ 

(Cycles) Number
l7 .24.~ tJnbrokert C 10 000 000 -

17 .22.11 Failed at ed ge , away li -urn B 960 000 -

hole due to off centre
load ing 

_______ ______________ __________

17. l~~.D C 4 200 000
l7 . l~s . I - One- fati gue crack from l ine A 98 000 ( al7 . 20 .E of  f r e t t i n g  ( 4 200 000
17.2—i .ll A 580 0(X)
l7.l9.A 1 - B 730 000
17 .2l ,E One fatigue crack from line 

B 780 000
17.2f .E r of fl e t t i n g ,  p l us sm a l l  

- B 720 000
17 .24.1) j  secondary  crack on oppo site c a 200 000

___________ 
side of hole

17 .23.1 Symmetrical fati gue crack on B 540 000
each s ide  of h o l e - , f rom ed ge 6b
of fre t ted area . Poor finish
in bore ,

17 .19.1 1~ Fati gue cracks from centre B 8~0 000
i7 .23.C line on both sides , no t  B 420 000 J

influenced by fretting.

A study of this table shows that there - is no relationshi p be tween endurance and

h y pe- of failure. -~

7 . CONCLUSIONS

(i) In a limited attempt to investi gate- the effect on endurance of small

variations of p in fit a discontinuous distribution of endurance was obt alclc d ,

leading to three separate groups of results. Notwithstandin g this featu i ,

of the results lay in a central group and a mean line through this group showed a

small but si gnifican t increase In e n d u r a n c e  as t h e degree of f i t  improved , i . e .

as the diameter of the hole decreased . This effect is not of great importance

because the sca t t e r  of r e s u l t s  about t e an is  of the same order as the general

sca t te r of correspond ing r e s u l t s  of Stage I te~ -I.s (see Fi gure C.—+~ of Stage 1),

which were for a range of deviation of hole diameter. of +3xl0
4 

ins, from the

nominal compared with the present tota l range of 4xl0~~ ins.

(ii) One probable cause of t ile discontinuity of distrib’~ition of results in

respect  of endurance I s  the non-homogene i ty of the m a t e r i a l  wi thin the p a r t i c u l a r

sheet used , wi th patches of material a few inche s across giving consistently

hi gh or consis ten t ly low endurance . This v arIation In ma te r i a l  ~ua1it~ was no t

found in the Stage 1 tests.
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1 5 1

(iii) it is known that some m at er ial s , incl ud i n g  B.S. l~~1 Aluminium Alloy

from r-hich these specimens 1- c re made , exh ibit a discontinuit y in the endurance

curve in the form of a sudden  change of slope of tIle curve - at a relati ve l y

iow alte rnating stress leve l . Such a discontinuity is believed to be due to

two d i f f e r e n t  m e c h a n i s m s  of f a t i gue , one of wh~ cti become s ineffective in

promoting failure at alternating st ess l ve -ls be low a critical -.alue . Th is

feature could li a c tlad some influence upon the results of this res t programm e ,

since t he- test alte rnating str e-ss was approximatel y of the order of this

c r i t i c a l  I c - r e t .

(iv) (It -ne n- possible cause -~ of the- discontin ni i ties ohser cc- d Wi- l i studied;

name lv:

(a )  R ange of p in s u e  used.

(b) Variati on in standard of preparation of specimen.

( c)  Atmospheric condition s in the laborator y.

(d)  Variation be tween testing m ac h ine s used,

— but none was considered to Id- h ad any e- fft t upon t h e  results obtained.

(v) An examination of a ~- I n - i t e d  i i i l I L fl I of f a i l e d  s p e c i t  is  showed no

relationship bc tween c - iidi j ranc e d i i  natu i -e of fai Lu e . t t°/o of the failu c-s

examined were very similar in fort , b u t  incl u ried rir - - of t h e  g r e a t e s t  and some

of the least of the endurances ach e — e d .

(vi) In re t rospect , it is t i I o l I ~~ l I t that the conclusion s mi n-~~t lI~~ve been

more decisive if this t n c e s t i~ atio n had included ~~ r:LE of the large size

specimens as w e ll as some of t l ~ Si :ldll s i - c . I I I  t i e r - m o r e  a second (lower)

value- of mean s t r e s s  w o u l d  have  he l ped , l o g e  ther will-n a range of alternating

stresses , but this would have - re - r i Il ir e d mor e specimens than were ava ilable aid

a much longe r time to complete- th e t e st i ng.

_ _ _ _ _ _  TI Ti~~~~~
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152 SUPPLEMENTAR Y Ib V E ST I CAT ION N o ,h

V l ABLE 1 EN DURAI ’ICES IN R E L A I I O~ 1(1 l)EVIATION FROM STAI-IDARD COMPARATOR

READING AND CORRESPONDING DEVIAT IOI : FROM STANDAR D h OLE DIA’-IETER

Deviation f~ o~ Deviation from
Specimen “standard ” “standard ” Endurance 

Group
Identity comparator hei ght ll o le _~~iameter 

(Cycles)

____________ 
(ins ~~ ~~ ins )

~~ ___________ _____ —

17. 2 1.B — 3.50 2.7 4 000 000 C
17 ,21 ,C —~~,5D 2 .7 ~+h0 000 B
17 ,18,1) -3.25 2 .5 a 200 000 C
I 7 , 19 .J — 3 , 25 2 . 5 500 000 B
17, 2-4 .11 — i ,2 5  2 .5 80 (XX) A
17 ,23. H —3. 00 2.3 c20 000 B
l7,21.D -3 , 00 2 . 3  -+~5 (i 000 B
17 .20.F -3 .00 2 ,3 620 000 B
17 ,22 .J —2. 75 2 ,1 5~ o 000 B
l7 ,22 ,D —2 .75 2,1 —+~~() 000 B
17 ,1 .1 —2 .75 2.1 500 000 B
l 7 . 2 3 ,A — 2 . 75 2 , 1 530 000 8
17 , 24 , E —2 .50 1 .9 1 (X)O 000 B
1T .22 .A - 2 . 5 ()  1. 9 al () 000 B
l i , 22 .C — 2 .2 5  1 . 7  290 000 B
17 , 24 .G -2 .25  1 . 7 310 000 B
17.20.G —2 ,25  l , a~ 000 A
17 .2 1 .A -2 .00 1.5  510 000 B
17.23.1 —1 .75 1 .3 540 000 B
17 ,24 . F — 1 . 7 5  1 . 3 1(1 000 000tJ C
l 7 . l9 .G — 1 . 75 1 . 3 410 0(X) B
l7 . l~~.C — 1 . 1.3 550 000 B
l 7 . l8 .F -1.30 1 .2 98 000 A
17.19 .1 —1 .50 1 .2 59() 000 8
l7 ,23,B -1 .00 0.8 800 000 B
17 .2-4 ,1) —1 .00 0,~ 4 200 000 C
1 , 2 4 . -1 .00 0 .~ 630 000 B
l 7 .l~~.E -1 .00 0 .8 5 800 000 C

Continued .,
Ml

F s e e  next page 
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153
SUPPLEMENTARY INVEStIGATION No.6 S

TABLE 1 (Continued)

Deviation from Deviation from
Specimen “standard ” “standard ” Endurance Group
Identity compaça tor hei ght Hole diame ter (Cyc l e s)

____________ 

(ins ’4)’
~ (ins 4)

~ _____________ ________

l7,20.E -0.75 0,6 4 200 000 C
l7.2l.E -0.50 0.4 750 000 B
17. 2 2 . B -0 .50 0, - 910 000 B
l7 .2(i .’~ -0.25 0.2 5 000 000 C
l~~.22.C -0.25 0.2 420 000 B
17.23.C — ((.25 0.2 420 000 B
l7 . 19 .A 0 0 730 000 B
l7,2l ..l 0 0 1 800 000 B
17. 19 .F 0 0 680 000 B
17.l9 .B 0 0 5 400 000 C
17.23 .E 0.25 -0.2 720 000 B
17.22 .0 0.50 -0.4 960 000 B
17 .24 , 0  0,50 -0,4 580 000 B
17.19 .H 0.75 -0.6 1 100 000 B
l7 .19 .C 0.7 5 -0 .6 10 000 00011 C
l7.17..J 0.75 -0.6 1 500 000 B
17,24.3 1.00 -0.8 570 000 B
17.23 .D 1.00 -0.8 920 000 B
17.22 .E 1 .50 -1 .2 800 000 B
17, l 7 ,G 1 .50 -1 .2 840 000 B
17.20.3 2,00 -1 ,5  1 700 000 B
17 .22 .F 2 .00 - 1.5 750 000 B

-)IJ’)ted to nearest 0.25xl 0
4 

ins. — Arbitraril y selected “standard ”
comparator height was that for specimens 17.19.A , 17 .21 .3 ,
17 .19,1 and 17.19 .B.

~-)iioted to nearest 0,1x10
4 

ins . — selec ted “standard ” corresponds
to ti-nat chosen for comparator hei ght

Si pn Convention

:;egative deviation s fiom standard comparator height both denote an
Positive deviations from standard hole diameter increase in hole

di ame te r ,

TT~~ ’~~’ ~~~~~~~
—
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158 SUPPLEMENTARY INVESTIGATION No.6

V FICULE 5 LOCATION OF SPECIMENS WITHIN SHEET No.17

Specimen Identification
Code

17 1~ 19 20 21 22 23 2a

A . . B . B
A 

B
A 

B . Specimen divided into 3 Groups ,

A , B and C , acco rd ing  to

— — —— — — magnitude of endurance .

B C C C B B Group B is form er divide d
c 

into three sub-groups BA , B

and B .  Ihus:-

C • B C • B B
A 

B
A . 

“A ” 
c 

low endurance

(See F i gu r e  —4 )

“B
A
” - Low endurance within

1) • C , . B B B ~ 
“B” range (lowe r 13

results) 

2 “B” - Medium endurance
o U • ,,
O w i t h i n  B range
z E • C • C B  B B B ~o c A A C (middle 12 results)

“B
e
” - Hi gh endurance w thin

“ B ” range (uppe r 13
~ F • A B  B • B . C
z A C A r e s u l t s )

C - Ve ry h igh endurance
(See Fi gure 4)

~ C B B A • B
O A A A  A 

IC Some doub t on spe c l’n~ n
ICII . • B~ . B~ B

~ 
A i d e n t i t y

— — -— — — — - - Fai led  at ed ge due to o f f

cen tre loading
I B • B , . . B B

C

U-
’

J B • B B B B . Bc C c C

0 .75  in
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