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SUMMARY

The programme consisted of two major parts - a photoelastic investigation into the
stress distribution and resulting stress concentration factors in a family of
simple bolted joints, and a correlated series of fatigue tests on bolted metal
joints having the same geometrical form as the photoelastic ones using a commonly
employed aluminium alloy for the plates and a steel in current use for the pins .
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SUPPLEMENTARY INVESTIGATION No .7

THE EFFECT ON ENDURA N CE OF RADIU SING THE EDGES OF THE BOLT HOLE S,

BY PRESS FORMING

1 • t~ T ROD ( i CI  To:

Supp lementary Investi gation No .1 showed the  b e n e f i c ia l  e f f e c t  on endurance

of cold working the inne r surface of the bolt hole by forcing an over-size

steel ba l l  throug h the hole - “ball ising”. An al terna tive me thod of
increasing the endurance has been proposed , name ly to cold work the ed ges

of the bolt hoLe by using a hard steel tool to press form a rad ius  around

the hole  ed ge on both sides of the plate , thus in troducing res idual
compressive stresses into a fati gue cri t ical reg ion . The original set of

tools desi gned for  th is pur pose ac h ieved an increase of endurance , bu t at

the expense of some d i s t o r t i o n  of the ho les , both at the ed ges and on
the inside sur face . Two a l t e r n a t i v e  sets  of tools  we re desi gned

subsequen tly, which reduced the hole distortion but unfortunate ly did not

in general  lead to the same o rder  of increase  of endurance . This  r epo r t

desc r ibes  the details of the investi gation .

The p l a t e s  and the p ins for the specimens were taken from the same stock as

that  used for  the Stage 1 t e s t s , the specimens  being p repa red  by

Shor t B rothers and Harland L td , and the fatigue tests carried out by the

Depar tment of Me tal l urgy a t Camb r idge Unive rsi ty ,  using a 6 Ton Losenhausen

machine operating at 1500 c.p.m .

2. NOTATION (Units are in lb and inches throughout)

d = Nomin al  diame ter  of ho le  and p in

D = Width of parallel section or test specimen

Ave rage Tensile Strength of plate material (from tests)

f = Ave rage O.2°/o Proof Stress of plate material (from tests)

= Geometric stress concentration factor based on net area

of cross section of test specimen

N = Endu rance

S = Mean Stress on net area

S = Al ternating stress on net area associated with Sm
i = Thickness of p la te specimen

r-_ ‘—-- — 
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3. TEST PROG R AMM E, STRESS LEVELS AND ORIGINAL TOOLS USED FOR PRESS FORMING

The specimens selected f rom Stage 1 stock fo r  these t es t s  we re a l l  of the loaded -
p u s h  f i t  p in type , m e d i u m  s it e  and i n  t h r e e  g r o u p s  cover ing  the th ree  v a l u e s  of

d/ D  used in the Stage I t c s t s , name ly 1/4 , 3/ 8 and 1/2 (K ~ = 3 . 7 3 , 2 .72 and 2 .22

r e s p e c t i v e l y ) .

Fi gure 1 g ives  de t a i l s  of  the spec imens .

Tes t i ng  was c a r r i e d  ou t  a t  two l eve l s  of mean s t r e s s , 0 .25  
~t 

and 0.15 
~~~ 

At

the h i g h e r  mean s t r e s s  f o u r  l eve l s  of a l t e r n a t i ng  s t ress  were inc luded bu t  a t  the

lower mean s t r e s s  onl y two L e v e l s  of a lt e rna t ing  s t ress  were emp loyed . For

d/D = 1/2 no tes t s  were made a t  the  lowe r leve l of mean s t ress .

Gene ra l l y, three nominall y identical specimens were tested at each stress leve l ,

togethe r with one specimen without pressed formed radii , to serve as a control .

Table  1 p re sen t s  t h i s  or i g inal  t e s t  s chedu le .

Three press  tools  were m a n u f a c t u r e d , one fo r  each d i a m e t e r  of hole  cor responding

to the three values of d/D and the detail features of these tools were the same

except for the diameter - see Fi gure  2 .  I t  w i l l  be noted  t ha t  a l l  the p r e s s - t o o l s

we re des igned to have a tapered lead-in of 1.0
0 

to 1 .5°, wi th the last 0.15 in .

of l eng th  p a r a l l e l  a t  d ~~~ ~~~~~. The r a d i u s  a t  the root  of the tool was a

constant value of VfO .O5 in +0 .001 in .

4 . ORIGINAL TOOL LOADS

In the interests of uniformity , some pre l iminary tests were made for each of the

th ree hole diame ters , in which the tool was graduall y p ressed into the hole and

records taken at convenient stages , of both the press-tool load and the

corresponding gap bet~ieen the underside of the tool head and the specimen surface .

A smear of g rease was app lied to the tool in order to facilitate ease of removal

and care was taken to ensure that the load was app lied ax iall y.

The results are presented in Table 2 , and from these data it was decided to

s tandardise on a cons tan t tool load f or eac h diame te r of ho le , eac h load be ing

that corresponding approximatel y to a gap of 0.001 in.

These standard tool loads were as follows :

Hole d /D Tool Load
Diame ter (Tons)

5/16 in 1/4 4.0

15/32 in 3/8 4.5

5/8 in 1/2 5.0

— •~~ V~~~~~~V -~~~~~~ — V~~~~~~~~ V V V
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HOLE DISTORTION DUE TO PRESS-FORMING

As stated in paragraph 3 , the specime ns were in tended to be of the loaded push
f i t p in type . but when the testing latoratory at Cambrid ge a ttemp ted to assemble
them it became clear tha t relative ly large forces would be needed to insert

the pins because the holes varied In diameter and concentricity throughout the

thickness of the p late . Mo reover the majority of the specimens had small lips

formed around the  ed ges of the h o l e s , a r i s i n g  from the  act ion of the press—tool .

T h is general  hole d i s tor t ion is shown in Fi gure 17.

After some consideration i t  was agreed by a l l  concerned tha t i t  would be

sa t i s fac to ry to ream l ightl y all the holes which were distorted in order to

achieve a satisfac tory push fit of the pin without causing a sign i f ican t loss of

the residual compression stresses. This action was taken for the majority of

the  specimens , and thus  the loads to i n se r t  the pins we re kep t to the same orde r

as for the corresponding Stage I tests.

6. RESULTS OF ORIGINAL TESTS

These a re p resen ted in Tables  3 , 4 and 5 and p lotted on Figures 3 , 4 and 5 ,

the numbers 3 , 4 and 5 cor responding to the specimen groups with d/D = 1/4 ,

3/ 8 and 1/2 respe ct ive ly. In addition to the current control test results , the

cor respond ing  Stage I test results are also shown , where available.

7. . DISCUSSION OF TEST RESULTS USING ORIGINAL TOOLS

At S / f  = 0.25—m—— t

For d/D = 1/4 and 3/8 the inc rease  in endurance for the press-forme d specimens

as compared with the control specimens ranged from a ratio of about 2:1 at high

al te nating stress (0.225 
~~ 

to a ratio of about 10:1 at low alternating

stress (0.075 f
~ 

to 0.10 ~~~
For d/D = 1/2 the increase in endurance was be tween 5:1 and 10:1 at high

al te rna ting stress and be tween 1:1 and 5: 1 a t low al terna t ing stress ,

depending upon whe ther Stage 1 resul ts or the curren t con trols  are u sed.

It will be noted that , comparing the resul ts of the curren t con trols  wi th the

Stage 1 resu l ts , there is good agreemen t be tween the two at d/D = 1/4 bu t  not

so good agreement at d/D = 1/ 2 .

At S~~j~ = 0.15

At this lower mean stress the increase of endurance was relative ly greater than

at 
~m~~t 

= 0.25 for both d/D = 1/4 and 3/8. There were no tests at

Sm / f t 
= 0.15 for d/D = 1 / 2 .

_ _ _  V 
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The ra ti os of increase o f endu rance for  d/D = 1/4 range from 2:1 at

S = 0.15 
~t 

to as much as 100:1 at Sa 
= 0.10 

~~ 
whereas for d/D = 3/8 the

endurance increase ratios range from 10:1 at S
a 

= 0.15 
~ 

to 30:1 at

S = 0.10 
~~ 

These figures mu st be rega rded as app roxima te because there was

more scatter of results at the lower mean stress than at the higher one .

8. CONCLUSIONS ON ORIGINAL TESTS

To sum u p for these tests , the re is no doubt that the origina l desi gn of press-

fo rm r a d i u s  tools  d id increase si gn i f i can t ly the endu rances fo r a g iven

a l t e rna t ing  s t r e s s  ove r most  of the rang e both for  Sm / f t of 0 .25 and 0 .15 , bu t

there were some attendan t disadvantage s, name ly -

(I) Very high tool loads were necessary in order to close the gap

be tween the tool and the specimen .

( i i )  Li ght  reaming of p r a c t i c a l l y a l l  the specimens was essent ial in

order to assemble them to achieve satisfactory push fit

s tandards .

(iii) Small , but inconvenient li ps we re f ormed on mos t of the hole

ed ges , wh ich mi ght prevent satisfactory seating of the join t

p la tes on assembl y.

I t was de c ided to examine a sel ected number o f spe c imens in o rder to study the

na ture of the failures. Th is was done and Table 6 summarises the outcome of

these examinations.

9 . SUBSEQUENT ACTION

9 .1 F i r s t  Tool Modification

I t seemed des i rable  to a ttemp t to av o id the hole dis tor tion , if possible , and to

minimise the grow th of the l ips , and to this  end a revised se t of too ls was

designed and made , - see Fi gure 6.

The essential diffe rences be tween the new tools  and the origina l ones were :

(a) a double taper without the parallel portion , instead of the

sing le taper and a short parallel length .

(b) a reduction of root radius from 0.05 in. to 0.02 in .

A pilot programme of tests was p lanned , covering all three value s of d/D but

only for a mean stress of 0.25 
~ 

with three values of alternating stress for

each value of d/D. Tt was though t that if tests at 0.25 
~t 

were satisfactory ,

then those at 0.15 
~t 

would cer tain ly be so. Only one specimen was tested at each

stress leve l. This decision reduced the reliability of any conclusion s drawn but

was dictated by availability of specimens.

___________ — p.
- —s. — —7.-
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9 .1.1 R e s u l t s  of F i r s t  Tool M o d i f i c a t i o n

( i )  Press  Tool Loads

As in the original test programme the press tools were advanced steadil y into

the specimen holes and records taken of the load increments and corresponding

gaps be tween the underside of the tool and the specimen surface. Fo r a g iven

s i z e  of ho le  the r e c o r d s  we re reasonab ly  un i form . Standard is ing  on a min imum

gap of 0 .0013 in . the mea n p ress tool loads we re:

Hole Tool Load
Diameter d/ D (Tons )

5/ 16 in 1/4 1. 3

15/ 32 in 3/8 1.9

5/8 in 1/2 2 .0

Clea r ly ,  these are much less than those required with the original tools ,

chiefl y because of the reduced th roa t radius  of the tools , bu t consequen tly
there was less material that was cold worked in the fatigue cri tical reg ion.

Also , the li ps around the hole ed ges we re reduced sl ightly and the genera l hole

distortion lessened , thus requiring L ower loads to insert the push fit p ins.

(ii) Results of Endurance Tests for First Tool Modification

These are given in Table 7 and p lotted on Figures 7, 8 and 9 with control and

Stage 1 test curves added for comparison .

It appears f rom a comparison be tween these figures and those for the original
tests that the reduction of the amount of cold working at the hole edges had

led to the loss of part or all of previous gains in endurance .

9.2 Second Tool Modification

One more attemp t was made to re-desi gn the tool by reverting to the original

root radius of 0.05 in , but also creating in the specimen hole a sli ght

interference fit by making the tool diameter to limits of +0.0000 in. to

+0.0003 in. This would inc rease gene ra l ly  the volume of cold worked ma terial .
The double taper of the tool was retained. Figure 10 gives details.

Another pilot programme of tests was planned , again for a mean stress of

0.025 
~ 

but for twice the numbe r of specimens as were tested in the programme

for the first tool modification . Half of these were to be tested as

manufactured and , assuming tha t the lips would still arise , the other half were

to have the lips removed prior to testing. There was still only one specimen

provided for each stress leve l . 
V

—. I.- ~ ~~~~~ •~_~ VV ~~VV . -- ~~~~~~~~~~ — ~~~~~~~ . ~~~~ V~
_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — -— - —
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9.2.1 Results of Second Tool Modificatio n

( 1 )  Pre ss Tool Loads

The same procedure was adopted as before , and press tool loads with appropriate

gap d istances we re rec orded . A standard minimum gap of 0.003 in . was chosen

this time to ensure that the li ps would no t be damaged . At this minimum gap the

standardised too l loads we re as follows:

Ho le Tool Load
Diame te r (T ons)

5/16 in 1 / 4  2 .1

1 5/ 3 2  in ~~ 3 5

5/ k  in 1/ 2

These tool loads we re Intermediate between the ori gina l ones and those of the

f i r s t  m o d i f i e d  tools .  The l i ps were stil l  formed and were of toe or~1e r of

0.004 in . in hei ght  h u t  no t  damaged by ~.h p ,e s s  t o o l . Some reaming oc the  ho les

was still required in order to fit the pins to a satisfacto ry push fit st3ndard .

(ii) Results of Enduranc J e s t s  for Second loo l Modification

These are given In Table M and p lot ted on Fi g u r e s  11 . 12 and 13 with control and

Stage 1 test curve s for comparison .

There was no gain in endurance at dID = 1/ . , a l i t t l e  a t  d/ D  = i/ S  and

somewha t mo re at d/D = 1/2 , compared with the appropriate controls. Mo raove r

the differences be tween specimens with and without li ps we re neg lig ible a t

d/ D = 1/4 and 3/8 , bu t  more f a v o u r a b l e  w i t h  l i p s  l e f t  on .  a t  d / D  = 1/2 .

9 .3 Surmna ry Endu rance Cu r ves

Finally ,  for a be tter appreciation of the relative merits of all three stages

of this inves tigation , Fi gures  14, 15 and lb are presented , deal ing wi th

d/D = 1/4 , 3/8 and 1/2 respect ive ly .  These show all the endurance curve s for

a g iven pin diame te r without the detail poi nt s p lot ted.

Only the results for = 0.25 
~t 

are included on these figu res because of the

limi ted amoun t of da ta a t S
m 

= 0.15 t
~~. 

bu t this data is available and clearly

shown on Figures 3, 4 and 5.

p.
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10. FINAL CONCLUSION S

A se t of press tools was desi gned , which created residual compressive stresses

in the fati gue critical reg ion of a series of sing le p in bol ted join ts ,

resulting In significantl y increased endurances. The increases were greate r

at the lowe r values of Sm 
and of 5

a 
than at the higher value s.

Uowe .’er the re we re some associated disadvantage s , namely —

( i )  Ve ry hi gh press  too l loads were necessary.

(ii) Varia tion in hole diame ter and concentricity throughout the

p late thickness occurred , necessitating light reaming before

the joint pins could be inserted to a push fit standard .

(iii) Small lips formed around the edges of the holes , affecting

adverse ly the seating of the join t plate s on assembly.

Two alte rnative sets of tools were manufactured vary ing tool root radius , lead-

in design and diameter tolerances of the tool , and furthe r specimens made using

these tools. The adverse effects noted above were reduced somewhat but not

removed by either of these alternatives. Moreove r much , and sometimes all of

the increase in endurance achieved when using the original tools was lost.

In the last series of tests half of the specimens had the lips removed before

assembly but the resulting endurances were scarce ly affected except for the

group at d/D = 1/2 where the removal caused a significant drop in endurance .

Thus , this method of increasing endurance has proved to be very sensitive to

the detail design of the tools and even when the increase is significant it

would appear that specimens so made will probably possess to some degree one or

more of the three disadvantage s noted above . The investigation was therefore

discontinued.

- .. . 
~~~~~~~~~~~~~~~ . 
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5~11’}~I , EMEMTA ~~ IN VESTIGATI ON No 0 7

TABLE 1 SCHEDULE OF ORIGINAL. TESTS

A l l  Specimens o f “medium ” size types ‘B ’ or

Pus h F it Pi n - Pin Loaded

Specime n 
~~~~~~~~~~~~~~ 

Numbe r o f Specimens per
Type 5m +S s t r e s s  leve l

22 .5
l~ 

3 with press—formed radius p lus 1
25 wi thou t to serve as con trol

2.B.5/lo 10
d/D = 1/4 7.5

15 12.5 3 with P.F.R., 1 wi thou t

10 3 wi th P.F.R ., 2 wi thou t

22 .5

2.D.15/32 25 3 wi th P.F .R ., 1 without

d/D = 3/8 
_______ 

10

15 3 w i t h  P .F .R ., 1 wi thou t

7 1 with P.F.R.

2 .D ,5/ 8 2 2 .5
d/ D = 1/2 25 3 with P.F.R ., 1 wi thou t

P.F.R. = press—formed radius

TABLE 2 PRESS FORMING LOADS - ORIGINAL TOOLS

(a )  Specimen Type 2 B 5/16 d/D = 1/4 = 3.73

Specimen Press Forming Tool/Surface Chosen Standard Tool
Identity Load Gap Load for 1/1000 in gaj

(Tons) (1/1000 in) 
_____________________

1.0 17 
- 

- r

30.2 ,D
1st side 2

____________ 
3.6 1.5 

V

1,0 17

30.2.D
2nd side 2

___________ 
3.6 2 4.0 Ton s
1.0 18
2.0 10

30.2.E 3.0 5
3.2 4 V

____________ 
3 ,6 1
1.0 16
2.0 9

3O ,3.C 3.0 5
3.2 4
3,6 1

Continued

p.



SUPPLEMENTAR Y INVESTIGATION No. 7 9
TABLE 2 PRESS FORMING LOADS - ORIGINAL TOOLS

(b) 5~ECIMEN TYPE 2 0 15/32 d/D = 3/8 = 2.72

Specime n Press Forming Tool/Surface Chosen Standa rd ToolLoad GapIdentity 
(Tons) (1/1000 in) 

Load for 1/ 1000 in gap

1.0 11
2.0 5

12 .8.B 2.5 2
3 .0 1.5

____________ 
3 , 5 0.5
1.0 16
2.0 9.5

l 5 . 4, B 3.0 7 4.5 Tons
3 .5 3

__________ 
4.0 1
1.0 14
2.0 9

9.20.E 3.0 5
3.5 2

__________ 
4.0 1

(c) SPECIMEN TYPE 2 D 5/8 d/ D = 1/2 = 2 ,22

Specimen Press Forming Tool/Su rface Chosen Standard Tool I .’
Load GaoIdentity Load for 1/1000 in gap(Tons) (1/1000 in)

1.0 15
2.0 11

15.16,C 3.0 7

___________ 4.4 5.0 Tons

6.ll .C 3.0 9
4.0 4
4.5 1.5 

________________________

p.—--v—- _- 
~~~~~~~~~~ _ _ _ _ _ _
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SUPPLEMENTAR Y INVEST1 CA 1 ’I O~ No . 

V

TABLE 3 RESULTS OF ORIGINA l .  TESTS - LOADED PUSH FIT PIN Refe rence Fi&ur e  3

SPECIMEN TYPE 2 B 5/ l b  d/ D  = l/ 4 K~~= 3,73

Specimen 
S t r e s s  Le v e l s  Cy c l e s  Logar i thm Geometr ic

I d e n t i t y  
Percentage  ~t to Cyc l e s  to Mean p

+S a F a i l u r e  Fa i lure  Cyc l e s

11 990 4.078
28,2.A 25 22 .5 11 440 4.058 11 550
28 , 2 ,D 11 170 4 . 046
28.ll .B 25 22.5 5 630 3,750 Control

28.5.A,( 66 850 4.824
28 .3.A 25 15 35 000 4.545 39 800
28.3.Bx 

_______ _______ 

26 990 4.430 
_____________

28 , l l ,D 25 15 17 470 4 .242 Control
28 ,6 ,C 238 540 5.37828 ,6.EK 25 10 165 370 5.219 170 500
28 .6 .A 124 500 5.095
28.ll .E 25 10 39 950 4.600 Con trol
28,7,A 

— 
1 471 540 6 .167

26.7,Bx 25 7.5 biN 370 5.790 773 000
28 .7 .D 510 000 5.706

28.12.A 25 7 .5 58 320 4.766 Con trol
28.8,CM 667 260 5.823
28 .8,D 15 12 ,5 577  710 5.760 548 000
28.8,D 

________ ——  

427 110 ‘5.630 
______________

28.l0.C 15 12 ,5 58 850 4.767 Con trol
28.8,A 12 575 560U 7.098U
28.8.E 15 10 10 566 000U 7.O22U >11 160 000
28 ,9,A 10 487 000U 7.020U
28.l2 .B 15 10 62 770 4.797
28.l0.D 53 6 8 0  4.730 Con trol

U denote s unbroken

~ Exam ined f or na ture of f a i l u re

_ _ _  p.
- --
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~~’U[ EMl~M t A L Y  I l I V E S I T C A J I O N  No •

FA Rt l~ -. RESULTS OF O R I G I N A L  TESTS LOADED PUSH FIT PIN Reference Figure 4

SPECIMEN TYPE 2 U 15/ 32  d/ D  = 3/8 K~~= 2.72

:~~; 
~~~~~~~~~~~ 

Cycles Logarithm Geometric

S
m 

+S
a Fa i lu re Fail u re Cycles

12 .lO .E 30 750 4.487
l 2 .lO .GM 25 22.5 26 480 4.420 24 900
12 .lO.A 

_______ _____ 

19 150 4.281 
_____________

1-. .b ,D 25 22 .5 
— 

12 360 4.091 Con trol
12 ,ll .G 78 070 4.892
12 . 1[ .F 25 15 75 910 4.880 76 200
l2 .l l .E~ _______ _______ 

74 370 4.871 _____________

14.b .F 25 15 22 580 4.353 Control
l2 .l2 .C 237 130 5~ 374
l2 ,12.G~ 25 12 .5 165 340 5.218 170 000
12.12 ,F 

________ _______ 
127 010 5.102 

______________

lL..8,C 
- 

25 12 .5 23 940 4.378 Control

12 .l4.CK 581 150 5.764
12 .13.D 25 10 462 000 5.664 445 000
12 .15.0 332 900 5.521

25 10 74 000 4,869 Con trol
l2 .18.A 12 660 000U 7,lO2U
l2 .17.Dx 15 12 .5 852 320 5.930 >990 000
12 .18 .G 

_______ _______ 

92 000 4.963 
_____________

14.S.F 15 12.5 66 620 4.823 Control

12.9.B 10 133 410U 7.OO5U
l2 .8.B 15 10 1 885 000 6.275 >2 970 000
12.19.B” 

______ _______ 

1 380 000 6.140 
______________

l4.5.G 
— 

15 10 86 530 4.936 Control
12 ,19 ,G 15 7,5 10 314 000U 7 .012U >10 314 000

U deno tes unb roken ~ Examined for  na tu re of f a i l u re

TABLE 5 SPECIMEN TYPE 2 I) 5/8 d/D = 1/2 K~ = 2.22 Re fe rence Figu re 5

Specimen St ress Levels  Cycles Logari thm Geometric

Iden ti t Percen ta~e ~t to Cycles to Mean
S
m 

+S
a Failure Failure Cycles

6,ll .C 
. 

126 000 5.150
6.ll .D 25 22.5 115 270 5.061 122 500
6.1l.E 

_______ _______ 

114 080 5.056 
_____________

6,l7.Bx 25 22 ,5 36 290 4.559 Control
6.l2 ,C 355 650 5.550
6.12 ,A 25 15 176 020 5.245 196 000
6.l2 .BX 

_______ _______ 
120 290 5.080 

_____________

6,17.D 25 15 24 680 4.397 Contro l
V 6.l3.A,~ 444 580 5.647

6._2 .E 25 10 324 590 5.510 360 000
6,12 ,D 323 090 5, 509 

_____________

6,18,A 25 10 76 060 4,880 Control
6.13 ,0 1 488 240 6.172
6.l31 Cx 25 7.5 1 036 500 6,015 1 040 000
6.13.B 

_______ _______ 
719 380 5.85b 

______________

6.18.B 25 7.5 233 610 5.368 Control

~Exainined for nature of failure

p.
_____________ — V~~~~~~~~~ 
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TABLE b NATURE OF FAT LUR E S (iF SOME ORIGINAL. SPECIMEN S

Specimen Stress Levels Cycles
Identity Percentap f

~ 
V Rema rks

S
m I .tS~ F a i l u r e

Specimen Type 2 B 5/16 - d/D 1/4
28.2.A 25 22.5 Il 440 All specimen s had small
28.3.A 25 15 35 000 li ps a round hole ed ges
28 .3.B 25 15 26 990 and hole diameters
28.6.E 25 10 165 370 varied th rqughout the
28.7.B 25 7.5 618 370 thickness (due to press
28.8.C 15 12 .5 667 260 tooldistortion) . Fa tigue

cracks occurred on both
sides bu t several
specimens fractured
comp le tel y on one side

__________ _______ _______ 

only.
Specimen Type 2 D 15/32 - d/D = 3/8

12 ,1O.G 25 22 5 26 480 Hole dis tor tion si,mil~ r12.ll .E 25 l~ 74 370 to specimens at d/D 1/4
l2.l2 ,G 25 12.5 165 340 but less severe. Fatigue
12.l4.C 25 10 581 150 cracks generally on both
l2 .l7,D 15 12.5 852 320 sides ol hole ,
12 , l9 .B 15 10 1 380 000

Specimen Type 2 D 5/8_- d/D = 1/2
6.17,B 25 22 .5 36 290 StiLl some hole distor-
6.l2 .B 25 15 120 290 tion and forma tion of
6.l2 ,E 25 10 324 590 Lips. All specimens had
6,l3.C 25 7.5 1 036 500 fatigue cracks on bo th

sides of hole and all
specimens fa i led
comp letely on one side
onl y,

TABLE 7 RESULTS OF TESTS AFTER FIR ST TOOL MODIFICATION Reference Figures 7, 8

and 9

Stress Levels LSpecimen Specimen Percentage ft 
yc es 

Cycl to
Type Identity 5 +S Failure Failure

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

m — a  
_ _ _ _  _ _ _ _ _ _ _ _

29.9.C 22.5 8 040 3,905
2 B 5/16 29.l l ,C 25 15 18 150 4,258

___________ 

29.16.C 
_______ 

7,5 126 200 5, 100
14.14,A 22.5 20 890 4.320

2 D 15/32 14.15.A 25 15 78 340 4.893
__________ 

14,19.B 
______ 

7.5 182 550 5.260

16,5,D 22.5 40 110 4,603
2 D 5/8 16.13.E 25 15 136 280 5.135

___________ 

16.12,F 
_______ 

7,5 848 340 5,927 —

~~~ I~~ -IT
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SUPPLEMENTAR Y IL VESTIGATION No . 7

TABLE 8 RESULTS OF TESTS AFTER SECOND TOOL MODIFICATION Re ference Figures 11,

12 and 13

Stress Leve l s Cycles Logar i thm
Specimen Specime n Pe rcen tage 

~ t to Cycles  to
Type I d e n t i t y  5 +S Fai l u re Fail urem — a  

_ _ _ _ _ _ _ _ _ _

29 .2.C 22 .5 8 430 3.9252 8  5/lb 3O.l.B 25 15 16 880 4.217
lipped 

30,2.A 
_______ 

7.5 89 340 4.950
2 B 5/ 16 28.17 .C 22 .5 5 970 3.775
lip 29 .2.A 25 15 lb 590 4.220
removed 29 .7.A 7.5 81 600 4.911

l4 .l5.B 22 .5 23 770 4.3752 0 15/32 14.16.0 25 15 43 030 4.635lipped 14.17.A — 
7.5 190 170 5.280

2 D 15/32 14.13.A 22 .5 22 460 4.350
lip 14.14.8 25 15 40 410 4.606
removed 14.16.C 

_______ 
7.5 204 800 5.310

16 .2.C 22 .5 33 060 4.5202 0  5/8 16 .3.B 25 15 244 280 5.388
lipped 16 ,4.C 7.5 2 882 200 6.460

2 D 5/8 l5 .l9 .F 
— 

22 .5 38 570 4.586
lip 16.l .F 25 15 106 070 5.025
removed l6.1.G 

_______ 

7,5 935 620 5.970

- 

- 
( V

.,
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ITEM D in R in No. off Material

0.3125 0.05
1 -0.0004 +0.01 

Tool
-0 .000 7 — Steel

0.4687 0.05 - T 1
2 -0.0004 +0.01 i 

00 V

-0.007 
— Steel

0.6250 0.05 Tool
3 0.0004 +0.01 1 Steel

-0 • 0007

NB Press Tools Lubricated with Molybdenum Disulphide Grease .
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SUP P LEMENTA RY I -\ I- T CA II 0- .~~ o •

E X P O S u R E  TEST~ I ) ’  S I A I I t d ~I) A~ D i0’-i — STAN DA R I) S P E C I N E ~ S A I D  SIJBSEQUEI-IT EFFECTS

ON 1-ATIG IJE EN!)t RA: C1 -

1 • - lEO I)! CT 10

C o r r o s i o n  of v i t a l  p a r t s  of  an a i r c r a f t  s t r u c t u r e  is an ever  p r e s e nt  p o s s i b i l i t y .

tlo reo v c - r , where sustained assembl y stresses are present due to interfe rence fit

p ins , or whe re fati gue strengthening processes involve induced residual str- ss

sys tems , stress corrosion cracking may occur , and the resulting fati gue endurances

achieved in service may he l~~~c than those obtained under laboratory environment .

Therefore it was considered that this programe of research would be enhanced if

some standard specimens (i.e . Stage 1 types) and some non-standard specimens

(i.e . Stage type s , Supp lementary Investi gations No .1 , 3 and 7) were selected

and subjected to exposure in a sem i -marine atmosphe re and examined from time to

time for corrosion effects . Arrangements were made to do this , and half of the

total numbe r of each type of specimen was given the currently acceptable form of

sur face pro tec tion , and the other half was not given any protection treatment at

a l l .

Subsequentl y af te r adeq ua te expos ure time and per iodic inspec t ions , specime n s
with both standards of preparation were fati gue tested and the resulting

endu rances ana l ysed .

This present report has been compiled from a series of reports rece i ved f rom

Short Brothers and Harland Ltd , ove r the per iod l~J7 l to 1976 . (References I

and 2).

2. NOTATION (Units are in lb and inches throug hout)

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

d = Nominal diamete r of hole and pin

D Wid th of parallel section of test specimen

= Average Tensile Strength of p la te ma te rial  ( f rom tes ts)
= Ave rage 0.2

0
/0 Proof Stress of p late material (from tests)

= Geometric stress concentration factor based on net area of

cross sect ion of test specimen
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= Endurance

S ~Ican Stress on net area
m
S = A ltei -na ti n~ stress on net area associated with S
a - m

t = T h i c k n e s s  of p la te s p e c i m e n

I . SPECIME N TYPES ( S t a n d a r d  and N o n - s t a n d a r d )

These are all i l l u s t r a t e d  on [i g u r e  I .

A lmost all the specimens wE I l  c u be r of  the  m e d i u m  s iz e  or of the  s m a l l  s i /c ,

i .e . with the prefix ‘2’ or ‘ —+ ‘ respective ly in the type numbe r , although L h e r

(- e re just a fe Y - specimens of the lar ge size (prefix 1). All the illustrations in

Fi gure 1 are drai-m for t he  m e d i u m  s i z e  b u t  v a l u e s  of specimen w i d t h  ~~~ are given

for the other size s as well . The surfaces of all the specimens were in the “as

rolled ” condition .

Standard Specimens - as f o r  S tage  1

These were all of the unloaded p in type — letter desi gnation ‘A ’ or ‘C ’ and

covering dID = l/ ~+ , 3/~ and 1/2 . Specimens we re provided with push fit , 0.4°/o

and O.8°/o interference fit p ins for each value of dID. The main group was of

medium size , but a few specimens we re- also available in both large and small

si zes , but only for d/D = 3/8 and with O.8°/o interference fit pins.

The allocation of specimens for each confi guration and standard of preparation are

given in Table l •

3.2 Non—Standard Specimens

3.2.1 As for Supplementary Inve stigation No .1

i.e. Interference Pre—s tiessed Iloles (‘ Ba 1lising ’~~

These we re of t h e  loaded pin type s (‘B ’ or ‘D’) covering the usual three values

of d/ D  = 1/ 4, 3/ t i  and 1/ 2  and all specimens were of the medium size .

The holes were initiall y dri lled for a push fit pin and then cold worked by

forcing an oversized steel bal l through the hole .

Two deg rees of oversize were emp loyed , name l y 1
0

/0 and 4
0
/0 The allocation of

specimens for each confi guration and  s t a n d a r d  of preparation are g iven in

Table  2A .

3.2.2 As for Supplement aL-y Investi &a ti on No .3
i .e. Specimens Pre—loaded before Testing

All these specimens w e - I c  of the loaded p in type (‘B ’ or ‘I)’), all of the small

s ize , and cove rin g a l l  I t ~ r€ c  values of d/D. As wi th the standard

specimens , push fit ~~ l f l , 0 .4
0

/0 and 0.80/0 interference fit pin forms were

_ _  — _ _- - - -
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provided arid for eac ll of thE se two degrees of p re-stress were used , name ly

0.75 
~~ 

and 0.~~() f~~. T ab l e  2B g ives the allocation for each confi guration

and standard of preparatio n .

3 ,2,3 As for Suppli-mentary Investi gation No.7

i .e. Pus h F i t  Holes with Press Formed Radii at both ed&es

In this inv sLi gation also the specimens we re all of the loaded pin type , and

of t he  medium size , covering d/ D = 1/4 , 3/8 and 1/2. The press formed radii

we re made with the same tools as for the initial tests described in -

Supp lementary Investi gation No .7 . Table 2C gives the allocation for each

confi guration and standard of preparatio n .

4. TEST PROCEDURE

4.1 Preparation of Specimens

The specimens in the “unprotected ” ha l f  of eac h g roup o f spec imens we re

assem b led  d ry in the “as received ” condition with no othe r surface treatment

for the p la tes , although the p ins were cadm ium p la ted . The specimens in the

“protected ” ha l f  of eac h g rou p we re g iven the following standard protective

t r e a t m e n t :  —

(a) Anodic treatment to D.T.D. 910 Section II.

(b) Two coats of chrome tch (e .g. l’itanine P.R. 308)

(c) Two coats of paint (prime r and final coat) to D.T.D. 5555

e .g .  ( T i t a n i n e  Tu b )

( d )  “Dur a l ac ” or equivalent on assemb ly with the cadmium

p lated pin . p

4.2 Exposure

All the specimens were exposed out of doors , with roof cove r , in a semi-marine

a tmosph ere , at the works of Short Brothers and Harland Ltd , Be l fast and this

f i r m  monitored the tests throughout the whole programme. N o l oad was app l ied

to the specimens d u r i n g  the  exposu re  pe r iod . The expos u re pe r iod commenced at

the end of Jul y of 1970 and all the specimens were kept under observation

throughout the ensuing months.

Exam ination of Specimens

Af ter an exposure time of 159 day s (approximatel y 5 months) the specimens

wi thout protective treatment we re all showing evidence of corrosion and were

removed from the exposure site for a detailed examination in the laboratory .

This cove red both visual inspection and Inspection with the aid of a binocular
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microscope at X40 ma gnifi cation . Following the examinations it was felt

advisable to select a limited numbe r of u n p r o t e c  ted spec imens from each g r o u p

and examine them metallurg ic a l l y a t strateg ic locations for evidence of cracks

e t c .

The specimens with pro te cti ve treatment did not at this stage show any

indications of corrosion . They were left for a furthe r period and afte r a total

exposure t ime of 1~ () day s (approxima tel y 12 month s) they were removed and

sub jected to a d e tailed laboratory examination , includin g the use of a binocular

microscope at \30 magnification . On ~ione of these specimens was the re any

evidence of a br E akdown of the paint film , no r of any apparent cracking .

All the specimens , except those unprotected ones which had been cut up for

me tallurg ical e xamination , were returned to the exposure site and kept under

observation for a furthe r period of t ime .

Af ter total exposure time s of:

44
~ 

days (approxima te ly 15 months ) for the unprotected specimens and

~ h h  days  (app rox ima te l y 23 months) for the protected specimens , they were

removed and individuall y wrapped and stored under laboratory conditions pending

fatigue testing. This storage period range s from about one to three years for

in d i v i d u a l  spec imens . Just prior to fati gue testing a brief visual examination

of the specimens was made .

The results of all these visual and metallur g ical examinations are reported in

p a r a g r a p h s  5 to ~ i n c l u s i v e .

4.4 Fatigue Tests on Exposed Specimens

The fati gue- tests were carried out at Queen ’s university, Be l fas t u sing Am sler

Vibrophore type machines of i and 10 Ton maximum capacity coup l ed wi th 2 , 5 or

15 Ton dynamometers as appropriate to ensure maximum accuracy of loading.

Testing was carried out at a frequency of 7200 c.p.m .

A l l  of  the  spec imens  were  t e s t e d  a t  a m e a n  s t r e s s  of ( 1 . 25  
~~ 

except the -
V

interfe rence fit pin specimens of Stage 1 type which we re tested at a mean

stress of 0.50 
~~ 

In each case two or three levels of alternating stress were

emp l oyed . I’he results are g iven in Tables 9 to 12 and discussed in paragraph 9.

h
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5. RESULTS OF EXAMINATION OF UNPROTECTED SPECIMEN S AFTER AN EXPOSUR E

PERIOD OF 159 DAY S

All  the spec imens showed f a i r l y uniform corrosion on the surfaces of the

p lates. In some specimens this corrosion extended right up to , and was in

contact with the p in , bu t in the majority there was a ring of material around

the pin on both sides of the p la te , or on the p in entrance side only ,  which

was rela tivel y unattacked . These th ree type s of cor ros ion are des igna ted 1 , 2

and 3 respec tivel y and a re descr ibed in Table 3 and i l l u s t ra ted in Figure 2A

(type 1 - uniform corrosion up t~i pin) and on Figure 2B (types 2 and 3 - r i n g

of material unattacked around pin).

For the pins , the re we re also three type s of corrosion attack designa ted 1, 2

and 3 respec tivel y, in whi ch the re was e ither un i f orm rus ting of the p in

(type 1), r ust ing where the cadm ium was abraded l oca l l y (type 2), or the pin was

rela tive ly free from rusting (type 3). These types of corrosion are also

des cr ibed in Table 3 , type 1 be ing illus trated in Figure 2A and type 3 in

Fi gure 2B .

The distribution of the different forms of corrosion attack among the various

specimens examined is recorded in Tables to 7 as follows :-

Table 4 - Stage 1 specimens

Table 5 - Supp lemen tary Investi ga t ion No. 1 specimens

Table 6 - “ “ No.3

Table 7 — “ “ No .7

They are discussed in the following paragraphs. -

5.1 Standard Specimens - as Sta&e 1 (Table 4)

Reviewing the various types of corrosion attack on the p la tes and pins, they

can be summarised thus:  V

Pla te Type 1 2 3 Totals
- No. off 7 17 6 30

Percen tage 23 57 20 100
p Pin Type 1 2 3 To tals

No . of 7 19 4 30
Percen tage 23 64 13 100

Thus for the plate s , approxima tel y 60
0
/0 showed a ring of relative ly unco rroded

ma terial around the pin on both faces of the specimen . These included mos t of
the push fit and a fair proportion of the 0.4°/o I.F. specimens. Few of the

O.8~ /o I.F. specimens were in this category , probably due to substantial

ab rasion of the cadmium plating.
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\huut one Lia rt e r o f  Ui spec imens 5 I ~ ~~~ II corrosion ri ght u p to the p in and of

t IE  s a l l  h u t  on e a l  intE r If re 11 f i t t u in s.

-o r the pins. n e d l  l~ t w o  thirds v 1 ) t  t V p *  2 . i . • wl~e ~~~
- the In l y pin

corrosion ~a at I I R a  I i t  ic .: If C t he c v  ion had c omt abraded. Approximate l y

ne qua r I r of thE p i n s  xh ii , it e uI u n i t  ml r u s t  i ri ~~ and hE- l-~~- we I e invariabl y

-* ssoc i a t t  d i t  h I he I n I. a 1 ~~~‘ r i-~~s ion o l t I C  p l a t e  . i - i t  h the large r ratios of d/l)

and ~ l l hu t - n ~ \ V ~~ i i  ‘n intf- r lf ~~: C fit p ins .

5.2 ~~~l I - t ~~, l I ( t ~ I r i l  specimens — d.s ~upp l em eutary Investi gation No .1 (T abl e 5)

In the-SE sp eci me ns . sl i  tV I I  p late-s E x i ib!t€ d corrosion attack of the type 2 , i .e.

wi t~. an 1 i - -~~~ i comp h E l v  u i n a f f e c t e d  rin .~ around the pin , on both surfaces . Also

the re - was onl y a l i m i t C d  a:vLI fl t of cop - osion along he ed ges of these (and othe r

spec l i e - I l — )  - IC rE t h f ’~ r- -ol h e n  filed and finished with eme ry cloth . The specimens

for this p artic u lar Supp l ementary Investi gation had also been filed and finished

m i t h eme ry l oc a l l y around the hole E d g e s , to remove the  m e t a l  r a i s ed  by the

“h al l i s i i m ’ w I I C - e -- s s . It follows the re fore that the freedom from corrosion

around tI e pin is due in part to the exposed base m etal surface which appears

to offe r a p etter corrosion resistanc e than the rolled surface . The othe r

contribution to t h e  corrosion free rin g is of course the cathodic protection

due to t h  vicinity of t h e  cadm i um p l a t e d  p in , h u t  t h i s  can be los t loca l l y where

the cadmium is abraded ,

For the pins the types of corrosion are well dist ributed among the samp les

examined, thus :

T ype 1 2 3 T o t a l s
iO • o f f  ~-+ 1 18

P e r c e n t a g e  -~~-+ 2 )  3 1 100

There fore nearl y h a l f  of t i l e  p ins were un i form l y rusted , one third were

relative l y f r ee  from ru s t and un~ - Iti art er were only rusted where cadmium

abrasion had occurred.

In gene ral those sp e cime ns which were co ld  worked  t . i t h  a °/o ove rsize ball had

less corrosion than those with a j 0
/~~ oversi 7e ball ,

5, Non-Standard Specimens - as Supplementary In vest i gation No,3 ( T a b l e 6)

lIe - r e t h e  distribution of corrosion attack was as follows :

Pla te Type I 2 3 T o t a l s
r i o . p~f f  11 25 n i l  36
Pc r e n  tage  30 ~O nil 100

I ’ m Type I 2 3 Tota l s
No . of 3 I ( -  17 3U
Percentage 8 45 47 100
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Th us for the p late s . approximate ly one th i rd were f u ll y corroded up to the pin ,

and this feature tended to be among the specimens with low va lues of d/D

(Type 4 83/16). Also a l l  spec imens of th is type had bea r ing failure s of the

holes , resulting in a c lea ra nce be tween the p in and the plate . In the

inte r fe rence fit specimens of this same group , with 0.60 
~~ 

pre-stress , partia l

rings occurred whe re the p in made local con tac t wi th the hole ed ge. Nea r ly a l l

the specimens with d/D = ~/8 and 1/2 showed corrosion attack of the type 2. P

The p ins in t h i s  group were almost equaLl y divided in to corro sion types 2 and 3 ,

and type 3 (no rusting ) was predominan t in the 4 83/16 specimens, i.e. the ones

w i t h the bearing failures.

5 .4 Non—Standa rd  Specimens - as Supplemen tary Investigation No.7 (Table 7)

For these specimens the distribution of corrosion attack was:

Pla te Type 1 2 3 Totals
No . of 2 4 n i l  6
Percentage 33 67 nil 100

Pin Type 1 2 3 To t a l s
No . of 4 2 n i l  6
Percentage 67 33 nil 100

Al thoug h the numbe r o f speci mens was small , i t  would appear tha t the p la tes
we re large ly prevented from serious corrosion at and around the p ins by virtue

of the removal of the rol led  su r face by the press—fo rming tools and by the

subsequen t reaming of the holes to obtain a push fit. (See remarks in

pa ragraph j.2).

The p ins s u f f e r e d  more extensive corrosion , per haps due to cadm ium abrasion
during assembly.

5.5 Examination by Bi noc u l a r Micro scope

Following the visual examination of all specimens , those wh ich exh ib i ted the

mos t se vere cor rosion were se lec ted for  f urt he r review , using a X40 binocular

mic roscope . The spec imens we re b rus hed l i ghtl y in the vicinity of the p in

holes and then examined for cracks , Although p i tt ing was appa ren t , no cracks

we re de tec ted by this me thod , on any of the p la tes.

6, METALLURGICAL EXAMINATION OF SELECTED SPECIMENS

(Af ter 159 days exposure)

Notwithstandin g the findings related above , It was considered advisable to

pursue  the exam ina t ion f u r ther , at least for the most corroded of the

• unpro tected specimens , and sub ject them to a metallurg ical examina tion , The
specimens chosen have been anotated in Tables 4, 5 , 6 and 7 and are sepa rate l y

li sted in Table 8 which gives also the reasons for their selection ,
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6.1 Preparation of Micro-Specimens

A rec tang le of material , generall y from the area surrounding the p in , was cut

from each specimen . The excess p in leng th of the specimens conce rned was cut o f f

and the pin ground until nearl y flush wi th the p late surface prior to preparation

for micro—examination . This all owed the p la te adjacent to the p in to be examined

in a direction norma l to the p l ate and within a few thousands of an inch from the

surface , as preparation for micro-examinatio n had been accomp lished with a min imum

removal of ma terial .

6 .2 R e su l t s  of  M i c r o - E x a m i n a t i o n

6 .2 , 1 Standard  Specimens (a s  Stage 1)

On the four specimens examined , p itting and intercrysta lline attacks extended to

the hole ed ge . ‘lany intercrysta lline- ne tworks at the hole edge or in close

p roximity to the hole edge , tended to extend more in a radial direction than to

spread c i r c u m f e r e n t i a l l y .  The l i m i t i n g  case of t h is produced a c r ack - l i ke

fea ture as shown in F i gure 3. Thes e a re con side red to be cases of inc ip ient

stress corrosion cracking.

An examp le of extensive intercrysta lline corrosion with associa ted pitting is

shown on Fi gure 4. Specimen 13.26.J was sectioned in a transverse direction

approxim atel y 0.5 in. away from the hole , and the maxim um dep th of corrosion

pene tra t ion measu red as 0.006 in , The corrosion was frequentl y of a ma rked

laye red nature, 
-

6.2,2 SuppLementary Investigation No.1 Specimens

The two specimens examined we re free f rom cracking. Pitting attack and

intercrystal line corrosion was pre sent outside a ring of material approxima te ly

l .4d around the p in , which remained virtuall y free from attack . Thi s conf i rms

the v i sua l  and binocula r observa t ion s.

6,2,3 Supplementary Investigation N o .3 Specimens

The three cases examined exhibited areas surrounding the pin which were relative ly

free from the pitting and intercrystal line attack p revalen t elsewhe re on the p lat e

surface , the hole ed ges be ing pa rt ic u la r ly free.

On specimen 22 .12 .N howeve r , what are conside red to be inci p ien t stress

corrosion cracks similar to those shown on Figure 3 were found in close

proximity to the hole edge on the long itudina l axis.

Transverse intercrystalline cracks were found on the p la te su r face of specimen
22.12.N in the reg ion of the minimum width , but remote from the hole ,

sugges ting the presence of residual tensile stresses reacting the residual

• ,,~ -V—— _ _ _ _  V. — - — —-V — — -V - - — 
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compressive stresses near to the hole , and developed during the pre-stressing

operation . A typ ical  exam p le and its location is shown on Figure 5. A section

was taken through one of the cracks which was found to hive penetrated to a

d e p t h  of app rox ima te ly 0.006 in , bu t  wi th no apparent  opening.  R e l a t i v e ly few

of the cracks had been initiated at the edge of the p la tes. Similar transverse

cracks were found on specimen 22.l2 .E.

Vrhe grain structure of the p la te was fa i r ly eq u iaxed so tha t the transve r se

direction at the location of the cracks was not necessaril y incompatible with

inci p ient stress corrosion cracking.

6,2.4 Supplementary Investigation No.7 Specimen

Th is specimen exh ibi ted p itting and in tercrystalline corrosion extending to

the hole ed ge , but no cracking was apparent .

7. SUBSEQUENT VISUAL EXAMINATION AFTER EXPOSURE BUT JUST PRIOR TO

FATIGUE TESTING

The further visual examination of all the specimens made just prior to the

fatigue tes ting i.e. af ter 448 days exposure for the unprotected specimens and

af te~ 688 days exposu re fo r  the p ro tec ted specimens , revealed the fol low ing

fac ts,

( 1) Of all the specimens wi th types 2 and 3 corrosion of the p la tes ,

• i.e. with a relative ly unat tacked ring of material around the p in af te r 159

days exposu re , 850/0 of them showe d tha t the corrosi on had ex tended up to the

hole ed ges as for type 1,

(ii) Of all the p ins wit h type s 2 and 3 co rrosion , 60°/ o of these could
now be lis ted as type 1, i .e. “un if orml y rus ted” apart from the bearing area i — I

of the in terference f i t p ins , whe re the cadm ium p la ting was st i ll prese nt.

(iii) The general appearance of the unprotected specimen surfaces showed

tha t the re had been some f u r ther de te r io ra t ion , the dep th of which was

de termined but which would be consistent with the spread of the corrosion around

the pins.

(iv) No corrosion was reported at this stage on the specimens wi th full

pro tective treatment.

8, CONCLUSIONS REGARDING SPECIMEN EXAMINATIONS DURING AND AFTER

EXPOS UR E BUT PRIOR TO FATIGUE TESTS

(i) None of the specimens which had had the standard protective treatment

exhibited any corrosion afte r 370 days exposure , nor apparentl y after 688 day s

exposure , (but see paragraphs 10.3 , ll(vi) and 12(t)).
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(ii) Practicall y all of the speci nt ens which we re unprotected suffe red

c o r r o s i o n  on ti ne p lates aft er 159 days exposure , bu t be tween 60
0
/0 and 750/0 of

ea c h  t y p e of spec imen  e x h i b i t e d  a narrow rin g around the p in whic h was

relativ e ly free from corros i n . Ihis was part l y due to electrol y t ic ac ti on

lIe tween the cadm i um p l ated p in an (l the p lat e , and partl y due to the plate

material ad la~~- n t to p in he -ing in some cases  f i l e d , thus exposing the bare

material which , from the appearanc e- s of the p late ed ges wh i ch we re likewise

filed , was apparent l y more COrros i\ ( re sistant than the rolled surface of the

p late . h oweve r after -~~e-- ~ days exposure this relativel y unattacked ring had

become corroded on iS °/o of  the  samp l e s .

( i i i) For the p in s , after 159 days exposure , between 60
0
/0 and 90

0 /0 had

little or no corrosion , presu m abl y chiefly because of the cadmium p la ting . In a

few i n s t a n c e s , p a r t i c u l a r l y f o r  t h ~ I , F , pins , lim i ted corrosion occurred

because the p l a t i n g  had been ab raded  l o c a l l y d u r i n g  assemb ly.  Howe ve r , a f t e r

-e3’~ days exposure corrosion had enveloped more than half of this group of p ins.

(iv) No cracks were found in the p la tes , ei ther by norma l vision or by use

of a binocular microscope (X4O). However when the most seriousl y corroded

spec imens  were  e xamined  met all ur~ ic a l 1 y , interc rys ta l l i ne corrosion and inc ip ien t

stress corrosion cracks we re visible on a numbe r of the specimens examined.

N ,B, For conclusions regarding micro-examination of fati gue f a i l ures, see

paragraph 11 and for Final Conclusions on the full progranrne of tests see

p a r a g r a p h 12. 
-

9, FATIGUE TEST RESULTS

Afte r the extended exposure tests all of tile specimens we re subjected to

fatigue tests except those used for the me tallurg ical examination .

The resul ts of these tests are  p r e s e n t e d  in T a b l e s  9 to 12 and graphicall y in

Fi gu res 6 to 31. Each table is cross re ferenced to its corresponding fi gure

and v ice ve r sa . -

Table 9 covers all the standard (Stage 1) type specimens and is sub-divided into

parts A to E to correspon d to t h e  f i v e  type s of specimen defined In Table 1.

Tables  10, 11 and 12 deal with non- standard specimens and correspond respective ly

to the three groups of Tables 2A , 2B and 2C , - I.e. to specimens of t~ie three

type s Supp l ementary Inv e stigat ion No.1 , No.3 and No.7. Furthermore each one of

Tables 10, 11 and 12 is s u b d i v ided i nto par ts A , B , C —— — etc ., to cove r each

specime n type listed in Tables 2A , lB and 2C ,
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In p l o ttin g these fati gue ie s t  results , they have been divided into as many

as 2 1 separat e fi gures in order to avoid con fusion between the various

specimen groups and types , hut the cross references enable one readil y to

select the corr espondi n~ t ables and figures .

For convenienc e the p lotting codes for these fati gue test results are given

below , as well as on the rel ev ant fi gures . They are divided into four groups.

(a) Stage I type s p e c i m e n s

R e f e r e n c e  Table  9 ( A  B ( I) and E ) Fi g u r e s  6 to 16

NB whe re I .E. is used for inte r fe rence—fit pins

Unpro tec ted

Push Fit - 0

O , -+ °/o I . F . — - i  — A —

0.8°/o I.E. V_ v 

Pro tec ted

Push Fi t — ---—----------———---——--—‘-—-------•-——--

O .4°/o I .E . — —
~~~ 

— — — — — —I — —
O.8°/ o I .F,

Stage I Data

Push Fi t -— — — -+-—-~~~~~

O,4°/o I .F. 1— —— — -  -4 —-——

O.8°/o I.F. 1-

(b )  Supp lemen tary Inve s tig a t ion No.1 Typ e Specime n s

Re ference Table 10 (A B and C) Figures 17 , 1—c and 19

Unpro tec ted - —

1
0

/0 Ove rsize b a l l  -6----- -—— -4-- —

4°/ Oversize b a l l  — — P
Protec ted

1
0
/0 Oversize ball —6- —

4°/o Overs ize  b a l l  — -—--————— ——________
Supplementary Investigation No.1 Da ta
1°/o Ove rs i ze ba l l  — -_____ ——
4°/o Oversize ball —--4---- — -

— — — - 
- — — ‘~~~~~~~~~~~~ Ti _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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(c) ~upp le-uIeIIt a ry Inves t i gation No . 3 ‘-p€ -c irne ns -

~( It - e nrc able 11 ( A II (~ I) I - . and F) F igures 20 to 25

U I e d  — 1 . f -~ ~~, c — I  ( l ad

\~ I l I r  ~~t art I III1p OI e- c te- d -p e- C linen s

U f l p t u t 4 e t e d  — 0 .1, 11 
~ 

pr e— load

As f o r  I) , Th ) n t  l i n e - ~- ha t cti ~ d thus

Prot e cte nl — I), I
~ 

p~ t—lo ad

As for Stage I protec ted specimens

Pro tec ted — 0 .110 f
~ 

p re — l oad

As for (1.75 f~ but l I n e s hatched thus

Supp lementary Inve sti gation ~o. l)ata

At 0.75 
~t 

p t e— load — as for ‘~tage 1

A t  (1 .60 ~t p r e - l o a d  - as for Stage I but lines hatched .

(d )  S u p p l e m e n t a r y  I n v e s t i g a t i o n  No . 7 !~~pc -~pecimens

Refe rence Table 12 (A B and C) Fi gu res 29 , 30 and 31

l 1 nprote c ted

—4.0 tons press tool load

4 .5 
I, S I  I I  ________________________

5 .() ‘‘ ‘‘ ‘‘ - P
I r  oLe -c t d

4~~ I I  ton s press tool load —
~~~~

4 .5 ‘‘ 
,

‘‘

5 .0 ‘‘ ‘~ ‘‘ —
,

Supplementary Investigation No~~7 l)ata

~ .() ton s p r e s s  tool  load  j- — ______ — ______

5 I I  I! I~ ___________ — — — —
5 , 1) I, II —__VVV—- i.VVVVVV — — — —

l)iscussion of F a t i gu e  T e s t  R e s u l t s

G e n e r a l

A stud y of these tables and f i gu re- s makes it abundantl y clear tha t t h e  corrosion .

and In some cases the pitting and incipient cracking , which occurred on the

unprotected specimens gen r a l l y reduced the fati gue endurances when compared with

those of the (orresponding protected specimen s. Only the Stage 1 type specimens

at d/D 3/8 gave resul ts which we re not consistent with this charac teristic ,

but even so the relationshi p between the protected and unprotected specimens was

onl y j u s t  reversed , g e n e r a l l y a t  t he  hi ghe r va l ues of S
~~. 

The a c t u a l  e x t e n t  of

this gene~ ai reduction In endurance due to corrosion has been evaluated for each

group and type of specimen and is presented in Tables 13 to 16 inclusive .

~~~~ ~ TT~ ~~~-~: ~~~~ ~~~
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In a d d i t i o n , where data is available , the oppor tuni ty has been taken to compare

the fati gue enduranc e-s of t h e protected specimens of this programme wi th those

of the corresponding specimens in Stage I or in the Supp lemen ta ry Inve s tigations

as app ropriate. rhe re su l ts o f these compa r isons a re also g iven in Tab les  13

to 16 i n c l u s i v e , and are not always as good as was expected. It must be

remembered, howeve r , tha t in this presen t programe only one specimen pe r s tress

leve l was tested compared with three per stress leve l in the Stage 1 and the

Supp lementary Investi ga tion test programmes. Furthermore , it is recalled that in

the Stage I and Supp lementary Investi gation programmes the specimens had been

treated with a stri pable transparent l a cque r , wrapped in brown pape r , and sto red

in a dry building prior to testing, and then at the time of testing were

stri pped and just coated with lanolin grease . Th us , agreemen t or othe rw ise

be tween the endurance-s of these and the- protected specimens of the current

programme would depend upon the efficiency of this method of storage and

temporary protection during testing, in comparison with full protection .

The foll owing sub-paragraphs ( 9.1.1 to 9,1 .4) come-nt on each group in respect

of these two evaluations .

9,1.1 Stage I Type Specimens (Table 13)

A l l  the se spec imens we re of t ; e -  u n l o a d e d  p in form.

De ta i l e d  pa rt iculars  and roe -an s tresses are g iven in the first four columns

of this  table . Column S quotes for each confi guration a range of values for

the ratio:—

Endurance of unprotected specimens
Endurance of protected specimens

This ratio gives a m e a s u r e  of the penalty Inc urred for the omission of an

adeq uate standard of protective treatment. The first ratio of the range

refe rs to tests at hi gh value s of S and the second ratio of the range to

low values of S .  The variation be tween the two is not necessaril y l i near ,

and there is more scatte r of ‘alues at low alte rnating stresses than at the

high alternating stresses ,

For tin e Stage I type spe-cirren s the endurance ratio for those with d/D = 1/4

ranges from 0.8 to 0 ,5~ For d/ D  = 3/8 , the ratio extends to beyond unity at

hi gh alte rnatin g stresses and to a lowe r value than for d/D = 1/4 at low

alte rnating stresses . Thus for d/D = 3/5 the re is a maximum range from 1.5

to 0.1 al though 1,3 to 04 w o u l d  appl y more generall y.

— —- — - —-V - — V - — •SV~~~~~~
-V _V_~V_ - — VV

~
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For i / t  = 1/2 it is not eri sy to he precise because of the •~reate r scatte r of

results and because the - re are some reg ions where the data yields results beyond

endurance -s of IO~ cy cles, but t h e  endurance ratio is certainl y as wide as 0.7

to U•2~

The re is no significan t diff e rence be tween the endurance range s for the three

degre es of pin fit included in t Ire - se tesis .

In regard i the n ;Ip arisOn s -‘e t ween the endur anc1 s of the protected specimens

and thusf of rh corresponding Stage 1 specimen (see- Column 6 of Table 13)

the agreeme nt is onl y fair , b u t  acceptable in the l i ght of the var iation in

n u m b e r  of specimens tested at each stress le vel and degree of protection

p r o v i d e d  - see p a r a g r a p h  9 .1 ahov

A check  a g a i n s t  the-  a p p r o p r i a t e  S tage  I e n d u r a n c e  p l o t s  shows tha t  a b o u t  50
0

/0

of the present results fall wi thin the scatte r of t i e  Stage 1 results and 50°/o

fall outside tha t scatter.

9.1.2 Supplementary Investigation No.1 type specimen s (ia ~- I e I -~t

These we re- all of tine - loaded p in form . Table 14 is arranged in a form similar

to Table I and the endurance ratios indicating the penalty for lack of

p rotect ion tend to be sli ghtl y more consistent at d/D = 1/ and 1/2 , when

compared with Stage I type s, It is possible that sligh tl y greate r range s would

have been found if more specimens had he-en tested .

There is no real difference between 1
0
/0 and 4

0
/0 oversize ball endurance ratios.

and an ove r—all range app licable to all these values of d/D and to both de~~r t i s

of oversi ze of the- ball mi ght be- quoted as ‘I •S to 0.3 ,

The comparisons be tween the protected specimen endurance-s of this Supp lementary

Investi gation and thos e- of the Supp l enientary Investi gation No.1 are again onl y

f a i r , and once- more approximatel y 50
0
/0 of the results fall outside - , and 500/0

fall inside the scatter band of the original Supp lementary Investi gation No .1

specimens .

9.1,3 Suppleme n tary Invesli gation No .3 type specimens (Table 15)

Al l  th ese spec imens we re o f the  loaded p in form .

The re was no si gnif ican t diffe rence Ire tween pre-stress es of 0,75 
~~ 

and 0.60 
~~

A t d/D = 1/4 . t I n e  p e n a l t i e s  f o r  t h e  omission of prote - cti ’-c treatment were

f a i r l y consis tent , but of som~what lowe r order than for Stage 1 , endurance tatios

rang in~ from 0.8 to (1 ,2, This  was pr ob abl y d ue to the hea r ing failures noted in

parag raph 5.3 and on Tables IlA and ll I~.

- - V V - - ~__ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
•__ — —VV —V- V — V —  _ V

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



S i

A t d/ 1) = t / ~~~~ , as with Stage I type shecimens , the range of endurance  r a t i o s

oas w irie r than at d/I) l / — ~, not extending beyond ~~~ at high S
a 

but down

to ( 1 , 1 a t  low S •a

.-\t d/I) = 1/2 the f f e ct of the corrosion was considerable , leading to

endu ra n e- ratios rang ing fio ni 0 , 4 to o~ l and pos s i b l y lowe r .

(~omparison s in toe err t i r e  endurance s of tile -se pr o t€e ted specimens and p r e v i o u s

hir p i r lem e n tar y investi gation io .3 specimens showe d a wide variation , with less

c r n n s j stenc ~ than for the t~~~o preceding types . A check against the variability

of results for the ori g inal Supp lementary Investi gation No ,~ specimens showed

that onl y -4 ii ’/O of the U suit s of the present tests lie within the scatte r of the

ori g inal tests and ,00/o we re- outsid e that range . This suggests that the two

-~~ts of results could be- regarded as belong ing to different populations ,

possibl y for the reasons discussed in paragrap h ~.I.

9.1 ,4 Supplementary Investigation No .) type specimens (Table- 1’r)

Fire se spe c imens were also of the loaded p in form .

The small amoun t of data avail ab le- was not sufficient to enable - reliable

conclusions to be drawn , but the g nera l trends appeared to be similar to those

app licabl e to the- i)the r g r o u p s  of s p e c i m e n s.

It i s  recalled that the Supp ieoc- ntar y Investi gation 50.7 type of specimen had

proved to ire- \‘ery sensitive to press tool desi gn . Checking the curren t

enduranc e -s against the o r i g i n a l  nu p p leme-ntary Investi gation No.7 results showed

that none of the current results came within the scatte r band of thc ori g inal

endurances , and again the two populations are dissimilar .

10. IV;XAM IN AT I ON Oh - i-A T LIV I) SPECIMEN S

Following the fatigue rests a considerable number of specimens we re e xamined

unde r a low powe r microscope - < SI n , and a smaller number were sub jected to

micro—examination at X 6l or X 12 5 , the forme r group being indicated thus -

and the l a t ter thus — .X in L ire table s of fat igue results (Tables 9 to II) .

l ir e specimens selected for the hi g h e r  powe r mic ro-examinations are- also Hsted

in Fi gure- 32 wh ich g ives details of the- micr o-sp e c imen locations .

Th following paragraphs summar i ~n t i le - ob se rvation s of this examination .

10,1 Standard Specimens - as t a~ € I ~~ariaLion of Pin Fit )

All the specimens t - s t e d  at 0.50 
~ 

-10.2 2 5  f
~ 

(with the exception of 2A5/ lb .

d/ D 1/4 ,0.4
0
/0 Interfe rence Fit) failed pr - d o min a ntl y from primar y s it e - s at

the edges of Ih ~-- specimens in the leg ion of the tr an sverse  cen tr e l in e .

., V V—~~ —~~ V —. ~~~~~~~~~~~~~~~~~~~~~~ 
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S p e c i m e n s  tested at 0. ~~() me an  s t r e s s  but with lowe r alte r -mating stresses , and

those tested at 0.25  
~~ 

mean stress (push fit) generall y fa i led f rom p r i m a r y

sites at ti n e hole edge s lust re -hind the transverse centre line (at clock

notation 9,3() and 2. l() - see Fi gure 32) and sometime s with evidence of li ght

frettin g .

file failed unpr otected specimens exhibited multi p le transverse cracking of Me

p late surfaces at the trans ve rse- centre line . l.Ihen the failures propagated from

the holes , the surface cracking intensified within the proximity of tile- specimen

edge . hut ti lls situation became reversed when cracking propagated from the

specimen edge , thus suggesting that til e transverse surface cracking is associated

ru th fissuring of tile intergranu lar corrosion sites in way of the fati gue crack

stress field .

This was confirmed by the micro—examination of specimen 26.l6 .C (2A 5/1i , Push

Fit, low S ) sectioned as shown at Fi gure 32(a) and 0.02 in removed from face A ,

which showed this fissuring; and of specimen 2 .2,D (2A 5/16 , 0.8°/o Interference

Fit , low S
a
) sectioned as shown at Figure 32(c). at faces A and B , where the

transverse centre l ine- ed ge location had not been subjected to the hi gh stresses

sssociated with extensive - fati gue cracking, and which showed the characte~~istic

laye red intercrysta lline corrosion without fissuring. Another specimen ,

24.1.E (2A ~i/16 , 0.8°/o Interference Fit,hi8h S
a
) i•e. failed at the

hi ghest stress leve l , n-;a s also sectioned as Figure 32(a) face A and exhibited

numerous fati gue cracks emanating from the corroded surface even at positions

relative ly remote from the transverse centre - line (see Figure 33). No surface

fati gue cracking was found on micro specimens extracted from joint plate s tested

below the 0.50 +0,225 L e~ e-l .

Specimen 13 .27.F (unfailed -+(N)/32, 0.8°/o Interference Fit , low S
a
) was examined

for surface corrosion around the hole edge and showed intercrystalline corrosion

wi th a pre fe rence for radial grow th with minima l lateral spreading , sugges t ing

incip ient stress corrosion act ivit y , particul arl y in the transverse centre line V

locality and to within 0.05 in from the specimen ed ge (see Figure 34). It is

t h o u g h t  p o s s i b l e  tha t the “as rolled ’-’ s u r f a c e  in the p resence o f res id ua l

stresses is susceptible to stress corrosion crackin g. 
-

The bores of the holes We- i r e  l a tiv e l y f r e e -  f rom co r ro s ion ,

10 .2 N o n — S t a n d a r d  Sp’- ciruc-us - as Supplementary Investigation No .1

(Inte r fe rence pre—str essed Ilo Ic- ;)

The majority of specim ens fati gued on both sides of the hole , near the transverse

diame ter  w i t h  onl y a little evidence of frettin g. Initiation was from the hole

ed ges or occasi on a l l y from abraded areas of tile bores in the 4
0/s interference

—V— — -  ,__~~~ - -—-V - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ‘—V ~~~~~~~~~~~~~~ - — - 
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p ee—stressed specimens. The unprotected specimens exhibited the transverse

su r face and ed ge cracking compatible with fissuring of intercrystalline-

corrosion s i t e s  in the -a y of the fati gue cracking. Multi-initiation

frequ ent l ’1 produced stepped fracture -s. Specimen 9.13. 11 (unprotected 2 D 15/32 ,

-+
0
/0 int erfer ence pre—str e ss , fati gued at 0.25 

~t 
+0.075 ft stress level) was

li ghtly surface abraded and polisire d for micro examination . Established fati gue

c r a c k i n g  was found at the hole edge but no stress corrosion activity was

a p p a r e n t .

10.3 Non-Standard Specimens - as Supp l ementary Investi gation No.3

(Axial Pre— loadin g, )

All the specimens fati gued on both sides near the transverse diame te r (9 and 3

clock notation of Fi gure 32), with no obvious fretting influence . Initiation

was in all case-s from the hole ed ges and/or bores. Multi—initiation frequentl y

produced s tepped f r a c t u r e  faces (see Fi gure  35). 1-lowever , all the unprotected

spec imens also exhibited multi p le transverse cracking from the p la te edg es and
adjacent surfaces at the-- transverse centre line .

A micro specimen (as Figure 32a) was extracted from specimen l2 .1l .N
(unprotected 4B 3/16 , 60°/o Pre-load , Push Fit) to investi gate this surface

cracking near the specimen ed ge s. Severe inte rcrystalline cracking was found

in the reg ion of the transverse centre line (see- Fi gure 36). Three micro

specimens were cut from specimen 2l .3..i (see Fi gure 32b .) - unprotected

—+ 1) 9/32 , 60°/o pre-load , 0.8°/o Interference Fit). Th is spec imen was
unfailed so that tile transverse centre line edge-s had not been subjected to

hi gh fa tigue- cracking stresses. Neverthele ss the central micro specimen showed

intercrys talline cracking on surface B. The earlier examination afte r 159 days

exposure had shown stress corrosion activity attribut ~ d to a tensile residual

stress system , near but not at the specimen edge . The~re fore the presence of

stress corrosion cracking on the least susceptible push fit , 60
0
/0 

~~ 
case

( 12 .11.1- h ) suggests that all the unprotected Supp lementary Investigation No .3

types would be so affected.

Several of the protected specimens showed indication s of corrosion activity

under the paint In way of the transver se centre line . Removal of the pa int

from some of the specimens revealed an inc ip ient corrosive attack . It is

p o s s i b l e  tha t t h i s  f e a t u r e  c o u l d  have been initiated by a partial loss of

adhesion paint when the pr ;— load was app l ied . There were also a few cases of

inc i p ient transverse cracking of the type exhibited by tile unprotected

specimens , bu t  a c u t — u p  of specimen 2 1.3.A (pro tected push-fit high 5)

as Fi gu re 32(a) showed these to be fissures in intercryst alline corrosion sites

as a consequence of high stresses developed during the fati gue c.racking process.



Among the specimens with d/D = 1/ 2  ( - +  D 3 / N )  there was a greater tendency

to f a t i gue f r o m  one- side , and for th e protected specimens to fail from the ed ge

at the hi ghest stress leve l (0 .2 5 ~t ~0 .225  f t ) .

10.4 Non—Standard Sp cimens - as Supp lementary Investi gat ion No.7

(Press formed Radii )

Specimens fatigued on 1)0th side s at tile transverse diameter ;-ith initiations in

the bore and at tile edge s , ru th secondary fati gue cracks on the li ps resulting

f rom the p r e s s  f o r m i n g  o p e r a t i o n .  Specimen l4. + .D (protected , 2D 15/ 32 , Stress

leve l 0.25 
~t 

0~ 225 
~~ 

was li ghtl y surface abraded and polished for micro

e x a m i n a t i o n . No stress corrosion c r a c k i n g  was appa ren t  bu t  many inc i p ien t

f a t i gue c racks  and a few well established fati gue cracks emanated from the hole

forward of the transverse diame ter .

The fractured specimen 2N .9.C (unprotected , 2D 5/ 16, st ress leve l 0.25 
~t

+0.225 
~t
) was similarl y prepared and showed fati gue cracks on the li ps

resulting from the press forming operation , and again at corrosion site s away

from the hole.

11, CONCLUSION S REGARDING MICRO-EXAMINATION OF FATIGUE FAILURES

(i) Specimens tested at the hi ghe st stress l e v e l s  (0.50 
~t 

-f-0,225 
~t 

in

V 
the Stage 1. type , and some at 0.25 

~ 
+0.225 

~ 
in both Stage 1 type and

Supp lementary Investi gation No.7 type ) failed predominant l y from p r imary  s i t e s

at the ed ges of the specimens whereas specimens tested at lower stress levels

failed from the hole edges ,

(ii) For the unpro tected specimens the micro—examination showed a definite

fati gue-corrosion interaction coup led with some stress corrosion-fati gue

interaction In those specimens containing residual stress systems either due to

pin interference or to the- app l ication of p re-stressing in some forms with

intent to delay the onse t of fati gue .

(iii) In specimens tested at hi gh stress levels where fati gue cracks were

initiated from the- ed ges (particularl y the Stage I types) the re were multip le

transverse cr acks on the p late surfaces at the transverse centre line , with

associated fissuring of the intergranu lar corrosion sites in way of the fati gue

crack stress field .

(iv) In a numbe r of specimens (generall y the Stage 1 types with Interference

Fi t p ins , Supp lementary Investi gat ion No.1 types and some of the Supp lementary

Inves t igation No .7 types) where crack intiation ‘was from the hole edges the re
was intercry stalline- corrosion around the hole with a pre ference for radial

growth ra the r than lateral grow th suggesting inc i p ient stress corrosion activity .

— V — V 
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Comparable stress corrosion activity was also observed from othe r surface 3 away

from the hole , sugges ting that the “as rolled” sur face  in the presence of
residual stresses is susceptible to stress corrosion cracking .

(v) Althoug h the primary fail ures of the Supp lemen tary Investi gation No .3

types we re at the hole ed ges and/ or bo res , the unprotected specimens also

exhibited some mu lti p le tr an sve rse c racking from the p la te ed ges and adjacent
surfaces at the transv erse centre l ine .

(vi) The p r o t e c t e d  spec imens  of a l l  t ypes  generall y showed that the

protecti on did provide freedom from corrosion and stress corrosion activity.

I l o w e \ € r , some loca l  breakdown of the  p a i n t  p r o t e c t i o n  d id  occur  in s e v e r a l

specimens of t h r  Supp l e m e n t a r y  I n v e s t i ga t ion  No .3 type , a l l o w i n g  m i l d  c o r r o s i v e

attack which may have accounted for a si gnifican t reduction of endurance-s in

these cases.

It is possible that this feature - could have been initiated by a partial loss

of adhesion of the paint when the pie-load was app lied .

(vii) In the four groups discussed in paragraph 10, practicall y all the

specimens other than those used for the fracture analys i s  had fa tigue failures

ori ginating from the hole .

12. FINAL CONCLUSION S ON TilE FULL PROGRA1’~1E OF TESTS

(i) Unprotected and paint protected elementa l p inned joints of the types

tested in both Stage 1 and Stage 2 of the Roya l Aeronautical Society Bolted

Joint Fati gue Research had been exposed without external loading to a semi-

marine atmosphere and periodicall y examined . 
V

Afte r 159 days the majority of the unprotected specimens showed evidence of

corrosion on the p late surfaces . No cracks  we re fo un d on th e p lat es by visual

observation , nor by the use- of a binocular microscope (at X —tO). h o wever ,

further micro-examination of the most seriousl y corroded specimens reveal ed a

1it ~ l t e d  amoun t of i n t e r c r y s t a l l i n e  c o r r o s i o n  and some inc i p i e n t  s t r e s s  c o r r o s i o n

c r a c k s .

To a lesse r extent , about one third of the cadmium p la ted pins exhibite d some

degree  of r u s t i n g .

Afte r a total of 448 days the corrosion on bo th the p lates and the pins had

become more extensive on kS°fo of the p lates and on 60
0
/0 of the p ins .

The pro tec ted specimens we re exam ined s im i l a r l y af te r 370 days  and aga in af te r

a total of 688 days. There- was no vi sual sign of any co rros ion or cracking a t

370 days nor generall y af ter 688 days. Neve rtheless during the fracture

anal ysis af ter fati gue testing there were some cases of breakdown of the paint

-- — V V — ~~ _  ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ —— — ~~~~~~~ 
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prote ction revealing mild corrosion at some fati gue critical areas. The specimens

concerned were all of the Supp lementary Investi gation No.3 type and it is thought

possible that this feature could have been initiated by a pa rtial loss of pa int

ad hesion when the pre-load was app l ied .

(ii) Followin g the exposure tests , all specimens not cut up for the micro—

examination were fati gue tested and a lmost without exception the unprotected

specimens failed at a lowe r endurance - than the corresponding protected specimens .

The few which we re not consistent with this statement were only ma rg ina l l y so ,

and could he exp lained by the fact that onl y one specimen per stress leve l was

availabl e for test .

(iii) The extent of the penalt~- for the omission of adequate protection of the

specimen s u r f a c e s  has  be -en a s sessed  by e v a l u a t i n g  the  endurance  r a t i o , expressed

as:

Endurance of unprotected specimens
Endurance of protected specimens

For the four types of specimen considered the following table suniinarises the

approxima te range of endurance ratios, for the three values of dID included

in the test ,

Type of 
_______________ 

d/D ________________
Specimen 1/4 3/8 1/2 —

Stage 1 0.8 to 0,5 1.3 to 0.4 0.,? to 0,2
S.I. No.1 0.8 to 0.3 0.8 to 0.3 0.8 to 0.3
S.I. No .3 0.8 to 0.2 0.8 to 0.1 0.4 to 0.1
S.I. No,7 0.6 to

“?“  si gnif ies tha t there was insu f f icien t data to enable endurance ratios

to be q u o t e d .  -

S .I . Supplementa ry  I n v e st i g a t i o n s

The first ratio in the range s quoted re fers to hi gh 5
a 

and the second ra tio

to low S , bu t th ese are app roxima tion s since eac h ra tio var ies  towards the

othe r (see Tables  13 to 16) . N o t w i t h s t a n d i n g  t h i s  variability it appears

that there was more consistency and less scatte r at d/D = 1/4 (high stress

concen tration factor) i r a - n  at d/D = 1/2 (low stress concentration factor),

T here appea red to be no si gn ific ant difference be tween loaded and unloaded pin

type s of specimen , nor ye t be tween push fit and the two degre e of in terference V

f i t p in in respec t of the above endurance ratios (for Stage 1 and Supp lemen tary

Inves t iga t ion No .3 types).

_ _ _ _   _ _ _ _ _ _ _ _ _ _ _  
h

_________________________ — - ~~~~—- 
‘ ‘:. —. - 
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(iv) Concerning compar isons be tween the endurances of the protected

specimens of this investi gation and tile corresponding specimens of Stage 1

or the previous supp lementary investi gation s , ag reement at best was onl y fair

(e . ‘ . at (i/i) = 1/4 in most confi gurat ion s and at some other value s of dIE)

for Stae~e l and Supplementar y Inv esti gation No .1 onl y) whe reas for the - remainder

of re sults , speciall y those for Supp lementary Invesd gation No .3 and No.7,

there - was l i t t l e  or no agree -tue -n t.

Plotting tire scatter of r e s u l t s  of the current programm e on tire - related ori g inal

endurance p lots has shown that onl y 500/0 of tile current results for Stage I and

Supp lementary investigation No .1 types fall within the- scatter of the ori ginal

data; that onl y ~+0
°/o of the current results for Supp lementary Investi gati on

No.3 type s fall within the ori g inal scatter band and not any of the curren t

results for the Supp lementary Investi gation No .? types are within the ori ginal

scatter band ,

It appears there fore , that the differences in preparation before testing and in

pr ote cti ve treatmen t dur ing testing, coup led with the exposure of the current

specimens , justifies regarding the two groups of specimens as of different

populations. It is also noteworthy that all the specimens of the current

series we re tested on one type of testing machine , whereas many of the original

tests we-r e made on fati gue testing mach ine -s of a different type or capacity

(or both) .

(v) A final macro and micro-examination of the failed specimens showe d

tha t those tested at a stress leve l of 0.50 
~ 

+0,2 2 5  failed predominantl y

from prima ry sites at the edges of tile specimens (e.g. in the Stage 1 types) .

Similar failure charac ter is tics were observed for most of the specimens

tested at a stress leve l of 0.25 1t -i-0.2 2 5  f ,~ in Supp lementary Investi gation

No .1 and N o.7 types. For the majorit y of a ll other specimens (tested at lowe r

alte rnating stress levels) tne failure was initiated at the hole . 
V

For the unprotected specimens there was a definite fati gue—corrosion

Interaction , coup led with some stress corrosion - fati gue interaction due to

the presence of residual stresses (as with in terfe rence fit pins) or to

superimposed stress systems (as with Supp lemen ta ry Inve sti ga t ions No .1 , No.

and No .7).

In a numbe r of the specimens tested at low stress levels , stress corrosion

c racks away front the sites of crack initiation but near the surface suggest

that “as rol led ” s u r f a c e s  may inc rease suscep t i b i l i ty to th i s  form o f

cracking.

- -— V  _~~V ___________________ ____ _____________ ~~- h
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____- ~~~~~~ -
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I’o r l b  p r o t e  t e d ~~~~e i r e  u s , H arrda rd p r ee t e. I - -eatJi~~nt generall y p u t  (I

ok qnea t e . hut in ~ u e  al - 1 H - ipp lenre r e i a r y lnves ti~ ation No .3 type spe irlens

c t o e  t a t  r~~n re L~~~ t i r~~ i - - r u e  t e e  akdo wn  o f  tile pa n t  p i n e  t i - n  did

o . C U I
V 

, u- - i  1 e I I d i n  I i  I d C wr s I r e  a l t  a k a n r d  a s i gn i f i c a n i  d r o p  i n

e -n d o r a n c e - . I t  i~ p s ~~i t r l e  l i i ~~t t h  p i e  — - a i  - o ld rare I c e n  r e s p o n s i b l e - o r

p a u  t l y  r e speeil ’~~l ni ~ i i  I t t  h r  di _ ’i~~t. 1l - c i  t h e  p a i n t  a r l u j e - s i v e ,

— - - g  C -~ - 
: - o s I - ofl~ -ho ~~ N t ile - I ai rd

- c i -  I t d  . as f o l  lows

iN -~~~~ c ss c i ) ) It ir -orn - J u l  to - e p t  e r i S e r  19

(r u\1 I- i r u ~ , i n t e r  e - x an - . i n a t  i o n  of xpr S(d

S i r e  m c  nis after I V~~
9 il a- 5)

I b )  I r -  g i C  5S Ip ort from I € - b r u a v t o  l u n e  l 9~~2

( c -  r i n g  -c a l l i e r g i c a l  e~< a r i i n a t i o n  of exposed

spe r ime - o s  a f t e r  p e r i o d s  r a n g i n z  f r o m  I Y~ to

2-c T is — , s) .

(c) Fourth , Fifth , Sixth and — e - enth Progress

r ts from ii — ern ie r 19 ‘Lc to Pecember 19 ~5

( c e  ring fati g u t  test re - suits of e’:posed

specimens after -1-4 ’ days (unprotected) and

M~s days (proiec ted).

2 . - i n r a l  ep o r i  on exposed  sp e c i m e n s  i n c l u d i n g

f a t i g i r e  t e s t s  and m e t a l l u r g ical examination of

f a i l u r e s.

—hi n - t  Br o  n I n c  rs and i-Ia n -and I t  d

b e  f . i~ - t 1) S - p o r t  No .226 , Ju l - v l9~ 6.

— V VV —— - ~~~~~~ —— - — — — - ___________________ 
C

,.—V~~~ - • ~~ - -V - 
V

s_V - ~~-. - , - - — - V -, - . ,
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EXP OSUR E TESTS

TABLE I AL l OCATiON OF STANDARD SPECIMEN S Reference Figure 1

CONPARAJILE WITH STAG E 1 SPECIMEN S

Spec imen d/D Degree Numbe r of Spec imens  and N a t r n r  of
l’ y~ e - 

of F i t  P r o t e c t i v e  T r e a t m e n t

I C 3/-c 3/8 0, /r) l .F.

Push off each type finish as
2 .-\ ~/ l i e  1/4  i ) .-c

0
/o I . E . received i .e. unprotected

ii , /0 I .E .

Push 
- 3 off each type ci i th standard

2 C l5/ t2 3/8 ( ) .-c°/O 1 .1- , protective treatmen t
0. -

~~/o I • F .

Pus h
2 C /~ 1/2 a,4°/o I .F .

0,8°/o I.E.

-c C 9/32 3/5 0.8°/o I.E. ___________________________________

I • F . I n t e r f e r e n c e  F i t

TABLE 2A ALLOCATION OF NON-STANDAR I~ SPECIMENS Referenc e Figure I

COM PARABLE WITH SUPPLEMEN TAR Y INVESTIGATION NO. I SPE CIMEN S

(INTERFERENCE PEE-ST RESSED HOLES)

NB All holes initiall y to Push Fit standar -d - 
-

Spec imen B a l l  Numbe r of Speci mens and N a t u r e  of
Type d,D oversize Protective Treatment

2 B 5/If> 1/4 
~~~

.. 3 off each type unprotected

2 D 15/ 32 3/8 3 off each type with standard
I protective treatment

2 D 5/ l u 1/2 1
:
/0

___________ ~e /0 
_____________________________________

_____________ ______  ______________ ___________________ h— —~~~~~~~ ~~~ - 
~.V~~~1VV_ ~ ‘~ •_ V__ VV _ - — V-~~~~~~— — ~~~~~~~~ 

- -

— - , . . . r - ,.~~
- V - - -
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TABLE 2B NON- StAN DARD SPECIMENS COMI’ARABI F iJTII SUPPLEMENTARY

INVESTIGATION No. SPECIMENS PRE-LOADED SPECIMENS

Sumne r of Specimens
~p ..imen d/I) Pin Fit 

P e—Stress
and Nature oftype Protective Treatment

0 .7 5
Push O.bO

B 1/16 1/ 
i H - c /o I.E. 0.75 2 off each type
o. --~~/o  I .E. 0.60 -

u np r o t e c  t e d0 .75
_ _ _ _ _ _ _ _ _  _ _ _ _  _____________  

0 ,60
0. 75
0.60sh 2 off each type

D 9/32 3/5 
4
O
/~ I.E. 

0.75 
- c- ith Standard

0.60
() ,h°/o I.E. Protecti-.e

0, 75
Treatment

_ _ _ _ _ _ _ _ _  
0.60_ _ _ _ _ _ _ _  — V - 

0.75
0.60Push

-c D 3/- -
~ 1/ 2  0,4°/o I,F. 0,75

O.8°/o I.F, 0,60
0.75

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

0.60 ___________________

TABLE 2C COMPARABLE WITH SUPPLEMENTARY INVESTIGAT ION No. 7 SPECIMENS

PRESS-FORMED RADII

Specimen 
~~~~~~~~~~~ 

Press Form Number of Specimens and Nature of
Type Tool Load Protective Treatment

2 B 5/ 16 1/4 4 Ton s 1. 2 off each type unprotected
2 D 15/32 3/8 4.5 Tons i... 2 o f f  eac h type wi th Standa rd
2 D 5/5 1/2 5 Tons J Protective Treatment

T BLE 3 TYPES OF CORROSION ON IJNPROTECTED SPECIMENS Re ference Figures 2A and

2B and paragraph 5

PLAT E
TYPE Descri ption Figure

1 Un i form corrosive attack up to p in 2A

Ring of material around pin on both sides 2B2 rela tively unattacked _________

P.i~ g 9f material a ound p in on en tr ance side 2B
_ _ _ _ _ _  

relatively unattac~ ed 
_________

PIN
Descri ption 

__________

2A1 Un i form rus ting of pin 
_ _ _ _ _ _ _ _ _

TYPE _________________________________________________ Figure

2 Rus t ing whe re Cadm ium ab raded 
_________

2B3 Pin rela tive ly free from rust 
_________

I.
- — — —~~~~—-- - — -— -- -~~~~~~—~~~~ -- - -- — T~~, -i- --- ’-

~~~~~~~~~~~~~~~~~~ ~~-- - . V - . -
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hI PP1 EMEN’FAR V ISYI ( \  J i r . No . -~

_ _ _ _ _ _ _  
CORROSION CUNI )1 I Ii ) ()1 -~~ A. .I)ARI) (STAGE 1)

t r - pRo 1 i-;t: l I- l) - - I i  n h  i i  - - \ i - FE R 1 n~ DAY S

S p e c i m e n  . Specimen Type of Attack’~d/ I) Degree  of F i t  . )Typ e 
_______  ______________ 

Identity I late Pin
l ,1 ,A - -‘

1 C 3/-c 1/-’ O.S°/o I .E. l .l ,( — 2 2 (a)

__________  _ _ _ _ _ _  ___________  

1 .1 ,D 
__________  _ _ _ _ _ _ _ _ _  

J

2 A 5 /I n 1/4 Push J— 2 2

2 5. 7 .C - 1 3
2 A 5/16 1/ 4 O.~c°/o I .F. 29 ,2,E b 2 2

29.3.A 2

o 
- 

24 , 1R , C~ 1
2 A 5/ 16 1/ 4 O,m /0  I,F , 2-e .l .E 2

24.2,D 
_ _ _  _ _ _

2 C 15/32 3/~ Push f~ ’~
.12 .F 2 2

— 

7 .15 .D 1 3
2 C 15/32 3/8 0.4°/o I.F. 7.15.E 2 2

__________  _ _ _ _ _ _ _  _____________  

7,l6 .A i 2
— 

10.b ,A~ 1 3
2 C 15/ 32 3/8 O.5°/o I .E. lO ,6.B — 3 2

1O ,(r .I) j 3

1
2 C 5 /- - 1/2 Push m 2 D  . 2 2

__________  _ _ _ _ _ _ _  _____________  
7 2 .E  J 

_________  __________

o 5 ,19 ,D$
2 C 5/— 1/2 0,4 /0  I.F. 5.l9 .E 1 1 I- ( N )

___________ _______  _______________ - 
S.20.A J 

__________ ___________

2 C 5/ 8 1/2 O ,50/o I .i . t ,I ,C 2 2
_ _ _ _ _ _ _ _ _ _ _ _  - 

I 3 ,26 ,I -

4 C 9/ 32 3/8 O,8°/o 1,1- • 1 1 , 2h ,J~ ~ 1 1

- 
13 , 2 T , F j 

__________

( a )  Some- cas es onl y partial ring around pin on e~~it side as
consequence of cadm i um abrasion .

(h) Partial ring around pin on entrance side wiiere some
cadm ium intact .

Sub jec ted to metallur gical examination .

See lab le 3 for key to type numbers .

- ~~~~~~~~~ - - -~~ — — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ... ~~~~~~ - — ‘V” - - V —
— - .V ~~ V 
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56 SUPPLEMENTAR Y INVESTIGATI ON No.8

[‘ABLE 5 CORROSION CONDITION OF NON-STM~DAR D SUPPL~~1ENTARY IN VESTIGATI (~ Nc .1

UNP R O V I V ECT EI )  SPECIM ENS AFTER 159 DAY S

All holes initiall y i o  Push Fit standard

Specimen Specimen Type of A ttack~
Type d/I) Rail Oversi~~ Iden tit y Pla te Pin

2 
V
3 , i .E

2 B 5 / i l  I/ -c l°/o 23 ,15 ,A - 2 2
______________ 

2 3.lTi ,B ___________ __________

]
2 B 5/16 1/-s -c /o 24.-~.D h 2 3

__________  _ _ _ _ _ _  _____________  
24 .9 .E J 

__________

7. 16 .B 1
2 D 15/ 32 3/5 1 °/o 7,Iin .C 

~
— 2 I

___________  _ _ _ _ _ _  _____________  7.lt.D __________  __________

9 .13 . A  2
2 D 15/ 32 3/5 ~/ 9,13 .8 I— 2 1

_____________  

9.13.C$ J
6,3.E 1

2 D 5/8 1/2 1
0
/0 ().‘4 .A b 2

V 
_ _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  

6,4.B J 
_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _

1
2 D 5/8 1/2 --c °/o 3 ,2,B F 2 3
___________ _______  _______________ 

3.2.C J 
___________

$ Subjected to Metallurg ical exam ination

x See Table 3 for key to type numbers

— T - _.- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ‘ 
~~~~~~~~~~~~~~ V — ______________________-

V — V  -~~~
V - - V - ~~~~~- V V •  V.
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-- b I’I ’I EMENTAIt ’r I . I - n h  ( A  I I ON N o ,  -n

I -\S I~I- n n  )i -(RU5 10 C O N D I T i O N  Ui - NON— STA .!\ D AR D Sh PPLI-1N1-; ~T,-\Ity INV E STIGAT I n _i - So • 3
-- 

P i~~~~)T F C  Ill) 51’EC IMEN S -\ b - 1L13 1 h) DAY S

P j  F i t 
P i- st re sS Spe c i n i i e n  type of A tt ack~

t ype  
_____________  ___________  

Identity Plate Pin

O 75  12 . 12 . 0 1 3- 12 , 12. 1 
_________ _________P U $ h

_______________ 

0.60 ~~~~~
‘ 

~~~~~~~~ 1 3

O ~ 12 ,1 .1- . 1 3
~ B 3/Ih 1/4 n ,~~

°/o  1 ,1 , 
- 12 .1.F 

_________ _________

I ____________ 

2 3

o. s 12 .6 .8  1 2 (b)
~ n )~ 5

°/o I . r , __________  12.S C _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _

_ _ _ _  -_ _ _ _ _  
~~6O 

_ _ _ _ _  

2 2

I ~~~~ 
2 1 .2 ,G i 3

Push  ____________ 2 1.2.M_ ________  _________

O 21 ,2 .1-

- -  

, n l )  
21 ,2,1- 

- 

2 3

1) 9/ 32 3/ 
O ,-c°/ o l ,F , _ _ _ _ _  _ _ _ _ _  _ _ _  

2 (c i

(n ~ cs /~ 1~~~~ l , .. _______________ ‘

___________________ _________ _______________________ _________________ 

—

- 
‘ 2 3

- _ _ _ _  _ _ _ _

_ _ _ _ _ _ _  

2 - .- ,C 2
Push ____________ ____________ _________ _________

0. u t )  2 ~..) .J i
____________  __________  

2 1 , 5 .1. 
________  ________

— - 2 2 , 1 1 . n~ 2 2
4 D 3/5 1/2 0.1

0
/0 I .E. 

__tV~_~ 11, t 
_ _ _ _ _ _ _  - _ _ _ _ _ _ _ _

22 . l 1 . V 1 3
0,60 2 2 . 11 , - 

________  

2

V. 2 2 , I 2 .\~~ 2 > 

—

O .8°/o I . E . 
0, ~ 2 2 , 12 .1) 

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

2 2 . l2 . E~0 .10 22 .12.1 
2 2

(a) ParLia l rings around pin where pin contacts p lat e , due— to nearing
failure which occurred in a l l  -c B 3/16 specimens

(h) Partial ring around pin on exit side wire -re plate contacted p in .

(c) 0.90 f~ p re—stress app lied in error. Ring around pin or exit side ,

Sub jected to metallurg ical examination

See Table 3 for key to type numbers,

-- V - jV 
- - —— — V_

~
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StJPPI I-11 I - 5 I  A BY T V  -SI1 GA TO N N o .—
TABL 1-~ 

V~ CORR OSION (N)NI)1 LION OF NOS—SI ’A.NIJ A RI) s1-l 1PIV l- :ME-;N -I-A RY I VESIJGA ’FION No,

I Si ’I<Ot ’ I-Cll .D ~l ’h-Cl3lL: ~S Al- T I- N 1,9 DAY n

Spec i r S ( - i n  d / D  P~ c--ss Fo rm 5 l r e c i r I ~e - tn  Type of Atta ck~
t yp e  

________ 

Too l l oad I deuti ty Plate Pin

B 5/ 15  1/4 4 l oris I 1

2 0 15/ 32 3/s 5,3 l n nn r s I - c • l~ I 
2 1

_____________ 

14 . 4 .13 
___________ __________ ( a )

2 D 5 / V  1/ 2 5 Tons 2 2

(a) Onl y partial ring around p in on exit side

Subjected to me tallurg ical examination

See Table I for key t o  Lype n u m l o - r s

I A Ri l- - 1$1 11-:C TM I-NS SEl ECTI-:D [-‘OR MItTAI LtIRCICAL i- XAMINAi’ION Re fe rence pa ragraph

V V Numbe r
S.I. or Specimen d/t) S j ,e l u n e V r l  Reason for of Days
Stage I S ype Iden tit y Selection Exposure

O.8°/oI .F. and
Stage 1 2 A 5/lb 1/4 2-+ .I - .C corrosion
Standard -c C 1)/32 ~/s  1 ~~. 2 • extending to 159
Spec~~nen 2 C 15/32 I/~- I0.n .A th e- ed ge of

___________ _____ ____________ 
ho le 

_________

2 C 5/ 8 1/2 5 ,19 .1) As abov e hut --

__________ ___________ _____ ___________ 

O .L+ °/o  T .F. 24

S.I. No .1 2 B 5/lb 1/ 4 2-c . ~.E 
‘~ / 0  n n \ e  rsize

Pre—st i -ess 2 D 15/32 1/k 9.1 ~~~[ ball used for i59
Hole pr e— s~~ne s s in g ________

- 
‘ - o • 75 f P r e —

V .-c U 9~~32 ) / 8  21 , 1.N1 , tS , I . :o ,3 
4 D 3/s 1/2 22 ,12 . N 

l oading comhmed 159
w i t h  0 , 0 / 0  l .F.
Cut after
22 ,12 , - e x a m i r ~d.

Specimen less extreme
Pre— 4 0 3/)-) 1/2 22 .12 .1- . case ( n .6O 

~~ 
2 3-

Loading to e-C if
c r a c k i n g

___________ ____________ ______ ____________ 

pe rsisted. 
_________

5, 1 . N o .7

formed 
2 13 5/16 1/~c 2s ,9,B Typ ical Specime 159

Radi i 
___________ _________________ ________

— • — — 
—
~ “ T
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- ( I ’ L l  IS sII -7) TA R Y 1NVE S I ’IGAT ION - . 0 .

I -thI  l - °A I -A TI G I JE END 1JR M~CES OF STAN DAR I) sP l - ;CIME N S R e f e r e n c e  F i g u r e s  6 to 16
COMPARABLE WITH STAGE I TEST RESULTS

I A b :GE S P E C I M E N S ’Fyp e  I C 3 / - c  d/ D  = 3/8 Pin Un lo aded

Prot e cti o n Specimen Cycles Logarithm
Pin Fii (Yes or No) Identity —

~~

— 
-
~~~~ 

to Cy c l e s  to
rn — a F a i l u r e -  F a i l u r e

No l . 1 .A J ~ ~ 
22 .5 147 000 5.167

Y es 1 .1 ,1 J I I 2 2, .  2 8 1 000 5.435
0 - No 1 , 1 • C I 12 .5 2 304 000 6. 3 ( 30 . 1 /0  1 

~~ \‘es l~ • ~ 50 12 ,5 5 753 000 6 . 7 59
N o I . 1 . 1) 7. 5 t O  000 000b ’ 7, 0001
Yes I .2•I- J 7 .5 10 000 000V 7 ,0001

[ABLE 913 MEDIIIM SPEC I NIENS Y pe 2 A n / i N  d/ D  1/4 [‘in U n l o a d e d

Protection Specimen ~~~~~~~~~~~~~~~ Cycles Logarithm
Pin Fit (Yes or No) I d e n t i t y  to Cy c l e s  to

m — ‘a Failure Failure

No 2n , . l5 .N J  1 1  22 .5 60 000
Yes 10 , 3 , 13 1 I I 22 .5 76 000

P u s h  Yes 30.4,B 1 t—~ ~I ~~~~~~~~~ 201 000 5 , 302
No 26 . l6 , C ~ I t . 5 455 000 5 .685

____________ 
Yes 30,-+ .C _____ 

L 7 5  643 000 5.807
No 2 5 ,~~.

( j  22 , 5 41 000 -c .612
Yes 2 9, 3 ,1) ,/ 22 .5 85 900 4,933

1.1- . ‘10 2 9 , 2 , E 1 s~ 
— 12 ,5 85 0(X) 4 , 929

Yes  29.s,A 12 .5 215 00() 5.336
No 29. l .A .5 439 000

____________ 
Yes 29 , -5 , B 

______ 
.5 705 000

No 24,1 .- . ,)( 1 22 .5 56 000
Yes 24.3,l( j I 22 ,5 SI r  000 •9340.~ /0 ,1 , Yes 2 - c , -c . 1) 

- 
~~ 

~ 
12 . 5 -590 000 5 • h90

-ia 2 1 .2 .1) j ( .5 10 000 00012 7,1 )001

Yes 2 c , S .D 
________ 

- 7 , 5  10 000 00011 7~ 000C

l b  dr-notes specimen unfail ed

~~
‘ - -x a rnin ed i l ~ binocular microscope < x 60

.
~~
.. Suh~ ected to micro —examination x 61 or x 125

Continued ..

~~~~ —-  -- ~~~~~~~ - —  “

~~~ ~~~ 
V _ .

~~~-VV_~VvT



SUPPLEMENTARY INVESTICA lION No • 8

TABLE 9C MEDIUM SPECIMEN S - Type 2 C 15/ 32 d/ D = 3/8 Pin Unloaded

- St r e s s  Le~~e 1s  Cyc l e s  L o g a r i t !~~Pin  F i t  P r o t e c t i o n  Specimen P e r c e n t age  Tt _ to Cy c l e s  to( e s  or a )  I d e n t i t y  s
m — a F a i l u r e  F a i l u r e

No 7 . 12 . ( ,/ ~ 
22 .5 155 000 5, 189

Ye s 7 . 15 .A J I 22 ,5 120 000 5.079

Push No 7. 12 .D I— 25 12 .5 - 173 000 5.238
“ e - - 5  7. 15 , B 12 ,5  203 000 5, 3’O-~
No 7.l2.E .1 .5  27 9 000 5 ,445
Y e s  7. 15, C j  

______ 

.5 483 000 5, 683

No 7 , 15 , 1) 1 2 2 . 5  77 000 L+ .886
Y e s  lO .5 . C 2 2 . 5  46 000 4, 662

1 0  7 .15. E I— ~o 
12 .5 100 000 5.000

‘ es 10 . 5 .1) I 12 ,5 154 000 5.186
N o 7 . lb , A I .5 514 000 - 5.710
Yes  1O .5 , E ~ 7,5 no result —

N o 10.6.8 1 1 22 ,5 75 000 4 .875
10 .6 .E I j 22 .5 50 000 -4 .699

0.-n /oI.F. es IO .7.A b 50 12 .5 206 000 5.314
No 10.6,1) J 7.5 46 4  000 5,665
Yes 10.7,B J - 

7,5 10 000 000U 7,00012

TABLE 9D MEDIUM SPECIMENS - Type 2 C 5/ 8 d/ D  = 1/2 P in Unl oaded

S t r e s s  Levels Cy c l e s  cogar ithmP r o t e c t i o n  Spec imen P e r c e n ta g e  
~tPin  F i t  . to Cycl es to(Yes  or No) I d e n t i t ’-  S- 

in — a F a i l u r e  F a i l u r e

No 7.2.C .1 
~ 

22 .5 no r e s ul t~j -

Yes . l .A I 22 .5 no result —

Push .2.D 
~ 25 12 ,5 - 2 75  000 5. 435

Yes ~.3.D 12 .5 10 000 000U 7, 00012
No .2 .E 7 .5 1 (393 000 6,228

__________ ________ 

-
. 3,C J 7 .5  10 000 000U 7 .000U

No 5.l9 ,E F 22 ,5 36 000 o.556
6.20.C I 22 ,5  100 000 5.000

0.4°/ o T .F. Yes 5 .20 .0 50 j 12 .5 318 000 5.501
No 5.20,A 7,5 1 455 000 6.161

___________ 

Yes 5,20,E 
______ 

7,5 10 000 000U 7 .00011
No i.1.C j  22 .5 52 000 ‘4.115

0.8 /oI.F. Yes 3 .1 .0 ,/ 50 - 22 .5 78 000 ‘ . 89 1
__________ 

Yes 3 .2.A 
______ 

7.5 10 000 000U 7 .000U

U denotes specimen unfalled
+ No resul t sign ifies failure of Vibrophore machine

to trip at specimen failure
.1 Exam Ined by b inocu la r microscope <x 6O -

___________ hV - - - -- 
~~~~~

——
~~~ ~~~~~~~~~~~~~~~~~~~~~~~ — --- 

_______________ -

V V - --- — - -~~~~~~-- - - - .  ~
:-

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



I ’ I
SI I’ l l l - , NI -  IA N ’ I N \ I N l  I C A i H Y ~ v .5

A l -  I- ‘ I ~ - - NA  1 : ,  ,( I N l :,n pc c - ‘1/12 (/0 -- 3/-s [‘in Unloaded

I’m - i l  
P r u b (c t i o r ~F ( i , ~n tr n v c r c e n t a~~~~~ 

(~~ s L O g a r 1 t t ~~

m — ‘a F a i l u r e  l a i l u r e
( n  

- 

1 1 i 22 . 5 54 (050 
~.J 32

s - I i . 1-5 ,CJ  I - I 22 .5 4 7  1)01) - -c .~~7ln n -  /~ 1 . I~ Y - s  1-1 . 14 .1) r ~ 1 12 ,5 3 ~96 1)0(1 6.5-S I
1 1 ,2 7.1- 7 , i 10 000 000I - • 

n ) n ) (  l b
S e-s 1 .l -c ,l- , J I 7 , , IC )  000 () OOb

l b denotc fV S p I  n ~fl~(- l1 (10 fa r I n n

F A II1 l- . b A  FA T I GIJ I l ENO b l-1 A NCI - n I Orl—~ AHI)Al{D SI’l-(CIMENS tO - f e - n e rn c - c - I- i gurc- s I I N
COMP ARAI3I l- : 1-I l LII 51(11 ’ I-1-I ENTA I-I Y INVE ST JGA’I’Ior; so, i a r i d  I

I n t e r f e r e n c e  l H c - — , ! r ( ~~sed Ho c-s
Al  h o l e s  in i t  í a  I I  b a P u s l n  I - I t  t dnda rd
3-ILD1IIM sI’l-HSIMI-:’ -:s l ype 2 13 5 / I t  d / D  = 1/4 I ’ i r n  I oaded

• j St r e s s  l e v i - i s  -Ball I t’rot.ec Lion SI)-c tine-n ~~ rce n t a gc- ~t 
( “ c  les  L o g a r i t h m

l I v e -  rs I ic ~~~ s or  In )  Td eni t I ty  - - t o  Cycles to
— a  1- a i l u r e  F a i l u r e

t H e  2 3 . 1 .1- . 22 , 5 
- -  — 

9 000 3 955
n t - S  2 . [S .C - 22 .5 14 5( 1( 1 4 .160

1°/n  I No 2 1 , 1 5 .A - 
- _  25 12 .5 35 1)00 4~ 544

I Ye - s 2 3 .15 .1) 12 .5 40 (00) -c .6Ol
Inn 2~~.15. I3 ‘

~~ 7.5 51 500 -5 .7 1 1
- Y e s  2 1 .1 5 . 1 . J L ‘.5 - 

61 000 (35 
~~~ -- _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _

No 24,”.F) I ~1 j 22 ,5 10 ( 05 )  4,000

- 
Yes 2 n . 15 .l J j ~ 

- 22 .5 15 000 4 .17 5
4

0
/0  ~~~~ 2 5 , 1 .1) I I -  25 12 .5 12 1 000 5 .103

‘(a 2--c .9.F I H 7•5 254 000 5 ,404
es 2 5 . 1 .1- L.~_. . 5 12s 1)00 

— 
5~

l ,ANI l- . n i B 1l- br ll 1 l-1 ,,PECI MI-( HS l ;pe- 2 I n  1 5/ 12  d / D  = 3/8 ‘ini l oaded

Ba I 1 P r o l e c  t ion ‘~~ne - ime n I’ ercenta~ : f t 
Cy c l  s o~ ar i t l~

O - - ~- r sj ,  ( ( e s  or  ‘ n~ i d e - r n )  i t  - n ’ F ailure f ailurem — a

Mo / .16 ,B 1 1 22 .5 19 000
0 - e s  7 • 16 , I - : ,. I 22 , 5 24 1 ) 1 1( 1 4.34))1 /0 

Ho 7 • j t , •
( . [ 

2 
1 12 .5 17  0(X) 5 .241

r e - s  
V
, J 7,A 

_______ 
1 12 .5 1 7 i  ( ( 0 ( 1  5 . 2~~c -

— 

N o 9 , I l .A j  22 • 5 5) 000 •

Yes 9 , 12 .1) I 2 2 . 5 191 OO() 5 .2s0
4°/a Y es  9 . 1 1 , 1- . - 25 H 12 . 5 24- 7 (XX) 5.392

No 9.1 l .B ~ .5 7l~ ( 1 ( X )

____________ ___________ 
9 , I 4 . A I I. -_______ 

1 874 1)1)1) 
___________

J E x a m i n e d  by b i n o c u l a r  m i c r o s c o p e  < x (-nO
/ S ubj e c t e d  to m l c r n , — ( - x a m i n a t f o n  x I I  or  x 125

— V~~ - 
- _ * —~~~~~~~~~~~~~ — _V_ V V 

— 

~~~~~~~~~~~ 

•
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S1l 1’l’I I- ,l-IEII’I’AR \’ I7H’I-’ TCi\’llON Io . (3

TABLE b C  MEDI U M SPECIMEN S Type 2 1) 5/8 d/ D = 1/2 Pin Loaded

- , Stress Levels Cycles 
- 

L o g a r i t h mBall Protection specim en Percentage 
~t to Cy c l e s  to

O v e r s i z e  ( s s  or rn) Ident ity S
~ .±Sa F a i l u r e  F a i l u r e

No 6.3 .E ] 22 .5 32 000 4.505
S e - s  6 .4. D 22 .5 64 000

6.4 A  I- 25 12 .5 50 000 4.699
Y e s  (j .4 , E 12.5 90 000

6.-c ,B 7.5 327 000 5. 514
____________ 

Y e s  6 .5 .A J 
_ _ _ _ _  

7, 5 549 000 5 .738
No 1 ,2.B I 1 f 22 .5 25 000 ~.398

- o “ e s  3 , 2 .1)1 I ,~ I 2 2 . 5 40 000 4 ,601
4 /0 Yr - s 1 . 3 ,A r 

2~ 1 12 .5 111 000 5.045
Ho 3. 2 .C I I I 7 .5  319 000 5.50 3
1’es 3 .3. C J J 1. 7,5 516 000 5. 712

TABLE I 1A FATIGUE ENI ) U RA N CE S FOR NON-STANDAR D SPECIMENS R e f e rence F i g u r es  20
COMPARABLE WITH SUPPLEMENTAR Y INVESTIGATION No, 3 to 28
Pre-Loaded Specimens 

V

SMALL SPECIMENS Type 4 B 3/ 16 d/ D = 1/4 Pin Loaded
0.75 f

~ 
Pre—Stress

Stress L e v e l s  Cycles Logarithm
P’ F’ Protection Specimen Percentage 

~t to Cyc les toin it (Y es  or No) Identity S Failure Failurem — a
N o 12 .12 ,01 1 2 2 . 5  12 000 - 4 .079

Push Yes l2 . 12 , H ~ I— 25 - 22 ,5 33 000 .518
No 12 .12 .1 I , .5 l4s 000 5 , 170
Ye s l2 .12 .C ,1 7.5 757 000 5.878

No l2 ,1.E / 1  1 22 .5 13 000 
- 

-5 ,114
0 40/ I F Yes 12 .l ,M ~ 1- 25 4 22 .5 21 000 4,3220 • No l2 ,l .F 1 I I 7.5 4-28 000 5. 1,30

Yes 12 .1.15 1 1 L 7.5 666 000 5.822
No 12 .6 .B 1 1 22 .5 16 000 4.204

FV Ye-s 12 .7.J L 25  ~J 
22 .5 19 000 4,214

No 12 .6 .C I 7.5 190 000 5,2~ 8Yes 12 .7. M L 7.5 372 000 5 . 5 ’ O

.1 ExamIn ed by binocular microscope < x 60

— V ___~V_ V — — —V _~~~~~~~__~,_• - —.~~~‘—•~~
—_ •- -—V— - ~ — -——- — — C ~~~~~~~~~~~~~ — ________ — —

- 
- - 

I ~~~- ~~b’
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~ i~I ’ L ’I l-:MI ~ r
[5\J~~~ V LI-R (SI ICY ] ION (:0 .8

I I I  SM A L l  SI’E C I M E N S  I ‘:pe ~ B 3 / b ( .  d / D  = 1/4 Pin Loaded

0. 0 
~ 

Pre—St ress

Pin Fit 
Protect icrl Specimen Cycles Logarithm
(Yes or .0 Identit y cV 

—
- a F a i l u r e  F a i l u r e

No 12 .11,N 
~ F 22.5 16 000 4.203

Push - 
Yes 12 .11 .1 J F— 2 5  4 22.5 26 0001’ .-515P
No l2 , l l .M 1 I 7.5 428 000 5 .’ 31
Yes 12.l l .K / 

_ _ _ _ _ _ _  ~ 7.5 27 000 5 . 2 1
N o 12 .1 .A ~ 1 22.5 14 000 4.415

- o Ye s 12 ,1.C ~ — 2 5  J 22 .5 24 000 4 . 380
0 .4 /o I .F ., No 12 ,1 .B 1 7.5 298 000

Ye s l2 .l.D j j  ~ 7,5 5Th 000 - 5.759

No 12 .2.1) 1 22 .5 14 000 4 ,146
O.8°/oI .F. Yes 12 .l4.G ~

‘ I- 25 J 22.5 17 500 4.243
N o l2 ,3,D / I 7 .5  2 7 7  000 5 .442
Yes  12 .4 . 1-I j  J 7 ,5 505 000 5. 704

P denotes p in failure

TABLE IIC SMALL SPECIMENS F ype ~ D 9/32  d/ D  = 3/ 8 Pin Loaded

0.75 Pre—Stress 
V

Stress Levels Cycles Logarithm
Pin Fit 

Protection Specimen Pe rcentage 
~t to Cy c l e s  to

(Yes or ~‘b) Iden tit ’- 5 Failure Failure
m — a

No 21 .2.G 1 1 2 2 . 5  17 000 4 , 230
Y e s  21 . 3 .A ,~~ L 1 22 ,5 37 000 i~t . SasPush  No 21 .2 .M j  25 

~ 547 000 5. 737
Yes 2 1 .3 , B - J L 7.5 10 000 000U 7.000U
No 2 1.3.1 1 22 , 5 13 500 4 , 130

o Yes 2 1 . 14 .E 22 .5 47 000 4 .66 1
0,4 /oI .F . 2 1 . I4 .D f

2 5  7,5 246 000 5.390
Yes 21.l4.F j 7.5 653 000 5.815
No 21 , 3 .5 1 ] 22 .5 35 000 , 543

0.8 /“I ,F. Yes 21 . 3 ,0 J j 25 - 22.5 85 000 4,930

— 
Yes 21 ,4,A J ~.5 10 000 000U 

— 
7,00011

U Denotes specimen unfailed

J Exam in ed by bin ocular microscope < x 60

j .  Subjected to micro-exam ination x 63 or x 125

__________ _____________ ________________________________ —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- _ _- ~~~~~~~~~ _ — -

-~~ - - -- -~ V~~~~~~~~~ V V ~~~~~~ _~~~~~~~~~~~~ V - ___V

~~~~~~~
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SUPPLEMENTAR Y IN VESTIGAT ION N o •
FABLE l I D  SMAl L SPECIME NS - Type 4- D 9/ 32 d/D = 3/8 Pin Loaded

()~ - C )  f Pr~ —stress

Stress Levels
P r o t e c t i o n  Spec imen Percen tage_ f Cycles Logarithm

to Cycl es toPin Fit (Yes or No) Identity S +S Failure Failure
in — a

H o 21 ,2,E J 22 ,5 32 000 -+ ,505
Push  Yes  21 , 2 .L I — 25 22 .5 40 000 4.601

N o 2 l , 2 , F 1 7.5 993 000 5.996
Yes 2 1.2.1 1 7.5 10 000 00011 7 .00013

O.4°/oI ,F. Yes 2l .3.E - 25 22 .5 70 000 4~ 845
No 21 .3, C I 22 ,5 13 000 4 .113

Yes 2 1 , 3 ,G 7.5 10 000 00011 7 .000U

O.8°/oI .F. Yes 2 l .3.K ~ - 25 22 .5 J -

N o 21 .2.13 1 

{ 

22.5 202 000 5.305

No 2 l .,3 .J ~( 7 ,5  10 000 00011 7,00011
Yes 2 1.3,L 7.5 10 000 00011 7,00011

J Examined by binccu lar micro scope < x 60

~ Subjected to m i c r o - e x a m i n a t i o n  x 63 or x 125

TABLE l I E  SMALL SPECIMENS Type 4 D 3/- S dID = 1/2 Pin Loaded

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

Stress Leve ls Cycles LogarithmProtection Specimen Percentage 
~t to Cyc les  toPin Fit _ _ _ _ _ _ _  ________

(Yes or No )  Identity S +S Failure Failurem — a

Pu sh Yes 2 3.6.G 22 .5 2 656 000 6 .425
1-t o 23 .6 .A 

]_ 25 .V.f 
22 .5 25 000 4 . 398

No 23 .6,C - 7.5 279 000 5~ 445

0,4°/oI.F. Yes 22.12,A 22 ,5 646 000 5. 810 
-
r

No 22 ,l l .C 

}  

25 
22 .5 64 000 4.806

No 22 ,11.1 7.5 1 060 000 6,025
_ _ _ _ _ _ _ _ _ _  

Yes 22 .12 .13 
_ _ _ _ _  

7,5 10 000 0001-1 7,0000
No 22 .12 .0 22.5 J —

0.5°/oI .F, Yes 22.13.B 25 22 ,5 406 000 5 ,608
Yes 22 .13 ,F L 7.5 10 000 000 1-1 7.000U

U den otes spec imen un fa i led
J deno tes fa i l ed  a t Jaws

‘

V 

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

— V _ 
~~-



r H l I ’I l - : Ml - : I -L Al l s  L(~~ I i  1CA I I()N No.5

tA S I l- : Il l - 5-IAI I. sl’I- :(:lriE s l yp n- ~ I) 3/ 5  d/ D  = 1/2 Pin Loaded

~~~~ -~~~ I r e— S t ~-~~s

P i n  
Prot e ction ;p -cir nen Cy c l e s  L o g a r i t h m
(Yes or Ho) T d e n t i t - , S -i-s

m — a Failure Fai lure

In, 2 3 .5,J 22 .5 20 000 4.301
- ‘- es 2 1.6.1) - 22 . 5 4 67 000 - 5. 670P u s h 

Ho 2 3 .5,IV 
2) 

7,5 262 000 5 .419
es 2 3 .6 .B 7~ 5 10 00(1 0000 7,0(X)U

22 , 1 1 .1 ] 22 , 5 79 000 4,897
ni / I  Ye s 22 .11 , I 25  22 .5 1 689 000 6 . 2 2 7

M o 22 , I l  . H , - 7,5 10 000 0001] 7.0001!
Yes 22 .1 1  .1. 7.5 10 000 000U 7 .01)0 ) 1

No 22 .12 ,1 22 .5 -3 —

O .--$
0
/oI.F . Y e s 22 .12 ..J 25 22.5 607 000 5,782

Yes 22 . 12 .1-I 7,5 IC) 000 00011 7.000LJ

.1 denote s failure - at -laws

TA B L I V l2A FATIGUE Et-IDURAI-ICES 1-O R 150H-SIANI)ARI) SPECIMENS R e f e r e n c e  F i g u r e s  29 t o
COMPARABLE WIll! SIJPPLEMEI-1TAR Y INVESTIGATION 1-b . 7 31
Press -Formed R a d i i

• MEDIUM SPECIMENS T3 pE- 2 B S / l b  d/ D  = 114 Pin Loaded

P ressM ,~~~ Stress Levels Cycles Logarithm
Form 

Protection Specimen Percentage 
~t to Cycles to

Load (Yes or No) Identity 5
m ~

S
a Failure Failu r e

No 2 - .9,C~~ 22 .5 18 000 4.2 5 5
5 Tons Ye-s 2(3.9.Dj 1 25 - 22.5 11 000 4.490

Yes 28.9.E 7,5 10 000 0001]

j Examined by binocular microsco pe < x n t )

TABLE 12B MEDIUM SPECIMFI-IS Type 2 1) 15/ 12 d/ D  = 3/8 Pin l oaded

Press~ protection Spec i rrr (-n Stress levels Cy c l e s L o g a r i t h m
Form (Yes or No) Ident ity 

e rcen ta~~~~t_— to Cs-d es t o

Load in — a  F a lInI r ( F ai I i i  i

No — — 14. 3.E 1  1 22 .5 
— ____________  __________

Yes 1e .4,D ~ , I 22.5 1s7 000 5,271Io ns 
No I 4 .4.B 

— 25 1 7.5 10 000 00011 ,0C)OI
____________ 

Yes 14 .5.B I 7.5 10 uO0 00011 , n 0 u i l

II denotes specimen un fai led
V 

~ Ho le in i ti a l l y to push fit standard

~ Si gnifies that s p e c i m e n  s l i pped in the jaws during
testing and this produced misali gnment

,~~~ Sub jected to micr o-exam ination x t I  or x 125

V - V V V _ _ _~ V _  — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ -— -V-V - - 

~~~~~~ 
V~~~~~~~~~ V V_

— -  
:- ~kr. p~~

- - —

- - --V -~~ ~~~~~~- -~~~~~~~-~~~~~~~~-- - - - -~~~~~~~~~~- .



n t )  SUPPIVEMEN I -U-~\ l : ’ :VEST I GATION H .8

TAB 1~E 12C MEDIUM SPI-:CIMI-:NS F ype 2 D 5/8 d I D  = 1/2 Pin Loaded

Press ’~ Prot ction Specime n P a  Cycles Loga rithm
Form (Yes or u) Identit ’ — 

s +s 
to Cycles to

Load in 
— a Fa i l ur e Fai l ur e

No 6 . L6 .C 1 1 22 .5 + +

5 0 Tons Yes 6.16 ,E L 25 4 22 ,5 10 000 000U 7,00011
No 6,16 ,1) I 7.5 10 000 0000 7,00011

_ _ _ _ _ _  

Ye s 6.l7 .A j______ 7,5 10 000 00011 T,000U

U denotes specimen unfailed
x hole initiall y to push fit standard
+ Signifies that specimen slipped in the jaws during

testing and this produced misali gnment
TABLE 13 EFFECT ON ENDURANCE OF OMISSION OF PROTECTIVE Re fe rence Ta b le 9 and

TREATMENT AND COMPARISON WITI-! STAGE 1 Figures 6 to 16
Standard  Specimens Pin U n l o a d e d  -

Endurance RatiosM
Specimen d/D 

~ /f Pin Fit ~22~ rotected Protected
Type in t Protected Stage 1

1 C 3/4 3/8 0.50 O,8~ /oI.F. 0.5 to 0,4 No Stage 1 data

0.25 Push 0.8 to 0.7 1.0 to 0.2
2 A 5/ 16 1/ 4 0.50 O,4~ /oI ,F, 0.5 to 0.6 - 3.0 to 2.0

0.50 0.8 /oI.F. 0.6 to 0.6 1.0 to 1.0

0.25 Pu sh 1.3 tQ 0.6 1.7 to 0.1
2 C 15/ 32 3/ 8 0.50 0.4°/oI.F. 1.2 to 0.7 No Stage 1 data

0.50 O,8°/oI.F. 1.5 to 0.1 ava i l ab l e

0.25 Push 0.2 No Stage I data
2 C 5/8 1/2 0,50 O.4°/oI ,F , 0,4 to 0.2 1.0 to 0.3

0.50 O.8°/oI.F. 0.7 to ? No Stage I data

4 C 9/ 32 3/ 8 0.50 O,8°/oI.F. 1.2 to ~
‘ No Stage 1 data

x First ratio refers to hi gh S and second ratio to low Sa a
signifies insufficient data to enable endurance ratio to be quoted

TABLE 1-4 EFFECT ON ENDURANCE OF OMISSION OF PROTECTIVE Reference Table 10 and
TREATMENT Al-I l) COMPARISON WITH SUPPLEMETARY and Figures 17 to 19
INVESTIGATION No . I
Non—Standard Specimens Interference Pre-Stressed Holes Pin Loaded 

-~~~

Endurance RatiosM
Spec imen d/ D  ~ If Ba l l  Unp rotected Protected V

Type m t Oversize Protected S,I.No .1
10/0 0.6 to 0.8 1.3 to 0.2B 5/16 1/4 0.2, 4
0
/0 0 .7 to 1.2 1.5 to 1.0

2 D 15’32 3’N ‘) 2~ 

— 

1°/o 0.8 to 1.2 1,8 to 1 .2• 4°/o 0 .2 to 0,4 3.8 to 0.6
2 D 5/3 1/2 0 25 lg/o 0.6 to 0.5 1 ,6 to 0.1

__________  ______________  
4 /0 0,6 to 0.6 1,8 to 0.1

~ First ratio refers to hi gh S
a and second ratio to low S

a

_ _ _  

~~~~ ~~~~~~~~ - -
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SUPPI.EME N I Al~Y I N V E STI GA l IO N N o .8

TABLE 15 EFFECT 0 : 1-H~Dl lA NCE OF OMISSION OF PRO i 1 7 (  1 ~i- Reference Table 11 and

t h I l - A U ~j E]3T A l )  ( H ) ~- I PAH3 SON ~ ITH S1Tl’[’l EMENTARS Fi gures 20 tc’ 2s

lilVES T lGA F1 (.~~ No .3

Hon— standard Fcc-Loaded Specimens i’m l oaded
S If 0.2S throu ghout
m t

- . Endurance Ratio X

d / D  P~~~~’~~ e ss H
~~~ h

F
~~ tlnprotected Protected

t I .E . P r o t e c t e d  S , I . N o .3
Push  O , ’+ to 0.2 0.6 to 0.05

O . 7S O .4°/o 0 ,6 to 0 .6 0.4 to 0 .05

~ B 3/1 6 1/4 ___________  

O.’~
°/o 0.8 to 0.5 0.6 to 0.02

Push 0.6 to 0.8 1.2 to 0.1
O,4~ /o 0.6 to 0.5 0.!-’ to 0.05
0.8 /o 0 .8 to ( 1 , 5 -0 , 6 to 0,07

Push 0.5 to 0.05 0.-S to 1.0
0 ~ O.-4°/o 0.3 to 0.4 1.0 to 0.03

4 D 9/ 32 1/8 

- 

- — 

0,8 /0 0.4 to 2 1 .1 to 0.3

Push  0.8 to 0.08 2.5 to 5.0
0,1)0 O.4°/o 0.2 to 1 1.4 to 7.0

O,8°/o 1 1

Pus~ 0.1 to ? 90 to ?
0,75 O.4~ /o 0.1 to 0.1 1.5 to 0.7

0,8 1° .‘ 25 to I
4 D 3/8 1/2 ___________ _________________ _________________

Push 0.4 to 0.03 1.7 to 35
0,60 O,4°/o 0.1 to 0.3 2 .2 to

0.8
0/0 21 to ?

TABLE 16 EFFECT ON ENDURANCE OF OMISSION OF PROTECTIVE Refe rence Table 12 and
TREATMENT AND COM PARISON W I T I V I SUPPLEMENTAR Y F i g u r e s  29 to 31
INVESTIGATION N o.7
Non—Standard Specimens Press-formed Radii Pin Loaded

Sm / f t 
= 0.25 throug hout

Press-form Enduran ce ~~~~~~
Specime n d/D Load Unprotected Protected

entity 
(Tons) Protected S.I.No .7

2 B 5/ 16 1/ 4 4.0 0,6 to 7 2,7 to 2.0

2 D 15/32 3/8 4.5 
— 

_________________- 
7 • 5  to 33

2 D 5/ 8 1/2 5. 0 
—  

2 75 to

w First rRtin refers to hi gh s
a 

Rfl (I spron, 1 rs~t i n  to low S

2 Si gnifies insufficIe nt data to enable endurance ratio to he quoted.

- - — - V ____.~ V VVV - ~~~~~~~~
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FIGURE 32 EXTRACTION 01- MICRO—SPECIMENS FOR EXAMINATION OF FATIGUE FAILURES

SPECIMEN TYPE REFERENCE TABLE SPECIMEN ID ENTITY EXTRACTION F I G I J R E
(See b e l o w )

~ ta, e 1 ( 98 26. 16.C ( a )
98 2Lf .l.E ( a )
913 2L1.2 .D ( c )
9E 13.27.? S u r f a c e  l ightly

abraded
~3.I. No. 1 lOB 9.13.13 S u r f a c e  lip ~ht 1y

nbr ~~ded
S.I. I-ia. 3 J 1113 12.1l.N (a)

1. 11C 21.3.A* (a)
liD 21.3.J (b)

SI. No. 7 ( 12A 28.9.C ). Sur face  lightly
t 123 11+.Li.D*) abraded

* These sn ec i r n e ns  were  I Dr ot e C t e d  — all other si~ecimens in this
exa~iination were unnrotected .

EXTPACT I ON FFI~JPES

(a)

(b )  
Specime ns 

_ _ _ _   _ _ _ _ _ _

[ I f 1 1

( c )  
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SUPPLEMENTARY INVESTIGATION N~~.9

AN EXTENSION TO LOWER STRESS LEVELS OF SOME OF TUE TESTS DESCRIBED

IN STAGE i

I • INTRODUCTION

This particular supp lementary progranmie of research was undertaken because the

results of the Stage 1 tests in the Push Fit Pin - Pin Loaded conf i g u r a t i o n

did not y ield endurances much beyond 10
6 

cycles , whereas the original in tent ion

was to produce endurance curves ove r a range of 1O
4 to IO

7 
cycles. Moreove r

this specific confi gur a t ion wa s the one most common ly occu rr ing in prac tice .

2. GENERAL NOTES

In common with the main research , three sizes of sp ec imen were tested , each

with three ratios of pin diameter to width of specimen (d/ D) . For each

combina tion of size and geometry , tests were made at three or fou r values of

mean stress to produce endurance curve s at low alternating stresses , ove r

the range Sa/ft 
= 0.05 to 0.025. The se endurances were then combined with

those a l ready  ob ta ined in the Stage 1 tests for the range S/f e 
= 0.225 to

• 0.075, thus giving the required endurance coverage , up to at least IO
7 cycles.

Table 1 g ive s particulars of the test specimens included in these low stress

level tests , together with the re ference numbers of the correspond ing Figure s

and Tables in Appendix C of the Stage 1 Report which cover the highe r

alternating stress levels. It will be noted that in Stage 1 there were no

tests done at dID = 3/8 for the medium and small sizes in the push fit p in -
pin loaded case. This was because the tests at d/D = 3/8 were added to the

main programe at a late stage , in order to fill in some gaps in the

continuity of results , more especiall y in the large size specimens .

Figure 1 of the ptes ent repo rt g ive s the geome try of the test specimens , and -
•

the materials us.~d for the p late s and the pins .

During the testing of the specimens , it was found by both organisations

concerned (Cambridge University and Short Brothers and Harland) that

stability of the testing machine could not be maintained satisfactorily at

some of the lowest alternating stress levels , as originally p lanned , and so
the tests at these levels had to be abandoned , or not even attempted. These

cases are generall y indicated by footnotes on the relevant tables of results .
In some other cases the tests at the lowest levels of stress were omitted

bec ause sufficiently hi gh endurances had already been achieve d at the hi&her

st ress levels , which were normall y tested fir st.
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~~~ NOT ATION (Units are lb and inche s throughout)

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

d N~~i in a 1  diameter of hole and p in

D = ~-iidt h of parallel sec t ion  of test specim~ i

= Aver age Tensile strength of plate material (from tests)

f = Average 0.2
0
/0 Proof Stress of p late material (from tests)

= Geometric Stress Concentration factor based on net area of

cross section of test specimen

N = End ur ance

5 = Mean Stress on net area -m

S = Alte r n a t i n g  Stress on net area associated with S
a m

t = Thickness of plate specimen

4. RESULTS OF TESTS

These are presented numericall y in Tables 2 to 10 and grap h ical l y in Fi gures 2
to 10, each table and corresponding fi gu re being cross referenced , and cove r ing
one specimen type as listed in Table I. Associa ted wi th Figures 5 , 7 , 8 and 10

are Figures 5a , 7a , 8a and IOa respective ly ,  giving alte rnative endurance
curves (see paragraphs 5.1 , 5.2 and 5. 5).

5. DISCUSSION OF RESULTS

5.1 General

As in Stage 1, fair cu rve s have been drawn through the logarithm mean endurance

points for both the orig inal~ stress levels and the new low stress levels. Where
da ta are limited or sca t ter is considerable , these curve s are shown ‘dashed ’

to indicate their tentative nature .

In Figure s 6 and 9 where the re are no data from Stage 1 tests , bu t onl y the low
stress leve l results , the curve s have been drawn wi th ‘das hed ’ lines because

of the lack of hi gher stress leve l results and also because the scatter of

results is often considerable , including some results which were for unbroken

specimens.

—-I —, -, I ,..1.a—~ ~~~~ ~~~~~~~~~~~~ ~~~
____________________ I -+-c’- - -

~~~~~~ 
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In gene ral , the addition of these low stress leve l tests has enabled the

ori ginal endurance cu i~-es to be ex tended quite use full y and log ically.

Comparison s with the Stage 1 curve s (references to the appropriate Stage 1

cur ves ar e given on each fi gure ) show tha t uncertainties at the lower ends of

the ori ginal  curve s ha ve been c la r i f i e d  and tha t the curve s fa i r  in reas onabl y
well with the low stress leve l data. The re a re apparen tly some excep tions to

this feature in which , although a continuous fair curve has been drawn and is

possibl y accep table , it is also admissible to draw two separate curve s for

a g ive n val ue o f S / f ~~ one for the Stage I stress levels and one for the low

s t ress levels , the two curves meeting with a or rapid change of slope .

In suc h cases, in the interests of ctar it\ , rela ted a l terna tive Fi gure s 5a ,

7a , - a and lOa have bee n presen ted , these being comp lemen tary to Figu res 5 , 7,

8 and 10 respective l y.

5.2 Examination of Specimens

In orde r to be sure tha t the divergence noted in the previous paragraph was

no t accidental and just due to excessive scatter , and if just ified to

establish reason s for the di~ er gence , it was decided to examine in detail the

nature of the failures of a numbe r of specime~is. Samples were chosen f rom a l l
• three sizes and three variation s of geome try . mostly from the reg ion s wher e

t here was the grea tes t dive rgence f rom the convent ional form of endurance

curve , or where one of three endurances at a given s t ress leve l was exces sivel y
high or excessive l y low. In addition to inspection by normal vision , a large

i l lumina ted magn i f y ing glass and a moderate ly hi gh powe red mic rosc ope we re u sed

in particular cases to de termine the presence or extent of cracks.

Tables l2A , l2B and 12C presen t the results of this detailed examination , f rom
whic h the fo l lowing  conc l u s ions have been drawn .

(i) There was considerable evidence of fretting, and multip le cracks

were found on many samp les , particularl y among the medium and

small size specimens. 
-

‘

(ii) Seve ral specimens had wide striations , and occasional l y the re

was a step in the formation of the crack .

( i i i)  One spec imen , identification 21 .lS.L , small  s ize , d/ D = 3/ 8,

did not show any frettin g , but failed asynmietrically a t a

• comparative ly low endurance . There was evidence of a suspected

f law in the ma ter ial , near the edge of the hole , on one side .

• This specimen was sub jected to a hi gh mean stress (50
0
/0 r~

and would no rm a l l y be expected to fail symmetrically as in

fact many such specimens did .

— - ~~ — -~ — -~~~~~~~~~~ —- —
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( i v )  A numbe r o f specimens , par t i cu la r l y in the small size , had fine

c racks wh ic h cou ld onl y he seen unde r a high powered microscope.
They had no t fa i led comp le tel y; there fore had these tests been

cont inued they would have reac hed highe r end urances bef ore
complete failu e than those recorded in the tables and graphical

presentations. They have the refore  been specially aiv 3tated as

unfailed thus in the tables and~~~~~ in the grap hs , and
the f i n a l  choic e of the shape of the endu rance cu rve has been
mod if ied ac co rding ly.

( v )  It would have been hel p f u l  i f  the numbe r of specimens tes ted a t

a given s tress le vel  had bee n increased to f ive  or more a t th e

lowest values of alternating stress , because of the grea te r

scatte r in this reg ion.

(vi) To sum up, there is some support for an increase of slope of the

endurance curves at low alte rnating stresses , par ticular l y for
the small size specimens. It appears to be due to more extensive

fretting and to the resulting multi plici ty of cracks. This change

of slope is notas great as was at first suspected , because a
number of tes ts were d iscon tinued at  the onse t of a crack and would
in fact have survived comp le te or significant failure until a
greater number of cycles had been app lied. Consis tency of pol icy
in this respect may have been made difficult , because of the

calendar time scale involved and to the tendency for unstable

operation of the testing machine s at low alternating stresses.

Having resolved the unexpected variation in behaviour of some of
Vthese fatigue specimens at low alte rnating stresses , the resul ts

may now be considered~ in three groups as follows :

5.3 Confi&urations which Yield Reliable Continuous Endurance Curves

over the Full Stress Range

These are presented on Figures 2 , 3 and 4. In each case i t  will be noted that

they are for large size specimens , that the scatter of results at a given
stress leve l is small , and that the fair curve s so drawn do not deviate much

from the logarithm mean values at each leve l of alte rnating stress. Moreover ,

as a family of curves represen ting a range of mean stresses they are reasonabl y
spaced , bearing in mind the ear l ie r  evidence that var iations of mean stre ss do
not produce significant changes of endurance for a g iven confi gura tion ,

provided the mean stresses are above 0.25 
~~

• .- ‘ -
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Desp ite some evidence of heavy fretting and multi p le cracks , the large

spec imen results did not justify a specific change in slope of the endurance

curves at the lowe r alte rnating stress levels.

Confi gurations for which only low Stress Leve l Results are Available

Fi gu t?s and 9 p resent ie sults which  are in thi s category , and tentative

curve s have been drawn , part ly because of this fact and partly because of

the greater scatte r which occurs on the medium and small specimens , compared

with the large si~ € specimens.

No tice has been taken howeve r of the results of the detailed examination of

some of the failure s , in order to provide the most reliable slope s of the

cu rves, wi thin the scope of the data available.

5.3 Configu rations for which Continuous Endurance Curves over the Full

Stress Range can still be Drawn, but for which there is a Region of Divergence,

Leadin g Al ternatively to Two Related but Discontinuous Curves, One for the

Higher and One for the Lowe r Group of Alte rnatin~ Stresses

These configura t ions a re to he fo und on F igures 5 , 7, 8 and 10, i.e. medium

and small size specimens , dID = 1/4 and 1/2. As already stated , alterna tive

endurance curves showing a specific change of slope at some alternating stress

level within the range S = 0.04 f to S = 0.09 f can be drawn and these
a t a t

are g iven on the comp leme ntary  Figur es 5a , 7a , 8a and lOa respec tive ly.

Paragrap h 5.2 and Tables l2A, 12B and l2C provide the justification for this

al ternative presentation , al though there is insufficient evidence at some

levels of mean stress. Moreove r the value of the alte rnating stress at which

the change of slope becomes evident is not constant , but  l ies wi th in a
mode ra tel y small range .

The extent of the discontinuit y in the endurance curves is greater for the

small size specimens than for the medium size.

6. SUMMARY PRESENTATION

In Stage 1 , Section 4 paragraph 4.13 , a method of presenting all , or nearly

all the results for one par t i cu la r type of loading is given . The method makes

use of tt- e fac t that it was found tha t mean stress has but little effect on

endurance , fo’- mean stresses of 0.25 f t and above (chiefl y due to resultant
p lastic flow at the region of maximum stress concentration). Fur thermore , by

computing and plotting K~S (or K
~
Sa

/f t
) Instead of Sa 

(or S
afft

) the

effect of the more powerful variable dID (i.e. K~) is automatically included.

The smaller influence of size is covered by plotting endurance s for large

medium and small sizes wi th an identifiable code . 
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In Stage I, this summary presentation for loaded push fit pins is given

on Table —~.l1 and p lotted on Figure ~ .46 , and cove rs an alternating stress

range of Sa 0.50 
~ 

to 0.075 
~~ 

The low stress leve l results can now be

added to the Stage 1 results extending the range of S from 0.05 
~~ 

to

0.025 1
~~
.

For convenience , Table -4.11 of Stage I is reproduced here as Table lIA

(leaving out a few loose fit pin results) . Table 11B gives similar sununary

data for th low stress leve l tests.

Figuie 11 of this report presents graphically the data from both Tables h A  and

118.

A study of Figure 11 shows tha t , as for  the ind iv idua l  endurance curves , so the

summary curves o f Stage 1 are mod if ied s l i ghtly and extended at their lower ends
by the further data from the low stress leve l tests. The form of the ex tended
cur ves blends well into the Stage 1 cu rves , although a little “judgemen t” is

requ ired in the reg ion of lO~ cy c les and beyond , because of the considerable

number of unb roken spec imens , and also beca use of the d i f f i c u l ty of ob taining

reliable results at these low stress levels.

It is to be noted that the group ing of resul ts in this combined presen ta tion has
tended to elimina te the rap id change s of slope wh ich were appare nt in some of

the indi vidual curves , al though it is clear that the lower regions of the

combined curves are slightly steeper than was at first presumed from the

Stage 1 resul ts , supp or ting to some degree the evidence tha t the mec hanism of
failu re at the lower stress levels is more predominantly due to f retting and

the occurrence of multip le c racks than when tes ted a t the higher al terna ting
Vstress levels .

The effect of size can be seen by ~.irtue of the p lotting code adopted and still

indicates that large specimen results tend to lie towards the lower boundary

of the band width and the small specimen results towards the upper boundary .

In using the band width one should always remember that it jor log mean

endurances and so does not embrace the full scatter , which is indicated on

the individual curves.

7. COMPARISON WITH RAeS Data Sheet E,05.Ol

An interesting comparison can be made between Figure 11 of this report and

curves derived from Data Sheet E.05.Ol (Heywood ’s general endurance curves

for joints , - based on Reference 1).
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Be ca u se Fi gure 11 is p lotted on the basis of K ’S and not S the ordina test a  a
of Data Sheet E .05.Ol must he multip l ied by K~ . Howeve r each joint plotted

on that Data Sheet has its own value of K~ and in the absence of detailed

information on this matter , it is suggested that a mean value of K~ 3.0

mi ght be taken. (The mean value for the Bolted Joint Fati gue Research is

actua l l y 2 .9)

This leads to the three curves A , B and C co r re sponding to those of Da ta Shee t

E.05.0l , p lotted on Fi gure 11 to represent the mean , the best and the worst of

all the Joints included in Data Sheet E .05.0I. The agreement is obviousl y good .

Alternative ly, the curve s of Data Sheet E .05.Ol can be p lotted directly on any

one of Fi gures 2 to 10 to afford a comparison . Remembering that it is

probably more appropriate to compare Heywood ’s joints with the large size

specime ns , they have been p lotted onl y in Figures 2 , 3 and 4. The comparison

is s t i l l  reasonable and sh ws in a gene ra l  way the in f l uence of d/ D . It is

of interest to note that Refe ren ce 1, in anal ysing the data contained there in ,

derives a formula for the mean curve “A” which is S = 1500(
1+1000

)

whe re S
a 

= alternatin g stress in lb/in
2

and N = endurance (cycles to failure)

and , when combined wi th a mean value for K~ of 3 , provides  a reason a b l e  f i t

to the revised mean cu rve on F igure 11 represen ting the present tests.

8. CONCLUSIONS

The extension of the Stage 1 Fati gue Tests to include lower levels of

al ternating stress has proved to be most use ful and illuminating. The

resul ting sununary presen ta tion (F i gu re 11) prov ides  an adeq ua te endu rance band 
1 ”

ove r the f u l l  range o f ~~~ to l0~ cycles.

Individual test results for each combination of size and geometry of specimen

are shown on Figures 2 to 10 inclusive .

For the large size specimens the endurance curve s are clearl y defined , without

excessive sca tte r and are conventional at all three values of d/D for

alternating stresses down to an average level of 5
a 

= 0.035 Bel ow l e v e l s

of th is order i t was found Imposs ib le  to s ta b i l i s e  the ope ra tio n of the tes t ing

machine , a 20 Ton Ave ry Schenck .

For the medium and small size specimens , it was found possible to obtain

resul ts down to an alte rnating stress leve l of 0.025 
~t, 

but the scatter of

resul ts increased with decreasing alternating stress levels. The achievement

of lower stress levels was due to the diffe rent types and working ranges of the

testing machines used for these specimens , - 6 Ton Losenhausen for the meditm~
and 2 Ton Amsier Vibrophore for the small specimens. Reasonable fair and
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convent ona l endurance C U r v e S  can a l s o  Le drawn for t t ~ s two groups of specime: s ,

ho I on a c loser i nat iou of some of them it was n o t  i ~I that a sli ght

dive ~~~ l i c e  was  ev id eni in the range of S eu~ual to 0.04 
~ 

to  0 • 0q 

~ . 
A

de t a t  Ic d e x a m i n a t i o n  of  t he  mode of f a i  l u r e  of a number of t i c  se spec imens

indicated t h e  presence of cons I d rabl e fi -e t t i n g  and of mul t ip le cracks in many

of them . This would appear to jus ti fy increasing the slope locall y of some of

the endurance curve s in the l owe r alternating stress reg ions , with an apparent

k i n k  a t  t he  j u n c t i o n  of  t he  two cu rve s for  a g iven mean s t r e s s .  On the  o t h e r

ha nd , the  e x a m i n a t i o n  of the  s p e c i m e n s  a l so  i n d i c a t e d  tha t .  a smal l  numbe r of them

h a d  onl y s h o r t  f i n e  c r a c k s  and would  h ave  c o n t i n u e d  to s u s t a i n  c yc l i c  loading fo r

a f u r t h e r pe r iod , and the re fo re  i t  has  been c o n s i d e r e d  j u s t i f i ab l e  to assume

inc r ea sed  e n d u r a n c e s  and so l e s sen  the lowe r s lopes  of the  endurance  c u r v e s  in

these  reg ions , so tha t  t h e  d i v e r g e n c e  f rom the . onven tional  curve s is less

m a r k e d  t h a n  was a t  f i r s t  a n t i c i pa t ed , b u t  s t i l l  w o r t h y  of no te , p a r t i c u l a r l y f o r

the  s m a l l  s ize  t e s t  s p e c i m e n s .

Thus , where  these  d lv e r g en c i e s  o c c u r r e d , a l t e r n a t i v e  r a the r than  rep l a c e m e n t

c u r v e s  have been d r a w n  and p r e s en t e d  on Fi g u r e s  5a , 7a , ~a and lOa , c o r r e s p o n d i n g

to the  more  c o n v e n t i o n a l  c u r v e s  of F i g u r e s  5 , 7 , 8 and 10 r e s p e c t i v e l y .

An i n t e r e s t i n g  c o m p a r i s o n  h i a s  0 -en  made be tween  the r e s u l t s  of these tes ts  and

RAeS Data Sheet E . 05. Ol , w h i c h  is based on R e f e r e n c e  1.. I n d i v i d u a l  compar i sons

are made on F igu res 2 , 3 and -~+ w i t h  the  u p p e r  l i m i t  (B)  the mean (A )  and the

l owe r l i m i t  (C) of a l l  the A i r c r a f t  S t r u c t u r a l  Joints considered by I leywood. A

g e n e i - a l i s e d  comparison is a l so  made on Fi gure 11 b y assuming a mean va lue  fo r

of I . In each case the compar i son s are r eason ab le , the forme r a lso showing

the influence of d/D.

REFERENCES

1 . HEYWOOD , R .B . C o r r e l a t e d  F a t i gue Data for A i i craft Structural

J o i n t s . ARC C u r r e n t  Paper  2 2 7 , 1956.

(Ori g ina l l y RAE R e p o r t  N o . S t r u c t u r e s 184) .   

-—

4 
- — — - -

~~ -~~ -:i~ ~~~~~~~~~~~ .. 

—



I l l
-2 -I L. h \F L VL S I I~~AI’T0N No .9

TABLE I L0~ s ii- ~::s~ h 1 .VI~. I .  l ’ l : S E S  P I JS I h  FIT P I N  — PIN LOADEI)

RA ~~~h. 01- I FSi SPF:(:1NENs~ AND MEAN STRESSES ~

S p e c i men 
~~~ 

f E n d u r a n c e  c u r v e s at  pe rcen tage  Stage I Fi gure
teauu S t r e s s  Q u o t e d  and T a b l e

R e f e r e n c e
( a )  L arge  Spec imens  - width = 2 in

I B 1 /2  1/ 4  I 
15 C . 5

I D 3/ -+ t / S  50 40 25 15 C .ll
I D 1 1/2 

— -  ______ ________ 

— C. l6
(h )  Me dium Specimens  - w i d t h  = 1 1/4 in

2 B 5 / l b  1/ -I I C. 24
2 0 15/ ~~2 3/ > ’ 50 L~ () 25 15
2 D 5/ 8 1/2  

________ 1 ________ 

C .3 2

( c)  Small  Specimens - w i d t h  3/4 in
4 B 3/ h o  1/4 15 C.40
-1 D 9/32 I 3/8 50 40 25 15
~ D 3/ 8 1/2 — C . .8

~ No Stage I t es ts  were  made fo r  these  two c o n f i g u r a t i o n s .

+ For geomet ry  and m a t e r i a l  of test specimens , see Figure 1.

~ Mean stresses pre  q u o t e d  as pe rcen tages  of t e n s i l e

strength of p late material obtained from static tests -

Average Value = h~, ‘400 l b/ i n 2
.

For each mean stress , specimens we re tested at three or four

alte rnating stress lev (IS , except in those cases whe re the

resulting stress Lve l was below the working range of the

testing machin e .

1.

_____ ____ ____ 
h

— ~~~-— -  — — — ~~~~~ r - - -——~~~~~~~~ 
— 
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TABLE 2 ‘1: 511 “ I F PIN — PIN LOAI)EI) Reference Figure 2

LARGE si/i: SPECIMEN Type LB 1/2 d/D 1/4 = 3 .73
t e st e d at Short Bros and Harland

FesLing N t ac h i iu c — 20 Ton A v e r y - S c h e n c k , Speed 2(X)0 c .p . m .

toads to i n s e r t  p ins n o t  g r e a t e r  than  (> 0 lb

SI)ecimen S t r e s s  l e v e l s  Cy c l e s  l o g a r i t h m  G e o m e t r i c  
—

1’ l e r c e n t a ge  ~t to Cy c l e s  to Meanvpe  S -h- S ‘ a l l u r e  F a i l u r e  Cy c l e sm — a

230 400 5 .361
3 ’~.5. I) 50 5 159 600 5.202 156 500

~O4 200 5.017 _____________

495 600 5.695
4 336 400 5 . 5 2 7  3 12 uflO

H4 700 5 .523
34 .7 .B 2 6 3 5  600 6 .4 20
l’4 .7 . A  50 3 2 106 100 6 .324  2 176 000

~ 3 + .7 .C  
_______ _______ 

1 856 000 6 , 2 6 7  ______________

34 .8 .C 162 000 5 .20 9
34 . 7 .D 40 5 157 000 5. 195 l 5 ~ 000
34.~~.B _______ ________ 

152 600 5 .191 
______________

764 800 5 .882
~4 .9 .C 40 4 502 100 5.701 563 000

___________ _______ _______ 
464 900

~5 .4 .A 2 033 600 (~~ 30k
34 .9 .0 40 3 1 882 400 6.274 1 s53 000
34.-’.R 

________ ________ 

1 C t l  100 6 .220 _______________

35 .5 .A 846 300 5 .927
35 . 4 .D 25 ‘4 -‘ > 2 3  300 5 .915 751 500

___________ _______ 

009 300 5 .785 ______________

35 .5. C 1 878 :-oo n .2 7 2
35 .5.B 25 3 1 037 200 6,2 13 1 709 000
35 .5, D 1 625 100 6 .210 

________________

~f t5 .~~.B 1 994 500 6.300
t5~~~ A 15 1 534 900 6 .190 1 301 000

~ ~5 .u .C 
_______ ________ 

_719 300 5 , 855 
_______________

15 .7.A 3 595 900 6.555
t 5 .7 . B 15 3 2 060 900 6 .3 13 2 396 000
35 .t > .D 1. 855 600 6 .2 68

NB Al te rnating stresses lowe r than 3
0
/0 

~t 
were outside the

satisfactory working range of the testing machine.

~ Specimen examined for nature of failure , see Table 12a

~~~~ 
~
—— -— 

~~~~~
-
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TABLE 3 P I I S I I  I ’ l l  PIN — P T ’ . I OAI)I:l) Refe rence Fi gure 3

l ARGE SI ti: SI LL I NI : . I’vpe 1 I) ~/4 d ID = I/h = 2. 72

h e s teil a t  ~ h ioi t Riot ut i s  and Fl ar la nd

U € s t i n g  Machine - 20 Ion Avery -Schenck , Speed 2000 c.p.m .

l oads to i icc rt pi ns ‘ange from 35 lb to 295 lb

S p e c i m e n  ~S tuess Ie ~ e I s~ Cycles Logarithm Geometric
id e n t i t y  ~~ci c enLa ~ e t tO Cycles  to Mean

S _~~~~ F a i l u e F a i l u r e  Cy c l e s

4 .S .D 
- 

282 500 5. 450
4.7.0 5 200 20() 5.301 199 200

139 900 5.145
— 4

1 167 400 6.066
.12 .E 50 1 049 900 b .020 957 200

I 4. iU.D 7 15 400 5 .854
‘5 4.12 .A 1 508 600 6.178

4.13 .0 50 3 .5 1 465 200 6.166 1 399 600
1 240 500 s .095

305 000 5.4>~55.2.D 40 5 283 100 5.452 277 000
5.4.B 245 700 5 .390
5.5.0 1 262 900 6.100
5.ll .D 40 4 1 145 500 6.059 845 500
5.6.0 417 000 5.620 

______________

5.6.E 40 3. 5~ 1 589 000 6.200 1 589 000

6~~l .C 738 800 5.868
2 5 5 659 800 5.819 620 600

5 .ll .C 
_______ _______ 

490 300 5. 69 1 
_____________

* 6.Ij: 2 281 800 6 .357
~* 6.6.D 25 ~~ 537 600 5.729 863 800

* 6.7.C 525 400 5.720 
____________

739 500 5.825
6.7.1) 15 5 729 800 5.862 681 400
( .7.E 586 100 5.767 

______________

6.8.B 1 645 700 6.216
5•9.1) 15 1 541 200 6.188 1 568 600
6.8.1: 1 520 500 6.lsI

~~~ I L was f ound to he d i f f i c u l t  to o b t a i n  r e s u l t s  a t  an

alternating stress level of 3 .5
0
/0 

~ 
(possible error L

+22
0
/0) and so further testing at alternatin g stress levels

at 3.5
0
/0 f.~ and be low was d i s c o n t i n u e d.

~* Specimen examined for nature of failure , see Table  12a

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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‘I ’ ABLE 4 Pt Sl I  FIT PIN - PIN LOADEI) Reference Figure ~

L ARGE siti: sPi :cIME : Typ e 1.1). 1 d / D  = 1/2 = 2 .22

TesL d at Short Brothers and hlarland

l es t i n g  Mac h i n e  - 2 ()  Ton Avery Schenck , Speed 2000 c .p .m .

loads to insert p ins range from 100 lb to 300 lb

Stress L e v e l s  Cy c l e s  Logar i thm Geometr ic‘-) p ( - c l r n e n  P e r c e n t a g e  
~t to Cy c l e s  to Mean

I d e n t i t y  srn —
. a F a i l u r e  F a i l u r e  Cyc les

12 .2.C 906 700 5.955
1 2 2 0  51) 5 798 800 5.900 690 000

4~ l2 .2.A 
________ ~53 500 5.656 

______________

12. 10 A 1 509 100 6.257
12 .3.1: 50 -~~~ 1 261 000 6.101 1 382 000
l2 .3.C 

_______ _______ 

1 161 800 6.065 
______________

12 . l l .B 1 051 700 6 .020
12 .l1 .D 40 731 000 5 .864 783 000
12 . ll .A 

_______ _______ 
624 000 5. 795 

______________

l2 .l2 .A 1 008 000 6.003
l2 .ll.E 25 5~ 732 000 5.865 793 000
l2 .l2 .B 674 500 5.289 

_____________

“B D i f f i c u l t i e s  in m a i n t a i n i n g  s tab le  operat ion of t e s t ing

machine at lower stress levels led to their abandonment .

th~ Specimen examined f or n a t u r e  o f fa i lu re , see Tabl e 12a .

1.

______ — —- .- -..—-.‘--‘—-~~... — — — C  - -_________________
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TABLE 5 1 1 5 0  E l F  i ’i:. — ~~ I,OAIR It R e f e r e n c e  F i g u r e  5
MEDI UM SIZE SPE CI~1EN Type 2 B 5/ 16 d/D 1/4 3 .73
Tes ted  a t  C~ rn h r i d ge University

T e s t i n g  Machine  - 6 Ton [osenh ausen , Speed 1500 c .p.m.
Loads to insert pins not known

Specimen S t ress Le ve l s  — 
Cycles 

J
Logari thm Geometric

P e r c e n t  i~ e 
~ to C>’rles to MeanI dent  i t y Sm +Sa F a i l u r e  > i l u r e  Cycles

24 .l s .E 988 77C ~~995
25 . 10 B 50 5 742 52t~ 5. 870 599 000
25 .l .A 

_______ _______ 

290 860 5 .464 
______________

Si 2 5~ l~ E — 

2 409 190 6 . 353
25 .I.C 50 4 785 000 5.895 918 000
25 .2 ,A 

______ ______ 
403 410 5 .605 

____________

25 . 2 . D 
— 

7 182 000 6.855
2 5 .2 .E 50 3 4 2 6 1 000 ‘~.‘ 3 0  ~ 325 000
25.2.B 

________ ________ 
2 673 100 6.426 _______________

25. 5 .0 
— 

7 949 700 6 .875
2 5 .3 .C 50 2 .5 7 342 700 6 .565 6 200 000
25. 3.A 4 360 100 6.6,0 

_____________

25 . 6 .B 456 140 5 .660
25 .5. E 40 5 433 040 5 .636 429 000
25 .6.A 401 120 5.602 

______________

25 .7.B 1 655 260 6.213
25 .8 .A 40 4 1 068 240 6 .029 1 075 000
25 .7 .A 

_______ _______ 
701 700 5 .346 

______________

~* 25 . -> .D 8 440 000 - n .926
25 . 9 .A 40 3 3 027 000 6 .460 4 280 000

~v 25 .-S .C 
_______ _______ 

2 445 850 6 .337 ______________

25 . 10 .B 10 501 000 7 .020
25 .9 .E 40 2 .5 6 490 000 6 .810 6 960 000
25.lO .A 5 028 000 6 .700 

____________

a 25.ll, E 9 598 000 6.980
• 25.ll.B 25 4 4 754 900 6.676 5 530 000

25.lO.D 
_______ _______ 

3 736 050 6.570 
______________

25.14.B 7 167 000 6 .853
25 .13.A 25 3 6 776 330 6.830 4 960 000

* 25 .l4.A 
_______ _______ 

2 533 000 6 .402 
______________

25.15.A 14 812 000IJ 7 .1700
25.14.0 25 2.5 14 791 000U 7.1700 >14 050 000
25.14.C - 12 676 00013 7 .1020 

_____________

25 .lS.E 3 665 730 6 .587
25.15.B 15 4 2 625 550 6.418 2 855 000
25.15.D 2 297 850 6.360 

_____________

25 .16.C 10 476 000 7.020
25.16.B 15 3 4 142 000 6.615 4 780 000
2 5 .L6.A 2 543 880 6 .404 

_____________

2 5 .17 .A 
- 

14 828 00011 7. 1700
25.l6 .E 15 2 .5 14 813 0000 7.1700 >14 816 000
25 . l6. D 14 808 0001) 7. 1700 

_____________

U Deno tes unbroken specimen

* Specimen examined for nature of failure , see Table 12b

/
I

- - 
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TABLE 6 PUSH I-IT — P1,0 LOAI)ED Re ference Figure 6

MEDIUN SIZE SPECIMEN Type 2 D 15/32 d/D = 3/8 = 2 .72
Tested at Cambrid ge University

Tes ting Machine - 6 Ton Losenhausen , Speed 1500 c.p.m.
Loads to insert p ins not known .

Specimen 
-‘Lress LeveLs Cycl~~ Logarithm Geometric

Identity 
P e r c e u t a g e f~~~ to Cyc les  to Mean

m — a Failu re Failure Cycles

9 .1.C 1 738 900 6 .240
9.l .A 50 5 854 990 5. 932 860 000
9 , l .B 

______ _______ 
427 800 5 .630 

_____________

9 .1.0 4 061 890 6 ,609
9.1.E 48.5 4 2 078 420 6 .318 2 115 000
9 .2 .A 1 107 130 6 .045
9 .2 .0 . 30 044 00011 7,4621)
9 .2 .8 50 3 12 350 000 7 .091 >11 050 000

~E 9~ 2 , E 3 606 840 6.556 
______________

* 9 .3 .A 28 548 0000 ‘.455 11
9 .2 .C 50 2 .5  6 108 480 6 .786 >9 250 000
9 .3 .B 4 565 500 6 .659
9 .3 .0 1 838 920 6 .263
9 .3.E 40 5 1 019 320 6.009 1 070 000
9.3.C 651 550 5.813
9.4.C 3 995 070 6.600
9.4.A 40 4 1 949 430 6.290 2 065 000
9 .4 .B 1 132 890 6.055 -

9 .5. A 23 201 000U 7 ,3 6 5U
9 .4 .E 40 2 .5 21 119 00013 7 . 324U - >21 700 000
9 .4 .0 20 910 0001) 7.3201)
9 .5 .C 1 042 400 6 .018 -

9.5.D 25 5 984 740 5. 992 938 000
9.5.B ‘ 811 830 5. 908
9.5.E 22 091 0001) 7.34313
9,6.A 25 4 17 169 000 7. 233 > 17 600 000
9. 6 .B 14 416 000 7. 160
9 .6 .E 

- 

25 232 500U 7. 4011)
9 .6 .0 25 2 .5  21 870 000U 7, 340U ‘22 600 000
9.6.C 21 071 0001) 7. 323 1)

* 9 . 7 . B 21 465 000U 7.3301)
* 9.7,C - 15 5 2 000 000 6.301 >3 790 000
• 9.7.A 1 257 000 6.099

K Inadvertently tested at 48.5°/o 
~t 

instead of at 50°/o ft,
but error considered negligible .

U Denotes unbroken specimen

* Specimen examined for nature of failure , see Table 12b

/

/
-- ~~~~~~~
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TABLE 7 PUSH FIT PIN - PIN LOADED Reference Figure 7

MEDIUM SIZE SPECIMEN Type 2 0 5/8 dID = 1/2 K ’ = 2.22 
—

Tested at Cambrid ge University

Tes ti ng Machine - Ton Losenhausen , Speed 1500 c .p.m .
Loads to insert p ins not known.

s eclme n 
Str ess Le ve l s  Cycles Logarithm Geometric
P e r c e n t a g e  ~t — to Cycles  to Mean

Iden tity S
m ~

5
a F a i l u re Fa i l ure Cy c l e s

5 .3.E 2 136 000 6 .328
5. 7 .B 50 5 1 280 750 6 .107 1 2 7 5  000
5. 3.C 956 190 5 .980

5. 9 ,C 4 301 710 6 .634
5. 8.0 50 4 3 135 820 6 .496 2 570 000
5. 9 .E 1 263 390 6 .100

r 5 .l l .E 14 822 000U 
— 

7.l 7OU
5. 10 ,E 50 2 .5 14 753 0001) 7 .168U >13 950 000
5. lO .A 

_______ _______ 
12 437 000U 7 .09511 

______________

~h’ 5. l5. E 10 560 000U 7 .02411
5 5. l6 .B 40 5 2 445 330 6 .386 >3 950 OOC
~H 5. lS. C 2 398 470 6 .378

5 , l7 .E 10 072 0001) 7 .0041)
5. 17 ,D 40 4 8 778 000 6 .943 >6 850 000
5. l8.A 3 641 600 6 .560

5 .20.B 12 614 00013 7.1001)
6 .1,E 40 2 .5 10 877  000U 7. 0361J >11 300 000

• 5 , 18 .E 10 592 00013 7 .025 11

6 .3 ,D 25 1 851 620 6 .256 1 425 000
6.2.A 

_______ _______ 
1 125 440 6.050 

______________• 6.5,E l~ 
3 935 950 6.595 8 06.8,D 

_______ _______ 

3 698 440 6.568 
_____________

U Denotes unbroken specimens

i~ Specimen examined f o r  na ture of fa i l u re , see Table  l2b

_ _ _  

- _ , .
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TABLE 8 PUS H FIT PIN — P I N  LOAI)ED Re fe rence Fi gu re  

~SMALL SIZE SPECI ME N Type B l3 / 1 6  d/ D = 1/4 K~ = 3.73

‘Fested at Cambrid ge University

Tes ting Machine - 2 Ton A m s i e r  V i b r o p h o r e , Speed 7500 c .p. m.

Loads to insert pins not known

s ecimen 
St~~~~~~~~~V C1 S Cyc l e s  L o g a r i t h m  Geomet r ic

Id ~~~
• 

P e r c e n t a g e  1t to Cy c les to Meanen 11 Sm +S F a i l u r e  F a i l u r e  Cyc les

I .7 .G 
- 

1 687 000 6.2 2 7
l .6 .B ‘)O 1 ‘427 000 6 .155 1 420 000
l .6 .C 1 191 000 6 .075

* 1.7.3 7 957 O0(~~ 6 .900©
l.8.A 50 -~ 1 739 000 6 .239 >2 600 000
l .8.E 

_______ _______ 

1 266 000 6.102 
_____________

l .9.G 4 076 000 6 .610
l .8.F 50 3 ~ .O48 000 6 , 60€, >3 880 000
1.9 .C 

_______ _______ 

3 572 OO(~~ 6 ,55~~~ ______________

l .14. A 334 000 5 .522
1.13 .1 44.5” 5 . 5 25 8 000 5 .410 232 000
l . 14 .C 146 000 5 .164

~ 
1 1 .ll • N 1 676 0O~~~ ~~~~~~

l . 11 .F 40 1 500 000 6 , 175 >1 408 000
l .l3 .H 

_____________ 

1 115 000 6 ,046 
______________

l .l5 .F + 11 790 000U ,0 701T
l. l~~~~.J E 11 081 000U ~.O45U >11 200 000
1.14 , 1 10 730 00011 7,03011

l .15. J 14 538 000 7,160
l .17. E 25 4 6 037 000 6,782 5 100 000

~c l ,18.F 
________ ________ 

1 533 000 6 ,185 
______________

l .20.C 14 788 000 7 .169
1.l8 .H 25 3 9 758 000 6 ,990 9 700 000
1.18 .1 - 

6 300 000 6, 00

l .22 .B 32 870 0000 ~.515U
1. 2 1 .1-1 25 2 .5 13 140 00011 7 . 11813 >17 260 000
l .2l .G 11 866 000U 7 ,075 1)
1.22 .3 — — 12 762 000 7.103
2.2.C 15 4 3 284 000 6 , 515 3 790 000
l .22 .C 1 306 000 6.115
2.3.1 

— 
15 898 000 .200

2.3,,C 15 3 13 730 000 ‘.138 >9 250 000

~i 2.3.0 3 6,5 00Cc) 6.56(~J _____________

2.4.F iTi~~ a 0001) 7,1c+2U
2.4.0 15 2.5 13 560 000U T l32tJ >12 580 000
2.4,H 10 573 0001] .02311

$ Should have been tested at 400/0 +5°/o but w i l l  be p lotted

as ‘i0°/o +5.5°/o wi th neg li g ible e rror  (see Stage 1 res u l ts
for effect of mean stress) -

+ Should have been tested at 40°/o +-3°Io bu t  w i l l  be p l o t t e d  as

40°/o +3°/o wi th neg l i gible error.
If Denote s unbroken specimen

~~ Denotes specimen found “un b roken ” on de t a i l  examination

~ Specimen examin ed fo r  na ture of fa i lure , see Table 12C

— —~~~~~- - -~~~~~~~- ‘ — —
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TABI l. 9 PUSH FIT P I N  — NO LOADEL) Reference Figure 9

SMALL SIZE SPECIMEN Typ e 4 D 9/~ 2 d/ D  = 3/~ K~ 2.72

Tested at Cambrid ge Uni~ ersity

‘resting Machine - 2 Ton Ain sler Vibrophore , Speed 7500 c.p,m.

Loads to ins 4 - rt pins not known.

• Str~~~~T~~~ Ts 
—_________ _______  __________

Specimen Cycles Logarithm Geometric
Ide ~~~~ 

Pe rce nt age 
~t to Cy c l e s  to Meann i y

—~a 
Failure Failure Cy c l e s

2 1 .15.1 946 0O() 5.976
21 .15.0 50 5 661 000 5 .820 717 000
2 l .15.B 

-~~~~~~~  —~~~~ 590 000 5~ 770 —____________

2 1 . 15 ,G 193 000 6 .504
2 1 .15 .11 50 ‘-. 2 365 000 6 .368 2 470 000
21. 15, 3 I 775  000 ~.249

* 2 1.15 .M ]-5 07 2 0001) 7 .580U
2 1.lS .N 50 2.5 7 570 000 6.87M >7 650 000

* 2 l .l5.L I Y_ °~~~ 
a.l9l 

____________

2 1,l5 ,ó 
-  - 

3 700 000 6.568
2 1 .l6 .B 40 5 858 000 5. 932 1 375 000
2 1 .16 .A 820 000 5 ,913 -

2 1 .16 .C ~+ 244 000 6~6272l .16,G 40 4 1 752 000 6 .243 2 180 000
2 1 lb .H 1 398 000 6 .194 

____________

21 .16 .M 21 693 000U 7 .336U
2 l . lo .J 40 2 .5 15 798 000U 7. 1971) >11 550 000

5 2 1 . l6 .K 4 472 OO~O 6 .65~~~ _____________

2 1 .17 .L 5 012 000 6 .700
2l .17 .J 25 5 2 103 000 6 .323 2 120 000
2l .17. A 

_______ _______ 
923 ooo 5.949 

_____________

2 l .17 .N 4 706 000 6.673
21, . l8 .A 25 4 3 833 000 6.583 2 410 000
2 1.17. 0 778 000 5 .890 

_____________

2 l , 18 .C 21 224 00011 
- 

7. 325U
21 .l8 .B 25 2 .5 17 441 000 7. 240 >13 400 000
21 .18.0 - 6 572 000 6,817 

______________

2 1.l8.E 9 018 000 6.995
3 2 1.18 ,F 15 5 106 000 5.025 440 000
* 21.18.G 

______ 

89 000 4.950 
_____________

U Denotes unbroken specimen

Deno tes specime n f ou nd “unbroken ” on de ta i l exam ina t ion

~ Specimen examined f or na tu re of f a i l u re , see Table  12C

— 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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FABLE 1 0 P1 5!! Fit PIN — PIN I () AD E E ) Refe rence Figure 10

I 51/i’ 51 I- (IIMI’ N 1\’ f)~ 4 1) 3/8 d/D = [/2 = 2.22

F ted d t (a m h r i d ~~ I n i v ~~rsit y

Testin.~ M~ c I~ine — 2 Ton A m s i e r  Vibrophore , Speed 50() c.p .m .

l oads to in ~ r t p 11) s no I known

s ecimen 
StL~~55  Le’- f f s Cycles Logarithm GeometricP 1erc ent ~ ge 1t to Cycles to MeanId en t i t y S

m ~ S Failure Failu re Cycles

~e 2 3 . • c 1 503 0O~~ 6,17~~
2 3 .7.! - 

50 5 966 000 5.9~~ >742 000
2 ~. .II 232 000 5.450

2 3 .7.M 
— - 

2 197 000 6.34 1
2 3 . 7.N 50 4 1 666 000 6.2 2 2  1 -

~~+() 000
2 i . .B ‘ I 610 000 6.206
23 .8.A 722 000 5 .-~~5~~ I 

_____________

23 .8 .1! 33 022 000P 7 .521! ’  -

23 .-~.C 51) 
- 

2.5 11 I9~ 000 7 .~~) 5 >3[ 400 000
~~~~~~ 29 ( 4 9  ~O0I

a 2~~.8 . I ~ ~ sl  000 6.628
2 I.s.J 4()  5 2 399 000 6. 380 3 -+50 000
23 .-’-~.K ____ 

2 024 000 6.305 
___________

2 3 .8 .L 21 335 00011 
- 

7 , 3281 !
2 l.9.C 40 4 20 278 0001! 7.30611 >10 650 000

a 2 ! .9 .K 2 7~ O 000 6.-+3 6

2 3 , 10 .C 33 038 0001! 7.52011
2 ~.9.L 40 2.5 32 689 00011 7.51~ i’ >25 500 000
2 ] . 10 .F 27  844 000 7 ,445
2 3 .l0 .H 

_______ _______ 

21 667 00011 7. 336 11 
_____________

a-. 2 3 . 10 .0 26 620 000 7 .425
2 3 , 10 ,E 25 5 6 435 000 .808 7 070 000
23 . lO .N 

_______ _______ 
2 086 000 - 6 .319 

____________

~~~~ 
, 2 1  00011

1 ~~~~~~~~~~~~ > 12 580 000

U D e n o t e s  u n b r o k e n  s p e c i m e n

Denotes  specimen f o u n d  “unbroken ” on d e t a i l  examina t ion

W Specimen examined for nature of failure , see Table 12C

- — — - — ‘ 
__

I ~~~~ ~~~~
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SUPPlEMENTARY INVESTIGATION No • 9

TABLE 12A LOW STRESS LEVE L TESTS

P1151 -I FIT PIN - PIN LOADED

LARGE SPECIMENS EXAMI NED FOR NAT IJRE OF FAILURE

Str ess Levels CyclesS p e c im e n  1’ ( - r c e r l t a ge 
~~ to F a i l u r e  D e t ai l s

I d e n t i t ’ , ’ s I +s Failu re
in — a

Type l B  1/2 d D = 1/4
50 3 1 856 000 h eavy fretting and mult ip le

c racks on bo th sides o f
hole .

35 .6.B ( ~ 
1 994 500 Moderate fretting, s tepped

35 .6,A ~
- 15 4 

~ 
1 534 900 crack on one side .

35. 6 .C J [ 719 ~O0 Ve ry heavy f re tting and
m u l t i p le  cracks.

Type 1 D 3/4 d / D  3/5
4 .l2 .A 50 3 .5  1 508 600 M u l t i p l e  cracks on both

s ides .
6 . 1 .E 2 28 1 800 M u l t i p le cracks , wide

I striations.
6.6.D r 25 537 600 Multi ple cracks , onl y

I s l i ghtl y diffe rent from
1~~7.C J 525 400 6 .l. E .

Type 1 D 1 d/ D  = 1/2
• l2,.2.A j 51) 5 453 500 Little fretting bu t poo r

I f i n i s h  at hole ed ges.
12 .ll .B I 40 5 731 000 1
12 ,12 .A 

L 
25 “1 1 051 700 1MuLtipI.e cracks.

V

- 

~: - ~~~~~~



Sl i l ’PI , EM E N ’I’ A RY IN VE S T I GATI ON No .9
‘FABLE 1211 LOW STRESS I~EV E L TESTS

PUSH FIT PIN — PiN LOADED

MEDIUM SPECIMENS EXAM ’IN I-I I “05 ~;A ‘lI R E OF FA I I , H R E

S t r e s s  l e v e l s  ~- iSp ~~ c t m en  y c  es
Percentage ft to Failure DetailsIdent it y s I F a i l u r e

rn — a
‘I’ype 2 13 5/Is d/D 1/4

2~+ . 15 .E 1 5 988 770 1_ Heavy f r et t i n g  both s i d e s ,
2 5 .l .E 

~
— 50 2 409 190 [and sy m m e t r i c  f a i l u r e .

25 .3.A I 2 .5 -+ 360 100 Heavy f r e t t i n g ,  m u l t i p le
c r acks  on bo th  s ides .

2 5 . -~.D 
8 

~+ - ( )  000 M u l t i p le c racks , heavy
- 40 3 f r e t t i n g  one s ide , m o d e r a t e

f r e t t i n g  on o p p o s i t e  side .
2 5 .5 .C 2 445 850 Heavy f r e t t i n g  both  s ides ,

symmetric  f a i l u r e .
25 . 1l .E r ~ 59~ 000 M u l t i p Le c r a c k s  one s ide

I w i t h  wide s t r i a t i o n s ;
I oppos i t e  side a lmost a l l

— 2 5  4 -1 static failure .

25. 1l .B [ L1 754 900 Heavy f r e t t i n g  both s ides~wide s tr ia tion s one si de ,
static failure on
oppos i t e  s ide .

2 5 . 14 .A 25 3 2 533 000 M u l t i p le c racks  one s ide
onl y - asymmet r ic  f a i l u r e.

Type 2 D 15/32 d/D 3/8
9 .2 .E 50 3 3 606 840 M u l t i p le cracks one side

o n l y ,  s t a t i c  f a i l u r e  on
oppos i t e  s ide .

9 .3 .A 50 2 .5 25 546 000U Only s l i gh t  f r e t t i n g , no
f a i l u r e .

9.7.13 21 465 00011 Sli ght  f r e t t i n g , no
failure .

9.7.C 2 000 000 Fretting one side onl y,
static failure on

15 5 oppos i te  s ide ,
9 .7 .A [ 1 2 5 7  000 E x c e s s i v e  f r e t t i n g ,

f a t i gue f a i l u r e  b o t h  s i de s .
Type 2 D 5J8 d / D  1/2 ‘ 1

5 .15. E 1 r 10 560 000U No f r e t t i n g , u r i f a i l e d .
5 . l6 . B 

~
.. 40 5 .

~ 
2 44 5 330 F r e t t i n g  one s ide onl y ,

I I - asymmet r i c  f a i l u r e .
5 .15 .C J L 2 398 470 - F r e t t i n g  on both s i d e s .
5. l8 .A 40 4 3 641 600 F a i l u r e  on one s ide  onl y ,

smal l  c rack  on oppos i te
side .

U Deno tes unb roke n

I.
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SUI’l’I -EMEN ’I’ARY INVES I IGA !’ION No .9

‘FABLE 12C I,Ot~ STRESS LEVEL I’I-:STS

Pt !5I I - 11 ’ PIN — P1N l OAI)E1)

SNIAI L SPECIMENS EXAMINEI) FOR NATURE OF FAILURE

. Stress l e v els I
S ecimen LyC es

V 
- P€-rcentag ~ ~~ to Failure I)etailsIde nt i t y  

5
rn 
‘[‘

~~~a 
F a i l ur e

‘I’ yp e  4 81 3/16 d/I) = 1/4
I .7.,I 1 - - 1 7 957 000~~ Sli ght c rack , no f a i l u r e .
I . •E f )O ~ 1 266 000 Sli ght f r e t t i ng , s y m m e t r i c

failuie .
1.9.’ 5(1 572 0O0~~ Very small crack one side ,

1 no failure .
1 , 11 .5 ~ ~0 J 1 676 OO0~~~ Sl i g h t  c rack , no f a i l u r e .
l .l l .F J 1 500 000 Sli ght f r e t t i n g ;  crack one

s ide , oppos i te  side f a i l e d .
l . 15 .J 1 - 14 538 000 Sl i gh t  f r e t t i n g ,  a symmet r i c

I- 25 -~ - failure .
1 .1-S .F J 1 531 000 Some f r e t t i n g , crack one side

oppos i te  s ide f a i l e d .
2 . 3 .D 15 3 3 I ,4 ~~ O0O~~ Very smaLl crack one side , 

no failure .
Type 4 D 9/32 d/D = 3/8

21 .15 .M 1 r 38 072 00011 No f r e t t i ng ,  ve ry  good
50 2 . 5~~ q u a l i t y  hole .

2 1 . 15 .L J [ 1 577  000 No f r e t t i n g , poss ib l e  f low
in m a t e r i a l  j u s t  in from
h o l e ;  asymmetric f a i l u r e .

21 . 15 .0 40 5 3 (X) 000 No f r e t t i n g , small  crack one
side only - good q u a l i t y

• ho le .
2L . 16 .K 40 2 .5 -~ 4 7 2  O0O~~ Slig ht crack , no failure .
2 1. l 7 .A 25  5 923 000 M o d e r a t e  f r e t t i n g  one s ide ,

s t a t i c  f a i l u r e  on opposite
side .

21. 17 .0 25 -
~~ 778 000 Narrow striations one side ,

static failure on other side.
2 l .18.F 1_ is 5 4~

• 106 000 ~ Sli ght fretting and crack on
2 1. 18 .G J L 89 000 .1 one side onl y .

Type 4 D 3/8 d/ I )  = 
—

23 .7 .G r 1 503 OOO~~ L i t t l e  f r e t t i ng ,  sma l l  crack
r 50 5 -

~~ 
both s ides b u t  no f a i l u r e .

23 . 7 .11 J 282 000 lr F r e t t i n g  one side only,
23 .8.A 50 4 722 000 J asymmetr ic  f a i l u r e .
23. 8.1 40 5 -+ 251  000 1. F r e t t i n g  one side on ly ,
23.9.K 40 4 2 740 000 J asymmetric failure .
23 . 1O .C 40 2 .5 33 038 00011 Sli ght  f re tt ing onl y, no

f a i l u r e.
23.10.0 25 5 26 620 000 Neg l i gible fretting , but

___________ ______ _______ ____________ 

spec imen did fail.

U Denotes unbroken

Denotes specimen found “unb roken ” on de tai led exami na t ion .

V.
________________ — — — — _______ — 

v ~‘¼~’ ~~~ . ~~~~~~ 
‘
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‘a’

S.I~~~o—~~~~ L~O’iAI ~~1’Q..5 rS L f V~~ L Tt3-rS

~~sT Pipt — P~.l LOADED

P~~A r~~~ t~EXML~ oc SPEC IPt~\EP4~
_ _ _ _  

_____--

SHAPE. B ct~~

~~~~~~~~~~~~~ I, 7 L
~~~ 

a/D~~~~
. k

4 
(AL$O e~)

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

SHAPE. C) ~~ R

~~ i- 
. ___ . __ - ____ — 

It —

~~

-- 

~~~~~~~~~~

PiNS

i~~:~1k
S

pi~~~~~~ot~S (~scLiEc) .~~~~ ~~~1E~~t~~s

PLATES - MATERIAl.  BS L7 1 PINS

________ _____ 

l ARGE SIZE 
____ ____ ____ ____ 

~~~t~~~~al

Type [~~i~~pe d 1) d/D 
- w 1 I i 12 J,~

_ d p

1 B 1/2 B 1/2 2 1/4 3 12~/~ 3 3E/~ l/’4 1/2 2

1 I) 3/ 4 
- 

D 3/4 2 3/8 - 12Y. 3 - _~j~ J~~~ 
2

I D  1 D 1 2 1/2 — l2V. 3 — 1/ 4 1 2
MEDIUM SIZE

2 B ~57i~f B ~7T~ f~~ 
- - 

[74 If ‘~ ~~~~ ~~~ 
T~Z ~~~ ~7T~ u/a

2 D 15/321 D 15/32 i~i4 3/ 8 1 — 71/~ l1/~ — 5/32 15/321’4
2 D 5 / 8 D 5 / 8 1~~~~~ T7~~ 

~ 
- ~~~~~~~~~~ l~/~ - 5/ 32  5/ 8 1 V2

SMALL SIZE
4 B1 3/ 16 B ~3/l6 3/4 1/4 1 ’/• 5 ~~~~ 2 3/32 3/16 1
4 D 9/32 D 1/3 2  3/4 3/8 - 5 - 3/32 9/32 1
4 D 3 / 8 D 3 / Fl 3/4 1/2 - 5 1 - 3/ 32 3/8 1
NOTES
(1) Hole diame ter drilled to a tolerance of -40.003 in. and p in d iame ter

made to even closer tolerances . By means of se lec tive as~ ernb l y a
f inal  push fi t to a “clea rance ” of 0.003 in. was achieved .

(ii) Load app lied to pin ii double shear by separate side plates , and
specimens tested in Fa tigue Tes t ing Machine s, as fo l lows :-
La rge Specimens - 20 Ton Schenck ,
Medium Specimens - 6 Ton Losenhausen and
Sma l l  Spec imens - 2 Ton Amsler .

--~~~~~~~~~~~~
---—

- ‘
~~~4” s ’- ~~~ -~~ 5-

- -a. V -. - , . -. - —.  - 
5-



- U.)’AJ ST~~tSS \S~VEL T~~~TS

2~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ B ~L ~~~~~~~~~~ ~~3-7’~~

r
~~~~

T
~T :r~

~~~~~ f
~~~~~~~~~~~~~~~ I ~~~~Ir

t 1~~~HH ~~~~~~~~~~~~~~~~

• ~~I ~ I 
~ ~I /~~ I- ‘~~‘: ;

- - - -

~~~~~~~~~~~
‘ T i ~~~~ l~~T~~~~~~;A /

) I

T1~~clfrt ~ 
-

IJ’~~ ~~~~~~~~~ 
I I.E~~~~~

~~~~~~~~~

PT ; ~t~
t1 t~ 

- V
- F~ h

Lt/ 
~~ ~*“L-- 

~L -
. 

H

r H LY~O~Y Jk1J
- -  

‘
~~~~~ 

‘
~~~~~~~F ’!~~i / ~!I 

- I
~_iI.~ :,~~i/’/ .>~~~’t~I LITT~.
/ /~~~/4~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Ji
N ‘! I ~() (‘J

~~

— - - — — -— ~~~ — .‘— — — — — —.~~~~~‘- -•-—-- —‘y 
— — - — V.

-=-
- 
: 

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

4, -.



- Lo4 rQ~~~s ~~~~~~~~~~~~~~

~~~~~~~~~~~

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

w -.

~ 
1
~! ?/ N~~~~~ii -t--L-~iA I

- -- - -H-+—~-~- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- j~~~~ 
I I ,_ , ,I I I-- ‘~~~~ ‘ ‘  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r~~~~~~ ~‘i~~T~ /r I
— - 

~ ~~
_ ‘ __

1• Hi4~~~~’r 3~~~~F ~~~~~~ I
~~~~~~ ~~~~~~~~~~~~~~~ I i ±__ ! 

‘*~ 
-
~

-
~

-- -1~
-

~

I 4~~ 74t ,~

~ 

-‘--r~
— ‘ ‘

~~~~~~~~~~~~~~ + ‘ -

~HH ±r’iLi~ T’~’ ~~~~~~~~~ I

~

‘1f

~ 

~~~~ ~‘ ~
‘- r

~~~~~~~~
- V/----— -’ 

~~

--  I

- ‘

- - -

~~~ ~~~
-/-/-

~~~~~~ 
r-’-~~~~~-4 ~~---

~

1- --

~

-1f --

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

-- - -  

~ --- -A-- -- L~-I I ‘/ 1% /7 ~~ I
I )  F / rI A / i I A in

~~_ _  

~~~~~~~~~~~~~~~~~~~~~~ i~~~o~~

+

~

---H: i:-:”

~

t

~ 

~~~~~~

/

~~~~~~~~~
t

~~~~~~~~~I

j~
’ j/ i1. ~./)‘ ~~~~~~~ ,

~ 

~~~~~~~~~~ ~ “L. L,. - - :
I ,  I I ‘ 

J I  I

7
7’ 

~~~~~~ ~
-t/ r-1--~’:--~H

I ~ I iI~L
-) ~~~) - - - - 

~~

.

~~~ 
‘

-

‘

,

~~ - . 
-— 

:~~~~~~~
‘
;~~~~~~~

-
~~

- ‘ -
~~~ 

‘
~~~~~~ i~~~~~~~~~~~~~~~~ T



_ _ - j _~I~~ s~ L ’i~~~Th~~~
~~~~ F~r ~~~~~~ — ~~~~~~ ~..OP DE..D -

— ~~~~~~ ~~~~ &Ib ~~~~~~~~ K4 ~ 22a

C., ~ -.

~~ 
_ _ _ _

~~~~~~~~~~~ ~~~~~~~~~~ ‘ r T t~~’ 1  i ~- - ----—-f-—-t- 1

~‘ ~~~~~~~~~~~~~~~~~~~~~~~~ I --

~~~~~ ~~~~~~~~ - —~~f—~
_-- ~~~~~~~~~~~

__

- I±_ 
±~~~

- 1-
~
’ H~

----
~~~

---1-- - - ——
_---- - -~~~ -—-~~~ - ~~~~~~~~~~~~~~~~ I 4  . I~ — -- -

I ~ c~ ~ I I I j ’

~ - ‘-~~-— ‘ H-~
- 
~~~ 

i~~-— _ - - I
I J ~~~U1 ‘fli- I I I

~ 
1 4 —  

~ I 
_ _ _  ‘ I

iJ~~i,r~ ~~~~~~~~~ 
,ii __

~~ ~
—_

~~~~~~~~~~~~~~ ‘

. &~~. L±!’LJ 
~~~
y 

d~
o 

~~ L.
_ _  

~
u-

~ i~jHH:4~~:~fEEH /
_ _ _  

~~~ i 4_
fl~

---
~ 

7
1

• i~~izi ; ~~~~~~~~~~~~ i~~:k~~~~~~~~~~~~

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

~ ~~~~~~~ ~~ 7’I: ,~±~~::TJ~ ~~

:HH~T-~ I~J .:~~~

- - -

~ A~~~~~I~ 
~~~~~~

. 1~1~1 .±E~.

L1IJ~ :1 iiij 
‘

. 

‘
I~~

H HJ
/~ / ~K~~~bHr 1’ 

~~~~~~~~~~ 
J~~ Ji~ L

1 ‘OF ‘~ i ~~

- 1~~ 
-

~~~ —~
_ -— - 

_



- t~~M SrQ~ S€ t~~~~LcE~ -~5_____ ——____________ 
_ _ _

cu s~.% ~ ii P~ p.1 — F”i P1 LOI~fl~ D -

~~~ 
.5 ~OTY~ ~~~~~~~~~~~~ 1”fP~ 2.B%~ ~~~~~~~~~~~~~~~~~~

(
~ I~~

_ _ _  ~ _
F~’R ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ :T:r~~T~T ~~ TT -

F ~~t~~~i ~~j ’~~~ H~~~ 
-

-— _ _ _

-— ~~~~~~~L_ _L ~~~ L ~~ - _
.
~~~~ 

_~~~,
I I I  I~~~~~~~I j Il1 .4~ I 4I ~~~ I q_ 1 I 14

—Ii---:- t~t ’rt* z z ~I~ T
I~~~~~ 

~~~
I ~~~~~~~~~~ ~~

~~~ ~~~~‘L~
I c~~I 1 1 1 /

1

!

O 

~: 
~

—
~/7H ~~~~~~ 

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

1~~~~~~:~:E~E *I~f_-- -1~
-__

~ -4~ 
— H-- --

~~~~~ 
--- - -  -

~~~~~~ I 
I

t~~~~~~
’j

~~~~ 
_~~~~~L _ ~~1

I .~~~~~_ _, I
~~~~ I F I~~~

‘ ‘

~

h r i

~

’ 0 ~~ 1
1 ,4 i I I  6 I I

f

~

1

~

* $ --—--t 
~~~~~

.

F F F F , 
I

I I I ’~ i I
-- t 1  I

~HJ~~L 
~~~~.L.LJ

~i~

- 

~~~~~~~~~~~~~~~~~~~~~ !1~T1Tt 
I~~~~~~

1 ~~~~~~~ I: ‘ —-- -h— - -
~

-——
~~

— ---—---i
I I I

I I~ I

I _ _ _  
F I I

I 
— 

I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I

a ~° ‘~ 
(.4-

‘.
~~~~ ‘ — : ‘- - ‘  ‘ -~~ 

‘~ S

____________________________________________________

~~ -. _ _ _  

- 
- _ _ _ _ _



~3
’% . 9~~~ - S I ~~’ I c  j - t i~~~~~-t ~~~

¶~\c~ 6o~ 
- 

~~~~~~~~ Y~’f!~ . .~i’ ±~_~k~~z~ /— - 

-
. 

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

I I I I i ~ 11 1/ ‘/ ‘I 1
I I I ‘I I 

~~
_ I~ il ~q~~~/ I I

I I ~~ ‘ ( i / i  I

_____ ~I ~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ ~.,! ,~
a
2

I
I 

- ~~~~~~~~~ 
- - - ~~~~~~~~~ ~ . T

- -. -- - ‘----~~~ - ‘. ‘ - i  fL .4 J I - - - ;- 4--~-- ”-- ‘-t I

~~~~~~~~~~~~~~~ LV±~-E L -- -î
I I ‘j~

’ ( ~ ~~I I I
n’

~

’

~

” ” f ’

~

I 

~~~~~~~~~~~~~~ 
E 

~
-

I I I ~~~~~~~tt~ ,
F~ I I ,

~~~~ J-~! -~ ‘H-~ ‘~~-)-‘---i-’F -I I 
~~~~~~~~~~~~~~ 

I I I

I i i ‘~~J \ /I~~/ I  I
- ‘t  r ‘ 1’r/,~ t r “

~~~
I I F i / I I
I I I I / 

1 I

~T::~T’T: ~~~~~~~~ ~~~~~~~~~~~~~~~~ :/~ T ::: ,I 

I I  
‘

~~~~~ 
F 

.-.i - 
I~~~ 

I

I~~ I

I ’ ~ - — -
~~~~~~

-
~~~~ 

1
- -  - - - F — - ’ , 

- . - L~~~~~~~ ~~~~~~~~~~~~~~~~~~ I

_ _

_  
__ I V.

’

..‘  — -~~ ~ 
_ _ _ _



~~~y’ ‘~~~.~~J±71d sc~~~ s u L r~s1-� ~~ 15i~~t.

~‘U5~ crr ~~~ - ‘n~ LO.~OED

~~ZD ‘%.~

- ~~~~
-

~~~
-
~~~

--
~~~~~ ~~ 

‘ I ~~ 

-

~~ V.
- - --—

~~~~~~

—--—-

~

-- -

~~~~~~~~ :‘ ~~~~~t T  
~~~~~~~~~ 

~~~~ F

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4
0

TJ. T ‘ttt~fH i___
1

_
~~~~r’ -

~~~

’

~~~

i- “T’ :~i~ ti~ ~
F
~4i~ ~

I

:j b
o 

~
- :  I ~~~~

‘
I 

/j~ 
I F

-- L I~ 4 L~~~~: 
‘

~~~~

~ ‘ i ’ ~~~~’ H ’ r . _ - -
~ ~~~~ 4

Ij

~

’

~

I t

~ 

ii~~~~
’ t

~~~ r I
~~~~~~ 

____ J
I ~ I~~~~~~~~

/f
I j~~~~~~~~~ j

- -
~~~~~~~~

‘ 
~
-H--

~
- -
~
-i----

~~
—i-- 

~~~~~~~
r~~~~’ ’ ~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—- i-~ - - ’ -- - --- ~~~ 
I

I I I I I  I 
I

- ‘~~ --.-
~~ 
—-‘ -

~~~~~~~~~~~~~4 ’ ’  ft ‘~ - z
I I -~~~ I I I 1 , I I

-- -- - - H ~~~ 
~~~k L ~ --3--- 4~I I 1 1-~

I I I 1 I I
I, I I I__-_ i_ -—~~~- —r—

- t 
~1 1 

- I _ _ f_ _ --- --’.- -_ ’--_
1

_ 
I

-. 
~~~~~~~~~ I~ ~~~~l 4 1 ’ --

~~~
’--- r I IV

-
~~~~

- — - ‘ - - - - — - - - - ‘ -—---—I ’ -- . 5- - -- -~- I ’ —  _ I  I

i~~~~::ii L’ Fi - ITI 
- 

I I I I ~~~~~~~~~~~~~ f f  

~~~~~~~~~~~~~~~~~~~~~ i ,__ [.~~j .. 
-
~~

2 19 (~l

~ !I~ U
~

— — - ‘ - . —-
- -- -----

V ~~~~~~ ~~~~~~~~~~ 
_, - - I ~~~~~~ •~~~~~~~‘ 

- 
-- -—— —-— —- -— -~ 

- -~ - - - . 
- -



- i t V E~~ 
-

- Pft4 LO/\t~~ D - Q~~~~~~
-g~ ç~~~~~~ 7

c~~~_1~ ,u c(~~ A~rrJ~, 
__T~c’L ~ ~‘e. %~ ~~

Il
- 

V

T: :I4 T~~~~ T 
~~~~~~~~~~~~~~~~~~~~~~~~r _ i . ; . _ _ I

~~~~
.!.i -

~~~ 
I

H

itf’
~L H~’f’ 

~~~~~~ 
I

_iJTT
~~~~
1
: ~T ‘7 It1 ~ 

-. .
~~ /-~--.-//-~~-~~- .  - -  

;

L .L42 
~~~~~~~~~~~ .~~~ 

~ /// ~/ ~
, 

~~~~~~~~~~ ~ : I I
I t  / / / ,z4 ~~ I

I I
-
~~~ ~ I I .

- -  ‘~~~~~‘~~‘: 
_ _

:__ 1 7
~~~ 

—--- - - -~~----- ---~----- - - - - - ~ 
~~~

-

~~

-

- - - . — — ~- - I 
T~~~~~~ I I

— ‘ I ’ —— F — —
~~ I “ ‘t” I

— .  I ~~ : — r~~~__ _____ __ _ _ _ _ _ _ , . I ____ , _ ~ I —.— .— — _ — _ I _ I
- .~~..H - W . L [ ’ ’ : 1 ’

H ;  ‘ ‘ f ~~’~~~~~ I 1 I 
I I

“

~~~~j  L Lii ,J J.
iii/ ~~, ~~) ,. 11 1

~~~~~~I

. 1



S.l.No.9 ~~ w ~~~~i5S ~~v EL ~tSt~~.

- ~~~- ‘ ‘~ ~~~~~~~~~~~~~~~~ - -c
~,t ‘ZD% ±‘~~ ~‘a ~~~ x2 .~~~

~LVtQ~~ t\mI ~ ~~~~~~~ ~~~~ C~ Q’J Es (c~:s.7 ~
- 

OI ..h

~ 

~ u, ,’-~~
�
_ _ _  

_ _ _

~~~

/

~~~~

1 ~~_ 
_ _ 

_

--_

~~~~

---‘__±

~~~~ 

~~iti~~~ 
--

~~~
---/‘$ -

~
-/---

~
- . ~~~~~~~~~~ ~-~‘~/- --4-/_4 I

I IJ ’ I v.~
F I / / ~J~!* I

I I I I 
____ 

//1 I 
I

_ _ _  ___ 

i 
~~~ 

,47i~7 ~~~~

~4EI~Li ‘i E i-IHE

~~~~~~~~
j
~i: ~1ii17~VIiI iiii~i :1iI1i~I I I , ø’ I j 0 j i ~

’
~~~~ I

- ~ -— .~~L_4~ Y/ ,~~~
_ _ _

~~. +  I
I I 

~~ I I J I// / I 
I J ‘ 

I 

I 

I
- ~~I ,/ ‘,,/ 1 ~ . I  I I 

r
I 

I I 
I

I ~~~4 j ~I 1 -‘
___ I

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

_ _

_ _ 4~~ .L~~~LI ? i
IJLIT’lJ

I I 1 F

I /j I.  _ L I I
- - - L  ‘//7 1 .a~~~

’ ~ ~~~~~ ~~~~~~~~~~~~ I T_ , . • t . _ , _ _ _ _
~ ~~~‘~~~t 

I

:

,/

~~~~~~~~~~~ Ei 

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

I

I - F - I I I  I I
I I. I I I II F I - I

-- L_ . JL ~~~~~~~~~~~~~~~~~ 
L__ ...~P~_-~~.L_

:-~ 
‘

~~ ~~~ 

.

~ 

i.I

~ OI” - ‘ - “->~I UI 

-

- 

I 
--

~~ 

- V.

* 
-

~~~~~
_- 

‘-5
--— — 

V.



SI. ~~~ — Lo~~i S-i~~’s c, LI~-\ILL 1~ �-~~
P1 ~~~~~~~~~~~~~~ ~~~~~. -riiis~ ~

_ _ _ _  
Smt~U. SPEc%M~~~ ~~~~~~ 4~~~I~(, %:~~~~~~ 3.73

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
H’t1~

T

_ _  Li~~
’
~ LJL 

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

~~~~~~

---

~~ 
--
~HI ::- - /I/ L~: -

I F- I F~~~~~/ ~
_ 

II ~~~~~ /,/ I l 
“ T” ’  I - ~ 1 I I I

I t  F t  1 1L IA• 7 /  .1

- 

-

- 
Jil

l I 
- 

/ ~H U b$ I
-

I I I I ! h 1~~~~r~~ 
I I

U I • I II .r I 1 ~ I I’~ I I
I —  I I 

~. — — . 1  I
~~ I

I~~~ 
• 6 I I  I I

I !  I
-- - 

- 
~~., : 

• 
-

- - 

I ‘ ‘ I I
I i 

‘ 
- 

- — . — 
I 

— —  — I V

I a I 1 I 
I-

• , _ I
~~I

I - ,  ! o i  I I  I
-- F - 

•~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- 

I —~ 1~ 
I 1 

_.: 
- - 

~- -~~~~ - - I - ‘~~~ 
— -

~~~~~~
- I

I~~ r I ~ I I I II 
- j I 

I

~ ~ 1
F. _J. L_ ~~~ ~~~~~ 1.. ~~~~~F

c. •T :~ ,.. • r,  

-

:‘ ~~~ - - “  I I)!

V.
_ _______  ___________  -— - .—.- ~~~~~~~~~

- - —
- ~

-
~~~7 

‘ - ‘

- v ‘~~4~.
’ - 

— .  ,
~. ~~ ~~~~~~~ ‘~~

._& 1.. I., I..~~~ - ‘  ._ - 
- 

.s~~~ ZI V. - 
- - -



- P-s’ ~~ — Loui c’r~~e~ s Uw~~ fl~~ ’rs

~~~ F~M %.Ofr.b~~b 
-

~~~~~~~~~ so.. Sr~ t&. ~ e~~~~iev ~e~~i - r~ P~ ~~~~
. 4 ~ 3.73

~~L~~~~~~~~ P’IT~VE. ~~ iDUQ~~NCE C~~~JI$ I

- 7q~ ~~I o

/j/Lo ~~&v’

~ /// fl~~~~
~
- 1 ~~~~~~ ~~~~TI ___  

I I
- — -  t

~~~~yr’ i r ‘T T  -
~~~

-
~~~ -‘

-- i—i —i -u i_ I
_ _ _ _  

- -i-— ~~~
--t — --

~
—

~~~~1ir ~ I
~~L L t  L 

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

1 i~~/jf/ L I

-------+ii - ---

~~

-- H — 

~~
---

~~tfI, ’---
~ I

— —---- l-~~~- ~~~~~~~~~~~~~~~ — ~~~~~~_~~~~~~~~~~~~~~~ _ _l  

~i-II# II I I
_ _  

I

~~~1’1I~~ r i ’i”~~~1j 1~ii~~I I 
~~~~~~~~ 

I I

I I I 71 ,111 ‘t’ ° I I
• 

L_ L~~~~~~~~~~~~~ 
I 
- — _ _ _  

_ _ _
~~~~~~~~~~~~~~~ -~~~~ I -- 

r - 4- f /I -  1~ _, 
~~~~~~~ ~~ ‘

r ’ I~~~~~~~ 
— r -‘---j -— ----

~~~~~ 

-
~—- ‘ -Tl/—~

---

~
--—--

~~ 
I

I r’ - —
~~‘-- T ‘

~~~I — ‘
~~~~ I~~&V ~~

‘
~
j
~/ 

—F - -1 I

~
-- _-

~
-_i---__-----_1 —-i--i--- —li- —— -__fl---Q L frf_

_i — I

-------t --------
~

- LI
• 1

L -- -ft~ i’t~ 
-H----~ t ’~~ ~~ t H’~ 

-

I~~
I 

~~ 
~ I I

- : ‘I ~
’
~~ tI~~~I ~! °S 

--

-~~~~~~ ________________________________________ 
_________________ 

_ V.

- 

- 

- 

— -

~~~~~~~



~~~~_
- Lo~ ? 1-c~~~~S ~~~~~~~~~

_ _ _ _ _ _ _ _

_ _  ‘ 4 L ~ ~~~~~~~~~~~

- - 5_1 •.5(f l .-

_ _  

9
-

~~~~~~ +1 ~T T fl. H
LI’l ~

‘!::‘
~f :-I’T I1

~ ~
IIfr I~ L’~ 7/ ~

-: ~: :~: :~i 
z’*

~~ ~

- HT ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~TiH L L I~T JLi.~ ~ I
Ei:1tIIEI~: 1 I~I~I1I~:LI47

-- - :— 
_ - j~ ~ --—- ~-~

--

~ - - : - - - - - —----
~~ ~z .

I~~~~ d l I L~
j  

~~~~~~~~~~~~~ I I 
—~-~~~~ ——-i--. :- - ---

~~~~~ 
I

— I I I I 

~~~ I 
_

~~
• ~~ —--—- .4--

- - - - - - —~~~~~~~~~~ --— —~~~~~~~~~ - - - - t- - -—- ‘-- I-- - — — - - -*   I
- — H- ~~~~ “ -- - - -i---- -I -

~~~ : ‘ ‘T ”” 1 I 
~~~~~~~

‘ ‘
~~~~

‘ I ’ i~~~~~~~ 
1 

~~~I I 
I _

~ — - - - I- — —  - - — I -  _ ii I
I I 1 I I I 

F 
I I I I

—
~~~~~~~~ ‘ ‘ r ’  —— i—- ~~~~~~~ I

F I I I I I

IIr:I IjJL 

I I

~~~~~~~~~~~~ 2 ~ 
‘
~~~

41) sp 5n~~t4~~u!

_ _ _ _ _ _ _ _  ______  •— — — -_--— —‘—-— — ‘ —- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—~•• —— —

- - ,1 
- - , 

•~_~~ _~ ~~~~~~~~~~~~~~~~~~~ — -  - V i --- -_ .  - 5-
~~

•

* 
S - ~•~~~ —‘~~~-



- Lov~ ~~~~~~~ ~~V~~L ~~rf~ 
R jJA~L~~ 

%Q

F~USH ~~ t T  efl—F - ~-~I~~t ~~~~~~~~~~~~~~~~~~~~~ /

!~
c
~tp S~~u ~~~ 1 : I 4 .l;~i~ I -

- 
- ; /~:/ / ~

~E~4 T
iI~1L~I liT L~ ~~1/ 

- F

~~ I V A A I  
_ _7__ __  

I~~~~~~~~~~~~~~~
1 I

_~‘ 
_

~~~~~~~~~~~~~
, _  7 - ~~I I~~~~~~~~~~ / ,  

~ 
I

-- — -  -

L ~ ~~~~~~ / r~-
-

~~~~~~~~ i’~~h ~: ‘mT ‘
~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ii
~~
ii

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

-

~~~

-

-1- 

~L 

v

L. .L~~~~ _J L . J _ ~~~~~~~~~~~~
J_ L_

~~~~~~~~~~ ~~~~
2 0 0’ ~- ‘I) II) ~~ 

- -

,, 
I i I/ ’ I  ;~) ~pI:o 1.;r’.IDF~ IJ !  013

— ‘—- — - •—- - ‘ ‘ m~~~~ -.—-—-—— __ - — - - - V.

- .— • * ,‘ -. - -~ .- - - - 
•.



SI. ~—4°~~ 
— ~~~~ ~ Tc~E~~s L~~CL_~~~-~~

4~u~~~ r~i Q~. V..~~~~~~~~~~~~~ -4 LQI~~~~~

d.1 ~~~ , /j-a

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ K Z’L2. It0

~ T!i~~
A1%%1c

~_ ~~ - 
____  

CO~~’J~~3 (44~~~J If~) I /
-

~~~~~~~ 
_ _  _ _

~ 

!:f/:: ~~ 
•

~~~~~~ L— - - _ _ _  - 
T iTTT~~~1TE

f 
- -° 

- I
I~~~~~ , I . 1 _ _ _ _ ___L __ . ‘~ - - j Q~~~Ja . .~ L_ I
I T II __‘.~~- 101. 1 I j i

~~~~~~~~~~~~~~~~~~~~ ~*1~
~~~~~~~~ ~~I ~~~~~~ ~ 

- --/-.--1-- I
I~~~~~~~~I - ; - — — i - -— -- - ‘:1 / F

- :~~~~~~~~~~~~ . 1 . ,  - ~~
_L_- - . .’/~~J - . -

I I / J / ~~ 4 I -

I I ~~~~ ~~ 
I j  I I 

-- I __ 
~ 

“ t/”’ I I
I I A  t I

- I - I ll’ I f / I J I
~~ I V I  ~~~ . I -

~4 --—
~H-- --- 

L~/
’/  

- p-- -
~

-- -—
+

___

&

~ 

~~

- 

~ 
?~ ~~~/

‘

~ 
}/ 

_ _ _ _ _  

t~
~~
-

~~
-

~~~~ / / -E
~~iT~

-/
~+_ ~ 

~~~~~~~
—-

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

‘/ :  ~~~~~~~~~~~~~~~~~~~~~~~ I /~ ...:/°~~~ - 
1__ ~~~_ 

‘ -
~~~~ I

— L.. / L / /1 ,L.. i_ ~~ 
_
~ I

I / - ; /j / !  I I I I
L f _j _ , L__ .. L I• I // 6 I I I I 

I

~~~~~~ 
- - ‘  - -- F-4 - -

~
-----4- 

]~~~~~~~~~~~~~~~~~~
‘ 

0 1  
4 •,. -‘- ~ -~—--4---- ~~~~~

___  
I

: 7  TTT Ti TT
LfTTLT,1HTL ~~~~~ 

L _
~ ~ 

“ :J:~
_

- ~~~~~~~~~~~~~~~~~~ t~) ~Ji .
~~) I— (0 fl ‘J N

IJ I ,’C t  ~I) ~, f I . . )  I~~.1I~~j ui

-- 
_~~



S\.~~~9 L~~~ - c ~~~~~~~~~?~~.
FT ~~~~~ 

— 
_ _ _ _ _  (Q4 -r~~Ec

¶~ G. U SocnM~ ~ 
-( P~~E~~~NTP~V\ OI’4 

/
C(Nc~~~c~ ~~~~~~~~~~~~~~~~~~~~~~~~~ / ~I
~~~~ t~

. 
:~ 

‘
~ ~ ‘~ 

_ _ _  ~ ‘? i i !  ~~~ ~~
I~~

h I I  ~ I. 

!‘iT~~
1HE

~f~
/HIE

~LHEitEt
+

I ~~~ I - 
-
~~ ~~~ ,t/ ,

i~(< I / I

~~~i 
[ 1T771 T~~[ ~~~~~~~ 7~~v ~~ I / ~~/j I \  L

~J ~~~~~ ~~~ ~~~ ~cf;;~;/~ ~1~/ P :~~~ 1-U I I /~~~~I k~’ I
~~~

-
+

\ I  
L~ 

I

( / 1  I~~~~
1
~~~~

u J . ~, I /
I L~~~~~ S4 .  _ _ _ _

- ,L L - - 
—

~~~~ 

_ _ _

E~ki~~YE~f ~E~,~i~ 7:t 5~
’-

~
, ~~~~ I I /

I I I I I I A ~‘ 
~
‘

I 1 I .) 
~ I

IJ L ~Ji//~ +/ / { ~~~
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~TI4 3 TII

t~~~ 
T~LI

~~~~~~
-- - - _i_j ~~~~~~~ ~~~~~~~~~~~~~ 

I
_ _

_ _ _ 

~~ ~ u~~~~~~~~ 
~~~~~~~~~~ ~~~~~~~~~~ .

~~~~~~~ ~ “---- --
~
—-‘-- i  -- - - ~~~ I 

— t~_~ 4 
. . L I.~_ . ..L~ ‘~ .~~~~~4j  ‘

~~~~~~~~~~~ ,,~~~~~~~ .4 1_ 
~ ~ i

1LL
~~7t~~~

II’
±lli,

~~~
ETLIILT IIi ~1

~~~~~~~ ~I ~ e ‘~-V’~ 
- I I I I

/ I I I 1 4

• 
_ _ _ _ _ _ _

— I — 

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

-

- 
:~~‘4~~~~~~~

-
~ 

-

~~

.-



- - -c I ’t ~ - : t4’rAT~~~j PAGE

(N otes on c~ mpIetion overleaf)
UNLIMITED - ‘‘- I-r a il s er u r !t y  c l a s s L t l c a t i u n  of s he e t  

I r  ~o. p o s s ib l e  t h i s  sh e t t shoti d Cof lt s I f l  on l y uncla ssified information . tt is is necessary to e n te t
c 1 i s - 5 i ( ~~ -d inta rm ittion , t h - box concerned m u s t  be marked to indicate the classification eg (R) , ( C  or ( S ) )  -

- - l I l I k i  ~ . - i , - r I - I i c ( -  ( i  I ~~II IWI )~ ~~. Origi n ato r s R~f~rence 3. Agency Reference 4. Report S e c u r i t y
C lass i fica t ior .

DRIC-BR-60447 .— S&T-MEMO-1--77
UNLIMITED

II! _ _ t o t ’ s COIk I .  t > rj g j n f l o r  (II rp o r at e  A u t h o r )  Naae and Locat ion
( i  I ko w n I

3134000R ENGINEERING SCIENCES DATA UNIT, LONDON , UK

l .~~ - - ~~~ rIng Agency ’ s 1 h a . S p O U S O I I :I8 A g e n -y  (Cont rac t  Authori ty)  Na~~ and Location
Code (if kn own )

7248000N PROCUREMENT EXEC., MIN . OF DEFENCE , DR AIR, UK

1 • Ti t le

BOLTED JOINT FATIGUE PROGRAMME, VOLUME 4, STAGE 2 , SUPPLEMENTARY

INVESTIGATIONS 7 TO 9

la .T it l e  in Forei gn Language (in the case of t r~n s iat iona)

fl.P re s ent e d at (for conference papers) .  Ti tle , p lace and date of conference

B . Author l .Surname , initials )a Author 2 l 9b Authors 3, 4 .. 10. Date pp ref

Sandifer , R.H. j 5.1978 150 3

ii. Contract ~umber 12. Period 
‘

~~~~l3. Project 14. Other References

15. D i s t r ibu t ion  statement

Descriptors (or keywor ds) -

*Bolted joints, *Fatigue (materials), Aluminium alloys , Fatigue tests,
Photoelasticity , Steels, Stress corrosion

A b st r a c t  The prograimne consisted of two major parts — a photoelastic investigation int~
the stress distribution and resulting stress concentration factors in a family of

• simple bolted joints, and a correlated series of fatigue tests on bolted metal
joints having the same geometrical form as the photoelastic ones using a commonly
employed aluminium alloy for the plates and a steel in current use for the pins.

MC
t~~IC/16/fl V.

— — —— — ——-.---.--— •-~~~ -.- —~~~~-—-- — —•-••z — — — — 
‘I ~~~ 

— -



NOTE S ON CO M I L E T ION OF IIJ .i’ I~ T yJCU~~NTAT1O~ l’’CE

This Documentation Page is designed specifically for MOD reports ard reports produced by Contractors .

Boxes marked* below need be comp leted only if the information is readily available.

*1. DRIC refe rence: Enter DRIC reference (Ilk number) if one has been assigned.

2. Originator ’s Reference : (lIt e r the report number by which the document is identified by the originator of
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3. Agency reference: Enter reference number allocatod by sponsoring agency (contract authority) in the case
of contrac t reports.
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7a Title in Foreign Language : In the case of translatiorm, enter the foreign language title (transliterated
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pp.re f. Enter the inclusive number of pa ges in the report containing information , i .e. including
appendic es , tables and illustra t ions , and the total number of references cited.

11. Contract Number: Enter the number of the contract or grant under which the report was written.

12. Period : (always associ ated with the Contract Number). Only to be used for reports covering a specific
period , e.g. quarterl y ,  annual or fi nal reports. Enter QR—l , AR , FR , as appropriate .

13 . proje ct: Enter project name or number .

14 . Other Refere nce: Enter coy reference , o ther than those in Boxes 2 or 3 , by which the report may be
iden tified .

15. Di stribution statement. Enter any l imi tations on the distribution of the document . If distribution it
limited to particular groups e~ MOD , MOD and its Contractors . etc. it should be stated. If the distribution a
is the responsibility of anothe r authority eg a HQ Directorate (Technical Po licy A uthority) enter
“Distribution controlled by MOD Techn ical Policy Authority ” . Inter “via DRIC ” after “Authority ” wh ere
appro priate and name the Technic al Policy Authority i f  possible.

Descri ptors: Any number of descriptors (or key—words) can be entered . If selected from a published thesaurus ,
eg The Thesa urus of Eng ineering and Scientific Terms (TEST), this sho uld be indicated .

Abs tract: The abstract should preferably not exceed 150 words , i.e. it can be considerably shorter than the
Abs tract to be provided on the Title Page of the Report. Information available in the report title need not be
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