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h tne  current  p a s r ,  some. ok tile runacunentalS 

of r'rlctiom welduq  or  comnercially pure ~luminurn 

t w e s  a re  studied. 

a cen te r  l a t n e  ha8 oeen adapteu t o  perform m e  

needed weldiny opera ti ox^. 

H spec ia l  y u ~ d ~ r ~ y  attdcnmnent was designed t o  

xax tile s t a t lonary  p a r t  of the  pure a l ~ f l i h ~ n l  t ~ r t  

on t o  tne  t o o l  post  durlrly weldiry . 
'the t e s t ed  variaDles were Deir~g tne  spindle  

S p e d ,  t u e  'cnlckness arid tne  ve rz ica l  cnamt;ering 

angle of tne  tube end. 

s e c t i o r ~  QE tne  weldrne~~c w e r e  assessed v i a  tne  layer  

reraoval technique. 

'I'r~at tecnnique was employed inechan&cally v l a  

very sharp  ortnoyonai edyes l n  tne  presence or' ample 

coollny i n  order  t o  rnzrulnlze tile rnacllinuiy r e s ~ d u a l  

Y tcesses. 
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Generally, as  tne  sp lna le  s$eed Increase ,  tne  

value oL t he  maxi~nurn t e n s ~ l e  stress a id  tne  Ueptrl 

of tne  s t r e s sed  layers  were round t o  r i s e .  

A s  tile wall tn~cKnesses  oi: tue  tube Increase 

so  do tne  l e v e l  of r e s idua l  s t r e s ses .  

However, no significant e f z e c ~  of t n e  v e r t i c a l  

c h a - e r i n y  dnyle was revealed 011 t a b  r e s ~ d u d l  St res-  

ses. 

The depths 02 the   tressed layers  f o r  a l l  t ne  

t e s t s  were Zound t o  rarige uetween 1150 t o  13 

laxrons Wllich represent  a r a t l o  or' u . ~  t o  0.35 oL 

tne  tube tnickriess . 
c i s  f o r  the  nature of tnose s t r e s s e s ,  tney were 

cer ls~le  s u r r  ace stresses followed oy coinpresslve 

then by t e n s i l e  s t r e s ses .  I t  was tound t n a t  tile 

clrea oi tne  t e n s i l e  s t r e s s e s  would approximate that; 

ol: the  compressive s t r e s s e s .  

in p r i n c l p l r ,  f r l c t i o n  weld~iiy i s  a type 02 pressure weld- 

Iny. L k  may oe described as a process wherein mecnanical eneryy, 

tnrougn the  medium of Er ic t lona l  fo rces ,  IS converted t o  tnermal 

energy whicn i n  turn  naats  t h e  two inatirky surxaces t o  a p r o p r  

weldluy temperature. 1 

I11 yrac t i ce ,  t n i s  energy convervkorl car1 oe acco~nplrsneu by 

severdl  metnoas. 

' f l~e l e a s t  complex of tnese  lrivolves r;ne ro ta t io i l  of or~e. of 

tile two p a r t s  t o  oe welded a t  a relatively hlgn speed, w ~ l i l e  main- 

t a i n i u j  a' compressive d i a l  fo rce  ori the  two pa r t s .  
6 

'Yne mdtiny surf  aces ,  tnus , receLve nedt erleryy U L I U ~  tneY 

reach the  weldmy temperature. n t  t n i s  p o m t ,  tne r e l a t l v e  motLon 



oetween the two garts is  stoppea-wltiiln a rrdction ot a secoilu- 

and, wnlle r n a l r ~ t d l r i l r l y  or ulcredsiriu tile dxlal Lorce, Lue lrlLer- 

face IS allowed t u  cuol , acco~ng.L~;i~~iliy tlie welclmerlt. 

r'ly . (1) illustrates h e  simplest and most common scrlase 

for  f r ic t ion  weldiny. nere, two cylindrical Dare are axlally 

aliyned w i t r ~  one bar rotating. 

For s t ee l s ,  tne weldlily telnperature siiould oe a o v e  trle 

upper trarlsi 'or~n~~iorl  temperature. 

&'ortunatel y , ternpxdtures up to the ~nelcirly yolllt (doout 
L 

14UUaC for  carbon s t e e l s ) ,  can De jenerated easily D y  t r lc t lon  . 
Usually molteu metal 1s squeereu our; irom tne lrlterface .AS tne 

junctlon form. 

'I'ne metal d t  , and lrrunedldtel y oenlnd, tne intertdce IS 

iieateci to  tne dcslred temperature Ln a matter ot seconds e n a l -  

luy Sutr lcre~l t  metal beilllid tue Interface, t o  soften i;ler~uttlng 

tne pleces t o  De joined toyeLher. Caurlon srloula De exerclsea 

tor  hedt tredted s tee ls  a f t e r  weldiny. Sucri post-heat t reat-  

ment, IL any, w ~ l l  be dependent on tne work-pece rnaterld type, 

geometry, and properties as well ds tne particular welduy 

cycle. 

111 tne course or welainy, LnarKed p ias t ic  deformation takes 
L place or1 trle surfaces oeitij welded. 

It is  ~ e l l e v e d  t1lat a stror~y welament 1s formed ~y metallic 

bonds wnicn ar lse  oetween tne new surf aces or concact. 

surf ace f rlms arid ~ncluslons , tnat mdy ~ n t e r f  ere wltn tne 

formation of tilese uonds, are oroken up oy t r l c t lon  dlla removed 
3 trorn the welding drea. 'I'rlose fllins yo dwriy l r l  r a a ~ a l  a~rect lor ls .  

5'0 b ru~ j  @out tne rlecessdry ueturinatum, tne rnetal sorter1 

oy tae fk lc t~or la l  heat yenerar;ea conr~rled outo tne tnrrl surxace 

layers. 

The f r i c t ion  forces of the mating surzaces do lncrease as 

t n e ~ r  relat ive r o t a t ~ n n a l  speed ru.e, 



The work done t o  overcome tnose rorces ,  usual ly ,  1s con- 

verted i n t o  heat. Ttiat energy 1s t o  be l i ~ e r a t e d  a t  the  r w D -  

i ny  surfaces  incredsiny r a p d l y  tne metal temperature up t o  

appropriate welding teraperature. 

Tne meta l l i c  l aye r s  being neated a r e ,  usual ly ,  s o  smal.1. 

t n a t  tne  neat iny cycle consume a very s n o r t  t l m e  i n t e r v a l ,  
3 l e s s  than 30 seconds. 

ri r q l d  l a t n e  ( type O L ~  +%/I) of the specifications glven 

i n  t a l e  (IIC-1) was employed tllrouyrruut tne  we ld~ng  tests. 

T a l e  ( X I - A ) :  Tae mam s p e c l t ~ c a t i o n  of tne  employed 

Distance between 
centers  15L cm. 

neiyht  over bed 225 mm, 
Max. diameter of 450 nun. 
workpiece. 

Peeds : Kariyu LJ.~~J-1 .LZ miun/rev. 

InLeecis: wanye 0. 030-0.5 rnr/rev. 

The objec t ive  ~ e h i r ~ d  tne  use of tne  l a t n e  is t o  r e l y  on 

a v a i l a l e  macnine t o  be found i n  any worksnop i n  order  t o  per- 

form tne  f r i c t i o n  weldiay. 

S l ~ y h t  mod~ficatiorr,  o r  i n  otner words some addr t lonal  means 

nad t o  ue desiyned t o  errsure proper i ~ x c l t ~ o r k  ot Cne workpleces 

uuriny tile weldiny process. ~vlany t r ~ a l s  Lrr valr). had beer1 made 

t o  f u l f ~ l l  sucn objective. r 'krst ly,  a r ~  attachment as snowfi ln 

Fig. (I) was desxjned and manufactured. 

However, diyying was noted oil the su r face  of the  work 

pieces due t o  an unavoida0le and ~lncont;ro l a b l e  clamping forces.  



14oreover, no room was l e f t  t o  perrorin the  necessary mnedsurernenta. 

1- a l t e rna t ive  attacnmerlt a s  outurled ~n dig. ( L )  was, nence, 

Uesiyned. kiucn arranyement was found t o  ue inadequate, yleluLrig 

rion uniforin motior~ or the  two worlcgiaces t o  D e  joined uy weldlriy. 

r ' inal ly,  a b e t t e r  sound deslyli r o r  t n d t  attachment was a r r i v s a  a t ,  

'i'nat drranyerneut is snowrl i n  b'iy. (3).  'l 'l~at attachment is  camp 

osed m a n l y  o t  two p a r t s  held toyettler v ia  a pin. 

,me f i r s t  p a r t  is  showr~ i x 1  P i y .  (4) .  Tnat p a r t  serve as 

u sleeve f o r  tne  secorld pa r t .  'I'ne toruler p a r t  is f ixed v i a  

welded f lange onto tne  toolpost .  

Tne second p a r t  snowxl i n  Eiy. (5)  is  a nousiny t o  trle s t a t -  

ionary workpiece. Tne end of tkle second p a r t  is s l o t t e d  a x i a l l y  

and provided by a p a i r  of f langes  a t  each side.  'I'nese i lanyes  

a r e  welded t o  the  f r o n t a l  por t ion  of the  second pa r t .  Tney a r e  

u t i l i z e d  as  a f i x t u r e  of tne  s t a t i o n u y  pa r t .  

dl the workpieces were made oE c o ~ ~ i ~ e r c i d l l y  pure aluninun 

(99.@/b). 'I'ne ingots  were turned and hollowed v ia  d r i l l i n g  and r i n e  

turnir i j  tecnnquet, .  Yhe i n i t i a l  workpiecg outs ide ,  d ~ a n e t e r  was 

drourid 42 rm. Tubes t h i ~ l ~ l e ~ ~ t r ~  were varled between 4 t o  7 m. 
'l'lleir lenyths were around Su and ou nun. Lor tne  ro tary  and s t a t -  

lonary work pieces respectively.  AS f a r  a s  the  measurements a r e  

concerned, a t t en t ion  was d i rec ted  towards the  assessment of tne  

res idual  s t r e s s  d i s t r i b u t i o n  witnin tne welded work p l r c e  a t  the  

end of tile t e s t .  

P r l c t lon  welding t e s t s  were yerior~ned accordiny t o  sr novel 

cecnnique employed, here f o r  t r ~ e  r i r s t  time. 

'Yne Y~nployed r 'riction Weldiny Tecnnique: 

alignment f o r  the  two t w e s  t o  be welded was t o  oe ensured 

i o r  eacli t e s t .  While one of tne  tubes was f ixed t o  i . ts attactunent, 

d t  the  t o o l  pos t ;  tne  o tner  was t o  De held a t  t n e  l a t h e  chuck. Tne 

l a t h e  was derived a t  prescribed speed. Tne manual l o n y ~ t u d i n a l  feed 
I wried W ~ S  ro ta ted  manually about Lz times t o  ensure proper app- 

roachrnenc of tne  two t w e s .  





t i t terwards, external  sharp  c u t t u j  cools were employed t u  relrwvt 

tLle outer  upset of the weldeu f r ~ c t r o r i  junctron. %'kit W a s  per- 

sorlned ue11 f lxu ly  tlte external  turrlulg t o o l  on ~ t s  gost.  L L ~ L I ~  

c u t s  were taken 111 tne  very wet cor~crition t o  avoid tue C O I K ~ ~ ~ ~ X L L ,  

u i  superuii@osed resldudl  s t r e s ses .  

'l'ne welded tubes was, tnerl , r ixed t o  its mandrel ( see  r'rg . o ) . 
11, order t o  assess the  r e s l d u d  s t r e s s e s ;  tne  l aye r  removal 

t ec~ l r i~que  was emnplo yed via ~nacr l i~ur~g.  

'L'lle ~riacn~nluy was pexrorllied v ~ d  c u t t l i q  tools  ~ t e l u  OII t ~ l e  

tool-post. Gdutloli was exercised t o  inrll~~iirke L I I ~  dclclltlond 

reslducil s t r e s s e s  cdused uy trle rnacnriiinj ~ t s e l r .  L'l~at was clone 

Dy u t ~ l l z r n g  very sharp orthogor~al  tool  wnicll woulu ue cleanbu 

from now did then t o  rernove tne  probavle bullt-ut> cage ior~nat -  

loll. &~k.laClll l t i~~LJ was done In  trle presence of sul t i iole c u t u ~ ~ g  

i l u ~ d .  ' ~ ' t ~ e  rnacrunirg speed t o  remove tile work plece s t r e s sed  

layers  xr~ s t eps  was around I u O  m t / ~ a ~ r ~ .  Il'ne reed was crloserl t o  J.J~ 

u.ub roln/rev. Yne rnf eed wds drouna u.uS irurr. 

Tne welded t W e  was, tneri, r ixed t o  i t s  rnaildrel (bee r'ly . o) . 
'l'uDe length cnanyeu between tne  recesses were taKerl as  t r k  

averaye oF three  readinys a t  dr t te rer t t  p o s l t i o r ~ s  llrcdtea LLU' 

dpdrt druu~id tue  tuDe contour. sucn y o s ~ t i o r t s  were uuexeu u u l -  

l z l n y  tne  cnree j d w s  C I ~ U C K  01: tilt- ldtne.  

Later on, layers  renlovctl were repeatect rn order  co o ~ t d i r l  

trte overa l l  d is t r lbut lor l  o t  tne r e s ~ d u a l  s t r e s s e s  V L U  cue ldyer 

removal technque.  kippendlx (I ) gives tne  res ldual  s t r e s s e s  
5 co~nputatluu f orlrula due t o  'l'ddasrn . 





The u t i l i z e d  bdrs were founa t o  ue f r e e  or  s t r u c t u r a l  

defects .  tiowever, out  of roundness were noted f o r  tne  s t o c ~ .  

sucn i r r e y u l a r i t l e s  were removed by l i g h t  macrllniny t o  avoiu 

the  introduction of res idual  rnaclliruny s t r e s s e s ,  v ia  the  l n i t l a l  
preparatory turrlrny operations. ~ ' i ~ a r  woula mirumive tne  yoss- 

i b l l i t y  of the  existence of pre-weldl~~,  r e s idua l  Stresses.  

order t o  en-nallow rile ba r s ,  d r ~ l l ~ n y  operations were necess- 

dry a t  tne  i n i t i a l  preparatory stages. These were c a r r ~ e d  

ou t ,  i i r s t l y ,  v i a  l a rge  d r i l l  dliuneters. However, la rge  &uo- 

unts oE heat  generations aud lu j l le r  deyrees uL mater la l  p l d s t i c  

flow were noted. %hat  was tlruugnt to ue unreco~rurierded, s u c e  

tne  re l iance  on l a rge  d r i l L s ,  a t  the  beylnnir~g, woula Lead even- 

t u a l l y  to nigher l eve l s  or l n ~ t ~ a l  r s su iua l  s t r e s ses .  

Such v i a  was therefore a l t e r e d  a id  small d r i l l s  were emp- 

l0yeLi iristead t o  avoid t h a t  se r ious  problem. Ivloreover, adequdtr: 

cooliny, srrrall Eeed and speed were employed t o  ensure, t o  the  

best, bars on the  as-recieved condition as  f o r  the  l e v e l  of res-  

idual  stressses. 

iluue cnarnf er iny  was perf orrned a t  the  ordinary high cu t t iny  

speed of aluminurn. ~ l t h o u g h  t n i s  approach avoid the  buiLt-up 
euye Lormatton, a l a s  t n i s  may lead t o  residual stlress ~f l a r g e  
amouhfs of neat; yeneration a r e  l ibe ra ted  duriny tile mdcnlning. 

'l'nis was lessened v ia  amble flow or' the  c u t t i n g  f l u i d  during ttle 

machir~l~rg operations. 

~iigrl l e v e l  of machine ca r r i aye  v w r a t l o n s  was noted f l r s t l y .  
*Ahllnat may be a t t r i b u t e d  t o  two main redsons, 1) nigll weldmy press- 

ure a t  l a r g e r  ro ta ry  s p ~ n d l e  speed, I )  Any cleardnce ex i s t lny  or 

tne  car r lage  ways. 

Tnose reasons a r e  hard t o  be removed due t o  the  i n t r i t l s i c  &cure 

of the  f r i c t i o n  welding and t o  tne  re l iance  on an ordlnary l a tne .  
Tne l a t e r  reasoning was in ten t iona l  slrlce a practical avai lable  

rneaus & o r  Lr ic t lon  welding u t l l i z r n y  tne  comnon machlne shop l a t h e  



was one of the  objec t ive  o i  tne currerir research. 

kiowever, tne  vlbratiori ot: trie cdrr ldge was d~mLriatect 

uy i i x i r ~ y  r t  t o  tne  l a t n e  bed. 

Kather t n a r ~  advancirig tne  e n t i r e  carridge: the StatlOIiary 

(nor1 ro ta t ing)  p a r t  wiiv advanced v i a  the  advanced compound 

r e s t  of tne  lathe.  

AS t oe  statlorrary p a r t  toucn 'tne ro ta ry  p a r t  a t  tile 

oey i ru~rn j  05 toe  f r i c t ~ o r i  weldiuy process high l e v e l  of: 

rlolse was heard. ' this nay oe attrruutecl t o  severe rubbing 

action as tne  snarp edye a s p e r r t i e s  yettlrig touch. 

Later on 1rttI.e amount; o t  smoke was viewed a t  tne  weld- 

ing zone. 

' tnis  is understandaiPle slrhce tile sharp edges o t  the asper l t -  

ies OS tile rnatlrlg surfaces  would rdpldly,Lraccurecr dna tne  

dctudl c011Cdct area  would incredse lecldi~ry t u  a nigner nea t  

yttr~eratiolk. 

'Pn~ic i s  to say tue  i n i t i a l  severe ruubrxig actiorl OL tw snarp 

d s p e t l t i e s  would iuunediately oe suus t i tu ted  by severe k r i c t -  

1011 dction of f rac tured  asper i f lev  uf tile matlng Surzsrct's. 

'A'llen o m  could expect noise followed uy srnoke . 
11t tne corlclusiolr of t r i e  welding, tne  weldecl tube was t o  

be removed il'r ozder t o  assess  tile resrdual  e t ressos .  

Sinde flow was usually noted upon l a y e r  removal on tlie 

s ides  of tile recesses wlucn were prepared as rer'erences Lor 

the  l e r i y t ~ ~  chdnyes. 'I'nat IS d t t r ibu ted  to  the  lack o& non 

plane s t r a i n  condition. Tr i l s  v ~ o l a t ~ o n  take place i l l  rnetal 

cuttiriy due t o  many reasons. 

It was noted i n  tne  curreut  research t n a t  v io la t ion  in -  

crease a s  the  reed and infeed r i s e .  s ince  tne  cruciaA f a c t d r  

was the  infeed r a t e ;  it was decided t o  decrease tfiat f a c t o r  

pract icalLy as  much as  possible keeping i n  mind t n a t  sucn dec- 

rease would lead  t o  more sensitivity i n  re s idua l  s t r e s s e s  

assessment. 



-Ad>- 

r ' i l l iny t n e  s i d e s  o t  those  r eces se s ,  l ~ g l l t l y ,  was proven t o  

De use fu l  t o  c lean  tllose recesses Lor lerltjtrl change iueasurc- 

inents . 

Pollowiny a r e  tile r e s u l t s  and t n e x  d iscuss ion  arranged 

accordmg t o  t n e  a l r ' t e r en t  experlmentiil sets. 

r ' i r s t  set: 

I n  t h a t  set  a l l  f d c t o r s  were kept cons t an t  except  t r ~ e  

sp ind le  speed (24). Keffer iny t o  Pig.  ( 7 )  tnrouyh 10) it can 

be seen t n a t :  

1 ) Tne r r r a x i r n u n  l o n y i t u d ~ n a l  r e s i d u a l  stress ( ez) was r^ound 

t o  Qe q u i t e  c l o s e  t o  t n e  very  s u r f a c e  of t o e  welded tuue and t o  

decrease ~ 1 1  rnayrlituae a s  t n e  r o t a t ~ o r i a l  speed decrease  (See 

Pig. ( ~ 1 ) .  'llnat value was Lourid t o  vary uetween u.4 to 0.6 of 

2 )  A t  t h e  sp ind le  speed decrease ,  t n e  l ong i tud ina l  r e s i d -  

usll s t r e s s  ( bZ) vary Petween nlaxlrna and ruinma values.  

3 )  There a r e  c e r t a i n  l o c a t i o n s  wnereas t h e  vaLucs of t h e  

l o n j i t u d i l ~ a l  r e s i d u a l  stress vanisn. ~vlore than one l o c a t l o n  

f o r  each employed r o t a t i o n a l  speed ( N )  w e r e  encountered. Tne 

f i r s t  l o c a t i o n  of t h a t  n u l l  l ong i tud ina l  r e s i d u a l  stress was 

found t o  be a t  a subsurf ace deptn (X) ok @out U.uO XN~. Gener- 

a l l y ,  t h e  o t h e r  l o c a t u m s  w e r e  found t o  go away deeper under- 

neath t n e  s u r r a c e  or t n e  t uae  as  trie r o t a t i o n a l  speed become 

grea te r .  

4) The maynitude of t h e  minimuin r e s i ~ l u d l  stress nas no 

c l e a r  c o r r e l a t i o n  witn tile r o t a t i o n a l  speed. 

5 )  !here a r e  nore  tnan one in l ; l ec t ion  loca t ion .  x t  tnose  

l ocd t lons  t u e  lo r iy i tud ina l  r e s i d u a l  stress comes t o  lrlirlltlla dl~d 

become canpress  i ve . 



6)  ~t around u.5~ icha oL trle outer surface  ot t he  t m e  

one can' ye t  tne  f i r s t  l o c a t ~ o i r  Lor tile i n i r r i m u n  l o r ly i tudua l  

r e s l aua l  stress. 

7) Generally, a s  Uie r o t a t i o n a l  s p e d  (rJ)  oecosnes y rea te r ;  

tne  l a s t  locatiori of the  minunurn res i aua l  s t r e s s  oecomes inore 

deeper, away of the welded t w e  outer  surface. 

U )  deferiny t o  Fiy. (Il); LC can oe seen t n a t  a s  the  ro t -  

s r rona l  speed increase: tne  maxuwn depth of s t r e s sed  l aye r  

(Amax) increase. Peculiar  Increrlse .it tne  lowest employed ro t -  

a t iona l  speed was noted. 

Second S e t  

I n  t h a t  Y e t  a l l  f ac to r s  a r e  kept constant; except cue tuoe 

cndnzer angle (d ). Kefer~uy  t o  &"lys. t ( > l L , 1 3  arm l4 :  olle car1 

deduce t l~e  r ollowin(j : 

1) NY the cnamferirry anyle change no s i g n i r l c a n t  a l t e r a t i o n  

on rieitller tihe value or' the ~ ~ X L ~ I I U I ~ I  l o n g ~ t u d l n a l  res ldual  s k r e s s  

( Ti&) (f oumi t o  oe aoout 3.9 ky/nu$ or, tne  average) nor its 
locrltion (four~d t o  oe quite clove t o  tne  very surkace) were notea 

(see  V i y .  (15)). 

8 )  ~ u o  a l t e r a t i o n  was found t o  take place ou the  maxlcaum 
deptn of tne  s t r e s sed  layer  ( f  our~d t o  ue =out 1 . L 2  a n )  upon tne  

chamf eriny rlnyle ( 9ri) cilariye (see  a l so  r r y .  (15) ) . 
3 ) AS Lne cnarnf e r i r ~  J angle Increase; tne  locacion of the  

f i r s t  y o s i t i o i ~  whereas t r ~ e  l o n y ~ t u d m d l  r e s idua l  s t r e s s  varllsh 

uecone riearer t o  tne  welded tuoe outer  surPace. 

4 )  Generally a s  eharnferiil J arlyle ( * ) mcrease:  trie locat -  

Lon or tne  l a s t  p o s ~ t i o l l  or zero l ~ r r ~ ~ t u c i ~ n a l  resluua+ stress 

become nearer t o  the  outer  s urkace. 

5) AS tne  cnamferiny anyle (6) increase from 15' t o  45' 

tile value of tne  rnaxirriun compressive lorly L t u d ~ n a l  resLaual 



Third Set 

I n  tnat  s e t  tne t w e  tucirr~esses were v a r ~ e d  w i t h  t ne  r e s t  

o i  tne Laccors were K e ~ t  ~oi r~ ta l rc .  KeserLr~y to c'ly.  U ,  lo aIlQ 

1 7 ,  orie can deduce tne iollowu~y: 

I) AS tile wall t l~~ckriess or' tile tuDes decrease, the initxuiluln 

t m s r l e  llony~tudlrial resxiudl s t ress  were fourrd to  Illcrease ter- 

~nindously. lts vdue  w d s  rourlu to  vary Petbeer1 U.5 LO u.8 6 ,  

Z )  ' ~ l i l d t  lnaxAmun resldudl stresses were t;ouw Lu ue locawu 

al; tile very outer surf ace, nearly. 

3 )  na for  the utner sete tile resuiual s t ress  906s zrum tell- 

sLle Aor~yitudinaL r e s ~ a u a l  s t ress  to  coinpreeslve ones. 'I'riat krend 

reverse as the distance from tile sur l  ace DeColne y reater. rlob~ever , 
lessor vctl l~ys; whereby ~nirhnea ru ~aayn~tude or coinprearjlve res- 

i d u d  s t ress  exlat. 

4)  ILO s iyn i t i ca~ i t  cllanyes L ~ L  tue locatlorl ot tile firsc pos- 

l t ~ o r l  wiiereuy IIQ was~.ciudl s t r e s s  exls t  were lloted ELS tfle wall 

tnlckness increase. 

5 )  nowever, as tile w d l  t uck r~ess  iricrease, tile lo cat lor^ UL 

l a s t  poeltlon ol: non r e s~dua l  s t resses ,  mute rree OK s t r a m  pou- 

lti011; Decornes nearer t o  the outer surlace. 

o )  tne value of tne maxunum colupresslve iong~tuurr~al  resld- 

clal s t resss  was iourid to  be u o u t  U.u of tile alulnu~~un~ syeculeir. 
6Y 

The former amount was frour~d to  oe l n sens i t~ve  t o  t n e  a l t e r a t ~ o n  &n 

the tube' th~ckuress . 
7 )  mile deptn of tne stressed layer, wltnln the welded Iunct- 

Lon, W ~ Y  round to  incredse as  trle welded t w e  wall tiiicxrrless 





& )  The depths of the overall  stressed layers range between 
( AlSu t o  A 3 5 U  microns). ' h e  rei~reselrt ratios oetweera (u. L to  

0 .35)  of the tuoe wall ttuckness) . 



-suoTqaaxrp prxe prG ~er.~rraxarnm~xr~ 'TetpPx arrr) rn szaprr~~Xn 

IXT sassaxxs Tenwrsax :,rxqaumrAstx~ TO svxqeTnqe3 av3 In?  sun^ 

-2enba mart ifo~a~ap 03 ?no POTIIP~ SPM (c) UOT'~P~~T~S~ATIT 



symmetry arid i n  trle a ~ s e i i c e  of uoay rorces ,  t n e  equa t lms  oi 

equl1l~riu.m l n  cy l ina r l cd l  coordlrlates reduce t o  tne  lullowll~j 

' r o r~r~  crccordlllj t o  net. (5) : 

'Lfn~s equatiorr holds f o r  radius a s  w e l l  a s  f o r  r. 

Kesidudl s t r e s s e s  a t  rilaius r may ue c?nsidereu ds toe sum 
o i  two s t r e s s e s  when layers  oL i t td tor~al  a r e  removed frorit radius 

(0) t o  radius 

8 8 \ 
Wilere 6r, 6* and 6 a r e  tne  s t r e s s e s  reinaaniny a f t e r  rercioval and * ,\ 

6 I 6 a r e  tne  t o t a l  stress cnanges caused by s m  removal. 

r\ 
Yne unknown s t r e s s e s  6 and can be r e l a t e d  to tne  orig-  

l n a l  r a d i a l  s t r e s s  a t  radius oy aP>ly~rry tile rormulas Lor a tnlck- 
Wall€xi cyl inuer  subjec t  t o  unltor~rt external  pressure clue t o  

'l'inlosnenko and coodlerb ; 

The unknown stress is assumed nere t o  D e  uniiormly dis- 

t r ibu ted  over the  cross sectirssai 
d - a ). 

* 
'l'he s t r e s s  @& can De expressed by in teyra t iny  the o r i y i n a l  

a x i a l  a t r e s s  present  between b and , 





a ,  i, h n e r  a d  outer  r a u u .  

ii Yourry s ~4odulus. 

e 14etlsured Lonyit\rdln.dl a t rdu l .  

e 
% 

~ ~ e r i v a t l v e  of raeasured ~ o u y i t u d i ~ i a L  s t r d i r r .  
ij 

r n r o i t r a r y  Kadius 

'(rj 
u r i y i ~ i a l  U l a s t ~ c  s t r a i n  ~t raa lus  (r) 

Poisson's iiatlo. 

uuter  riadlus or' a cylinder cii  t e r  Kerrioval or 

a  layer .  

~orr  ji tudirial hesldual Srress . 
14axirnun ~ o n y i t u d i n a l  hesidual  h t ress ,  

Static Tensi le  Yield St ress .  

Uepth of tne  Stressed Layer. 

Total  deptn rrom tne  surface  of tile s t r e s sed  

Layer. 

(micron) 
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F I G .  ( 3 ) :  THE WLOYED WELDING FUCTURE. 
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