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Introduction 
r 

Effect of Residual Stresses on the Low 
Cycle Fatigue Life of Large Scale 
Weldrnents in High Strength Steel' 
A delerminalion u8as made of the infltie~lce of variotrs meclzunical finishing procedures 
011 residual stresses and  the resrrltirtg efect on the lolu cycle fatigue life of tee-fillet velds 
i t t  1 in. thick rolled steel plate wit11 a yield strength of 80,000 psi. Inclrrded in this 
arork were tee-fillet welds i n  the as-welded, ground, shot-peened, grolcnd a ~ r d  shot- 
peened, and  mecl~onically peened coriditioiz. Resirluul stresses were mensnrrd bg a 
hole drilling technique dn,eloped at the S a m 1  .Applied Science Lnborotory for npp l i c -  
lion lo linearly wrying biaxial stress fields.,. This ntethod has been found suitab1ej.-r 
deterntining residual stresses at any pointcorer a limited area at the toe of the weld. 
Fatigue tests were condncled on plate type specimens, 32 in. by 29 in. by 1 ' i z  in. 
which were simply srrpporled at (u'o edges, free a t  the other two edges, and nnijormly 
loaded with compressed a i r  to da4elop a zero lo muximztm lension range of stress at the 
loe of thefillet weld. I t  was  joond that tensile residual stresses do not haste a significant 
eflect on fatigue life for the type of pulsating load used. Compressive r e s i d d  stresses 
hare been foirnd to hatme a beneficial eflecl on fatigue life. IVelds witlt relatir'efy high 
residual stresses zd~ich usere gronnd sntooth to eliminate "stress raisers" showed Tery 
good ji&ligrre resistance. . 

-.... 

' The ol)inions or narertiwr ccmt:hed i n  thir p:qler are the private 
ones oi the :ruthor und are trot to be i~rterlmted as offieisl or reflecting 
the riewsof the Saval Service. 

Sun~bers  in brackets desig~xrte References at end of p:q,er. 
Contributed by the Pressure Tessels and I'iping Ikis iun :n~d 

presented at  the Society for Experiments1 Stress An:~lysis Conference, 
Houston. Tex. October 14- l i ,  OF THE AMEI(ICAS SOCIETY OF 

MECHAXICAL ESGISEERS. Paper rereived s t  ASlII: IIendyuarters, 
July 15. 19G9. Paper So .  69-SES.4-6. 

S t r ~ ~ c t n r ~ t l    nod el- are excellellt for evalu:i t i~~g desigl~ details and 
-eeki~tg IIUI a.eakue>se. i n  new designs. Large scale sperinwns 
:111d s t r~~c lu ra l  r lrn~ents pernlit a realistic c0111paris1111 111 be 
nnrdr of v :~~ , i rm f n l ~ r i a ~ t i o ~ ~  par:in:eters :it all appr,~pri:~ te smle 
rvithuut t l ~ c  espn-e* of t n a k i ~ ~ g  large models. Sm:ilI lal~or:il<~l.,v 
specimens provide a n1uc11 le*s espe~:sive means of scrcwti.,: 
n~aterials, sttd?-ing rneel:a~:i.rn of f:~tig~ie, shape fitctor-, :$ d 
I I I~ I I? -  other ],urnmeicrs. 

The Xaval Applied Science Lnbor:~to,a. has bee11 ronth~ctii~g 
low cycle f a ~ i g l ~ e  and rclared stlidies on high btreugth n~$leri:il* 
11-illg large :ecak -peciman-: a ~ t d  s l r ~ ~ ( : t ~ t r a ~  elenlents. I{crel~lly 
rrmpleted wa* a program 1,) dctermil:e the eflect of fsl~rirati~m 
irnr~rovement teelu~iqi~es o11 It~w eyde  fatigue of Inrge c:de tee 
fillet \r.eld~nettts in a high strength steel with yield s r re~~gt l :  of 
80,000 psi. Conn,n~itat~t with tliii work, some eflort \\.as rs- 
cried towards the meastven~ent of tlrr residual stresses developed 
IJ? the different faI~r ic :~t i~n pro(.es-es. 

A sarnple uf receut iuvestigations 12-51 011 the eRcct of r e i d l d  
-tresses OII  fstigw crack i l : i t i :~ t i~l~  ildientes that the relarr:e 
I:ature of the applied cyclic h a d  is nu itnportnnt factor on rewlii. 
U d e r  cyclic load-, zero to i e ~ ~ s i o n ,  there does not apjxar to 1% 
an? effect if re.sidual htresses are tet~sile. However, 11nder 1.e- 

versed load.?, the effect become,< apparent and increa-es with 
decrease in stresi mnge to some limit. Most of the res~dts re- 
ported were based on artificially induced residual stresse or 
redilction of welding residual stresses by stress relieving. 111 a11 

A = nonnal stress in z direction a t  a., a ,  = normal stresses in Cartesian c+ c = strea* gradient applicable to ., 
origin, psi ordinates, psi psi per in. 

B stress in direetioll a t  rZu = shenr stress in Cartesian ot- !i -. stress gradient applicable to ,, 
origin, psi ordinntes, psi psi per in. 

a,, a2 = priucipal normal stresses, psi D = shear stress over entire plate, psi 1, y = Cartesian coordinates 
a,, as = normal stresses in polar coordi- 7,  0 = pt>lar coordi~:atm E = modnlus of elasticity, psi nates, psi (t,), = rel:\sntion strain it: rndial dirrc- 

v = Poisson's ratio a = ladills of drilled I d e  t i w ,  in. per in. 
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GI-cs reviewed, there was no i~d~ . : l t ion  that rehid~~:rl btressr 
were actually n1e:lswed. 
, . I he objective of this work is to present the resdts of residual 

stres* iriensweme~lt and low cyrle fatigue evalnation 111 a hntrh 
of large scale plate specimens produced under iderltical rondi t io~~s 
except for finishi~tg by the various f:rbrication methods. Of 
par t ic~~lar  significance is the large size specimen which permits 
the use of full thickne~s plate with full size weld, the applicatiw~ 
of realistic welding proredures and improvement methods, a ~ l d  
the actual determinalio~t of res id~~:~l  stresses by a p m c e d ~ ~ r e  
specificslly developed for fillel welds. However, the work is 

limited to tee-fillet welds suhjccted to a cyclic load, zero to maxi- 
mllm flewre with tewion at the toe of the fillet. 

Material, Specimens, and Fabrication 
Rollcd pl:~te, I"? in. thick, !\-hirh \ws  given a q w w h  R I N I  

rcmper heat treatmrtlt to provide n yield strength of about S0,000 
p i  w:as wed in the f i rb r i~ ' :~~ io~~  of sperinlct~s for these s t~d ies .  
The I):~sis tee-fillet welded pl:rte specimen used for hoth renid~nl 
stre.+ men.urement and IIIW cycle fatigue testing is shown in 
Fig. 1. The sper inie~~ is 831 in. hy ?!) in. and large enough to 
retain all local residt~:~l streshes and to permit residu:il stress 
mea.llrcnirvlts whirh are free from plate edge effects. Chemicd 
annlyii  and mechmicnl pruperlics of olle plnte which may be 
take11 as typiv:~l we S ~ I I W I I  i n  TnlAe 1.  

C'herni~d 
nr~ulysis, 
pcrcct1t 

C 0.1; 

1111 0 2 s  

P 0.010 
s 0.019 

- .-. -. 
i 0 .24 
Xi "24 
C'r 1 . 4 7  
110 0.4:: 

Yield stre~tgth, ksi X::2 (L)  
O.2 pwce~tt ofTsel ST . 2  (T) 

T e d e  nlret~gth, ksi 104.6 (I,) 
102.6 ( T )  

Elongatiott, percent in 2 i l l .  20.0 (L)  
26 .0  (T)  

R e d ~ ~ c t i o ~ ~  in area, 11evceltt 74 .6  (L)  
6S.9 (T)  

Charpy V-nlrtch a t  - 120di.g~. 123.0 (L) 
avenlge It-lh 84.0 (T)  

(LI Lougitrtdi~tal, parallel to di rect io~~ of final n)ll. 
( T )  Perpet~dieltlar to directi~m of final n~l l .  
The full penetration tee-fillet welds were fabricated by the 

marn~al met:il arc method as follow: 

1 Plates were held flat and web $ertir:$ 
2 Top surfaces of plates were clean atld flat iu. 

10 enrh side of the centerline. 
3 JIachined or flame cut sr~rfaces in contact with weld metal 

were grottnd deal1 prior to welding. 
4 Preheat temperature was 200 deg F and interpass tempera- 

twe \\.:IS 200-300 deg F. 
5 MIL-IIOlS electrodes were used for all welding. These 

were baked at SO0 deg F and stored in an electrode oven a t  200- 
300 deg F prior to welding. 

6 Length of weld was divided into five blocks, and block 
technique was wed for first five passes deposited in alternate 
blocks from center out to end of plate. 

7 I~emaining pnsses were welded end to end wing z / , 6  in. 
electrodes. 

8 Energy input was held to 45.0 f 5.0 kilojoules per inch. 
! Welds were examined by magnetic particle inspection after 

the fifth and final pnsses. 

3Iechat1ical peening of the fillet welds was performed with a 

Fig. 1 Plate type fatigue rpecimtn 32 by 29 by 1 '? in. with ground tee. 
illlet weld and instrumentation For measuring relmxdion strains by the 
hole drilling method 

Snvy SII. 2, Type 2, p ~ ~ e ~ m a t i r  chipping hanmrr  using two 
differently hl~lnted chisels in s~~cce.iim. The point of the first 
chisel w ~ s  a ','I in. r:ldi~tx hemisphere which tlefornmed the metal 
nlmg the heat affected zone .s:~tisf:~ctorily, h ~ ~ t  the brinellitig 
eHert left a din~plerl s~trf:we. The point of the .ecor~d chisel was 
n ','I in. rodill.; rlllnrter cylinder whirh <,Mternted peaks m d  
ridges :lt~rl left a smooth sl~:~llo~v groove npplr~simately 0.05 in. 
deep. 

Gr i~d ing  of the tee-fillet ~ve l~ l s  wai perfornled with a p11e11- 
~natic six inch vertiral g r i ~ d e r   sing :i C I I ~  wheel with hottom 
edge shaped to a radi~ts of '.'< i l l .  The R:lt fwe of the c ~ ~ p  wheel 
\vns held : ~ g n i ~ ~ s t  the p h t e  :IIII! rnuved :~lau:g the fillet le:rvit~g :I 
cnrved fillet with g r i t d i ~ q  wlxtch nlnrks p a ~ ~ l l e l  to the weld. 
These scratches were then retnr~ved 1))- grillding with a conical 
stone, le:~ving the fi t~ishitl~ wxlches  11orm:11 to the aeld length. 

Shot peening of the fillet welds w:~i 11o11e 1111der rolltract in 
nccorda~we with I o b o ~ ~ t o r y  sperifimtiow. 111tewity 0-10C.2 
using SAE 3:10 steel shot, Ilockwell C 40 to 50, !v:u specified, 
n1a1111:i11y directed at a pre3sttre of SO p i  31111 70 cfm. Intensity 
of *hi>! peerling was verified by using all individnnl Almen strip 
for each specimen and by inspecting each peened surface a t  10 
magnificatio~~s. Es:rmi~~ation of a section of the peened weld 
indicated cold work to a depth of 0.00s in. This proced~tre was 
emph~yed on both as welded irnd grotmd tee-fillet velds. 

Residual Stress Studies 
1:esidual stress measurenre~~ts were made by the method de- 

veloped by Cordial~o and Salert~o 161. They developed a theory 
for the cnlcrdatioo of relaxation strains effected by drilling a hole 
in n plate with a linearly varying bi:ninl-stre.<s field and applied 
the theory for the experimental determi~lation of residual stresses 
at the toe of large scale tee-fillet. welds. Thus, referring to Fig. 2, 
it is nssr~med that residual stresses at the swfnce of a plate 
near a fillet aeld are in a state of p1:me stress; that becattse of 
geumetry the principal stress 0, and 0: are in the z and y direc- 
tiou, parallel and normal to the weld, respectively; that these 
residt~al stresses are zero a t  some distance from the weld and rise 
linearly as they approach the weld; and that the s t r e s  field does 
not vary as the plate is traversed parallel to the weld. These 
residnal stresses may be represented by 
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Fig. 2 Coordinate system and orrvmed stress distribution 

where A ,  B, c, 1; and D are constants to be evaluated. 
If a hole of a given radius is drilled a t  some point 0, which is 

taken as the origin of polar coordinates, as shown in Fig. 2, the 
above theory shows that the change in radial strain, the relasa- 
tion strain, is given by the following equation. 

where .-I, L', c, I; a ~ l d  Dare  the V ~ I I . - ~ : I I I ~ S  of ~ I I I I : I ~ ~ I I I I ~  ( I ) .  Since 
there are five collntallt-, -1, B, c, P a11d D to 1)e deternlined, at 
least five irtdeper~dent rnmwrernents of (c,), are to he made in 
five radial d i rect io~~i  8. It sh0111d be noted that the fir-( two 
terms of e q ~ ~ a t i o ~ ~  (2) repre>ent the known expressiim for relaxa- 
tion strain ill a biasid -tresh field wllere .l and H are the priu- 
cipal streh~es. The next three term.; of equatiou (2) represent 
the relaxation strain corre.qm~dil~g to the h e a r  variation of the 
principal stresse.; with 1/ rrhere c and k are proportionaliiy con- 
stants which give a measure of the r t ~ n i n  gradient,, and the lait 
term represents the relaxation strain dne to the shear strers D. 

The strain gage nrrnngeme~~t employed in the measurement 
or radial relasatiol~ strains by the hole drilling ted~nique is 
shown in Fig. 3. Eight strain gages spaced 45 deg apart are 
sho~vn. Although five independent re lasat io~~ strains are re- 
quired to determine the fire constants of equation ( l ) ,  this eight- 
gage arrangement gives a uniformly weighted representation of 
the stress field around the hole. I n  addition, the resulting eight 
equations may be readily reduced to five through a combination 
which eliminates D and permits the use of the averages of sym- 
metrically located gages e and f ,  c and d ,  and g and h .  This 
gives a system of five equations and four ~ u ~ k i a ~ w ~ l s ,  A ,  13, c and 
k. These unknowns may be readily determincd hy the applica- 
tion of the method of least squares. 

The following techniques and procedures were followed in 
drilling the holes and measuring relaxation strains: 

1 The hole centers and reference gage line for each of the 
fnbrication conditiow were located as shou~n in Fig. 3. For the 
&:-welded and shot-peened fillets, the reference gage line was 
located in. away from the toe of thr weld. For the ground, 
ground and she-peened, and mech:~~lically-l~re~~ed conditiut~s, 
the refereuce gage line was located along a line representiug the 

GAGES SPACED AT ~ S ~ N T E R V A L S  

Fig. 3 Strain gage arrangement at tee-fillet weld 

toe of the weld prior to finishing by the respertive fabrication 
procedures. 

2 Foil strain gages, type C61S13150A, with a gage lenpt!l 
of 0.050 in., ca re fdp  cemer~ted a t  appropriate locations a1.i 
protected with a coit  of wax, were used fur the measurement 01 
relaxation slr:~ins. 

3 Strain gages were located on a 6/, in. dia circle concentric 
with the drilled hole. 

4 Each set of gages was connected to a Baldwin switching 
and balancing unit and type N or Model 120 Baldwin strain 
indicator. 

5 .4 portable magnetic I ~ n e  drill, alig~tcd by means of cen- 
tering pi11 in the-dt!wk directly over the c e ~ ~ t e f o f  the hole was 
tlsed for drilling. 

6 I)rillil~g was aeconlpli,*hed in increments ~~ : ing  =/I(, ,;, 
','a and in. dia standards drills in s~~ccehsion 1vlriTc h airenni uf 

compressed air was directed tn\vards the drill to blow the chips 
away, therehy avoiding dam:ige to the gages. This procedi~re 
was followed i l l  order to achieve the large-t size hole without 
damage to the gages. 

7 Each hole was drilled to a depth of '.'N in., tho ni.~sin~uni 
depth required for wmpletr rel:~xation of residual strain a t  rhe 
n~rfare .  

8 lIe:~s~~relnentb of relax;itin~~ strain were t : lke~~ for all p g e  
locat,ions after each i~lcrernent uf drilling. 1:elaxation sttxi,:; 
were ~neawred on each of the plate type speriniew k i n g  1l.e 
hole drilling teclu~iqrre desi~il)ecl ahwe .  

Low Cycle Fatigue Studies 
Low cycle fatigue evnluatiotw ou 52 plate gecimens, similar 

to that sho~vn in Fig. 1, were conducted in the SASL plate 
fatigue macl~ine s h ~ ~ w n  in Fig. 4. The machine \r-hich operates 
on compressed air cor~sists of a loading frame, a system of solenoid 
valves and presiure swit.ches, a deflection recorder and other iuci- 
dental devices. The loading frame permits simple support of 
the specimen nlong t,he 32 in. edges and leaving the 29 in. e d ~ c s  
free. Cyclical loading is ohtained by means of t a o  sc~ le~~o :~ l  
valves one normally opened aud one normal11 closed, which nre 
actuated by two pressure swit~hes,  one set to operate at  zero 
pressure and one set to give the desired stress in the specimel~ 
Compressed air i i  st~pplied to the lower surface of t,he specimen 
giving a uniformly distributed load. Cyclical stress varies from 
zero to a masimum in flexure a t  the center of the p k e .  The 
machine is instrumented to provide a continuous chart record of 
deflection a t  the center of the specimen throughout the t e k  
Corresponding deflection data may also be obtained by means of 
two dial indicators located a t  the quarter points along the weld 
or line of maximum deflerlion. An electrical cycle counter ii 
also ii~cluded in the solenoid valve control circuit to indicate the 
total number of loading cycles a t  any time. Prior to testing 
S1L-4, A-7, I/, in. strain gages were applied to selected locations 
on each plate in order to measure st,rains. Some gages were 
placed along the toe of the weld in order to obtain a mewme of 
actual strain over a11 area nfiected by residnal stresses and stress 
concent.mtion. Other gage* were placed elsewhere on the pl:~te 
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in order to provide esperin~ent:~l rorrel:lliol~ with the calc~llated 
numin:d stre.ss levels applied to the pl:rtrs. 

Kwh specimen was seL I I ~  in the plate machine xs for fatigue 
testing. Load-deflection and load-strain data were obtained for 
esllnl i~~rrements  of load (presswe) f n m  zero to the maximum 
to be applied. The .;pecirnr~~ uns thwl s1111jwtc1l to cyclical 
lnsdi~~g,  zero to rn:~simllnt flczwo at the rate uf 12 cpm. A 
c r ~ ~ ~ t i n n o ~ l s  chxrt record of cyclical deflection at  the center was 
obtained for the entire test of the plate. During the cortrxe of 
the test, rnil~inn~ni and msxin1ron d i d  indicator deflection read- 
ings were recorded a t  intervals of 500 loading cycles. I n  addi- 
tion, observations were made thro~~ghout  the test to determine 
the approxin1:lte number of loading cycles a t  which a crack started 
and progressed to various l c ~ ~ g t h s  dong the toe of the weld. 
The cracks were detected 1)). observing the movement of SAE 
i n  oil, applied in n very light rontirtg :rlor~g the toe of the weld, 
into a ~ l d  O I I ~  vf the cr:zck as the plate flexed under load. All 
; i , r ~ h e n s  were cycled ru~til  the crnvli was snffirie~~tly Inrge to 
c:i~~-e tho ~IeHertion to iucre:we 100 percent over the initial de- 
fiection. A t  this point the ~ n c k  was npprosimatelg O.G ill. deep, 

Results and Discussion 
.\ t>pic:d rrpre-el~tntiotl of the r h u ~ g e  in relaxation strain 

with inrrense i n  hole di:lmeler is given in Fig. .5 for n g r o ~ ~ n d  tee- 
f i e  e l .  I t  i.i :lpp:u.eut that, as expectccl, the relaxation 
s,tr:ti~ls R ~ O I I I K I  the hole are not tn~ifornl, and that for gages a, e 
am1 f they are rcl:rrively hrge. Simil:rr plots for orher fnbricn- 
- i , , ~ i  m e t h r ~ l  -howtt elsewhere [ t i ] ,  i ~ d i m t e  .-OIIIP variation from 
e of I .  4. The pxttern of rel:lx:ltion itrnins for aswelded 
tre-fillet-; is .sin~il:lr except, strnins f ~ r  g:IRei n, r and f rise m(tre 
sharply. For -hot-pee~led, and shot-peened after grindil~g tee- 
fillets, the cllrvc.~ for gages n,  c and J hhwv a reversal in di rect i~~n 
at a hole di:tnleter o f  npprosimately 0.23 i l l .  [ G I .  For nrechnn- 
icnll>- peelled tee-fillets, c1lrve.i for gages 0, r nnrl f drop sh:irply 
ztnrting at  the origin [GI. 

Eql~ntiotl p:rmnleters A ,  D, c, I: and D calculated iron1 men- 
si~red relnxntiw d1:ains a t  :I hole diameter of 0.438 in. by metuls 
~ i '  eqr~ation ( 2 )  for tell of the plates studies are given in Table 9. 

- . .\ 

Table 2 Residual rhesser 01 toe of fl11.t welds 

-. -- 
CONDlTlON 

OF P L I T E  
EQUATION P A R A M E T G F J T ~ L ~  . - . - 

T E E  F I L L E T  NUMBER A 8 0 c 
W E L D  6 1  KSl KSl S I I I N  1/1 

GROUND S7G9 -1 27 -3 279 200 86 90 

SHOT-PEENEO 5 3 P 9  -23  2 -1 127 134 21 48 

54PIO -28 0 -1 170 136 30 47 

SHOT-PEENED 5719  -23 -1 -2 IS7 135 25 41 
4FTER 

GRlNDlNG 
5 8 N I O  - 1 1  2 -3 222 120 58 40 

J 

Utvolues &we 83 ksi me inthe plastic mnge and therefore represent"equivalen1 
elashi' stresses. 

t GAGES ON & IN. RADIUS 

HOLE OEPTU 5 IN 

GROUNO 

0 0 1 0.2 0.3 0.4 
HOLE DIAMETER- INCH 

Fig. 4 Fatigue machine for uniformly loaded plater with two edger Fig. 5 Measured relaxation shain versus hole diameter at various 
' simply supported and two edger free shein gages 
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1 Tensile residual stresses have very little, if any, effect on Sorkin and J. Vasta of the Naval Ship Systems Command for 
fatigue life when the actual maximum stress is in the plastic sponsoring this work. 
range. 

2 Compressive residual stresses have a significant beneficial References 
effect on fatigue life. 1 Wenk, E., Jr., "Feasibility of Pressure Hulls for Ultradeep 

Running Submarines," JOURNAL OF ENGIXEERISG FOR INDUSTRY, 
Grinding tee-fillet velds in  high strength steel siguificantly TRANS. ASME, Vol. 84, Series B, No. 3, Aug. 19G9, pp. 373-393. 

improves the low cycle fatigue life, notwithstanding the retention 2 Gurney, T. R., "Fatigue of Welded Military Structures." 
of high tensile residual stresses. Briliah Welding Journal, Val. 15, 1968, pp. 30-38. 

3 Gurney, T. R., "Some Exploratory Fatigue Tests on Sotched 
Mild and High Tensile Steels." Brilish ll'eldi~tg Journal. Vol. 12. 
1965, p p  457-461. 

4 Gurney, T. R., "Influence of Artifirinlb. Induced Residua] 
Acknowledgment Stresses on Fatigue Strength of Load Carwing Fillet Welded Joints 

in Mild Steel," Brilwh Irrlding Journal, 1'01. S. 1981, pp. 54-553. 
The author wishes to acknowledge with deep appreciation 5 ,Dugdale. D. S., "EMect of Residual Stress on Fatigue Strength." 

the of W. werchniak for his diligent and careful strain H'eldmo Journal, Vol. 38, 1959, Research Supplen~ent, pp. 45s4Ss. 
6 Cordiano, H. V. and Salerno, V. L.. "Study of Itesidual Stresses gage work, P. Abrnmov for conducting the low cycle fatigue ex- in ~ i ~ ~ ~ ~ l ~  var3.ing ~ i ~ ~ i d  stress ~ ~ ~ ~ d ~ , ~  Ez,,c,.i,nr,,tal I l l echa , ,~s ,  

periments, D. Alotola for preparing the illustrations, and G. vol. 9, Jan. 1969. 
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