
IU 
:r~)£\ ,'It, 

e 7r I 

CIVIL ENGINEERING STUDIEi 

COfY 1. STRUCTURAL RESEARCH SERIES NO. 297 

:Me i'zti-Efferenc-e---Roem 
Civil Engineering Depart~~~~ 
BIOS C. E. Building 
University of Illinois 
Urbana, Illinois 61801 

INFLUENCE OF" GEO ETRY AND RESIDUAL STRESS 
N FATIGUE F ElDED J INTS 

by 

K. A. SELBY 

J. E. STALLMEYER 

and 

W. H. MUNSE 

A Report of an Investigation Conducted 

by 

THE CIVIL ENGINEERING DEPARTMENT 

UNIVERSITY OF ILLINOIS 

In Cooperation With 

National Steel Corporation 

UNIVERSITY OF ILLINOIS 

URBANA, ILLINOIS 

June, 1965 

'\I 



INFLUENCE OF GEOMETRY AND RESIDUAL STRESS 
ON FATIGUE OF WELDED JOINTS 

by 

J. Ea Stallmeyer 

and 

W. H. Munse 

A Report of an Investigation Conducted 

by 

THE CIVIL ENGINEERING DEPARTMENT 

UN I VERS I TY OF I LLI NO.1 S 

In Cooperation With 

National Steel Corporation 

UNIVERSITY OF ILLINOIS 
URBANA, I LLI NO IS 

JUNE 1965 



INFLUENCE OF GEOMETRY AND RESIDUAL STRESS 
ON FATIGUE OF WELDED JOINTS 

Department of Civi 1 Engineering 

Un i ve r sit y of 11 1 i no is, 1965 

Th~ purpose of this investigation was to study the factors which con-

tribute to the relatl-vely low fatigue strength of welded joints in high strength 
/ 

steel subjec.ted to low me~n stre?s and a large number of cycles. Fatigue tests 

were conducted on axially loaded specimens containing a doub~e V butt-weld. A 

number of test s~ries were devised to separate the effects of geometry and 

residual stress. 

The significance of weld geometrywa.s investigated by machining un-

weldedspecime~s to weld-like contours. Fatigue tests revealed that the geometry 

of the weld was ex.tremely important at .all levels of stress which were studied, 

If small irregularities or weld undercuts existed they could initiate premature 

failures. The stress concentration values of the weld reinforcement were evalu-

ated by several methods including an equivalent shear method which is based pri~ 

marl lyon the geometric properties of the weld reinforcement. 

The influence of residual stress was studied by comparing the fatigue 

results of as,-welded, ,stress reiieved and unwelded specimens with the same ge6me-

try. Fatfgue fai lures tended to initiate In regions of maximum tensi Ie trans-

verse residual stress. 

Estimates of the maximum stress at the toes of a weld revealed that 

this stress is approximately equal to the yield stress even whe~ the·maximum 

, n om ina 1st' res sis t h ef a t I 9 u e J i mi t . 

By subjecting the edges of the weld reinforcement to lateral pressure 

both the notch geometry and the residual stress pattern were altered. This pro-

cess resulted in an increase in the fatigue strength. 
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1 I NTROD UCT ION 

1,1 General Consideration of Problem 

Only recently quenched and tempered high strength steels have become 

avai lable for structural purposes. Originally these steels were used almost ex~ 

clusively for pressure vessels; however, during the last decade they have been 

employed in an ever increasing number of new structural applications. The combi-

nation of weldabi ~!ty and higher allowable stress is chiefly responsible for the 

growing popularity of this high strength steel. 

Needless to say economy. is motivating these new appl ications. Savings 

are realized when the increased allowable stress enables reductions in the cross-

sections of members which more than offset the higher cost-per-pound of the 

quenched and tempered steel. In large structures a significant proportion of the 

design load represents the dead weight of the structure. By using smaller mem-

--
bers of high strength steel the dead load. is reduced~ thus offe.ringa hidden ad-

vantage. Welding combined with high yield strength steels invariably reduces 

erection and maintenance costs as well as making possible im~roved aesthetic 

qualities of the structure. 

Recently the quenched and tempered steels have been used in the design 

of b.ridges, either as members of large trusses or even as flange material for 

long span gi rders. In bridge appiications where the members are subjected to 

repeated loading, consideration must be given to the fatigue strength of the 

structure. Whi 1e a structure wi II generally be subjected to a very large number 

of somewhat random stre~s variations, it is convenient to estimate the predom-

inant stress cycle and the expected number of repetitions du.ring the life of the 

structure. This enables a prediction of fatigue life to be made on the basis of 

laboratory tests which are general1y conducted with a constant stress cycle. 
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Undercut - a groove melted. into the base metal adjacent to the toe of a weld 
and left unfi 1 led by the weld metal. 

Weld reinforcement - weld metal on the face of a weld in excess of the metal 
necessary to obtain the thickness of the baseplate mat~rial. 

Notation 

p 

e 

h 

a 
y 

+a 

-a 

x 

y 

axx 

a max 

,a 
yy 

1:' xy 

"t' max 

radius of curvature at the toe of weld. 

slope of tangent at end of initial curved section of reinforcement. 

height of weld reinforcement at center of weld. 

yield strength of material. 

tensile stress. 

compressive stress. 

stress function. 

axis directed along specimen (see Fig. 5.3). 

axis in direction of specimen thickness. 

normal stress in direction of x axis. 

maximum value of a 
xx 

normal stress in direction of yaxis. 

shea.ring stress. 

maximum value of 1:' on surface. 
xy 

A Fourier coefficient. 
n 

T period of Fourier series. 

2c thickness of specimen. 

2L length of specimen. 

2w width of weld. 

t abscissa of 1:' 
max 

s w - t (w minus t). 
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a n:rr/2L . 

K stress concentration factor. 

E normal stress (0- ) at point (0, c+h). 
xx 

A area of shear stress triangle. 

HAZ heat-affected zone. 

HABM heat-affected base metal. 

UBM unaffected base metal. 

WM weld metal. 
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2 DE SCR I PT I ON OF SPEC I MENS AND STRENGTH FACTORS 

2.1 Description of Material 

Al I specimens were fabricated from N-A-Xtra 100 steel which was sup­

plied by the National Steel Corporation in the form of 6 ft. x 12 ft. x 3/4 in. 

or I in. thick plates. This steel is a quenched and tempered steel having a 

minimum yield strength of 100 ksi. The particular heat treating process used for 

the various heats is presented in Table I. Tables 2 and 3 contain the chemical 

and physical characteristics of this steel. A typical stress=strain curv~ for an 

ASTM 0.505 round spec i men. i s shown in Fig. 20 1 . 

2.2 Specimen Fabrication 

The following fabrication procedure is common to all specimens both un-

welded and welded. Specimens have an overall length of 4 ft. and a width which 

is reduced from 10 in. at the ends to 4 in. in the central 5 in. of the speci­

mens. This reduction in width is accomplished by means of a curved section of 7 

in. radius (Fig. 2.2) c 

Al I specimen blanks were cut so that the direction of rolling would be 

the same as the direction of applied stress in the fatigue tests. No flame cut­

ting was permitted near the test section in order to avoid altering the metal­

lurgy. The specimens were reduced at the test section by sawing, followed by 

mi 11ing. as indicated in Fig. 2.2. Finally the edges were draw-fj 1 ~d: and pol-

ished in order to remove any sma11 irregularities which might have an undue in­

fluence on fai lure. 

2.2.1 Plain Plate Specimens All specimens which were not welded wi 1 I 

be referred to as plain plate specimens even though they may be provided with 

some geometrical contour to study the effect of notch shape. In order that such 

plain plate specimens could be machined. into the same shape as welded specimens, 
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w h i c h . we r e nom ina 1 1 Y 3/4 in, t hie k, i twa s n:2 c e 5 5 a r y t.o use 1 In. ma t e r l a 1 , Tw 0 

different methods of machining this material were used, namely shaping and mill­

ing. 

With the preliminary specimens it was noted that the shaper pro­

duced a considerably rougher surface than the mi Ilin9 process. Several explor­

atory tests indicated that the surface of some specimens had an excessive influ­

ence on the results. This condition occurred in specimens whose surface had been 

prepared by a shapero This method of machining was therefore abandoned in favor 

of milling. However, since the mil.1!ng machine could not produce a very sharp 

notch, the shaper was used to machine the motches requ~red at the edge of simu-

1ated weld shapes. ~n order to produce a surface which approximated the smooth­

ness of mil] ing, cutting tools were made for the shaper which would produce the 

desi red notch geometry. These toolS a110wed the shaper to cut without transl,at= 

lng laterally between strokes and thus it produced a much smoother surface. To 

minimize any machining stresses, coolant was used and the material was removed in 

several layers, with a final cut of not more than 0.012 in, 

2,2.2 Welded Specimens In fabricating the welded specimens, large 

plates were flame cut into blank.s ~O i \1, by 4 fto These blanks we re then sawn 

into two pieces 10 in. by 2 ft. The two sawn edges were beve11ed, wi th a 60 deg. 

included ang1e, in p reparat l on for a double V butt-we]d. On the surface of the 

steel adjacent to the beve] 1 ed edges the mi 11 scale was ground off so that It 

would not interfere with the welding process. The m[ i] scale remained unaltered 

. on the rest of the surface . 

.. E>.<cept for those studies carried out for the purpose of evaluat­

ing the effect of va.riations in welding procedure, the welding procedure used was 



the one used by Scott et a1 (1) in the previous tests of N~A-Xtra stee'l. The 

basic welding procedure is outlined in Section 3.2. The same welder who was 

qualified during these previous tests dId all the welding reported herein. 

El 1018 e1ectrodes were used throughout, with the exception of one 

9 

series of tests in which some E7018 electrodes were used. All electrodes were 

baked at 900°F for one hour and stored at 350°F unti] used. ~n order that each 

of the six weld passes could be deposited in the flat position, the two specimen 

ends were securely clamped to a welding j 19 which could be rotated about a hori­

zontal axis. All six passes were continuous fer 7 in. with adjacent passes 

being in opposite di rections. Preheat and interpass temperatures were controlled 

with the aid of a pyrometer. 

After the welding had been completed, X=rays were taken of each 

weld in order to determine any defective specimens. The specimens were then 

dri l1ed, sawn, and mi 1 led to the same standard specimen geometry as the plain 

plate specimens. 

After a fracture has occurred ~t is extremely difficult to obtain 

accurate measurements of the surface geometry near the initiation point. in 

order to have this geometric information avai lable, plaster casts were taken of 

all specimens which had weld-like contours. Vel Mix Stone and water were pro­

portioned to form a thick paste which was tamped ~nto a mold and a]lowed to 

harden. Casts, covering the reinforcement and one inch of plate material on each 

side, were taken of each weld face. When a specimen failed and the point of 

initiatior! '-vas observed the appropriate cast could be sectioned at the corres~ 

ponding location. The face of the cast exposed by sectioning was then magnnfied 

50 times and the reinforcement geometry was recorded, 
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The point of fracture initiation was determined by observing the 

propagation pattern which tended to radiate from the initiation point. in the 

case of most fractures the inltiatlon point or points were very well defined 

whi Ie occasional fractures seemed to initiate along a short length of material 

rather than from a point. Once the location of tne fracture initiation had been 

establ ished it was not difficult to section the matching cast within 1/16 in. of 

the corresponding point. The goemetry at the weld reinforcement does not change 

very rapidly along its length. Since this is the case, any small discrepancy in 

locating the initiation point or in finding the corresponding point on the cast 

would not lead to a large difference in the observed geometry of the weld rein­

forcemento 

2.3 Test Egu}p,.;~ent and Procedure 

All fatigue tests were conducted on the University of illinois 200,000 

lbo lever type fatigue machines. Testing was carried out in a non-corrosive en­

vironment at about 200 cycles per minuteo A schematic diagram of this equipment 

can be seen in Fig. 2.3. 

The load in the specimen is determined by means of an Ames dial which 

measures the extension of the dynamometer. By adjusting the turnbuckle and the 

eccentric, the desi red mean stress and stress range can be achieved. 

The criterion used to determine the life of a specimen was the number 

of cycles at which approximate~y one-half of the cross-section was fractured. 

This cond~tion was chosen because the microswitches generally shut tbe machine 

off by this stage. Occasionally the entire section would fracture before the 

machine was turned off. No adjustment was made in the number of cycles, in these 

cases, since the cracks were found to propagate very quickly. 
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All specimens were subjected to an axial load which varied from zero 

load to a fixed tensi le load in each cycle. In order to reduce the effect of 

scatter, a minimum of three specimens were tested in each series, Specimens 

which did not fa11 within a reasonable number of cycles were retested at a higher 

stress. This new stress exc~eded the initial one by at least 15 per cent where 

possible, It is assumed that the effect of the previous understressing is mini-

mlzed by this procedure. 

2.4 Factors Affecting Fatigue Strength 

There is considerable difference between the fatigue strength of speci-

mens with and without a butt-welded joint as shown inFig, 1.3. The as-commer-

cially produced pl~ln plate specimens can withstand 80 per cent more stress than 

6 
the welded specimens for a life of 2 x 10 cycles. Unwelded specimens fa! 1 at 

the end of the straight section. Fai lure occurs at this location. because of a 

concentration of stress caused by the reduction in cross-section, According to 

Peterson (3) the width reduction cuases a stress concentration of approximately 

1,14. That is, the stress at the edge of the specimen, where fai lure initiates, 

is 14 per cent higher than the nominal stress. This stress concentration means 

that an S-N curve for plain plate specimens, based on maximum actual stress, 

would be even higher than indicated on Fig. 1.1, A possible increase in stress 

of over 100 per cent exists at 2 x 10
6 

cycles. Whi 1e it is unlikely that all of 

this disparity wi 11 ever be el iminated, it should be possib1e to effect some 

changes in.order to substantially reduce this difference. 

In order to avoid fatigue fai lure it is necessary to ensure that the 

resistance to load exceeds the applied load at each point in the structure. In 

the case of a weld, both the resistance and the load vary significantly from 
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point to point. Since fatigue failures are always accompanied by some local 

plastic deformation, it is convenient to think of the yield strength as the 

upper 1 1m!t of the applied loading. In the case of a welded joint, fai lure 

initiates in an area sUbjected to a biaxial state of stress and thus the biaxial 

yield strength should be considered. 

!f some small portion of the material becomes overstressed for a par­

ticular loading condition this area can be very important under repetitive load­

ing conditions. That area is then subjected to a load which at least equals its 

elastic resistance each time that particular loading condition, or one which is 

more severe is repeated. Under these conditions dislocations, which are ever 

present, can readi 1y propagate into fractures. 

A survey of the literature on fatigue indicates that a very large num­

ber of factors have some influence in determ~ning the fatigue strength of a 

welded Joint. The number of factors to be considered can be substantiaJly re-

duced. in the following manner. Those with relatively small effects can be ex~ 

eluded whi le others are controlled by the type of specimen and the desired load­

ing condition. Those not being excluded or controlled can be combined into 

general groups leaving relatively few important factors to be studied. in detai 1. 

The remainder of this section outlines the three factors which survived this 

elimination and grouping. 

2.4.1 Metallurgical Effect In order to weld a joint it is necessary 

to heat the base metal adjacent to the weld to such an extent that its physical 

and metallurgical properties are substantially affected. Since a fatigue fail­

ure of a sound weld invariably initiates on the surface near the interface be­

tween the heat-affected zone and the weld metal, this metallurgical effect is 
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probably quite important. 

The only practical method of improving the metallurgy of this 

fracture initiation area is by altering the welding procedure. Any welding pro­

cedure must produce a weld which can meet the bending and tens! le requirements of 

the weld quallfication tests. !t is not immediately evident that a procedure 

which would improve the fatigue characteristics would be capable of meeting the 

qualification requirements. Some tests are required to determine the extent to 

which both of these conditions can be satisfied. 

2.4.2 Residual Stress Stress which exists in a member when it is not 

subjet to any external loading is ca.lled residual stress. This stress is caused 

by a material misfit which requi res that a portion of the material be subjected 

to tensi 1e stress and other areas to compressive stress in order to satisfy com­

patibility. 

It. is convenient to think of residual stress as being subdivided 

into micro- and macro-stresses; however, it must always be remembered that stress 

is the 1 imiting value of force divided by area as the area approaches zero, and 

therefore there is no basic difference between these two stresses. As is implied 

by the names, macro-stress is associated with a considerable amount of material, 

such as the average stress on a large number of grains; whi Ie microstress refers 

to the stress acting on a much smaller area, a single grain or even a portion of 

a grain. 

The.person who is generally credited with the concept of resid­

u a 1 s t res sis Hey n ( 4). A 1 tho ugh his dis co v e r y 0 c cur red abo u t f.j f t y yea r sag 0, 

relatively 1 ittle research was conducted on this subject unti 1 World War I I. At 

that time, the loss of many welded ships by. brittle fracture prompted a large re-
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search effort to find the origin, magnitude, and the contribution of residual 

stress to these fal lures. One might well expect that this extensive program 

would have greatly elucidated the problem. Unfortunately this is not the case. 

Two quotatIons will serve to indicate the general transition of 

opinions which has taken place during the last two decades. In J942, after mak-

ing a comprehensive survey of the 1 iterature, Stitt and Chadsey (5) stated that 

"any unrelieved residual stress has little or not effect on fatigue'~. Trufyakov 

.(6) concluded, in 1956, that II res idual welding stresses exert a great influence 

on the fatigue strength of a welded Joint " . Finally a dominant conclusion seems 

to have evolved, namely that residual stress is no different than any other 

st.ress. Thus, the existence of residual stress may alter the stress cycle and 

therefore the fatigue strength. 

Delay, in achieving any. unanimity of opinion, if indeed it has yet 

been achieved, was probably due to two main reasons. The first one is the diffi-

culty of measuring residual stress and the second is the possibi lity of an un-

known magnitude of mechanical stress relief when the yield strength is exceeded. 

There are several main processes which can cause the formation.of 

residual stresses, each of which could exist in the specimens used in this in;,,'~' 

vestigation. A brief discussion of these processes will fo.11ow. 

Yielding, although.it can reduce or even e,liminate residual 

stress under some ci rcumstances, will also produce residual stress under other 

conditions. Consider a spec[men machined to a weld-like contour, without 

residual stress. Assume the specimen is now subjected to an axial load.of one-

half of theyJ~ld stress (0 ) and that the notch is severe enough to cause a 
y 

stress concentration of three. Instead of having the elastic stress distribution 
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as indicated by the dotted line of Fig. 2.4a, yielding wi 1 1 restrict the maximum 

stress to the yield stress and the actual distribution wi 1 1 be as shown by the 

solid 1 ine. When the axial load is removed it wi 1 1 unload elastically, that is, 

the elastic stress distribution (dotted line) can be subtracted from the actual 

stress distribution (solid line) to obtain the unloaded stress distribution. AI-

though the model is now subjected to no external loads, stress remains. There~ 

fore a stress concentration has caused a residual stress to be induced. !f this 

process was repeated the stress cycle based on nominal stress would be zero to 

one-half a in tension and a modified Goodman diagram for as-commercially pro­
y 

duced plate specimens would lead one to expect a life of almost 2 x 10
6 

cycles. 

However, the true cycle at the notch would be from -0.50 (compression) to +0 
y Y 

. (tension) For this stress cycle, a life substantially less than 105 cycles 

would be predicted. Since the initiation of fatigue fai lures is such a local 

phenomenon, data presented on the basis of nominal stress is not indicative of 

the stress conditions whnch exist at the point of initiation of the fatigue 

crack. 

Residual stress can also be produced by means of lateral pres-

sure. A pair of dies pressed against a piece of stee1, as shown in Fig. 2.4b, 

produce a large tensi Ie stress perpendicular to the line of action of the applied 

pressure. The surface stress cannot exceed the yield stress, therefore the ac-

tual stress would be less than the elastic stress. Upon release of the die pres-

sure the material unloads elastica)]y and residual stress remains. 

Probably the most commonly recognized source of residual stress 

in a welded. joint is the dimensional change associated with the heating and cool-

ing process of welding. Substantial biaxial or, in the case of thick welds, even 
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triaxial residual stresses are developed. Stress in the direction of the we1d 

wi 1 1 be referred to as longitudinal stress and that stress perpendicular to the 

weld as transverse stress. For a continuous pass weld the longitudinal stress 

bui Ids up from zero at the ends of the weld, to a maximum tensi le stress near the 

center (Fig. 2.5a). This stress is caused by the shrinkage of the cooling. weld 

metal being resisted by the adjacent plate material. The transverse stress is of 

particular interest in this investigation since it is in the same di rection as 

the app.lied loading. The transverse stress when averaged through the thickness 

varies from compression at the ends to tension in the central portion. Through 

the thickness, the transverse residual stress varies from tension at the weld 

surfaces to compression at mid-thickness. When the variation throu~h the thick­

ness is superimposed on the mean stress, it can readi ly. be seen that the surface 

t ran s v er s ere sid u a 1 s t res sis pre d om ina n t 1 Y ate n s i 1 est res s (F i g, 2. 5 b) -

Another source of residual stress is the change in crystal struc­

ture which takes place during the transformation process. This change in crystal 

structure during the transformation of austenite to pearlite or martensite re­

sults in a volume change and residual stresses result. 

In order to illustrate the effect of residual stress on fatigue 

.life, several hypothetical cases will now be considered. In Fig.· 2.6, a modi­

fied Goodman diagram has been drawn for a typical high strength steel without 

residual stress. If a specimen without residual stress was subjected to a 0 to 

+55 ksi stress cycle, failure would be expected at .10
6 

cycles (indicated by' point 

A on Fig. 2.6). Had a surface residual stress of +20 ksi existed, the actual 

stress cycle would have been +20 to +75 ksi on the surface. A specimen with this 

stress cycle would fall. in a region where a life of 3 x 10
5 

cycles would be 
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indicated (point B). By increasing the residual stress to +4:) ksi, point C indi­

cates that the resulting life would be approximately one-tenth that of a specimen 

without residual stress. A residual compressive stress would have the opposite 

effect. For example, point D illustrates that a residual stress of -20 ksi will 

more than double the· life expected with no residual stress. Since the residual 

stress does not alter the range of stress, various magnitudes of residual stress 

wi 11 merely shift the stress cycle along the dashed line of fig. 2.6. This argu­

ment is valid so long as the load stress and the residual stress do not combine 

to cause yielding. 

If tensi le yielding does occur, this yJ.elding tends to reduce the 

residual stress and thereby alter the fatigue stress cycle. Since significant 

stress concentrations often exist in members subjected to fatigue loading, it is 

quite 1 ikely that under high loads much of the re.sidual stress developed by weld­

ing is altered by plastic deformatJon. 

The modified Goodman diagram clearly indicates the beneficial 

effect of compressive residual stress in the vicinity of a potential fatigue 

fal lure. Unfortunately,. it is not particularly easy to achieve t.his condition. 

Two general methods of introducing residual stress patterns have been used, name­

ly loca.lized heating and pressing. Heatang, while very useful in the case of 

longitudinal welds, appears to be of little value in the case of transverse 

welds. Therefore, some form of pressing is avai lable as a means of improving 

the residual stress distribution. The procedure used to obtain a compressive 

residual stress at a particular location is to yield the material. in tension at 

that point by means of lateral pressure. Upon removal of the load, the material 

ynloads elastically, thereby producing a compressive stress in the yielded 
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material. 

It must be noted that in any process which involves yielding of 

the material to effect an improvement in the ratigue strength, it is difficult to 

separate the effects of residual stress from those of strain hardening. However, 

in the case of high strength steel there is so little difference between the 

yield stress and the tensile strength that it is difficult to be1ieve ihat strain 

hardening plays a major role. 

Some invest~gation in which the processes referred to have been 

used are reported in the~literature. Shot peening is by far the most common 

method of inducing compressive residual stress and the literature abounds with 

records of imp~oved fatigue strength resulting from this process. One of the 

most interesting studies was conducted by Mattson and Robert (7). They found 

good correlation between residual stress and fatigue strength, tending to sub­

stantiate the concept of superpositioning of load stress and residual stress. 

Shot peening is not generally used because it is impractical in most cases. 

Considerable work.hgs been carried out by Gurney (8-13) in which 

he heated or pressed longitudinal weldsto obtain a 100 per cent increase in fa­

tigue strength. Apparently, the only research involving lateral pressure on 

transverse butt-welds was conducted by de Leiris (14). He obtained a 25 per cent 

improvement in fatigue strength by pressing with a multiple punch. De Leiris 

qualified his results with the statement that they could be obtained IIproviding 

the lines of welding to be hammered do now show serious irregularities which 

might cause an overlapping of the;.metal under the multiple tool, to prevent this 

tool from reaching some regions of the weld " , Thi s punch had a number of small 

rods which pressed independently and had an effect simi lar to peening. 
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2.4.3 Geometrical Notch There is no doubt that the change in plate 

thickness caused by the unavoidable weld reinforcement introduces a concentration 

of stress. The magnitude of this stress concentration (K) is substantial but it 

is very difficult to determine accurately. 

Due to the nature of the welding process no two specimens can 

really be completely alike. Cross-sections of a weld a short distance apart 

often have significantly different shapes. The geometric properties in the 

immediate vicinity of the edge of the weld reinforcement are by far the most im­

portant. A study of the geometry at the fracture locations recorded. in an earl i­

er investigation of butt-welded joints revealed the following geometrical char­

acteristics. Normally this fai lure region is characterized by a short curved 

section, with an average radius (p) of 0.08 in., and the slope of the tangent at 

the end of the curved section (e) averaging 20 deg. Whi Ie these values are nor­

mal, substantial deviations are common. Values of p were found to range between 

0.00 and 0.60 in. and e values ranged between 15 and 30 deg. Due to the somewhat 

~ rregular geometry at the toe of a weld both the p and the e values are subject 

to i nte rp retat i on. Howeve r, the va 1 ue of p wa s gene ra 11 y small. enough that p and 

e were quite well defined. 

Slight undercutting is not unusual. This means a groove exists 

near the toe of the weld with the bottom of the groove below the base metal sur­

face. A second local influence is the effect of weld ripples. The weld elec­

trode is pulled along as it melts producing a series of U-shaped ripples along 

the surface of the outer pass (Fig. 2.7a). The tips of the U coincide with the 

weld notches, one tip on each side. In a view of the weld cross-section, these 

tips appear as small grooves (Fig. 2.7c) Their size is not as important as 
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thei r shape - the sharper the groove, the larger the concentration of stress, it 

is well known that a semi-circular groove can produce a value of K up to three 

and on occasions these grooves closely resemble a semi-ci rcle. 

The only attempt, known by the writer, to make an evaluation of 

K values for welded joints was made by Nishida (15). His photoelastic studies 

indicated that typical idealized weld shapes had K values between 1.4 and 1.7. 

However, tests on a semi-circular undercut produced a K of 3,3. 

Having outlined three apparently important factors, the next step 

is to devise tests which wi 1 1 help to evaluate their contribution to the rela­

tively low fatigue strength of high strength steel. 

2.5 Factor Combinations 

The only factor which can be isolated to produce significant results is 

the geometrical factor, By machining unwelded specimens to weld-like shapes or 

improved shapes, the infl uence of geometry alone can be determined. 

Since a weld is generally accompanied by residual stress and some sort 

of a geometr1cal notch, it is desi rable to study any changes to the welding pro­

cedure with. specimens exhibiting all three factors. By stress relieving welded 

specimens and comparing the results to machined unwelded specimens of simi lar 

geometry, some idea of the cont.ribution of the metallurgical factor can be ob-

tained. 

The effect of residual stress caused by welding can be determined by 

comparing the fatigue results of stress relieved and unrelieved specimens with 

the same geometry. This comparison wi 1 1 be made for both a standard and an im­

.proved weld geometry. The geometry in these two cases is controlled by machin­

ing both types of specimens to the same prescribed geometry. 
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Favorable resi:dual stress could be evaluated by tests on specimens with 

or without a change in geometry. The shot peening process which is known to of­

fer some improvement in fatigue strength, causes little geometrical change whi le 

developing favorable residual stress. A lateral pressing operation which would 

improve the geometry whi le inducing favorable residual stress, appears to offer 

all the advantages of peening plus the geometrical gain. Therefore, the pressing 

method will be used in this study instead of the peening process. 

This investigation involves a large number of different series of 

tests. To aid in differentiating among the various series mnemonic specimen 

designation has been established. Each series. is designated by two. alphabetic 

characters which describe the residual stress conditions and the geometry, 

respectively, and one or two numeric digits to differentiate specimens of the 

same series. These designations will be explained as the particular series are 

introduced. 
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3 PREliMINARY iNVESTiGATION 

3.1 Machined Plain Plate Series 

The purpose of this series of tests was to determine the influence of 

geometry on fatigue strength. This objective was to be achieved by machining I 

in. thick plate material into 3/4 in. thick specimens with idealized weld con­

tours. This procedure eliminated the metallurgical factor associated with welded 

joints and by careful machIning, residual stress can be virtually eliminated to 

leave only the geometrical factor as a consideration. Three basic shapes were 

requi red; namely, an idealized weld contour, an improved we1d contour and no 

weld contour at all. Two alphabetic characters are associat,ed with each test 

series. For the entire machined plain plate series, the first character is I!PII 

to indicate that the series is plain plate or unwelded. The second character 

indicates the geometry of the weld shape which is to be tested, Since three 

shapes were required for this unwelded series, three different rretters are em­

ployed in the designations. 

The idealized weld contour shape (Series PS) represented an attempt to 

match the geometry of actual welded specimens. Since it was impossible to 

machine a specimen to match exactly the i rreguJar geometry of a weld, an attempt 

was made to match the average geometric conditions. The resulting weld shape ap­

peared to be geometrically simi lar to an actual weJd except that it had a smooth­

er surface. The 115 11 . in the series designation lijPS'1 refers to this smooth.weld 

shaped contour. Average values for the geometrical parameters which define the 

weld shape were determined from the fracture initiation points of specimens from 

a previous investigation, Since the same welding procedure was to be used in 

the subsequent tests which involved weided specimens, these average values should 

apply. The notch angle (e) was found to average about 20 degrees, with individ-
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ual values varying from 15 to 30 degrees. Since it was felt that this angle was 

quite important, machined geometry specimens were fabricated to cover this range. 

An average value of the notch radius (p) was found to be 0.08 in. Because of the 

difficulty in· controlling such a small radius, a sharp notch with effectively 
i 

zero radius was used. The influence of this slight difference in radius was 

checked by tests described in Section 3.3. The resulting shape is shown in Fig. 

3.1 b. 

The second basic shape was used to find the effect of substantially re-

ducing the concentration of stress at the weld. This was accomplished by the 

mod i fie d we 1 d con to u r s hap e ass h ON n i n Fig. 3. 1 c . T he mod i fie d w el d con to u r 

shape (Series PM) was chosen so as to have approximately the same stress concen-

tration factor as that which exists at the reduction in cross-section width. This 

means that. if the stress, calculated with the stress concentration factor taken 

. into consideration, is significant. in determining the fatigue strength, the 

fatigue 1 ife should be about the same as that obtained on as-commerci~]ly pro-

duced plate specimens by Scott et al (1) 

The third type of specimen was required to determine the effect of an 

additional factor which is caused by the machining, namely surface roughness. In 

order to evaluate the surface effect, several specimens were machined £lain 

(Series PP), without any weld contour, so that the results could be compared. to 

simi lar tests with an unaltered mill scale surface. 

3.2 Alterations in Welding Procedure 

There has been some indication that alterations in the welding pro-

cedure can effect improved. fatigue strength. The alterations in welding pro-

cedure to be made during this investigation wi 1 1 be restricted to two which have 



given some indication of improving fatigue strength. 

The basic welding procedure to be used in these tests is the one 

finally qualified by Scott et al (1) after several trial procedures were dis­

carded. The detai Is of this welding procedure can be seen in Fig. 3.2. 
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Tests reported by Hartman et al (16), based on a very I imited number of 

tests of another high strength steel, have indicated improvement of fatigue 

strength with higher interpass temperatures. The standard welding procedure em­

ployed an interpass temperature of 250°F. Since 550°F is the practical upper 

limit, two groups of specimens were fabricated; one with 400°F and. the other with 

500°F interpass temperatures. In all cases a preheat temperature 50°F less than 

the interpass temperature was used. Heating was accomplished.by means of an 

. oxyacetylene torch. 

The second alteration in the welding procedure involved the use of 

1 ower s t r eng the 1 e ct rod e s ( E 70 I 8) for the 0 ute r pas s e s , I twa s ass um edt hat the 

E7018 ~letrodes would undergo more plastic deformation at the edge of the weld 

reinforcement than the El1018 electrodes, thereby changing the geometry and re­

ducing the stress concentration. Whether this would be significant enough to 

benefit the fatigue strength could be most easi 1y determined by means of tests. 

3.3 Machined Weld Series 

The purpose of this test series was to determine the combi.ned effect 

of residual stress and metallurgy on fatigue strength. The influence of these 

. factors was to be separated. by comparing welded and unwelded specimens with the 

same geomet.ric characteristics. The specimens of this test series all. have the 

letter 'IU'" to indicate the presence of ~naltered residual stress. 

Welded specimens were machined to match each of the weld shapes. in the 
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machined plain plate series (Sec. 3.1) Since the geometry of specimens in each 

of these groups is comparable, the difference between the machined welded tests 

and the machined plain plate tests should indicate the metallurgical and res.id­

ual stress effects caused by welding. Three tests were made on specimens 

machined to a smooth weld-like contour (Series US) with e equal to 18 degrees. 

Five tests were conducted on welded specimens machined to the modified weld con­

tour (Series UM). Several tests were carried out on specimens with the weld 

reinforcement completely milled off (Series UP). The geometry of these speci­

mens is shown.in fig. 3.3, 

By comparing the as-welded test results of reference (]), referred to 

in this investigation as series UA, with the results for the US series, which 

was machined to a smoothweld-Jike contour, an indication of the significance of 

the small difference in geometry could be obtained. 

3.4 Stress Relieved Specimens 

The.tests of stress relieved specimens were devised to help separate 

the influence of metal lurgy and residual stress. By comparing the results of 

stress re] ieved specimens with,the machined weld test results, an indication of 

the influence of residual stress can be obtained, These test series all have the 

letter "RII to indicate that the residual stress is relieved, Three as-welded 

specimens, three machined weld specimens and three modified weld specimens were 

stress re] ieved, These specimens were subjected to 1.lOO°F for one hour and then 

ai r cooled. Multiple comparisons can be made between the results for specimens 

of series RA, RS and RM, and the results of series UA, US, PS and PM. 

3.5 Pre1 iminary Pressed Weld Tests 

The primary purpose of these tests was to evaluate the pressing 
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apparatus and to determine the loads invovled, It was hoped that this experience 

would be helpful in directing later tests which involved this operation. The 

pressing was carried out in a 600,000 pound universal testing machine. A pa!r of 

hardened steel dies machined to the desi red shape were used to apply the pres­

sure at the required location on the specimen. The choice of die shape will 

'determine the changes to be made in both the geometry and the residual stress. 

The fi rst letter of each specimen designation is an"Fli to indicate a .favorable 

residual stress pattern. 

The fi rst pair of tests involved specimens whose we~d reinforcement was 

completely flattened (Series FP). The effect of removing this geometrical stress 

raiser and the associated alteration of residual stress was to be indicated by 

testing. these specimens in fatigue. These tests also would determine an upper 

bound on the pressing load. Four specimens were pressed to a modified weld con­

tour (Series FM), in which th~ toes of the weld were curved with a p of 0.5 in. 

as shown in Fig. 3.4. Comparison of the fatigue results of this series with 

those of specimens which w~re machined to the same shape (Series UM) ~hou]d give 

some indication of the effect which pressing had on residual stress. The third 

type of specimen (Series FG) had grooves pressed a short distance away from the 

toe of the weld. The purpose of these grooves was to reduce the stress at the 

toes of the weld. It wa~ believed that this stress relieving effect would in­

crease the fatigue 1 ife and possible even change the fai lure location to the 

bottom of the groove. 
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4 RESULTS AND DISCUSS!ON OF PRELiMINARY INVESTIGATION 

4,1 Machined Plain Plate Results 

The results of the tests on machined plain plate specimens are re­

corded in Table 4 and presented in Fig. 4. I along with the S-N relationship de­

termined previously for as-commercially produced plate for purposes of compar-

'ison. All of the points in Fig. 4.1 refer to specimens which fai led at the 

transition section at the end of the straight portion. The effect of surface 

roughness on the fatigue strength can easl 1y be observed in this figure. Sur­

faces prepared by a mill ing machine have slightly greater resistance to fatigue 

than mi 1], scale surfaces. Surfaces prepared by a shaper are considerably less 

fatigue resistant than mill scale surfaces. These results are consistent with 

what would be expected on the basis of surface roughness measurements in the 

axial di rection (Table 5). The rougher the surface the greater the stress con­

centration and therefore the lower the expected fatigue strength. 

Because of, the large difference between the fatigue results of speci­

mens with shaped surfaces and those with,mi 11 scale surfaces, it was decided to 

discontinue the use of specimens prepared with the shaper after several explor­

atory tests. All subsequent machined surfaces were therefore made by ml 11ing, 

whenever possible. 

Modified weld contour specimens (PM) fai led where the width was re­

duced to 4 in. This fai lure location was not surprising since the geometry at 

the machined weld was chosen to be as severe at the point where the thickness 

changed as where the width changed. In fig. 4. I a circular symbol has been used 

to represent both the plain plate (pP) and the modified weld contour (PM) speci­

mens since both groups fai 1ed at, the same location. Modified weld contour re­

sults are represented by a solid ci rc]e to distinguish them·from the plain plate 
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results. 

All fai lures in the series PS, ideal ized weld contours, occurred in a 

manner simi lar to fai lures of actual welded joints. Fai lures initiated at the 

edge of the simulated reinforcement anywhere across the entire width of the 

specimen, always starting at the surface. The number of. initiation points varied 

from one to four and averaged two. Simi lar as-welded specimens were character­

ized by fewer fracture initiation points. In the case of welded specimens the 

geometry would vary along the weld notch and,. in general, only one fracture 

would occur where the geometry was very severe. 

As has been mentioned. in Sec. 2.2.2 the geometrical conditions at 

fracture initiation points were determined by means of plaster casts which were 

made before the specimens were tested. Once the initiation point was noted the 

appropriate cast could be sectioned and the notch geometry revealed by magnify­

ing the cross-section 50 times. 

The machined weld contour (PS) results were found to be very dependent 

upon the notch angle e. The test, results are plotted in Fig. 4.2 and listed. in 

Table 6. Results for e of 15 degrees fell midway between the results for as­

commercially produced plate and the results obtained for t~e as-welded joints. 

By increasing ,e to 25 degrees, the fatigue strength was reduced to that of the 

as-welded specimens. Since the average e for the fracture initiation points of 

as-welded specimens was 20 degrees, this means, specimens exhibiting only the 

geometrical influence (no welding and.essentially no residual stress) have the 

same fatigue. strength as welded specimens with a 5 degree less severe weld 

notch angle. This certainly indicates that geometry is a very significant 

factor. 
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4.2 Results of Altered Welding Procedure 

In order to assess the contribution of metallurgy to any changes in 

fatigue strength, several specimens were examined metal1urgica1ly, The fatigue 

res u 1 t san d the met a 1 1 u r g i cal res u 1 t s h a v e bee n s epa rat e din tot he f 0 1 1 ow i n g tw 0 

sections. 

4.2.1 Fatigue Results .Seven of eight specimens prepared with higher 

interpass temperatures did not have a. Jife as great as the specimens prepared 

with the standard welding procedure. For thi s series of tests the fatigue 

strength averaged 20 per cent less than the fatigue strength~of standard as­

welded specimens. Those specimens welded with an interpass temperature of 550°F 

appeared to be at least as resistant to fatigue as those prepared with a 400°F 

lnterpass temperature, These results are listed in Table 7 and plotted in Fig. 

4.3. 

The use of E7018 electrodes on the outer passes consistently 

reduced the 1 ife of the specimens when. compared to si~i lar specimens with Ell018 

electrodes on all passes. The lower strength electrodes appear to reduce the 

fatigue strength by approximate~y 20 per cent (Fig. 4.4 and Table 8). 

Two specimens on Fig. 4.3 and one specimen on Fig. 4.4 have been 

plotted with a l!d 1i to indicate that they were defective specimens, Normally a 

fal lure of a welded specimen initiates on the.surface near the interface between 

the weld metal and the heat-affected zone. It requi res a substantial defect to 

move the failure location elsewhere, Only three other fai lure locations were ob­

served. Fai lures can initiate in the weld metal. itself, starting at such defects 

as excess porosity, an inclusion, or lack of penetration, These fa.ilures can 

generally be spotted easi ly by observing the fracture surface. A second type of 



30 

fai lure occurred near a nick or a protrusion in a specimen. Specimens were 

handled enough that they occasionally received nicks. If such stress raisers 

were located in a relatively highly stressed area they could cause a failure. 

For example, protrusions occasionally resulted from improper removal of the 

metal. filings produced by milling and in several cases caused a failure where 

the specimen width was reduced to 4 in. The final type of fal lure was a fret­

ting fai lure which generally started at the bolt holes in the pul1heads of the 

specimen. When these fai lures occurred, new pu] lheads were welded on and the 

test continued. in the cases of the first two types of fal lure it was impos­

sible to repai r the defective portion and continue the test. Instead the re-

sult is plotted and accompanied by the symbol 11d ll to indicate that the true Jife 

would be somewhat in excess of the observed one had the defect not been present. 

4.2.2 Metallurgical Results Three specimens with different interpass 

temperatures (250°f, 400°F and 550°F) and one specimen with low strength elec­

trodes on the,outer passes were examined metal lurglcally. Hardness surveys were 

made across the weld near the surface between the heat-affected zones. 

250°F Interpass Temperature: Since this was the basi~ welding 

procedure, it was used as a standard with which to compare the other metallur­

gical. results. The fatigue crack initiated at the interface between the weld 

metal. (WM) and the heat-affected zone (HAZ) . Along this WM-HAZ interface the 

martensite grains are large and the angle of crack penetration.is about 45° to 

the surface. The fracture progressed along this interface for a very short 

distance and then crossed the martensite in the HAZ and proceeded almost straight 

across the specimen through the unaffected base metal. 

Typfcal microstructures for the basic welding procedure are pre-
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sented. in fig. 4.5. Photomicrographs revealed~some porosity in the weld metal. 

The average hardness at the location of the notch was 270 D.P.H. (Depth Penetra­

t ion Ha rdness) . 

400°F Interpass Temperature: The fracture started at the HAZ-WM 

. interface where the.average hardness was 271 D.P.H. and soon intersected a coarse 

martensite having a rather high hardness, the highest value reaching 624 D P.H. 

The crack intersected a larger than average number of inclusions and also exces­

sive porosity, Hardness surveys are shown in Fig. 4.6. 

550°F !nterpass Temperature: The average notch hardness of 292 

D . P . H ' was con sid era b 1 y. h i g her t han the h a r d n e 5 s 0 f the 1 ower. i n t e r pas ssp e c i -

mens. Microscopic examination revealed an exceptionally rough fracture with many 

hai rline fractures occurring in some areas. It appears likely that internal 

cracks were formed in the large grained tempered martensite before the final 

crack propagated from the surface inward. Close examination of the photo-

micrographs indicated that some of the cracks followed the tempered martensite 

grain boundaries, whi le others progressed along continuous ferrite stringers, The 

ferrite nucleated at the old austenite grain boundaries when the rate of cool ing 

was too slow to produce ]00 per cent martensite. 

Low Strength Outer Passes: This weld differed from the standard 

welds only in that the outer passes were made with E7018 electrodes instead of 

EJ]018. Whi le the average hardness across the outer pass was 30 O.P.H. points 

lower than the preceding specimens, the average notch hardness was 376 D.P.H. or 

almost 100 points higher than the other notches, A fatigue crack initiated in 

the weld metal near the heat-affected zone. A second crack started about one­

hundredth of an inch from the one which ultimately led to fai lure. 
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4.3 Machined Weld Results 

A study of Fig. 4.7 reveals that the welded specimens which were 

machined to an idealized weld contour (US) exhibited the same resistance to 

fatigue as the as-welded specimenso The metallurgical structure of these US 

~pecimens was unaltered, the geometry was consistent across the width of the 

specimen but still comparable to the average geometry of an as-welded joint, and 

the residual stresses were vi rtual ly unaffected by the machining process and, 

therefore, this result is not surp.rising. These tests help to confirm that the 

PS series with the machined weld contour adequately represents the geometry of 

as-welded specimens. 

A total of five modified weld contour specimens (UM) were tested at 

two different stress levels. Three UM specimens were tested at 0 to +55 ksi. 

The results show little or no improvement over as-welded resu;lts. Since these 

specimens had a substantially improved geometry this result was somewhat unex-

p e c ted . ! t. i s f e 1 t t hat the r e 1 a t i vel y. h i g h nom ina 1 s t res s (+55 k s. i), m u 1 tip.l i e d 

by the stress concentration factor and added to the residual stress must still 

: have been producing considerable plastic deformation at the toe of the weld which 

resulted in an early fatigue fai lure. In order to check this reasoning, two 

specimens were tested with a maximum nominal stress of +40 ksi. It seemed un-

likely that this stress level would cause plastic deformation. Both.of these 

6 
specimens had a life of 2 x 10 cycles without failure. This wasa great im-

provement over the as-welded results as can be seen in Fig. 4.7. 

Eight specimens were tested with the weld reinforcement completely 

removed (Series UP). The results which are recorded. in Table 9 display consider-

able scatter. These specimens invariably had fatigue] ives which were greater 



than the lives of as-welded joints and less than the lives of as-commercial 1y 

produced plate specimens. 
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Examination of the fai lure surfaces of the seven specimens which failed 

revealed that five fai lures had initiated at weld defects and the other two 

fai lures had occurred a considerable distance away from the weld. Since fiv.e 

fa i 1 u res i nit i ate d a t we 1 d de f e c t s , i tis not s u rp r i sin g t hat so m u c h s cat t e r 

was observed in the fatigue results. The geometry of the weld reinforcement of 

as-welded specimens varies with each specimen; however, the range of variation 

is fai rly small. Thus, each as-welded specimen has a fai rly severe stress raiser 

at the toes of the weld and therefore fai lures generally initiate at this loca­

tion. Once the reinforcement is removed, internal defects, which are not con­

trol led w~th respect to location or severity generally determine the initiation 

of a fatigue fai lure. Since there is a large variation in the severity of these 

weld defects, substantial scatter in the fatigue results of specimens with rein­

forcement removed is not unexpected. With the reinforcement in place, such minor 

internal defects could easi ly go undetected since the fai lure would occur at the 

edge of the reinforcement. 

The combined results of the series UM and UP indicate that an improve­

ment in weld geometry can increase the fatigue strength as long as two conditions 

are fulfil led. The fi rst condition is that the external geometry is sti 11 severe 

enough to control the location of fracture. A second requirement appears to be 

that the fatigue stress cycle is low enough that the actual notch stress is some­

w hat below the y i e 1 d s t r eng tho f the mat e ria 1 . I tis d iff i c u 1 t to kn ow w h e the r 

this second condition has been satisfied unless the residual stress pattern and 

the stress concentration values are known. 
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4.4 Results of Stress Relieving 

Since the discussion of the effect of the stress relieving heat 

treatment relates to all three types of specimens, this discussion is deferred 

unti 1 the data have been presented. These results are listed in Table 10 and 

plotted on Fig. 4.8. Stress relieved specimens with weld shaped cross-sections 

(Series RA and RS) produced considerable scatter with only a small improvement 

over the as-we1ded results. The modified weld series (RM) also showed a s.1 ight 

improvement. All three specimens in the series (RM) were tested at 0 to +55 ksi. 

For the same reason as discussed in Section 4~3 it is felt that a much larger 

improvement would have been observed had the specimens been tested at 0 to +40 

ks i . 

Although the heat treating process, which was used to stress relieve 

these specimens, was not supposed to alter the material properties there is 

evidence that some changes have occurred. For example, the yield stress and 

the tensi le strength (ultimate stres~) .. of the stress re.1ieved material has been 

increased whi le the ductility has been slightly reduced (Table 3). A stronger 

indication of the changes caused by stress relieving was obtained by observing 

the fracture surfaces. All stress re.lieved specimens had fal lures which initiat­

ed at the edge of the weld reinforcement; however, there was a strong tendency 

for the crack to propagate along the edge of the base metal-weld metal interface 

through the plate thickness, thus forming a V-shaped fai lure surface. This type 

of failure was not typical of any other test series. The shape of the failure 

surface tended to indicate that the stress relieving process had weakened the 

heat-affected zone. 

The various initiation points were well spread out across the width of 
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the specimen. Since this was in contrast to the as-welded specimen results, 

it appeared that_the residua1 stress remaining in the stress relieved specimens 

was not dictating the location of fracture initiation. 

The results for this RM series did not exhibit as much scatter as was 

observed in the RS and RA series. The only explanation which might account for 

this difference is the fact that only three tests were conducted with a 0 to +55 

ksi stress cycle. It is quite possible that the sample is not large enough,,:to 

properly indicate the scatter which could be expected. 

4.5 Preliminary Pressed Weld Results 

It should be. recalled that the pressing tests in this group were 

strictly of an exploratory nature. The fai lure, in all cases, occurred at the 

same location as would have been observed in as-welded specimens, namely at the 

edge of the reinforcement. The enti re series averaged a ten per cent increase 

in .1 ife; however, in all. cases it could readi ly be seen that the pressing opera­

tion had not been carried out most advantageously. Furthermore, the pressing 

loads requi red to deform the metal i.nto the desi red shapes were excessive. To 

press the reinforcement level with the base metal requl red a load of 500 kips; 

whi Ie even the specimen with the smallest grooves required a load of 150 kips. 

Both specimens which were pressed flat (Fig. 3.4a) had welds with 

undercuts. The pressing operation did not alter the geometry in the immediate 

vicinity of the undercut. It is also doubtful whether any significant change 

was made in_the residual stress in the undercut region. Since fal lure occurred 

in the region of the undercut, it is not surprising that little improvement in 

fatigue strength was observed (Table 11). 

The same situation which occurred in the specimens which·were pressed 
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flat, prevai led for those pressed to a modified weld shape (Fig. 3.4b), Some ob­

servable undercut was present in all specimens and this undercut could not con­

sistently be pressed smooth, The slight improvement in fatigue strength could be 

attributed to the overall improvement in geometry. However, the improvement was 

small because geometry slightly removed from the notch has only a small effect. 

The local geometry is much more significant. 

In the case of specimens with pressed grooves, the dies were machined 

so that the grooves were too far apart. The geometry at the point of initiation 

was not altered and the fatigue life was 15 per cent lower than for as-welded 

specimens. It is quite possible that pressing outside of the notch location in­

creased the existing residual tensi 1e stress at the notch, This increased 

residual stress could easi ly account for the reduced fatigue 1ife. 

The tests did show that specimen geometry can be conveniently changed 

by means of lateral pressing with dies. Furthermore this series emphasized the 

importance of conditions in the immediate vicinity of a fracture. Alterat!on of 

geometry and residual stress a short d~stance away from the point had only a 

small influence on the. fat!gue life. 

4.6 Factor Contribution 

It is convenient to examine these various test series simultaneously 

to assist in determining the relative significance of residual stress, metal~ 

lurgy and geometry. 

4.6.1 Residual Stress !n order to evaluate the effect of residual 

stress it is necessary to compare geometrically simi lar specimens. This com­

parison wi 11 be made for two different shapes, namely the machined weld contour 
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(Fig. 4.9) and the modified weld contour (Fig. 4.10). 

In the case of the machined weld contour, all specimens had very 

small notch rad! i whi Ie there was considerable variation in.the notch angles. A 

number which represents the notch angle (8) of the specimen, in degrees, accom-

panies each test result in Fig. 4.9. In order to evaluate the effect of metal-

lurgy and residual stress collectively it is necessary to compare specimens with 

the same notch angle. Since only two of the welded specimens of the series US 

were free of defects and each of these specimens had a notch angle (8) of 18 

deg. it is convenient to make a comparison for this geometry. The close proxim-

ity of these results to the S-N relationship for as-welded specimens would seem 

to indicate that the same re1ati~nship would apply and a separate curve has not 

been drawn. 

If one examines the results for unwelded specimens, represented 

by the circles in Fig. 4.9, for which the values of 8 range from 15 to 30 deg. 

an S-N relationship would probably lie in the vicinity of the dashed line. 

6 
At a life of 10 cycles the dashed line representing the unwelded 

specimens (PS) indicates a fatigue strength of 40 ksi or approximately 20 per 

cent greater than the welded (US) specimens. The series PS differs trom the 

series US only in the absence of the metallurgical and residual stress factors. 

These two factors, therefore, combine to decrease the fatigue strength by 20 per 

cent. 

It would be desi rab1e to determine the individual contribution, 

of both metallurgy and residual stress, to this decrease in fatigue strength. In 

order to evaluate the individual contribution it is necessary to examine the re-

su1ts for a group of specimens in which one of these parameters has been radical-
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ly reduced. The stress relieved specimens (RS) which were intended to provide 

such a comparison exhibited an unreasonable amount of scatter. 

In the case of the specimens with the modified weld contour the 

results were more consistent. It was immediately evident that the unwelded (PM) 

test series is considerably more fatigue resistant than the welded (UM) or 

welded-relieved (RM) series. Again this indicates the contribution of residual 

stress and metallurgy in lowering the fatigue strength. Examination of the data 

presented in fig. 4.10 reveals that no improvement in fatigue l~fe was obtained 

by stress relieving three of the specimens which were tested at 0 to +55 ksi. 

One might tend to conclude that re6idual stress was not important since stress 

relieving did not improve the fatigue life. However, two significant changes 

occurred in the stress relieved specimens which tend to contradict this con­

clusion. One is that unusual V-shaped fa! lure surfaces were formed (Sec. 4.4) 

suggesting that the heat-affected zone had been weakened by the stress relieving 

process. The second factor tending to support the influence of residual stress 

was the fact that the fal lure initiation points were more randomly spread across 

the toe of the weld in the stress relieved specimens. 

4,6.2 Geometry The importance of geometry has been clearly indicated 

by the machined plain plate tests. Unwelded specimens (PS) machined to match the 

weld geometry had lives only s.lightly greater than as-welded speci-mens whi le 

specimens machined to a modified weld contour (PM) proved slightly more fatigue 

resistant than as-commercially produced specimens. 

The prel iminary pressed tests (Sec. 3.5) showed the importance 

of the notch geometry. In many of these tests major changes in. geometry were 

achieved a short distance away from the notch without a1tering the notch. These 

distant geometrical improvements were not reflected in the fatigue strength. 
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S NOTCH STRESS DETERMINATION 

5.1 Residual Stress Contribution 

In order to estimate the actual stress in a loaded specimen at the 

toe of a weld it is necessary to determine the residual stress distribution at 

this location. Although the general distribution of residual stress in butt­

we 1 de d j 0 i n t s has bee n de term i ned by s eve r a 1 res ear c her s , i twa s f e 1 t t hat the 

stress magnitude would be highly dependent upon the welding procedure employed 

and any subsequent edge machining of the specimen (Fig. 2.2). !t was therefore 

decided to measure the residual stress across the toes of a welded specimen. 

S. 1. 1 Method of Measurement Foi 1 strain gages of 1/16 in. grid were 

used to measure the surface residual stress of one as-welded fatigue specimen 

at seven different locations. The strain gages were attached to the specimen 

as close to the toe of the weld as possible and initial readings of the gages 

were taken. Next the residual stress was reJeased by sawing so as to remove a 

small piece of metal with the strain gage attached. Another reading was taken 

when the sawing was complete. The difference between final and initial read­

ings gives a measure of the strain caused. by the residual stress in the direc-

tion of the gage. By placing a pal r of perpendicular gages in locatjons of 

biaxial residual stress, the strains determined could be converted to stress. 

A g rap h show i n g the reI at ion s hip be twe en', y i e Ids t r eng t h . and 

temperature, for the type of steel under study, was found in reference (17). 

This diagram indicated that there is negligible reduction. in the short time 

yield strength for temperatures up to 800°F .. ThJsmeans that the residual stress 

would not be altered by temperature unless 800°F was exceeded. Only when the 

yield strength is less than the residual stress would any thermal relaxing of 

the residual stress take place. 
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Since the solder on the strain gage leads melted at about 300°F 

this became the controlling factor. A band saw was used to do most of the cut-

ting, as temperatures could be held to just over lOO°F with the aid of compressed 

air. The band saw was used to cut within 1/8 in. of the gages on the sides re-

mote from the lead wires as indicated in Fig. 5.lc. In the next operation, a 

hand saw was used to cut approximately 1/16 in. below the surface under the en-

ti re area covered by the gages. The gages along with 1/)6 in. of surface materi-

al were then removed. by means of a cut perpendicular to the surface. Where two 

perpendicular gages were involved, one was tr;i;mmed closely. and then a reading was 

taken. Next the first gage was destroyed as the second gage was trimmed as 

closely as possible before a reading was recorded. 

5.1.2 Residual Stress Pattern The as-welded specimen was found to 

have the following surface residual stress distribution along the edge of the 

rei n for c e men t . The longitudinal residual stress ( pat a Ll e 1 : to the weI d)i ncr e a sed 

from zero at the edges of the specimen to +48 ksi in the central portion. Trans-

verse residual stress (perpendicular to the weld) had values as high as -55 ksi 

in the central portion (Fig. 5.2a). The lack of symmetry observed is not sur-

prising because the temperature woGld. be substantially different at each end of 

the weld when the fina1 pass is The resu1ting residual stress pat= 

tern is highly dependent upon this temperature distribution and the subsequent 

rate of cool ing. 

Many investigators have measured localized residual stress values 

up to the yield strength of the material, thus the observed value of +67 ksi does 

not seem excessive. It is strongly suspected that local residual stress values 

up to the yield strength.exist in the weld before any machining takes place. The 
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average transverse residual stress is compressive at the ends of the weld and 

tensi le in the central portion. Equilibrium necessitates that the transverse 

compressive forces near the ends of the we1d balance the central tensi le force. 

When a fatigue specimen is sawn and mil led to reduce it to its final dimensions, 

all of the material. is removed from the compressive zone. The remai.ning residual 

stress must be in equiJibrium, therefore the magnitude of this stress must be 

reduced in the specJmen to be subjected to fatigLe loading. 

A study of the location of fracture initiation indicates the 

significance which residual stress plays in this initiation. Of those sepcimens 

in which residual stress was Dot purposely altered, ove~ 90 per cent had fal l­

ures which. initiated in the central. half of the cross-section where the measure­

ments indicate a maximu~ transverse tensi Ie residual stress. In the other 10 per 

cent of the specimens fal lure invariably i.nitiated near the quarter points where 

substantial tensi Ie residual stress existed. In no case was a· fal lure observed 

to: initiate at the edge of the specimen. in the zone of compressive residual 

stress. In stress reI ieved specimens only 50 per cent of the fai lures initiated 

in the centr~l portion. Since the stress relieving process substantially reduces 

the residual stress, the maximum stress at the notch becomes fairly uniform along 

the length of the weld causing fal lure initiation points to occur in a random 

manne r. 

5.2 Stress Concentration Factor 

The nominal stress applied to a specimen. is altered in the vicinity of 

the weld reinforcement because of the change in specimen cross-section associat­

ed with this reinforcement. In order to determine the notch stress of a loaded 

specimen. it is necessary to know how this nominal stress is affected. Therefore 
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the stress concentration factors at a number of typical fracture locations were 

evaluated, 

T~ere has been a great deal published on the theoretical calculation of 

stress concentration values (18). However, a1mostwithout exception, the studies 

have been concerned with grooves rather than projections. Considerable effort 

was expended in an attempt to develop a general closed form solution for the 

stress concentration va1ues of we1d-shaped projections; however, no success was 

achieved, The evaluation of stress concentration factors. at the toe of the weld 

was made in the following three ways. 

5.2.) Strain Gages Stress concentration values were determined at 

seven locations along the notch of an. as-welded specimen by means of strain 

gag e s . Us i n g. s t r a i n g'a 9 e s for t his p u rp 0 s e un do u b ted 1 y y i e 1 d salow e r. b 0 un d 0 f 

the stress concentration value for two reasons. One. is that strain gages average 

the strain over the length of the gage, which was ]/8. in. The second factor is 

that it is necessary to grind a sma.l i area smooth·in order that the gage wi.ll 

properly adhere to the metal. This smoothing operation inevitably reduces the 

peak stress. The stress. concentration values were found to range from 1.08 to 

1.42 and to average 1.27. 

Strain gages were also placed on one specimen which had been 

machined. to a modified weld contour. Again the results of these measurements 

would be expected to be a lower bound of the stress concentrati.onvaiue; however, 

because of the smoothness of the machined surface and the short gage length 

(1/16 in. in this case), the observed strain should be close to the peak strain. 

An ave~age stress concentration value of 1.22 was obtained for this modlfled 

.weld contour specimen. 
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5.2.2 Photostress In order to determine the average stress concen­

tration value along the enti re notch, one specimen was coated with Photostress. 

Two methods of covering curved surface, such as weld reinforcement, are commonly 

employed. In one case liquid Photostress plastic is brushed di rectly on the test 

piece, whi le in the other case liquid plastic is poured. into a mold forming a 

thin sheet. When the sheet is partly solidified it is glued onto the test sec­

tion. Since it is flexible, it can.be closely contoured. to surface of fairly 

large curvature. 

Preliminary tests of contoured sheets revealed that. it was im­

possible to properly match the small notch radl i. Brushing liquid plastic on a 

test specimen caused.a va.riation. in the thickness of the Photostress material 

over the surface. This variation proved to be a drawback because. it complicated 

any. stress concentration calculations. The procedure which was adopted consisted 

of applying sheet plastic to the flat portions next to the weld. reinforcement and 

brushing. liquid plastic over the reinforcement. By placing the flat sheets as 

close to the notch as possible, the thickness of the brushed plastic adjacent to 

these sheets could be maintained equal to the sheet plastic thickness. The 

material used had a strain sensitivity constant of 0.08 and a thickness of 

0.0475 in. 

A special procedure is required to ensure that the polarized 

light is properly reflected from the weld area. The light coming, from the 

polariscope is norma.l1y reflected by the glue used to bond the plastic to the 

specimen. In the case of the brushed on material, no glue is used so it is nec­

essary to sandblast the weld reinforcement to make it more reflective. 

Once the photostress was in place, the specimen was loaded and 
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unloaded and colored photographs were taken at regular intervals of load. The 

maximum load was large enough so that plastic deformation could.be expected in 

the notch area. 

Stress concentration values were determined for an. as-welded 

specimen at three different leve.1s of stress (30, 45, and 60 ksi). The mean 

value of K was 1.41 and the range was from l.39 to 1.43. These very consistent 

results were achieved by optical compensation. By rotating the Photostress 

analyser a we.1l defined color ca.11ed "tint of passage!1 could be made predominant 

along the notch. The true bi refringence in the plastic coating could then be 

determined by subtracting the artificial birefringence from that observed. The 

true bi refringence can then be converted to stress. The tint of passage was 

chosen as the predominant coJor and thus it represents an average notch stress. 

Some small areas would be more highly stressed and others not stressed as much. 

Whi le these differences could be seen through the Photostress instrument it would 

be difficult to accurately evaluate the range of stress concentrations along the 

notch. 

The K value determined by Photostress is greater than that de­

termined by strain gage measurements (1.41 vs. 1.27). This ,difference is to·be 

expected since the use of Photostress does not alter the specimen geometry and 

there is no averaging over a gage length as in the case of strain gages. How­

ever, in case of Photostress the polarized light passes through the Photostress 

thereby averaging the strain through the thickness of the mate.rial (0.0475 in.). 

When the app.1ied load on the unloading cycle was made to match 

those loads at which the stress concnetration values had been determined, slight 

differences in the bi refringence of the notch could be observed. This was doubt-
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less due to the smal I amount of plastic deformation which must have occurred at 

maximum. load. 

5.2.3 Esuivalent Shear Experimental evaluations of stress concentra­

tion factors are quite valuable; however, it is difficult to predict the effect 

of a s1 ight change in geometry on such results. For this reason it is desi rable 

to have some means of studying the effect of altering the significant geometric 

properties. 

An "equivalent shear " method originally devi sed by Weine'l (19) 

and. later improved by Hetenyi and Liu (20) can be altered to permit the deter­

mination of approximate values of K for a wide variety of weld sh~pes. Weinel 

proposed that the shoulder portions of axially loaded notched bars be replaced by 

the stresses acting on the edges of the remaining portion. When reasonable 

assumptions as to the distribution of these stresses are made, stress concentra­

tion values can be obtained. Since the normal and shea.ring stresses represent 

boundary. conditions on a member of constant thickness, the internal stress dis­

tribution can be determined by expressing the boundary loads by Fourier series 

and solving with the aid of a stress function. Weinel assumed that the normal 

stress would have negligible effect on the stress concentration. factor. Fur­

thermore, he assumed that the shear stress was proportional to the slope of the 

notch within the range of the notch and zero elsewhere. EquiJ ibrium on the re­

moved shoulder was used to determine the constant of proportionality. 

Hetenyi et al (20) made a further contrJbution to this method. 

By observing. the exact stress distributions in the vicinity of notches and 

fi llets, determined by Neuber (18), a more real i sti c a,s.sumption as to the di stri­

bution of the shearing stress was made. A triangular distribution of shear 
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stress seemed to represent closely the true distribution for grooved and filleted 

bars sUbjected to tensi Ie loadings. Theoretical solutions further revealed that 

the apex of the triangle was approximately O.5p from the notch. The magnitude of 

the maximum shear stress was found to be a function of the Sip ratio for shal low 

grooves and of.Ja/p for deep notches (115" is the thickness of the shou1der por-

tion and Iia ll is one-half of the minimum thickness). Exact values obtained for 

e 1.1 i p t i ca 1 not c h e s we r e use d for s hallow 9 roo v e san d the res u 1 t sob t a i ned for 

hyperbolic notches were used for deep notches and fj llets. The final dimension 

of the triangle (the base length) was chosen so as not to violate equilibrium. 

It appears that this general approach. can be appJ ied to deter­

mine stress. concentration values of welds as fol lows. Consider an axially 

loaded weld as shown in Fig. 5.3a. Because of the short width.of the weld, the 

axla]~~tress would not'be uniformly distributed at the centerline. Instead, the 

stress would be somewhat reduced near the surface as shown in Fig. 5.3b. 

If the reinforcement were imagined to be removed, the free body 

diagrams shown. in Fig. 5.3c would result. The total shear force on a surface 

bQundary between the weld reinforcement and the base plate would have to equal 

that portion of the axial. load carried by the reinforcement. Geomet.ric symmetry 

would necessitate zero shear at the center of the weld - the shear ther~fore 

varies from zero at the edge of the weld to a maximum near the edge and then de­

creases to zero at the center of the reinforcement. A triangular shear stress 

distribution would appear to produce a good approximation to the true distribu­

tion. The normal stress which Weinel (19) found to have negligible effect on the 

stress concentration of fi 11ets, would be even smaller in the case of welds since 

the height of the reinforcement (h) is so small. 
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The boundary stress values would be completely defined jf the 

coordinates of the apex of the shear stress distribution were known. It is 

strongly suspected that these coordinates are functions of the geometric proper­

ties 8, p and h. For example, in filleted or grooved members the location of 

maximum shear is highly dependent on p. It is reasonable to expect a similar 

dependence would exist for weld shapes. Equilibrium of one-half of the rein­

forcement would establish the maximum shear value. Since the axial stress is 

not uniformly distributed at the center line, the axial. load in the reinforce­

ment must be known before the egui.1 ibrium condition can be app,l ied. 

In the absence of precise knowledge of the apex coordinates, the 

problem can be set up for a shear stress triangle of unit area and an entire 

range of values for the location of the apex. As further experiments indicate 

reasonable methods of determining the apex, the appropriate values may, be read 

from a chart. When tests indicate the proper manner of evaluating the shear tri­

angle area, the value in the chart may be multipJ led by the approximate area. 

The resulting.number would be the amount by which the stress concentration,value 

exceeds unity. 

A more detai led explanation of how this eguivalent shear ap-

p r oa c h was ap p .1 i edt 0 we 1 d s hap e s f 0 1 I ow s . The s he a r s t res sw a s ass ume d to ha ve 

. a triangular distribution· for a distance.w on either side of the centerline and 

to be zero elsewhere. it was desi red to know the internal stress caused by the 

boundary loads acting on this equivalent member. Elasticity solutions of prob­

lems of this nature require the boundary loads to be single continuous functions 

along the entire edge. Thus one way such solutions could be used was to express 

the shear stress as a Fourier se.ries where each term was continuous along the 
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enti re edge. By superposition, the sum of the series would yield the correct 

boundary loads and also the correct internal st.resses. 

It was decided to consider the boundary loading in two parts 

since this resulted in a more useful solution to the probJem. The internal 

stresses caused by the shear loading alone were solved separately for a unit area 

shear triangle. These stresses could then be multipJ ied by the true shear area 

and added to the stress caused by the axial. load, to obtain the true internal 

stress distribution. A schematic representation of this procedure is shown in 

Fig. 5.4. 

The problem amounts to finding a solution which satisfies the 

boundary conditions for a two dimensional stress function. A solution of this 

type of problem is outlined by Timoshenko and Goodier (21). The equation for the 

s t res s fun c t i on (~) i s 

This equation can be satisfied by a function ~ of the form 

where 

00 

'" = L co sax. f ( y) 

n=l 

ex =.2nrr 
T 

This leads to the fol lowing stress function: 

00 

'" = L cosCXx. (C] . coshay +CZ, s i nhay + C3 · y. coshay +C4 ' y.s i nhay) 

n=l 

(5..,.1) 

(5- 2) 

( 5-3) 
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The equation for the stress function is formed so that the following relations 

are satisfied: 

cr xx T xy 
_ d2<P 

dXdY 
(5-4) 

Since the member is loaded with shear stress onJy, cr must be xx 

zero at the end of the specimen. This necessitates cosax being zero at the ends 

of the specimen and therefore sinax is one. The shear stress isanti-symmetrical 

so it can be represented. by a Fourier sine series of the form 

where 

T xy 

A 
n 

00 

L A .sin 
n 

ax dx 

n=l 

T 

= 2/T J 
.0 

(T) s i nax dx 
xy 

( 5-5) 

( 5-6) 

Since the sine terms must all be zero at n = ±2L the pe.riod T of the series is 

4L or twice the length of the specimen. 

The shear stress has the following values when the apex coor-

dinates are chosen to make the area of one shear triangle equal to unity. 

T -2x/wt o < x < t 
xy 

T = 2 (x-w) /ws t < x<w 
xy 

T = 0 W < x < L xy 

Substituting the preceding shear stress expressions into the 

expression. for A .. , Equation 5-6, results in the following: 
n 

(( 1 + 1 ) s i nat - (1 ) s i nOW } 
s t s 

if s F 0 and t F 0 



A = 
n 

A n 

-2 ( ( ) s i nat - aco sat } 
wLa2 t if s 0 

-2 ( a - ( 1) s i nOW } 
wLa2 s if t 0 

The boundary conditions on the upper and lower surfaces are: 

cr yy 

.".. xy 

o 

C9 

fL An' 5 i nCXx 

n=l 

at y = ±c 

at y ±c 
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These four conditions permit the evaluation of the unknown con-

stants C
1 

through C4 in Equation 5-3. By substituting these C values. into the 

expression for cr ,evaluated at y = c, the following expression results: 
xx 

2 A cosh ac 
n (ac + sinh ac . cosh ac) 

, cos ax (5- 7) 

Since the butt-welds have a 60° included angle and the bevelled 

ends are placed 1/8 in. apart before welding, w can be expressed as a function of 

c; namely w = 1/16 + c . cot 60°, 

A sufficient .. number of terms must be taken to ensure adequate 

convergence; however, the number of terms requi red depends on the length of the 

specimen. If the member is made too long an excessive number of terms are re-

qui red for adequate convergence. On the other hand if the member is too short 

the proximity of the ends wi 11 result in erroneous stress values near the center-

line. By checking specific stress conditions for members of various lengths it 

.was determined that for a length, L = 4w, adequate convergence was achieved with 
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300 te rms . 

The cr expression was evaluated for several thicknesses. For 
xx 

each thickness cr maximum was determined for many different positions of the 
xx 

apex of the shear stress triangle (1.e, many values of s). The results of these 

cal c u 1 a t ion ~;·a rep lot ted in Fig. 4. 1 1. If the coordinates of the apex of the 

she art rI ·an g lea r e know n for a par tic u 1 a r we 1 d t his d i a g ram can be use d to cal-

cula~~ the stress concentration value of the weld. 

It was observed by Mathews (22) that the location cr the peak 

stress was at a distance of 0.4 p from the notches of grooves and fi llets rather 

than at 0.5 p as used by Hetenyi et al (20). Since the geometry in the vicinity 

of the notch is by far the most important in determining the location of the 

maximum shear stress, a simi 1ar relation would be expected for weld reinforce-

ment. Unti 1 evidence indicates otherwise it wi 11 be assumed that s = 0.4 p. 

Next, the appropriate value of the shear triangle area must be 

evaluated. Since this area as used in the calculations is equal to the axial 

load in the reinforcement some bounds on its value can be determined. The axial 

stress would not be uniformly distributed at the centerline and therefore the 

reinforcement must carry less load than h.c/(h+c) on each side (assuming a unit 

ten si 1 e stress at the specimen ends). I tis f e I t that the shear triangle area 

(A)~ because it is equal to the load in the reinforcement, depends upon p, hand 

e. An extensive investigation would be necessary to determine the contribution 

of these factors, For two specimens a number of strain gages Were placed on the 

top of the reinforcement at different locations to determine the axial. stress 

C E) . a t t h L s, 10 cat ion. Ate a c h 0 f the s e 1 0 cat ion s the 9 e om e try ( p, han de) was 

reco rded. 
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If the stress distribution at the centerline is assumed to be 

uniform over the middle 2c inches and to vary 1 inearly to a value of E at the 

surface of the reinforcement, the stress concentration value can be evaluated. 

hc ( With this stress distribution A is equal to h + 2c 1 + E). Since the apex of 

the shear stress triangle is assumed to be 0.4p from the notch, the s/w ratio can 

be easily calculated. Having obtained the appropriate s/w ratio, the maximum 

stress for a unit shear area can be read from Fig. 5.5. This value when mu]ti-

plied by A and added to 1.0 yields the stress concentration value of the notch. 

Calculation of a typical stress concentration, value would pro-

ceed as follows: assume that the member is 3/4 in. thick and has the foLlowing 

reinforcement characteristics p = 0.21. in., h = 0.05 in., and E = 0.70. Then, 

w = 0.0625 +.0.375 cot 60° = 0.279 in. 

and s/w 0.4 x 0.21 = 0.301 30.1% = or 0.279 

For s/w = 30.1 per cent and 2c = 0.75 in. 

the maximum stress for a shear triangle of unit area can .be read from Fig. 5.5. 

a = 8.4 in this case 
max 

Next, the true value of A can be determined: 

A = hc (1 + E) = 0.05 x 0.375 (1 + 0.70) = 0.040 
h + 2c 0.05 + 0.75 

and thus K = (8.4 x 0.040) + 1 = 1.34 

T his pro c e d u r e was f 0] 1 owed a t s eve ncr 0 s s - sec t jon s 0 fan a s-

welded (UA) specimen. The resulting K values averaged 1.40 and. ranged from 1.26 

to 1.53. Photostress results on a different as-welded specimen. indicated an 

ave rage K . va 1 u e of 1. 4 1 ( Sec. 5. 2. 2) . 

Three cross-sections of a modified weld contour specimen (UM) 
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were evaluated by this equivalent shear method. The average K value was 1.27 and 

the range was from 1,24 to 1.30, The Kvalue of this same specimen was evalu­

ated by means of strain gages (Sec. 5.2.1) with an average K of 1.22 resulting. 

In light of the difficulty in placing the strain gages at the point of maximum 

stress and the inherent averaging over the gage length, these results are felt 

to be quite consistent. 

Because of the consistency of the resu1ts, it is felt that this 

equivalent shear method of determining stress concentration values is adequate 

for a large range of geometric parameters. Conservative values for K can be ob­

tained by assuming the stress to be uniformly distributed over the gross area. 

The true value of E is related to the values p, h.and B. The manner in which 

these values contribute to E requires a separate study. 

5.3 Notch Stress Values 

Having determined the residual stress distribution and typical stress 

concentration values it is now possible to estimate the stress occurring at the 

notches of loaded specimens. 

When as-welded ,specimens were tested with a 0 to +34 ksi stress cycle 

there could.be no certainty that fai lure would occur. A maximum stress concen­

tration of 1.53 was evaluated for this type of specimen (Sec. 5.2.3) and a max-

imum transverse surface residual stress of +67 ksi was measured on another as-

welded specimen (Sec. 5.1.2). If these two effects are combined a nominal stress 

of 34 ksi would represent a maximum notch stress of (34 x 1.53) + 67 = J19 ksi. 

This stress is approximately equal to the biaxial yield stress of the material. 

It can be seen in Fig. 4.10 that the UM specimens had lives over 

2 x 10
6 cycles when cycled from 0 to +40 ksi. Since short lives were observed 
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for specimens tested with 0 to +55 ksi stress cycles this value of 40 ksi must 

be approximately the fatigue limit. Stress concentration values were found to 

be approximately 1.27 for this type of specimen (Sec. 5.2.4). The residual 

stress values which were determined for the as-welded joints would not be ap­

preciably changed by the machi.ning. process necessary to produce the modified 

weld contour. Therefore the maximum notch stress for a 0 to +40 ksi stress 

cycle would be (40 x 1.27) + 67 = 118 ksi or approximately the yield stress. 

The apparent absence of plastic deformation wou.ld seem consistent with the ob­

served life. A 0 to +55 ksi. stress cycle would appear to cause approximately 

20 ksi of residual stress to be relieved mechanically. This could w~l 1 be the 

reason that the stress relieved specimens (RM) were no more fatigue resistant 

than the unrelieved specimen (UM) at this stress level. 

The relieving process would not completely eliminate the residual 

stress but rather reduce the stress to the value of the yield stress of the 

material at the re] ieving temperature. The stress relieved specimens were heated 

to 1100°F. It is indicated in. Reference (17) that the yield strength of 

N-A-Xtra steel is approximately 30 ksi. at this relieving. temperature. This means 

that residual stress up to 30 ksi could remain in the relieved specimen. 

Assuming that 30 ksi of residual stress did remain the (RM) specimens, which were 

tested at 0 to +55 ksi, would have a maximum notch. stress of (55 x 1.27) + 30 = 

100 ksi. Since this notch stress is substantial lybelow the yield stress it can 

only be concluded that the low observed] ife was caused.by weakening of· the heat­

affected zone. It should be recalled that these specimens formed grooved shaped 

failure surfaces since the fatigue crack propagated along this heat-affected _ \ 

zone. Simi lar welded specimens (UM) tested at 0 to +55 ksi would have a maximum 
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elastic notch stress of (55 x 1.27) + 67 = 137 ksi. This value is large enough 

to ensure considerable plastic deformation which is doubtless responsible for the 

short fatigue lives of these specimens. These calculations would seem to 

indicate the importance of keeping the notch stress low in order to avoid plastic 

deformation. 
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6 PRESSED WELD TESTS 

6,1 Pressing Procedure 

The test data indicate that both residual stress and geometry may have 

a major influence on fatigue behavior; therefore, any pressing procedure should 

attempt to make both of these factors more favorable. To ensure compressive re­

sidual stress along the toe of the weld the pressing should be carried out with a 

die having small diameter projections. However, if the diameter is too small the 

i rregu ~ar geometry along the toe of the weld wi 11 cause part,_'of the notch to re­

main unpressed. Obviously some compromise must be made in the choice of the pro-

jections. 

Results presented in Sec. 5.2.3 indicate that as-welded specimens have 

average K values of 1.40 and modified weld contour specimens have average K 

values of 1.27. The preliminary pressing results of Sec. 4.5 showed that exces­

sive die loads were required to change the geometry from as-welded to the 

modified weld contour. !t appears that the most beneficial geometric effect of 

pressing will be the elimination of small i rregulatities at the notches. After 

proper pressing no cross-section wi 11 have a K value significantly above the 

mean. However, the main purpose of the pressing operation is to convert the 

tensi le transverse residual stress into compressive stress. 

A die with two 1/4 in, diameter projections was chosen. The 1/4 in. 

diameter dimension would be large enough to take care of the irregularities in 

the weld width yet small enough to achieve adequate alteration of the residual 

stress at loads that would not be excessive. These projections were machined 

0.60 in. center to center on one face of a block of tool steel. A pair of these 

dies was machined from, blocks which were 2 in. square in cross-section and 4,5 

in. long. The dies were hardened by heat treatment before they were used. One 
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6.2 Pressed Weld Results 
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Eleven pressed specimens were tested with a 0 to +50 ksi stress cycle, 

The results which are presented in Table 12 show considerable scatter, All 

specimens had a life equal to or better than simi la~ly tested as-welded speci­

mens. The impro~ement based on life ranged from no effect to Jives over three 

times as great as as-welded specimens. 

A number of conditions are probably responsible for the. large scatter 

in the results. Believed to be of prime importance is the fact that the plate 

material from which this series of specimens was fabricated was found to be badly 

warped. Four foot specimen blanks were bowed up to three-eighths of an inch. 

Prior to wel.ding, these blanks were straightened as well as possible by bending 

them in the opposite di rection unti 1 plastic deformation occurred. Whi Ie this 

procedure eliminated most of the warping it was impossible to straighten the 

plate to the extent necessary to produce plane specimens. The remaining curva­

ture made it difficult to properly align the bevel led ends which were to be 

welded. This condition resulted in smal 1 offsets which.caused two of the notches 

to occur at small re-entrant corners. Failure invariably initiated at one of 

these two notches. 

Three specimens (F13, F15, and F19) were tested when the machine was 

improperly adjusted. One of the pu11heads could not rotate freely thereby in­

ducing a bending moment. After this condition was detected the bending stress 

was measured by instrumenting a specimen with strain gages. The edge stress was 

found to differ from the nominal stress by ten per cent. The notch stress at 

the e d 9 e 0 f the s p e c i men w 0 u 1 d show an eve n g rea t e r d is c rep a n c y due tot he s t res s 
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concentration of the weld reinforcement. In each case fai lure initiated at the 

end of the weld notch which had the increased stress due to bending. When the 

results of these three specimens are compared to the results of as-welded speci-

mens tested at a stress level equivalent to that caused by bending they are found 

to have over three times as long a fatigue life. 

Several specimens had observable undercuts which prevented the dies 

from properly pressing the notch across the entire width. !n these cases failure 

was found to initiate at that part of the notch which was ,undercut and where the 

deformation caused by pressing was either minimal or non-existent. 

Two of the specimens (FIB and FIll), which exhibited the longest lives, 

failed at a slight burr some distance from the weld. These burrs should have 

been removed during the draw-fi 11 ing process. For these specimens all that can 

be said is that the true 1 lfe is in excess of that which was observed. 

5 Since several specimens achieved lives in excess of 4 x 10 cycles, 

_. ..- ..... ..- 5 ..... - -
compared fo a Life 1.5 x 10 for as-welded specimens, it is apparent that the 

pressing process offers a considerable advantage to fatigue resistance. it 

appears as though an increase in fatigue strength as great as 25 per cent can 

5 
be obtained at 1 ives of 4 x 10 cycles if compressive stresses can be induced 

along the enti re notch. 

Since specimen FIB fai led about 4 in. away from~the pressed notches 

this specimen was used after the fatigue test to determine the residual stress 

achieved by the pressing operation. The same procedure which was discussed in 

Sec. 5. 1.1 was employed to determine this residu~l stress distribution. The 

transverse residual stress was found to be compressive along the enti re notch. 

A minimum compressive residual stress of 14 ksi was measured at one edge whi Ie a 
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maximum value of 30 ksi was recorded at the center. The lack of symmetry which 

was present in the as~welded specimen was again observed (Fig. 5,2b). It would 

be expected that the lack of symmetry observed. in as-welded specimens would be 

maintained since the pressing operation would do nothing to alter this condition. 

It is interesting to note that whi le 90 per cent of the fai lures of as-welded 

specimens were observed to initiate in the central half of the specimen only one 

of the nine pressed specimens fal ling at the notch had a fal lure initiate in the 

central half of the specimen cross-section. Since the minimum transverse 

residual compressive stress occurred at the edges of the specimen these fal lure 

locations offer further evidence of the influence of residual stress in deter­

mining the location of fracture initiation. 

6.3 Implementation of Pressing Methods 

Pressing loads of approximately 300 kips were used to press the FI 

series. Such a substantial load would be difficult to obtain on a construction 

site, if one pair of notches was pressed at a time the required load would be 

halved. Furthermore if each inch of the notch length was pressed independently 

the load could be divided by eight. This could reduce the load to less than 40 

kips which is well within the capacity of a squeeze riveting machine. This re-

duced pressing length would offer two additional advantages. Slight undercuts 

could be pressed since this would not involve excessive yielding of adjacent 

material, It would also be more convenient to accomodate s.light changes in the 

width of the weld. Whi le the toe of the weld is approximately linear over a one 

inch length wider variations can be expected over 10nge~ intervals. It therefore 

seems quite reasonable that the loads could be reduced substantially and. an im­

provement in the effectiveness of the pressing procedure could be accomplished at 
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the same time. Whi le such a pressing process might appear to involve a signifi­

cant amount of labor, it must be recalled that this would only have to be appl ied 

to a sma11 proportion of the welded joints in a structure. Only those sUbjected 

to a large number of cycles and possessing a sma] 1 dead load stress would likely 

need any improvement in fatigue strength. 
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7 SUMMARY 

7.1 Preliminary Investigation 

All of the fatigue tests reported herein have been conducted at one 

stress cycle (zero<-to-tension), with one type of steel (N-A-Xtra 100) and at re-

latlvely long lives. Great care should be exercised when applying these resu1ts 

to conditions different from those under which the tests were conducted. Fur-

thermore many of the test series contained as few as three specimens. Because 

of the inherent scatter associated with fatigue data it is quite possible that 

individual tests would deviate considerably from those testedo 

The object of the pre] iminary investigation was to determine which 

factors were most significant in causing fatigue fal lures of butt-welded joints 

in high strength steel. Axial loaded fatigue tests on unwelded specimens, ma-

chined to simulate welds, indicated that the geometry of the weld reinforcement 

was very important in determining th'2 resistance to fatigue at all levels of 

stress. The change in specimen cross-section associated with the weld reinforce-

ment introduces a substantial stress concentration at this location. Although 

the exact manner in which the shape of the reinforcement contributes to this 

concentration of stress is somewhat in doubt the notch radius (p), the tangent 

slope (8) and the height of the reinforcement (h) all appear to be of prime im~ 

pertance. Tne geometrical properties in the immediate vicinity of the - . _. no(cn are 

considerably more important than those at points a short distance away from the 

notch. 

An equivalent shear method was developed which enabled the approximate 

calculation of stress concentration values for weld-shaped sections of known 

geometry. At present this method requires a strain gage to estimate the axial 

load being carried by the weld reinforcement, !t is hoped that further study 



of the geometrical influence on stress flow wi 11 permit determination of the 

load in the reinforcement by geometrical properties alone. Applying this 

equivalent shear method to a typical as-welded specimen revealed stress con­

centration values which averaged 1.40 and ranged from 1.26 to 1.53, 
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Two changes were made in tne welding procedure in an attempt to im­

prove the fatigue strength by altering the metallurgy. Neither increasing the 

interpass temperature nor reducing the electrode strength of the outer passes 

improved the fatigue strength. 

There was a strong tendency for fatigue fai lures to initiate in areas 

containing a large amount of residual stress. A transverse surface residual 

stress (perpendicular to the weld) of 67 ksi was measured even though the pro­

cess of machining the specimen edges (Fig. 2.2) must relieve a great deal of the 

initial residual stress. 

Stress relieving proved to be of no value at higher stress levels and 

of only limited value in other cases. Fai lure surfaces of stress relieved speci­

mens fol lowed the edge of the weld metal forming a V-shaped fai lure surface. 

Since fai lure surfaces of unrel ieved specimens were primari ly perpendicular to 

the surface it appears that the stress relieving process weakened the heat-af~ 

fected zone. 

Most fatigue data are presented on a nominal stress basis. This is 

doubtless done because of the difficulty in determining the maximum stress in a 

member. However, evaluation of transverse residual stress and typical stress 

concentration values permitted estimates of the maximum stress in the specimens 

used in this investigation. These values seemed to indicate that the fatigue 

1 imit of welded joints is the nominal stress which causes the maximum notch 



63 

stress to reach the yield stress of the material, 

7.2 ssed Weld Tests 

The purpose of the final investigation was to improve the factors which 

had been found to have a significant effect on the fatigue strength of the speci­

mens being tested. Geometry and residual stress had both proved to play impor­

tant roles in the observed fatigue fai lures. Omitting metallurgy from the list 

of important factors is not an indication that it is not important but rather 

that no practical way of improving it is known. 

The toes of the welds were pressed with dies in order to alter the 

residual stress across the enti re notch and to produce an improvement in the 

geometry of the notch. Residual stress measurements revealed that the pressing 

operation had prod~ced transverse compressive residual stress varying from 14 to 

30 ksi across the entire weld notch. 

Although the fatigue results were somewhat clouded by several factors 

which could not be adequately controlled it was obvious that an improvement in 

the fatigue strength of the high strength welded joints had been achieved by 

pressing the toes of the welds. The pressing method which was used can certain­

ly be improved and this would probably result in even greater increases in 

fatigue resistance. Changes in the pressing procedure could be made to reduce 

the pressure requi red to such an extent that economical pressing equipment could 

be located on a construction site. These same changes would make it easier to 

control the amount and location of applied pressure. 
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TABLE 1 

HEAT TREATMENT CYCLES 

Austentizins Treatment 

Temperature Time 
Heat No. of Minutes 

,5M- 15629 1650 70 

5MB-15103 1650 70 

5MB-05579 1650 90 

TABLE 2 

CHEMICAL COMPOSITION OF PLATE MATERIAL 

Chemical Content 
(per cent) 

C 

Mn 

P 

S 

Si 

Cr 

Mo 

Zr 

Cu 

Heat 5M-15629 
Manu. ,'~ Check,'n', 

0.19 0.21 

0.97 0.98 

0.008 0.010 

0.020 0.017 

0.78 0.75 

0.68 0.68 

0.25 0.26 

0.10 O .. 10 

0.03 

Heat 5MB.,..15103 
Manu. Check 

0.17 0.17 

1.04 1. 05 

0.0.8 0.041 
0.039 

0.021 0.0]9 

0.85 0.51 

0.82 0.70 

0.24 0.26 

0.10 0.03 

0.14 

~', Information supplied by the manufacturer 
.. /"I~ Check analysis 

66 

Temperins Treatment 

Temperature Time 
of Minutes 

1260 60 

1240 60 

1260 70 

Heat 5MB-05579 
Manu. Check 

0.18 0.20 

0.99 0.96 

0.012 0.016 

0.017 0.Oi5 

0.52 0.43 

0.68 0.57 

0.20 0.20 

0.09 0.05 

0.14 



Heat No. 

5M-15629 

3/4-in. 

5MB-15103 

3/4-in. 

5MB-05579 

1- in. 

TABLE 3 

PHYSI CAL CHARACTERI STies OF PLATE MATERIAL 

(a) Information supp1 ied by the manufacturer 

Di rection 

Long. 

Tran s. 

Long. 

T ran s. 

Long .. 

Trans. 

Yield Stress;"-

(ks i) 

104.0 

106.1 

109.4 

109.4 

108·,3 

110.0 

. Ultimate Stress 

(ks i) 

116.4 

119.2 

120.8 

121.7 

118.7 

119.4 

* 0.2 per cent offset. 

Heat No. 

5M-15629 

5MB-15103 

5MB": 15103 
Stress 
Rel ieved 

5MB-05579 

(b) Based on 0.505 in. round spec i mens"""" 

Direct ion Y i e 1 d S t res s j',,','i'\ U 1 tim ate S t res s 

(ks i) (ks i) 

Long. 96.3 111.3 

Long. 111 ~ 2 121.0 

Long. 116.0 125.3 

Long. 110.8 119.9 

** Results are averages of at least three tests. 
ih',k Ha 1 t of the po i nte r method. 

Elongation 
2-in. 

(per cent) 

28 

22 

30 

28 

36 

34 

67 

Bri ne 11 
Hardness 

No. 

255 

255 

Elongation Reduction 
in 2-in. in area 

(per 'cent) (per cent) 

23 ... ] . 65.1 

20.8 61.5 

20.2 59.9 

21,0 61.6 



Spec i men";'''', 

PPl 

PP2 

PP3 

PP3 

PMl 

PM2 

PM3 

PS10 

P S 1 1 

PS12 

./, Plotted in Fig. 
,',i', See Fig. 3.1 

Type of 
'. Su rface 

Mi lled 

Mi 11 Scale 

, Shaped 
Single Pass 

, Shaped 
Multi Pass 

TABLE 4 

RESULTS FOR MACHINED SPECIMENS 

FAlliNG AS PLAIN PlATES* 

Machining 
Method 

mi.11 ed ° mi lled ° mi 11ed ° mi lled ° 
mi 11ed ° milled ° mi lled 0 

shaped 0 

shaped 0 

shaped 0 

4.1 u 
r 

TABLE 5 

St re s s 
(ks i) 

to +75 

to +65 

to +60 

to +65 

to +65 

to +65 

to +65 

to +50 

to +40 

to +40 

Spec i men 
Rerun of 

SURFACE ROUGHNESS MEASUREMENTS* 

Axial 
Direction 

20 

100 

120 

230 

* Expressed as a per cent of mi 11 scale roughness. 
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Life 
(cycles) 

330,000 

610,000 

2,040,000 u 

900,000 r 

390,000 

430,000 

2,120,000 

370,000 

660,000 

950,000 

did not fa i 10 
unfai led spec i men 0 

Transverse 
Direct i on 

40 

100 

50 

80 



PSl 

.PS2 

PS2 

PS3 

PS3 

PS4 

PS5 

PS5 

PS6 

;'~ Plotted 
7}t;;'\ See Fig. 
u Specimen 
r Rerun of 

in Fi g. 
3.1b 
did not 

TABLE 6 

RESULTS FOR MACHINED SPECIMENS 

FA! LING AT MACH I NED WELD CONTOUR,', 

0 

0 

0 

0 

0 

0 

0 

St res s 
(ks i) 

to +65 

to +40 

to +50 

to +45 

to +55 

to +45 

to +34 

o to +45 

0 to +34 

4.2 

fa i 1. 

Life 
(cycles) 

70,000 

3,340,000 u 

500,000 r 

2,520,000 u 

360,000 r 

190,000 

2,700,000 u 

700,000r 

1,170,000 

unfailed specimen. 

69 

Notch Angle 
(degrees) 

30 

15 

15 

15 

15 

25 

15 

15 

25 



TABLE 7 

FATIGUE RESULTS FOR VARIATiON IN INTERPASS TEMPERATURE* 

Spec i men 

UA I 

UA2 

UA3 

UA4 

UA5 

UA6 

UA7 

UA8 

* Plotted. in Fig. 4.3 
d Defective specimen. 

Interpass 
Temperature (OF) 

400 

400 

400 

400 

550 

550 

550 

550 

u Specimen did not fai 1. 

TABLE 8 

Stress 
(ksi) 

o to +30 

° to +34 

° to +34 

0 to +34 

0 to +30 

° to +30 

° to +34 

0 to +34 

FATIGUE RESULTS FOR LOW STRENGTH ELECTRODES ON.OUTER PASSES* 

Specimen 

VAg 

UA 10 

UAII 

UA 12 

St re ss 
(ks i) 

° to +34 

° to +34 

o to +34 

o to +34 

70 

life 
(cycles) 

555,000 

510,000d 

390,000 

360,000 

2,690,000 u 

490,000d 

600,000 

380,000 

Life 
(cycles) 

440,000 

350,000 

310,000 

200,000d 

* E7018 electrodes used on outer passes, E1l018 elsewhere-results plotted in 
Fig. 4.4 

d Defective specimen. 



TABLE 9 

RESULTS OF SPEC I MENS WITH WELD SHAPE ALTERED BY MACH IN! NG-" 

Spec i men"A-k 

US 1 .. 

US2 

US3 

UMl 

UM2 

UM3 

UM4 

UM5 

UPl 

UP2 

UP3 

UP4 

UPS 

UP6 

UP7 

UP8 

i', Plotted in Fi g. 4.7 
if;t'~ See Fig. 3.3 
d Defective specimen 
u Specimen did not fa i 1 

Stress 
(ks i) 

0. to +34 

0. to +34 

a to +34 

0. to +55 

0. to +55 

a to +55 

a to +40. 

a to +40. 

0. to +55 

0. to +S5 

0. to +40. 

0. to +40. 

0. to +55 

a to +55 

0. to +55 

0. to +40. 

71 

Life 
(cycles) 

90.0.,0.0.0. 

790. ,0.0.0. 

52Q, QaQ d 

150.,0.0.0. 

170.,0.0.0. 

250.,0.0.0. 

2,50.0.,0.0.0. u 

1,980. ,0.0.0 u 

490.,0.0.0. 

1,430.,0.0.0. 

560.,0.0.0. 

1,360.,0.0.0. u 

60.,0.0.0. 

120,000 

140.,00.0. 

2,0. 10 ,0.0.0. 



TABLE 10 

RESULTS OF STRESS RELIEVING* 

Spec i men 

RA 1 

RA2 

RA2 

RA3 

RS 1 

RS 1 

RS2 

RS2 

RS3 

RMl 

RM2 

RM3 

* Plotted. in Fig. 4.8 
u Specimen did not fail 
r Rerun of unfailed specimen 

0 

0 

0 

0 

0 

0 

° 
° 
0 

Stress 
(ks i) 

to +34 

to +34 

to +40 

to +40 

to +34 

to +40 

to +34 

to +40 

to +40 

o to +55 

o to +55 

o to +55 

72 

Life 
(cycles) 

480,000 

2,900,000 u 

400,000 r 

140,000 

2,500,000 
u 

1,820,000ru 

2,290,000 
u 

590,000 r 

280,000 

160,000 

140,000 

100,000 



FG1 

FG2 

FG3 

FPl 

FP2 

FMl 

FM2 

FM3 

FM4 

-k See Fig. 3. 5 

Stress 
(ksi) 

o to +40 

o to +40 

o to +40 

o to +..J.O 

o to +40 

o to +40 

o to +40 

o to +40 

o to +40 

73 

TABLE 11 

PRESSED WELD RESULTS 

Life r f 9 
( i n) ( in) ( i n) 

340,000 0.25 0.18 0.01 

350,000 0.25 0.18 0.06 

400,000 0.25 0.18 0.02 

380,000 

710,000 

400,000 

480,000 

500,000 

660,000 
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TABLE 12 

FINAL PRESSED WELD RESULTS 

Spec i men St re 5 s Life 
(ks i) (cycles). 

F 11 ° to +50 160,000d 

FI2 ° to +50 180,000 

FI3 ° to +50 180,000b 

FI4 ° to +50 210,000 

FI5 ° to +50 240,000b 

FI6 0 to +50 270,000 

FI7 0 to +50 280,000 

FI8 ° to +50 340,000u 

Fig ° to +50 430,000b 

F 110 0 to +50 .440,000 

F.I 1 1 0 to +50 530,000u 

b Bending caused by. machine 
d Defective specimen 
u Specimen did not fai 1 at weld 
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