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Deoember 20, 1956

SUMMARY

.... 4:: f. nume *tr~h 2f e1det -Joints

Spraragen and 0laussen

In general, the data summarized In this report are very
valuable and helpful to a designer.

On page 2 reterence is made to oorrelation between fatinue

strength and other physical properties. It is believed that

Pam suoh correlation will be Imposuibl. until such time as a fatigue

testing method is devised to mate possible a oorrelation of som-

sort. Whether this may ever be done or not Is doubtful.

The conclusion with regard to interrupted welds 'lopoars

rather broad in that this type of weld is stated to b- low-r Ir

economy from the design standpoint than the oontinuova weld.

rrom the manufaeturing standpoint the oontinuous weld is lower

in eoonomy, espeolally so when considering the distorton DrobleM.

On page 3 the referenoe to stress annealing stat s th t

the effeot 'may be expeoted to be small'. Oni wonders wherp th.

expeotation comes from and why. The effoat of this troatm-,nt

- - '-eYa'tee with the kind of material, type of weld, and the previou-

history of the material. Ita effect is very marked in rome oaP.

V.L. Warner
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SUMMARY

.; FATIGUZ STRENGTH OF WELDED JOINTS

CAUTION

This Summary is merely a condensation of the accoixoanying report which
reviews information now available on the subject of the fatigue strength of welded
joints. It is not intended to present conclusions broader than are warranted by
the sources of information cited. Further experimentation is needed to amplify, and
in some cases modify, the tentative conclusions now submitted. It should be noted
that somne of the tests were made with2Wcognition of all the variables which may
seriously influence results.

XRESSING ENRLMNCS LIMIT

There are two comyon methods of expressing the endurance limit of welds:
, (1) The W6hler method, which plots stress against the log of cycles, the endurance

limit being the stress at Which the curve becomes horizontal; (2) The cycles method,
which defines the endurance liwit as the stress that a weld can withstand for an
arbitrary number of reversals.

ENDURANCE LIMITS OF WELDS AIM WELED JOINTS

Sutt Welds (Arc and Gas). Endurance limits in rotating bending of l,0O0
psi fot bare wire, and 30,000 psi for covered wire, are common values. These values
represent a weld endurance ratio of .60 and .90 as compared iwith the endurance limit
of base metal (mild steel). Gas welds generally fall between these two limits.

* . Direct stress (tension and conrpression) fatigue tests give about the same values as[- rotating bend, but in the test results available there is apt to be less difference

-- between the bare and covered. The endurance ratio of welds in torsion fatigue is
about 25% higher than in tension or bending fatigue, but the torsion fatigue limit is
somewhat lower. In reversed bending, Roi and Eichinger state that the fatigue limit
of welds is 1.4 times greater than in pulsating tension.

Fillet Welds (Arc and Gas). "Stress raisers" play an important r6le andsometimes completely offset any differences normally exoected between the various

processes, kinds of filler materials, and, in many cases, between the types of joints
Some general rules for reducing their effect may be offered. Avoid all sharp
changes in section, whether in shane of fillets or joints, which would tend to con-
centrate stresses. As a result of such sharp changes, various types of strap-joint
produce very little increase in fatigue strength as compared -ith a simple butt
joint. Transvorse fillet welds with covered electrodes (mild steel) have an
endurance limit of 16,000 psi as compared with 60% of this figure for bare electrodeE -
In both cases, the endurance limit of longitudinal fillets is e.:t to be 15% less thax
that of transverse fillets. Oxy-acetylene welds generally lie between the valuesprac t.evleso .

given for bare wire and covered electrodes, and may approach the values of either,
denendninr uon the tyre of -ire, tec!Lnicr errnloyed, and care -ith rhich the rpl tine
is done.

" "" .*-.""...*.--- . -'..-* % .'. * .'.'. ., '....,-,-..... . .... . ..- ,.'''' "-... .'.-... ....
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ri -Tee Joints. Taking the fatigue resistance of a solid Tee section as 100%,
-. that of an unchemfered fillet welded Tee is 72%, and of a Tee joint with edges

chaimfered to facilitate welding, 914%.

Teet _ f ll-Weld-Metal. The fatigue strength of sound weld metal (exce.t
with bare electrodes) is equivalent to rolled steel of the same composition.

Welds at Elevated Temperatures. Preliminary results indicate that welds
in fatigue tests at elevated tempDerature differ but slightly from unwelded mild
steel.

PRCESSES OTHER THAN GAS AND MTALLIC ARC

The fetigue properties of atomic hydrogen welds apoear to be the same as
for Cas End arc welds. Resistance welds, howrever, seem to develop remarkably high
fatigue values, especially in corrosive media. The torsion fatigue limit of flash
welds in mild steel equals that of base metal (about 22,00 psi). Pulsating tension
fatigue strength of carbon-arc welds in mild steel varies 'between 14,000 and 21,4O0
psi, depending upon quality of rorkmanship. Thermit welds, as indicated by tests of
welded rail joints, appear to have reliable fatigue strength equivalent to gas and
arc welds.

CO~RMLTI0N OF' FTIGUE WITH OTHER PHYSICAL3 PRk0P7RTIES

So far, a reasonably close relationship between fatigue strength of welds
and other physical pronerties has not been found, There are indications that good
static ductility aids in obtaining good fatigue value by relieving notch effect.

~~~INFLUWEC F DVWF3TS -

Internal Defects. The adverse effect of internal defects, of which faulty
:. penetration is a special type, is accounted for by their influence in causing local

- stress concentrations. Internal defects, such as pores ani slag inclusions, are
almost universally admitted harmful to fatigue pronerties of yeldz. Their relative
importance is not as yet evaluated, although for well-prepared relds their effect

* is generally considered primary only when more imortant factors have been
el minated.

Penetration. The most important type of internal defect from the stand-
point of fatigue of welds appears to be poor penetration, that is, lack of fusion
along the scarves and at the root of V and double V butt relds, as -ell as of fillet
welds.

Interrupted Seams. From the viewpoint of fatigue, interrupted seams should
* be avoided. If the factor 0.6 is aopolled to the permitted stress in plate metal at
- .:. the end of a wreld, and 0.95 to a continuous seam, it is usually uneconomical to use

interrunted fillet welds.

A . . . °
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j 1A~HMaWICAL MTBAIMIT

Peening. One investigator found that unmwhined all-weld-metal deposited
by bare electrodes gave 19,000 psi in rotating cantIlever tests. This value was
raised to 20,000 psi by neening.

Hot Forging. Hot forEing is beneficial, but less so at temperatures of
about 12000 on eccount of increase in grain size. Hot forging increases the
fatigue limit of back-hand geB welds 20%; of fore-hand welds only 10%. Increases of
75 to 100% in fatigue value rere found due to forging of reles made with coated and
cored electrodes (0.07 0, 0.6 to 2.9 Mn) in mtld end low-alloy steels.

Machining. To datu fatigue tests shor that for medium and high quality
arc welds, butt or fillet, in structural steel, intelligent removal of undercutting
and other surface notches or reinforcement by machining, raises the fatigue value
about 25%. In poorer quality- welds with hif inclusion content, maciiining appears
to be of no advantege. One i.nvestigator has obtained 40% better 3ulsating fatigue
value from parallel shear fillet welds, the inner ends of which had been machined
(details not give4 than from unmachined.

0TI R WEMDING CONDITIONS

Scarf Lngle. Scarf angle is iriortant for fatigue value only insofar as
penetration is concerned, and it is reconmended that sc:irf angle be as small as
nossible consistent with good penetration.

V and X. Single V welds appear to have bette3 fatigue Drooerties in the

as-welded condition. Doub'.e V welds aronear superior when stress relieved.

Current and Reverse Run. Fat:.gue tests on welds ma6.e with different sizes
U of electrbdes show variations that are probably to be ascribed to variations in

workmansbip. A reverse rur. (re-welding the root) raises the direct tensile and
reversed-bend fatigue strenigths in mild and alloy steel by 10 to 20%. The reverse
run is import=nt because i;, eliminates notch-effect at the root of the V, not
becaust it refines the grain structure.

THERAM, TREATMET

Full Annealing. Annealing (S0 to 92000) is detrimental to .ele.s ,ith
medium or aigh nitrogen content, above about 0.04% NZ, but is beneficial -hen the
nitrogen content is below 0.04%. The difference between the as-welded F na the
annealed snecimens was never more than _,000 psi, however.

Stress Anneali,. The effect of stress arsiealing may be exnectel to be
small.

Shrinkage Stresses. In -elds -ith high ductility and yield point, interna
stresses are quickly eliminated by plastic yieldi- under re-pDeated loads. I.i brittl
welds, shrinkage stresses lower the fatig,,ue as well as the impact value.



CAIMON CONTNT

Carbon content of the plate has only slight effect on the reversed-bend
endurence limit, 21,400 to 22,800 psi, but the endurance ratio: (endurance of weld)/

! - (endurance of plate) decreases from 0.4 with 0.1% C, to 0.2 with 0.7% 0.

LOYS

Welds in low-alloy steels have acceptable fetigue value, but they, possess
little advantage over mild steel in fatigue, e.xcept at high values of superimposed
tension.

For best fatigue behavior, weld metal and plate should have identical
elastic moduli as nearly as possible, in order to minimize shear forces and stress
peaks caused by cross-sectional contraction.

Other Alloy Steels. V butt welds by the atomic hydrogen process in plate

containing 0.28-0.35 C, 0.5 Mn, 1.1 Or, 2.0 Ni, 0.25-0.40 Mo, using the cantilever
machine and a rod containing 0.47 C, 1.98 Si, gave a fatigue value in the weld of
25,000-35,000 psi. Fatigue value in general is a function of the composition of
filler rod. The comparative fatigue value of chromium-molybdenum electrodes was

* higher than chromium-nickel, or 3-1/2% Ni electrodes, in plate containing 0.32 0,
3.4 Ni, according to one investigator using the Unton-Le-is reversed-bend machine.
Welds in plate containing 3-1/%Ni withstood 20 times as many cycles at 30,000 psi
as plain medium-carbon plate, a low-carbon electrode (0.13-0.18% C) being superior
to chromium-vanadium (0.89 Cr, 0.15 V), or nickel-chromium (1.0 Ni, 0.5 Or)
electrodes for both plates.

Austenitic Steels. The fatigue limit of spot welded 18-8 is estimated to
be 26,000 to 31,000 psi, and of an 18-8 containing 0.1 C, 1.3 Ta to be 37,000 psi.

Cast Steel and Cast Iron. The rotating-bend fatigue limit of cast steel
welds (bare electrodes) is 15,800 psi. The decrease in fatigue strength by welding
is proportionately less than the decrease in tensile strength fsr specimesn without
cast skin. Annealing is not beneficial to fatigue properties. The cantilever --

fatigue limit of gas welds, )450 V, in 1-inch cast iron (3.46 total C, 0.74 combined
C, 1.33 S, 0.106 Si, 0.66 un, 0.282 P) using cast iron welding rods, was 12,000 psi;
the unwelded cast iron gave 13,500.

Brazing. Reversed bend fatigue limit of a brazed joint in mild steel

3/4" x 3/8 cross-section, was found to be 20,000 psi.

Non-ferrous Metals.

Rotating-Bend Fatigue Limits of Non-Ferrous Acetylene Welds

Endurance Limits (10 x 1O6 CycleS)
Tensile Strength (psi) i Welded

Material Unwelded Welded Unwelded Welded Annealed

Copper - - - - 39,000 17,700 12,100 5,700 6,400-"

Aluminum - - - 17,400 13,400 8,500 8,500

Silumin- 19,500 6,250 7,800 10,700 5,000

Co,0 er-Silumin 16,600 10,100 I9,300 11,2400

..............
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CORROSION FATIGUE

The results show that rotating bend fatiguq limit of welds in mild steel
in tan water is usually higher than in air.

METHODS OF DESIGN

Methods of designing welded structures on the basis of fatigue have been
discussed on a number of occasions, especially during the past few years, and have
been embodied in the national standards of Germany and Austria, and in important
specifications in Switzerland and the U.S.A. The Germans have snecified fatigue
requireczents for filler metal to be used in imuortant soecifications, such as

railway bridges. A machined specimen double-V butt weld in mild steel must give a

pulsating tension fatigue endurance limit of 24,200 osi, and in low-alloy steel,

25,600 psi.

The American Welding Society Bridge Specification permits design stresses

in properly made butt joints welded from both sides when subjected to pulsating

'@ stresses from zero to maximum of 13,500 psi. When the stresses are alternating,

only 2/3 of this value is allowed. There is a 15% penalty in design value in case

of single V backed-up welds. In butt welds subjected to a pulsating shear from

zero to maximum, a design value of 9,000 psi is allowed, which is again reduced to

2/3 if there is a reversal of stress. The same 15% penalty applies to single V
backed-up welds.

Fillet wvelds subjected to either tension, comnression, or shear are

allowed 7,200 psi when the stress varies from zero to maximum, and 2/3 of this

figure when the stress is reversed. Only a good grade of heavily covered
electrode is permitted.

PMEATED I14PACT

Repeated impact tests were carried out in 1928 by the British Engine,
Boiler, and Electrical Insurance Company. Welds free from oxides and nitrides
gave the best results. Normalizing at 91000 had little effect. The surorising

fact that a cast iron weld having less than 10% the single-blow notched-bar impact

value of welds in mild steel is more resistait to renepted light imoact than the

latter, seems to be explained only by considering damping capacity. For surfacing
plate and cast steel with lo-carbon steel, gas was superior to the DC arc, and it

is the deposit, not the heat-affected zone, that injures the repeated impact

resistance. Flame-cut surface is equivalent to a milled surface, and only about
10% inferior to a planed surface in repeated impact for four types of structural

steel. If the machining grooves were at a large angle to axis of impact, or if
the flame-cut surface was subsequently ground, the original flame-cut surface had
superior repeated impact value. On fillet arc welds, a model of such a reld machin-

ed from a single piece of steel, and a double-riveted joint, the welded specimens
7ere equivalent to the riveted in repeated tensile imnact, and were 20% better
than the machined models ihich had equal static tensile strength.

% .-.- - - '.• -%'% /-- • -,. .. - -- .. .- . - .- . *: -. .• ~*
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CREWP

Limiting Tensile Creep Stress lb/in
2

Material 30000 400C 5000c

Mild Steel Plate - - - 31,200 15,600 5,700
All Weld Metal, gas- - 1S,500 8,500 l,4O00
All Weld Metal, arc- - 19,900 9,900 2,800

Welded Joint, gas- - - 25,600 12,100 5,700
Welded Joint, arc- - - 25,600 15,600 5,700

Being a coroosite of plate and weld metal, the welded joint displays creep
proDerties interTaediate between thera. Above 4000C, the welded joint is equivalent
to mild steel. Creep rates in welded steam station oi-ing at 850o (455CC) deter-
mined by the single-step method are tabulated as follows:

Percent Per

0 Rate of Creep at 850CF, 15,000 psi tensile 100,000 hrs.

Pipe material (0.33 C, 0.75 Mn, 0.04 Al (metallic) - -- 1.1
Welded pipe-to-pipe ------------------- 1.2
Welded pipe-to-casting (0.24 C, 0.62 Mn, 0.82 Cr, 1.19 Ni,

0._0 Mo) 1.5

The welds were made by the shielded arc process and were drawn at II00 F. The test
results were not so consistent for the welds as for the unwelded pipe; the duration
of the tests was 500 to 600 hours. At a stress of 12,000 psi there was no appreci-
able creep at 50&F. Summarizing, the creep strength of welds in mild steel is
probably little, if any, inferior to unwelded plate up to 5000C, although the-@ initial creep rate may be somewhat higher. Full annealing is not beneficial.

BOILRS

Pressure vessel fatigue tests show that fatigue failure inevitably occurs
in regions of stress concentrations; e.g., gage plugs, manholes, and pads, rather -
than in the welded seam itself. The only unsatisfactory welds in all the fvtigue
tests were those made wtth bare olectrodes.

RIVETING AND WELDING

Strengthening by Weldin . The offect of strengthening by welding is not
so great in fatigue as in static load conditions. Welding intended to strengthen

riveted joints must be design~ed to take the whole lop. in order tha plastic yield-
ing will not take place in the neighborhood of the weld mid leed to fatigue failure.
The fatigue strength of welded and riveted joints do not differ greatly. High
quality unmachined double V butt welds have higher reversed-bend fatigue strength
thamn riveted overlapped joints.

I°

* -.. ... .. . . . . . . . . . . . . . . . . . . .



BRIl GES AND MACHIBERY

Riveted bridges strengthened by elding are stiffened, the ntural frequen- " -

cy being increased 3 to 7% in the loaded and unloaded states. 7elding decreases
the dexping factor, that is, the range of frequencies Pt resonance, end decreases
stresses and deflections due to traffic. The advantag'es of elding in preventing
vibration in machinery are connected with the higher modulus of elasticity of
welded steel as compared 7ith cast iron. The closed section, ideal for preventing
vibrations, is easy to weld but difficult to cast.

TUBES

The fptigue value of elds in eircraft structural tubing has been
investigate, by rotating bend tests on individual gas butt welds. -!alues given
vary from 14,000 psi for gps welded plain carbon and Cr-M~o tubing to 28,500 for
plain carbon and 30,000 for Cr-Mo, r'epending on welding technique and penetration.
Filler rods play an imoortant part. Flash welds in Cr-.io tubing gave 32,000 after

S stress annealing, but gave low values (13,000) in plain carbon. The reversed bend
method with 0.11% C tubing gave 25,000 psi, 0.32% C, 29,000, and Or-Ho 24,000 to
31,000, depending on heat treatment. For low carbon superheater tubing, the
reversed bend fatigue limit was found to be about 15,000 for gas welds, but less
than 10,000 for arc welds. Using the stationary cantilever type machine, the
fatiguae limit was found to be 25,000 ::si for as-welded Cr-Mo tubing end 35,000 for
heat treated; these valueo are, respectively, 1/4 and 1/3 the static tensile
strength of the as-relded tube. The ratio of fatigue strength welded to that
unwelded is in the neighborhood of 60% for all tyoes of tests. In general, as the
carbon (0.25-0.40% C), or alloy content (Cr, Mo, or Mn), of the tube is raised, the
ratio of endurance limit to static tensile strength of the weld is lowered from
50% to 20%. Leo and fish-mouth joints apoeer to be at least as good as butt joints, -- but brazed, soldered, and bell-and-socket joints are definitely inferior. Pinned

and riveted joints have only 50 to 30% of the fatigue strength of welds.

7 .- - - - - -
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COM.Y"CNTS ON

F'atigue Tests o: 'Welded Joints

(Review of Literature to July 1, 19136)

Sprarag'n & Clausienr

The repor or. Fatigue Test@ of Welded Joints or *7-ntt'3

most- oumplet. abstract compilation of I terature on the PubV',, 1

Although an enormous amount of time was nooppsartly in~volved In

Sk ~ prpw~ation of this report, Its value would be grnatly in-

greased If all tents on a gtvpn tyce of machine, toir-thi. ,I+,'

detailed Information as to material analyseos, Iact-ilnc, tAmo

eto., were tabulated In separate sectionft. WIV1l *71 ''-, -

strength of materials has becoome recognized ag an ILr~~

physical property, It should be borne in mlnd! thW th-nq~~~

___ fatigue strength of metals under various oomblnr'tior

/ such aq sh-Ar and bending, shear and tension or comr-r-i ,

undor various ranges of ntriss, Is not the seine, arA, to-, -'or .

thin type of the test must bA ,,iven due Ion rsV-r

final analys.is.

It would appear from a g-nmera. consid~eration of th* 1' ,

* prepmnted that tne butt weld tyon of joint Is oupprior 40 c-o

others uncipr fatifrue str-s~ coniltons, although it le



SREPROOU'CED"-AT'GOVERNMRTpXp,.

.:'ole that such results might be due to the form of test

-- t,-nien uv.d, and with this doubt existing, no definite con-

clusions regardling this point should be drawn.

It has been the general experience that unleas the fatigue

t9st assimilates actual service conditions, the results are of"

little value in predicting subsequent service behaviour. P'urther-

Mor., the forms of soeolmens used are ontirely different geo-

-trlcvlly than the part in service; therefore, the results from

one would not necessarily apply to the other. rrom the fact that

f- ti~u' t-t results of very carefully prepared specimens of homo-

F . . m't r ~ls cannot be conclusively correlated with any

other tyitytcal property, and that an entirely different conception

of the material behaviour can be obtained from tests on different

:ypes of maohlnen, it is not at all unexpected to note the extreme

differenoes of opinions which are evident, particularly when the

r,1,.tlvely lnw order of perfection attained in normal welding

nron! urR in nonsidered.

It "would seem that the orinctpal value of this rqoort is

h. it orfers a very forcible ,rgument against tho use of the

f,,tigu test as a means of obtaining Information of value for

de3ign purposes. This report also brings out quite clearly the

rip, for more systematic procedure in future Investigations,

pcrtcularly with regard to the type of electroie, the welding

oroc-es, the composition, thickness and width of plate used,

%tc. 'Vthout a systematic program of test, the results are
'If,

merely a confused mass of data from which little Informalon of

value can be derived.

* ",°t ." *
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%It Ua been brought out by Professor A. V. Deorrest,
lass. Iastitute of Teobaology, that the oause of subsequent

fatigue failure ts present In the material before It In ev.r

put under stres, and that this factor oan many times be r"-

" ea1e b the magaflux method ot eMination. Sine,?, this

metiod Is not subject to the wide variations of the fatigue

test, i is su eMted that it offers possibilities towarl ob-

taining the maxim=m efficiency In welding teohnique, whioh In

the final analysis Is the deciding factor.

0A

Respectfully submItted,

ff. M: ann,

Senior Materials Engineer.

-3-
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November 17, 1936

OOMETS 01

Eia&= Toals of -ela" Joints

(Review of Literature to July 1, 1936)

by

Spreragen & Olaussen

This report Is Indicative of a tremendous amount of vain-

staking work on the part of the authors, for whioh they should
be emplimenteI. Sowever, there are numorous statements in the

report which should be explained more clearly. Comparisons of

data obtained by various investigators do not mean a whole lot

unlesr sll of the welding details are given, or It is known

that the welding method has been used suitably. Inferences may

be made from some of the data presented which are not gpn-rally

. i~sW - *@orioet. - i-

Falc -5'.

A oomnarlson is made between bare and covsred el-.ctrodes

from tests of transverse fillets and a figure for endu'anoe

limit of 16,000 psi. Is given for covered electrodes. It Is not

explalned as to what this figure refers.

At the bottom of the page the figures given for relnttv.

fatigue resistance of various Joints are:

Solid T Seotion 100%
Unohmfered Fillet T 72 -
Ohamfered Fillet 1 84%

3SN~,~ LN~Vf-4AOD .v j~ngu7e



Details of the Ues* are not given. Therefore, these

figures ee oomparative only and show She relationship under

a sertain aiie4 lead. This relationship may very well change

under other methods of load applioation.

feeiee tlo tlt ' orin which the o1y-

-oetyleme weld metal shoews 0 higher endurance ratio than bare

wire or atomlo hydrogen, weld metal Is meaningless beoause no

. details of filler rod or eleotrode are given. The Inferenoce is

that bee wire weld metal and atloe hydrogen weld metal are

similar in tatigue. This Is not true.

General data given without giving also details of the

welding prooedure used is not satisfastory. The variables on-

toling Into the various test methods used by different Investi-

gate. affeot the oomparison of results.

What to wanted mostly Is data showing the effeot of de-

ail of woidi pwooeeour and'variations In that prooedure.

-iarq are so many different methods of fatigue testing

used that results cannot be found In general agreement between

Investigators. A study of methods of fatigue testing whereby

th ,.uime o lal properties to materials are brought Into

play during the test would be desirable, If It were possible.

It ts of Interest that the German speoifioations permit

n* ..................... ,-..... .".:'- - ,-:-" ..
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-. Of umdMO'mt Up to % of plate thickness. This to difficult
i: to 4*stng. .

-. 's oemolulon tbat nitrogen contet, oxygen oontent,

ad maiee ststurO are more Importaut than Internal defects

bon- ~ mt .ooked

1W saw Investigato.

Pow penetration Is singled out as tho worst type of In-

. .. -. .tOrmal defeat In Its offot on fatigue strength. Poor pene-

tration Inolude* lack of fusion on the soarf and at the root.

kaWho suggestion that interrpted weld seams or Intermittent

welds should be avoided as low in fatilue strength I contrary

to usual structural welding practise where this type of Joint

to used to avoid excessive distortion when the structure is

being built. It would seem that the length of weld inor-ements

" and spaoing an well an size of fillet and method of laying In

.i -th weld would bave an effeot on the fatigue resistance of the

struoture. No data bearing on suoh.points are given.

The benefelal effeots obtained by machining the weld our-

fa s to remove surtace defeats to to be expectid and this is

one of the biggest arguments against using a machined vtqmen

tor testing welds. In many oases machining would not be 0o0-

siblo and it would be of interest to got data on the effect of

welding up these defects so as to remove them rathor than by

Machining them out and reducing the oross-seotion of th" joint.

.. ,'-,* . . . . .. . ...__-- -J- ..' * .. ,,.. . .,i. ...... lnm.. ,.. -.... n ...... . . . . . . .'



Apprently none have attempted to do this.

The detrimnutal effect of the weld reinforcement advo-

*atog here Is undoubtedly enoountered In tests of straight

speolmeos, but It is doubtful It this effect would be harmful

--- w,,aouuoP, w w e e. We have found that

the l Inforoemoat on a butt weld In the tension Impast test say

oue. Uw Iupet strength of the Joint, even though fracture

takes ploo throgh the plate.

feet of scarf angle on fatigue strength as indicated

biospmo to be similar to the effet found at Watertown

Arsenal In tests of butt welds in tension. We have found that

the narrower the groove an alloy steel plate, the higher the

toesile strength, as long as good weld penetration Is obtained.

Nence, we use a 30e bevel single V.

Jennings' results are for machined round test bars in

whi k mob of the effet of bevel to eliminated.

The referenee here to 'reverse run' is probably what we.

call 'seal bead$. It is to be expected that a 'seal bead'

would Increase the fatigue resistanee of a welded Joint.

The effects shown here of weld beads on plate surfaces or.

the fatigue strengths of the plate Itself is an indicoation of

the value of 'heat effect* studies on structural steels. The

results are very startling and should present some Idea of the

-4-
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type of information wh1oh ean be obtained by studying the

offset of weld beads deposited on flat plate surfaces, even

thugh t er Is no welded jolat present.

The data by bhaeeterle show that low alloy ste.l is no

be~~r an nk~G SeelIn fisue after welding has bee n per-

feem so It. This is a startling conolusion and based on

tests at IS welded' spolmnI. Th% beat effect of welding on -_.--

the alley steel plate i the legleal reas n for the Impairment

or fatigue strength.

": it"i stated that etress amealing* does not benefit the

fatigue, stregth of welds. In asoopting a statement of' this

kind we are as@ming tat tbe beat treatment procedure is

proper. The only references to the treatment used are oon-

tained in the last paragrap on pg 36 where It is stated$

$stress annealing 1/9 hour at 6000' and 'stress annealing at
:- iI - . soo-.oo...-::

The first procedure Is Inad equ te as we have found from

" atul, shop exparienoe and the second reference Is meaningless

beoause no tine of hold is given. On page 36 a temperature of

e>O Is mentioned but the time of hold Is not given.

M hetets wei ta M ases Iae with meehined speoimens

whieh In Itself would affect the stress condition. Henoe, it

is no wonder that there to a laok of agreement between Investi-

gatore.

" 3SN3dX3 ,N3V4NW.AQD LV Q.UQOld' '
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On thin page near tho middle Is to be found the

.i , .a, gN etaetmeal O#elW to Steels with O.241( C have

90 to 3 1 lower fatigue values in direct tension thn"

steels with 0.161 C and the same stotio tensile strength

prmursed by a1loying.

The first part of this statement Is simple to under-

- td and is along the lines suggested by our studies of

beet effeet am "union 189"t pwpestie or low alloy

steoele. The last part of the statement however, Is not

- elear but is taken to mean that the 0.164 C steels will

-" - produos the same tensile properties as the 0.q4( C steels

by the addition of suitable alloys, and the fatigue

strength will be 20 to S0% higher than the 0.241 C steels.

tIkU Is further proot that wel1abillty of alloy steels

Is mainly a funotion of carbon cootent.

Orr's data In the table shows slight improviment in

tatigue due to stress annealing at 600'C for 1/! hor.

'" - "P'. I ..... 5 t"ast Is iaouftiei, Iso *Io much effect.

In disoussing suitable alloy compositions In the T,.Ft

paragraph on this page molybdenum i not mentioneA and

neither Is nickel. The earbon content is not oonsidered.

. "-o, 3SNX1 .Ni 3AO0 IV 033fOOd3ki



Pawe 47 con t.

This question of composition presents a big problem

bsgmu& the soap* of one investigation into the phenomena

of fatigue. This is a problem of fundamental metallurgi-

cal research. Results from various Investigators. omanot

agree so long as the viewpoints on methods of fatigue

testing vary as widely as they do. This is a problem

for Professor Sayre's omittee.

t 
- -

Reference to work of MoManus and Barnes !1ith Upton-

Lewis fatigue machine pertains to bare and wash-ooated

electrodes. No covered electrodes were used.

Fags 48 &49

Referenoe to austenitic weld metals at bottom of

page 48 and top of page 49 does not show arty great 1£-rove-

ment over other alloy electrodes.

p Paces 58 ad 59

References to alpha and gama factors do not show

how these factors are obtained from the diagrams in

Figures 014 and 41.5. The references are not clear. .-

Note*: - There is one striking point to be observed fromi

this report. Most referenoeR to research workors on

repeated Impact and flexure fatigue show a uredominne

•7.-.
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' +*.. 'iewom ahi4 et s, b p eme e d in tee studies.

Povps tMe merloan attitude In that fatigue testing

to a vaste of tim and no..

-In sofoomoo to fa4iMe strength of double-riveted

JO*It_ Oli Ud &%eeI plat. the follwing figures are

met goss seotion of plate 26,600/280400
Gross cross sectlon of plate 21,400/22,800

" It Is believed that the fipre based on gross cross

section should be used since that Is the basis used for

caloulation of a butt welded Joint. In Caloul'tlon of

weld strengths no allowanoes are made for the heat

affeoted &one. Strengths are caloulated based on gross

erossoseotion of the plate Joined.

Iages 87 8

From the discussion presented here It Is evident

that considerably more effort is being dir poted In E rope

to testing full sise structures and Joints under eceler-

- , .. at +d servies conditions than In America. This Is par-

ti.ularly true of bridges where the European engineers

have gone farther than Amerlan engineers In applying

.1.Welding.

""Ma w UARM"-- 0-_" ! -,
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The reference to an observation by W. L. Warner

i.6 Ot vibPItSOa 1W a pooW Weld Is misplaced.

The observation referred to Is, In fact* that found In

a quotation In a paper by me. The quotation was from

I, a repop1 of Wr. H. G. Forbes to the Welding Committee

* of the Smorgenoy V10t Oorp. * and in this report For. orbes

med the suggestion quoted. The Idea -van orly suggested.

So aetual tests were made.

In Us. next to the last sentence of the first prira-

graph the referenoce to earbon and alloy contents of 0.251 -

and up for alloy steels being detrimental to fatigue ratios

Is a confirmation of our Ideas regarding weldabillty of

alley steel*.

This point Is again referred to at the bottom of

pae 93 and top of page 94.

Laint sentenoe of first paragraph -"Air harftning

has praOtioally no offeet on fatigue oraoking In Cr-Mo

welds*.

This statement to very difficult to believe and. -

needs some explanation.

"SNIdX .N3VNU3AOE),,LV QO1GOdW3-
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AM adix- B. Pa o 2

Last sentonce of fivet paragrph makes reference

to the fact that In pulsating fatigue fillet welds

made with bare electrodes are equivalent t f illet made

? -. W#:' ";=- V ' l*oo4de. stp lo a very interesting

conclusion, it true. These tests were apparently -ade

on large sit specImens In a machine of some sort. Under

alenie Imast leading we Wae found the covered electrode

mh superior to the bare electrode.

Anfendix A. Pans a

'g l . evtlP OW e tt of the page occurs the following

statement:- *The shape factor cannot be altered by

using stronger steele for welding but can be favorably

affected by using more ductile electrodes. Large xreclmens

showed the sane trend as the small but had lower .'atlizue

: ""This eoeolusec appears eigmIfloant and possibly

could apply as well to impact properties although P change

of steel compositions will alter the impaot .tronoth of

the welded joint.

k211A1 001L

In many of the references to rosearhews data on

details of procedure are lacking. Thim lack of 'ls'a

renders any worthwhile oonclusionh impossible.

Respeetfully submitted,

w . warner

3SN3dX3 INIMUN3AOD.1v Q330XiO aV, .
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FATIGUE TESTS OF MWEDD JOINTS

A Review of the Literature

INTRODUCTION

Fatigue, or repeated loading, of welded parts is quite common and

sometimes dangerous. Developments in welding rods and welding design are toward

increased fatigue strength rather than increased static strength. This non-

partisan review is intended -rimarily to show progress as indicated by experi-

mental and service studies of welds under fatigue conditions.

Welds have been tested in almost everj type of fatigue machine. Most

of the investigators have used the rotating-bend type with four-point (Farmer),

or three-point(Poeppl), loading. Neither of these types of tests approximates

fatigue conditions generally found in service. This has led may of the

European investigators to use machines which apply direct tension and com-

pression. The cycle of loading may consist, for example, of (a) alternating

stress; (b) pulsating tension; (c) alternating with superimposed static

tension; (d) tulsating rith superimposed static tension.

These various tyoes of tests have led investigators in Germany to

coin a word which literally translated is "origin" fatigue. Actually this

represents the endurance limit under stress in one direction,, that is, not

alternatinG from zero to a maximim. A brief discussion of the various methods .-.

of testing and the types of machines used for each type of test is given in

Apendix A.

S. -2-.-
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WDPRESSING ZMXJ.ANCE LIIT

There are tro common ethods for quoting the endurance limits of

welds: 1. the W~hler method using a plot of stress versus log cycles, the

endurance liwit being the stress at which the curve becomes horizontal, usually

about 2 x 106 cycles for homoCeneous welds or 5 x 106 for defective welds in

alternating tension and compression, or 10 to 20 x 1O6 in rotating bend for

welds in steel; 2. the cycles method; that is, the fatigue limit is

arbitrarily stated to be the stress that a weld withstands for, say, 106 cycles.

The former is, of course, preferable, but the latter is often used for low-

frequency tests. That weld-metal has a clearly defined endurance limit was

shown by R. R. Moore(l)whose gas weld deposits withstood over 700 x 106 cycles

of reversed bending at 23,000 psi without failure. Dutilleul(2) tested two

rotating cantilever specimens (V welds in plate having 71,000 psi tensile

strength made with an electrode giving a minimm fatigue limit of 19,500 psi)

at 15,600 psi. Both withstood 500 x 106 cycles without rupture, although

numerous blow holes were revealed by microscopic examination of the weld.

NDURAOCOE LIMITS OF WELDS AND WEIDD JOINTS

Butt Welds (Arc and Gas)

In this country most of the tests have been rmade on the rotating

bend trie of machine. Endurance limits of 16,000 psi for bare wire and

30,000 psi for covered w-ire are common values. These re oreseiit an endurance

ratio of .GO and .90 as comparee, rith the endurance limit of parent material

(mild steel). Gas welds generally fall between these two limits. It should

be noted thaet in Ger.aan- endurance values of 34,100 psi lave been obtained for

gas welds in mild steel representing an endurance ratio of .86 as compared rith'

* parent mill steel -plate, aid theit the bare wire relds are more apt to range

from 20,000 to 25,000 psi.

.o . -
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S In some alloy steels of good "elable quality these endurance ratios

are likely to remain in force but the endurance limits will naturally be higher.

In reversed bend tests (not rotating) the endurance limits and

ratios compared with parent steel are about the same as in the rotating bend,

providing soecimens are carefully machined. Unmachined welds are likely to

develop from 10 to 20% lees depending on undercutting, and whether or not

reinforcement is gradual The effect of annealing, and mechanical working

is discussed elsewhere.

Direct stress (tension and compression) fatigue tests give about the

same values as rotating bend, but in the test results available there is likely

to be less difference between the bare wire welds and the coated electrodes.

This may be due to additional variables introduced by the investigators, as,

for example, the matter of residual stresses, or to the care with rhich the

welds are made. The slightest imperfections, or lack of penetration at the

root of the reld, or undercutting at the surface, will cause a greater variation

in the results obtained from two specimens with the sare type of electrode

than between different types of electrodes, or processes of welding.

Although the matter of electrodes is covered in a separate section,

it should be definitely noted that not all types of bare wires or heavily

coated electrodes, or oven gas welding wires, give the same results. It is

unfair to average good results obtaineC with one type of covered electrodes

with the bad results of another type. The same is also true of bare wire,

or gas welding.

AV



The authors note with a great deal of interest that the average

S results obtained with bare wire welds in foreign countries are likely to be

better than the results obtained with bare wire welds in this country insofar

as endurance limit is concerned. The reverse is true for covered electrodes.

In the latter case the difference may be due to differences in steels, and

techniques as well as to possible superiority in the type of coverings. The

difference would be a fruitful field for further research.

The endurance ratio of welds in torsion fatigue is about 25% hijher

than in tension or bending fatigue, but the torsion fatigue limit is somewhat

lower. Tabular results are given in Appendix B. Haigh(3) and Dustin(4)believe

that butt welds of ordinary good quality in mild steel plate have about

one-half the fatigue strength of the plate itself. In reversed bending, Rol

and Bichinger(5 ) state, the fatigue limit of welds is 1.4 times as great as in

pulsating tension.

P.llet Welds (Arc and Gas)

The tests of fillet welds in fatigue have received considerable

attention by foreign investigators as have also various types of joints employ-

ing fillet welds. It is difficult to draw general conclusions. Many variables

are apparently unavoidably introduced which mask the results of the problem

under consideration. "Stress raisers" play an important r8le and in many

. - cases offset completely any differences which one may normally expect between

the various processes, kinds of filler materials, and, in many cases, between

the types of joints. Some general rules may be promulgated.

Avoid all sharp changes in sections whether in shape of fillets or

joints which would tend to concentrate stresses. For this reason various

types of strap Joints produce very little increase in fatigue strength as

compared with the simple butt joint. There is need in this country for tests

of large size butt and fillet elds in fatigue. In comparing the static

- - -.



-5-

tensile strength of various types of welded Joints, investigators agree that

these results are no indication whatever of their fatigue resistance. Graf-

shows that rough cover plates attached by fillet welds actually weaken a butt

joint. Tn butt and fillet welds aliWe it is important to provide gradual

transition of section, smooth surfaces, -oroper penetration, and sound metal

free from inclusions and cavities. Transverse fillet welds with covered

electrodes have an endurance limit of 16,000 psi as compared with 60% of this

figure for bare electrodes. In both cases longitudinal fillets are likely to

be 15% less than the transverse fillets. Ox-acetylene welds generally lie

between the values given for bare wire and covered electrodes mad are ant to

approach the values of either depending upon the ty'oe of -ire, technique

employed, and care with which the welding is done.

A great deal of caution must be observed in comparing values obtain-

ed from any specimen, large dr snall, in the laboratory with expected results

in the field. For example, in the laboratory even with a large specimen the

relative space occupied by the cover straps, or overlapping portions of lap

Joint is large as compared with the same joint, say, on a ship. This would

tend to exaggerate the importance of so;ie of the "stress raisers" encountered

in a laboratory as conoared rith practice, although their imoortc-nce cannot,

and should not, be neglected. It must be reme~abererI that in uany cases in

practical design the alternative is not a welded joint instead of a solid

plate, but a welded joint as against a riveted Joint.

a

............................................
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A number of general recommendations regarding shape nave been

proposed. Thus, cover plates tapered to meet the plate are good but plates

tapered to a point offer no advantages although the weld area is increased

26%, according to Ros and Eichinger.7

Pulsator tests reported by Witt8 show that cover plates with parallel

shear deposits are not nearly so harmful as plates with normal shear welds,

as the following table shows. The fatigue fractures in specimens III and IV

occurred at the normal shear fillet welds as shown by the wavy line in the

diagrams. In Specimen I, fracture started in the fillet weld or at the inner

edge of the butt weld.

Pulsator Tests on Butt Welds with Cover Plates

Specimen Welded Probable pulsating tension
Fatigue strength psi

36 xO40 I Coated 20,000-219400I lectrode

r-6I6 I Stabilend l8p500-20,000

ZI80-4 electrode

" ' 1-2.8-040
____. _______ l l.3(SOA4O a01 Kjellberg 12,800

-.80 OK 37

%r0-36.67 IV 12,800

The relatively good fatigue qualities of butt welds with parallel-
9

shear cover plates has been shown by Memmler, Bierett, and Gehler, but

10 1has not been noted by Graf6  nor by Schick, nor in service * In boilers

the unequal eippnsion between such so-called strengthening plates and parent

metal is an additional factor in hastening fatigue failure.

• %. . -... . .. . . . .•. . . . . . . . . . . .- . ... -... , ••- .. , ..- .. , . . . .-. •o.
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Bierett ( 1 2 ) gives the following summary for insuring good fillet

welds:

1. The ratio of plate to seem cross-section should not be greater than
o.4 to 0.5.

2, Yor the same seem cross-section short thick seams are better than
long thin seams.

3. The more nearly the plate and straps approach the square as compared
to the rectangular cross-section, the better is the fatigue value.

4. Channel-iron straps permit thicker seems and hence are better in
fatigue. Angle-iron straps are not recomnended.

5. To make seem ends less susceptible to fatigue they should be rounded
(see section on machiniw.

a(6)
The relieving of fillet welds is not recommended by Graf but

Schick~lVJ has shown that some types of relieving contribute slightly (10%)

to fatigue strength of fillet but not butt welds. Grf(l3) showed that as

the ratio: stres i-for parallel shear fillet welds decreased fron
stress In paM

1.1 to 0.5 the pulsating tension fatigue limit was increased 100%. Below 0.5

there was no further improvement.

T Joints

The best way to improve the pulsating tension fatigue value of T

joints is to taper the leg of the T as shown by Tbnm( 1I) and Graf~6 ! Jig. 1.

A well prepared T Joint with teper~d leg is equivalent to a butt weld in

tensile fatigue and this should be borne in ,aind when considering the low

values reported by Tinm and LIpp(15) in reversed bending.

Roberts l6) gives figures for the relative fatigue resistawe of a

solid T section (100%) and nnchamfered fillet welded T (72%), and a T Joint

wit edges chamfered to facilitate welding (4),

7 -1 .

• .' - .- '-. .t , . . " .'.'-. . .. .. ' " .'-'. '- - '. . .. ,-" .... ' .. ,-.-" . .- '... , . "- .. -. . . .-.-. .- ' -". ."..." '.-. , .. ~
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Profile or ribbed plate to avoid T Joints of web to tension flange

of welded beams is supplied by several German steel works (Fig. 2). Tests by

A3hler and Buchholtz( 1" having shown that fatigue fracture started in the weld

on the upper (less highly-stressed) side of the tension flange, it was believed

that simply inserting the reb in a profile plate without welding would remedy

the trouble. Earlier tests by Schulz and Bucbholtz(l) demonstrated that

beams constructed of profile plates gave 28, higher fatigue strengths and were

suerior in bend-fatigue to riveted beams of the same static strength.

Bierett( 1 2) showed that stiffeners in welded T beams need not and should not

extend into the tension area of the beam. (Consult section on Service Tests

for further information.) *- -

Tests of ill-Weld-Metal

The fatigue strength of sound weld metal is equivalent to steel of
(1)

the same compositionas R. R. Moore showed in 1927. In his tests all-weld-

metal deposited by oxy-acetylene had about 20% higher endurance ratio than

metal deposited by bare electrodes or atomic hydrogen. As stated earlier in

this review, one of his all-weld-metal speciaens withstood over 700 x 106

cycles at 23,000 psi without failure. The rotating bend fatigue value (up to

6
- .- 50 x 10 cycles) of all-weld-metal deposited by the atomic hydrogen process

was reported by Weinman( 1 9). The highest value was obtained with a filler rod

containing 0,46 0, 3.4 Ni whose fatigue limit determined on a machined speci-

men was between 35,000 and 40,000 psi. Unexplained wide differences between

practically identical low-carbon filler rods that were obtained by him may

have been caused by differences in degree of soundness. Eankins end Thorp4 20)

found that the rotating bend fatigue limit (25 x 106 cycles) of all-weld-metal 2
deposited by a high-grade covered electrode was 1,400 psi whereas an

* unwelded, mild steel of the same static tensile strength (58,000 psi) attained

26,900 psi. The low value for the weld metal is attributed to blowholes and .-.

inclusions which have little effect on static strength.

. . ..-

:..: - .
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Welds at BlevateA Temnoratures

The only fetigue tests of jelds at elevated tepperatures have been

made by Lea and Parker(2, who tested machined welds (70*V) 0.48" deep; 0.62"

wide in a reversed bend, constant bending moment machine at 1,000 cpm at 250

and 45000, 10 x 106 cycles criterion. The welds were made with reverse run

with a covered, shielded arc electrode (analysis not given) in mild steel

plate (61,500 psi tensile strength). These investigators also found that

understressing raised the apparent fatigue limit of welds.

Temperature 0 0 Fatigue Limit psi
20 23,300

250 27,300
40 23,500

Lea(22) i. also performing fatigue tests on mild steel welds under slowly

repeated cycles of stress at boiler temperatures. Preliminary results

indicate that welds in auch tests do not differ appreciably from unwelded

mild steel.

Notched-bar 7gligue Tests

The only investigator of the notched-bar fatigue strength of weld

metal has been eitner(23). who used theUA.1 T.reversed bend machine, 10 x 106

cycles criterion. The specimeas were 0.59" x 0.1" x 8" long and were
..... __ welds in mild,,steel 'dtails of noth ad electrodes not aiven.)

l Teiletil Notch

!Yield Tensile Red. Impact Fatigue Limit, -psi .
Elec- %Point Strength Area Value Pol- De-
trode %02  %N2  psi psi 2long% % mar/cm2  ished Notched crease

Coated 0.033 0.056 61,000 73,000 2T.S 57.5 14.2 39,500 31,000 21.3%

Coated 0.052 0.067 56,000 71,000 19.9 44.9 8.2 28,400 25,800 14.0%

Cored 0.013 0.065 56,000 73,500 19.5 43.8 4.8 31,500 30,600 2,7%1

- . . . .-...

. . . . . . . . .~. - -'-- - -
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PROCESSES 0THER THAN GAS AND MALLC ARC

The published information on fatigue for the remaining welding

processes is so scanty that general conclusions cannot be reached. The fatigue

pro-erties of atomic hydrogen welds appear to be the smae as gas and arc welds,

according to results given by Weinman
(1 9)  Thornton(24), Harvey and coworkers

2 ,

Dorrat (26) Becker(27 ). Resistance welds, however, seem to develop remark-
ably high fatigue values, especially in corrosive media, as Harvey(25)has

shown. Thornton(24) found 25,000 to 27,000 psi for resistance-butt and AD

flash welds (rotating beam, mild steel) and V6r(28)found 32,800 to 35,600 psi

in low carbon steel (0.05-0.08 C, 0.3-0.4 MIn) also in rotating bend.

Rosenberg(29 ) quotes tests by Behrens who showed that the torsion fatigue

limit of flash welds in mild steel was equal to that of parent metal (about

22,800 psi). Baumgartel and Heinecke(30) also obtained high values of rotat-

ing-bend fatigue strength (43,000 to 67,000 psi) in highly-alloyed exhaust-

valve steels flash-welded.

Pulsating tension fatigue strength of carbon-arc welds in mild steel.

according to Wallnmann(3 1), varies between I4,000 end 21,400 psi, depending on

degree of worlnanship. Thermit welds appear to have reliable fetigue strength

equivalent to gas and arc welds, as tests of welded rail joints indicate (see

section on Rails). The oldest welding process, hand-forging, has not been

• "extensively studied in fatigue, practically the only information being given

by Stanton and Pannell(32)in 1911. Their rotating-bend cantilever tests, of

comparative value only, showed that hand-forged and butt resistance (Thomson

process) welds were -ractically equivalent to mild steel and wrought iron; gas

welding, at that time a new idea, was not nearly so good. Laboratory fatigue

studies of water-gas welds have not yet been reported.

• ."

'i ° . ........ .... ............. ..................... ° .............. -i 2
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CORUL&TION 0F PATIGUE 71ITH OTME PHYSICAL PROFMI3S

The presence or absence of correlation between the various physical

properties of structural elements such as welds, often provides an indication

of the nature of defects. Up to the present time a reasonably close relation

bet',een the fatigue strength of welds and any other physical property has not

been found.

The overwhelming majority of investigators, particularly Otte(274)

report no relation between the fatigue properties of welds and the usual static

and Impact properties such as yield and tensile strength, ductility in tensile

and bend tests, and tensile-and notch-impact value. The National Physical

Laboratory, 3igland, for example, state( ) in their Report for 1934 that the

static tensile test is of no real value for assessing the fatigue value of welds.

There are indications that good static ductility aids in obtaining good fatigue

(6)value by relieving notch effect, as Lohmann(34) points out. Graf and

Bierett(12) also state that welding rode having high ductillity (20% elongation)

and a pronounced yield point give good fatigue values especially in welds

stressed along their axis, but the relation is by no ineans close. -.adling(35

believes that a high ratio of yield point to tensile strength is important for

good fatigue properties.

Schulz and Bucbboltz found that the relation between pulsating
tension fatigue strength and static tensile strength was rouGhly linear for

machined welds in a number of structural steels; this, of course, was not true

for u nmachined welds. Hoffmann(3 6) stated that there was a close relation

between certain static and impact properties and fatigue strength of welds, but

his own results did not substantiate his conclusions. X-Ray examination,

according to Wallmann(31) and Bierett(12), should not be too greatly depended.

upon as an indication of fatigue value. As stated in "Impact Tests of Welded

Joint%," there is no clearly-defined relation between repeated-impact value and

other physical properties. There is no relation between fatigue strength and

repeated impact value as Ros ( 3 7 ) and Bartels ( 3 8) showed.
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In vieT of the failure to detect correlations, little success is to be

expected from formulas by means of which fatigue strength can be comrluted fron•

other physical propDerties (see section on s-ecifications for purely empirical

formulas). As early as 1919, Stromeyer applied his general formula to Abell's

. results ( 0  on welds but the attempt was unproductive. Pester and Schulz(1 ) and

others have shown that existing fatigue formulas are of no great value for welds.

Erber(2) suggests that his formala for notch fatigue strength may be applied to

welds, but has not yet so applied it. The formula indicates that the fatigue

value of welds rises with ductility, and, that the fatigue strength of welds is

fundamentally a notch fatigue strength.

Credit for the investigation of the large effect of undercutting and

other stress-concentrating effects at the junction between weld metal and plate

must be given largely to German investigators. Among the first clearly to

demonstrate the effect was Jbnger ( 3 ) in 1930 who studied V, lap, and T welds. A

complete investigation has been made by Graf ( 6) whose micrographs showing fatigue

cracks originating from microscopic notches are very convincing. Decreases of as

much as 40% in pulsating tension fatigue strength are ascribed to these notches.

The removal of the notches, explains the beneficial effect of machining, but care-

less transverse grinding of a weld may develop, rather than remove, undercut. The

German specifications permit undercut to the extent of 5% of plate thickness.

(14+)(145) (146)Mailinder and Rttmann( 4 ) Shepherd and Moritz and Lea (  , emphasize the

general significance of the surface quality of welds on fatigue strength and

Driessen ( 47 ) observes that fatigue failure of welded structures in pulsator tests

invariably starts at the junction between surface of weld and plate. This is also

the observation of the majority of investigators, particularly of fillet welds.

Rankine ( notes the effect, but also finds that the roots of fillet welds are

sensitive to fatigue failure.

Recommendations for obtaining a gradual transition from surface to plate

are given by Graf b6 " and Bierett & Gr M l Gas welding and coated electrodes

give more gradual transitions than bare electrodes, and, in fillet welds, an angle

of 300 between surface of weld deposit and plate is better than 150. A smooth,

0 broad, low deposit in butt welds is better than a rough, narrow, high deposit.

Fig. (3) by Bierett(12) shows the types of loading in which undercut notches should

be or need not be removed by machining. The bend fatigue tests of Dumas(5 0 ) at 10
to 12 cpm on V butt welds in mild steel also showed that fatigue cracks usually

start at the Junction between plate and weld iastal."

/ ~~~~~~....................... .... .......... ...... . . . .. •.. .
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INFlUEE OF DZMT6

Internal Defects

The adverse effect of internal defects, of which fealty penetration is

a soecial tyoe, is largely accounted for by their influence in causing local stress

[ concentrations. Internal defects, such as pores and slag inclusions, but

excluding poor penetration which is the subject of the next section, are almost

universally admitted to be harmful to the fatigue properties of welds. Their

relative importance is not yet evaluated, although for well-prepared welds their

effect is generally considered to be primary only when other more important

factors have been eliminated.

The adverse effect of porosity and inclusions in bare-electrode weldr

is considered by Jennings(51 ) on the basis of laboratory fatigue tests to be

more important than design of specimen. Even with high-class covered electrodes

Hankins and Thorpe(20) explain the low fatigue value of welds by the stress
raising effect of inclusions vnd small blow holes. H. F. Moore(52) and

Peterson also note the decidedly disastrous effect of internal defects. The

observation that slag inclusions and 'blow holes cause service fatigue failures

in welds was made as early as 1926 by Schott3~'5 ' and has also been made by

Kautz(5 5) (boiler welds), Pcdal and mhrt ( 5 6 ) (surfacing layers), and Bauer (5 7)

(water-gas welds) among others. Lol-mann and Schulz ( 3 4) found that fracture

followed blow holes in rotating- and reversed-bend fatigue tests of welds made

with bare or coated electrodes, and Matting and Oldenburg(59)made the same

observation in pulsating tension fatigue tests. The surface porosity of bare-

electrode welds was held to account for their inferiority to welds made by cored

or coated electrodes. Using rotating-beam specimens 5/SN in diameter with

recesses filled with reld metal, F. T. Lewis (59 ) showed thet if the deposit is

porous the soectien has a higher fatigue limit -hen the recess is not filled.

Better-class welding (details of weldiig and recess not given) raised the

fatigue strength of the recessed specimen.



But Wallmann(31) could detect a difference of only 1,500 psi in

pulsating tension fatigue strength between machined carbon-arc welds in mild

(12
steel (0.12 C, 0.6 Mn) with large and with small blowholes. Bierett too,

while admitting the importance of pore-free welds, especially for side fillet

welds, believes that internal defects simply accentuate the external notch effects,

and cites pulsator tests on butt-welded stiffened T beams. In two beams develop-

ing good fatigue value the X-ray revealed fine or coarse blow holes near the

tension edge; a beam that gave poor results had defective penetration. Graf(6)

gives more emphasis to the notch effects due to absence of reverse welding or to

the junction between the surfaces of weld and plate, than to the effects of

internal defects. Porosity and notch effect usually occur together. Kruger(60)

as well as Mailinder and Ruttmenn( mentions porosity as one of several effects

contributing to the low fatigue value of improperly made welds. Normalized,

reversed-bend specimens of V welds in mild steel plate (61,500 psi tensile

strength), as tested by Lea and Parker(21), had fatigue values depending on

porosity as revealed by micro-, macro-, and X-ray-examination. Specimens free

from porosity (shielded arc electrode,analysis not given) had a fatigue limit of

28,000 psi, whereas porous welds (electrode analyzing 2.92 14n, 0.15 C, 0.29 Si,

(61)
* .0.10 Ni) gave only 19,000 psi. Hodge also states that fatigue value is

largely dependent on mechanical defects. Welds free from defects as shown by

the X-ray had a fatigue limit (details not given) of 30,000 psi; welds with

porosity, 16,000 to 18,000 psi.

Two investigators have definitely stated that internal defects are not a

factor in the fatigue of welds. Blackwood(62) noted that small gas holes and slag

inclusions had little effect on the rotating-bend fatigue value of welds in mild

steel made with bare or fluxed electrodes. In pulsator tests on nmmachined,

unannealed butt welds in 1/2 inch plate (0.1 C, 0.5 Mn) between +21,300 psi

upper stress, +2,850 psi lower stress, iry (63) obtained the results shown in the

table at the top of the next page.

. ., - ... . . ... . . ....,.,...- .. ? i . . . . . .
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Cycles to
Electrode Fracture Location of Fracture

Bare 1.2 x 106 Started at Pores in weld; spread thru plate.

Dipped 1.0 " Principally in weld.

Heavy-Coateci 1.7 " Same as bare-electrode weld

X-Ray examination revealed more porosity in the heavy-coated than in

the dipped-electrode welds; baro-electrode welds were practically free from blow

holes. Pry concludes that blow holes and slag inclusions, although they should

be avoided, are not important factors in the fatigue value of welds. Poor cast

microstructure and high nitrogen content explain the low values of bare and

dipped electrodes, Pry believes.

Penetration

The most importat type of internal defect from the standpoint of
fatigue of welds appears to be poor penetration, by thich is meant lack of fusion

along the scarves and at the root of V and double V butt welds as well as of
fillet welds. Poor penetraj.on is usually the result of poor or hasty workman-
-. ship, as Ch .man(6 . Sulser , and Johnson ( 66) imply, but may also be caused by

too narrow a weld angle as in tapered T welds (Bierett(67) by the use of thick

electrodes, and by other factors.

In Haigh'se~ opinion, poor penetration is the chief factor in lowTer-

ing fatigue value. Welds with small speck-like inclusions and having an alternat-

ing direct tension-compression fatigue limit of - 12,300 to 13,400 psi and a

pulsating tension fatigue limit of 21,300 to 22,400 psi are not further affected
by the scratching and indenting exoected in service. Such a butt weld with a

hole drilled through the middle to represent a standard stress raiser withstood

16.8 xl06 cycles at 12,300 Psi and 1.8 x 10 cycles at 17,900 psi before
fracture, the cracks following slag inclusions. For joints with poor penetration
however no fatigue limit can be assigned. Rol and 3ichingg ) also regard poor

penetration as more important than small superficial defects such as notches and

corrosion pits, which have no further effect on the fatigue limit of welds.

Graf46) found that poor penetration in V and double V welds is as important as
P undercutting. The rotating-beam specimens (double V welds) of Musatti and

Re~oi(69),.
Reggiori without exceltion, broke thru the root of the X. The magnituds of

the effect of poor penetration is shown by the results of

. ...
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* allman(3l) on carbon-arc welds with shielding gas (referred to in preceding

section). Specimens with large blow holes had a pulsating tension fatigue limit

of 19,900 psi; specimens with poor penetration only 14,200 psi.

Poor penetration is also an explanation for many service fatigue fail-

urec, as Pfleiderer (70) showed for welded superheater tubes. The relative

imoortance of poor penetration depends on the type of Joint and stress, according

to Bierett(12), ig (4). In the lower set of drawings, as in beams, other

influences are so much more powerful that the penetration problem is secondary.

Covered electrodes aid in obtaining good penetration and consequently good

fatigue value, and in keeping slag out of the weld.

It may be concluded that, as Orr's results(71) surest, poor penetra-

tion is not an inherent defect in welds-good wor.manship, materials, and design

may always eliminate this defect - but that, when present, it may decrease the

fatigue value up to 50% and more. -_

InterruQat Seem

The poor fatigue characteristics of interrupted seams were shown by -

Hochheim(72) in pulsator tests of welded beams. A welded I beam with continuous

welds withstood 2 x 106 cycles of bending between +22,200 psi upper stress and

+7,1400 psi lower stress without fracture. A beam of identical construction but

with interrupted seams fractured after 60,000 cycles in the same range of stress.

The beams were made of low-alloy structural steel (74,000 psi static tensile

strength) with special electrodes (type not stated). Bierett(6 7) states that

interrupted seams should be avoided, and Rol and Eichinger(7) show by an example

that, the factor 0.6 being applied to the permitted stress in plate metal at the

end of a weld bead and 0.85 applying to the continuous seam, it is not generally

economical to use interrupted fillet welds. The adverse effect of interrupted

seems on fatigue value appears to be explained by the stress concentrations

known to exist at the end of a bead of deposited weld metal.

p
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)IM MCAL TERX AT

Zeenind

The effect of peeninG on fatigue value has been studied by Peterson ad

Jennings (73), and Lohmann(34) The first-named found that unmachined all-weld-

metal deposited by bare electrodes Gave 15,000 psi in rotating cantilever tests

end that this was raised to 20,000 psi by peening. Peening the outer layer was as

effective as peening each layer successively, which is in arreement ith

Bierett(12, 67, and with Strelowls statement(7A ) that the coarser the grain at

the surface of the weld the lower the fatigue strength in reversed bending. About

the same increase in reversed-bend fatigue strength as observed by Peterson and

Jennings was found by Lohmann in low-nitrogen double V welds. Gerritsen and

Schoenmaker(75 ) attribute the increase to the closing of pores under the hemmer.

Peening did not epear to be beneficial in Wilson's fati 6 ests of welded

girder-to-column connections.

Hot Forging

(27)
The effect of hot forging has been closely studied by Becker 7

Pester and Sc-lz(4i, and Hoffmann( . ). The Lehr short-cycle method was used

by Becker to evaluate the rotating bend endurance limits of his specimens; this

method bas been shown by Bartels(38) to give slightly higher values for welds
6

than the 10 x 10 cycle method. The specimens were oil-cooled during test to

maintain their temperature at 200. The specimens were machined from 600 double

V welds in 3/4% plate (0.1 C, 0.4 Un, 0.15 Cu) using DC ar (bare electrode,

0.08 C, 0.45 Mn, 0.0 Si), gas, and atomic hydrogen (filler rod in both cases:

0.10 C, 0.4 Mn, 0.12 Si). The specimens were heated in a gas furnace to three

forging temperatures:

-00 1050 1200 00 Wurnace Temperature.
700 950 1050 00 Pinal Temperature.

~~~~~~~~~. -. .... .. .. ... .. ..... ........... ... . ... ....... ................. (,-,. , ,.,.., - ..- - .,. .,....-. ,..--.. - .. -,., .. . ,,,.-.
... . . . .* I a l _i. ~ ~ _l { [ l t l i i t I l a Jl_" l
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Reductions of 20 and 40% were made using the same number and weight of

blows in each case. TIe results shown in Fig 5 (the fatigue limit of the

unwelded plate was 36,200 psi, given as 100% in the graph) indicate that forging

is beneficial but is less so at temperatures of about 12000 on account of

increase in grain size. Becker explains the effect of forging as an equilization P

of internal stress and axomogenization of the structure of the weld. The effect

of forging appeared to be independent of carbon ad manganese content of the

filler rods up to 0.32 and 3.15%, respectively.

The effect of hammering double V gas welds in 3/4" mild steel plate

(percentage of reduction in forging not stated) has been studied by Pester and

Schulz using the rotating-beam machine (10 x 106 cycles). The results are shown

in the following table.

(141)
Effect of Hot Forging on Gas Welds. Pester and Schulz (1932)

Type of
Material Welding Bndurmce Limit psi Percentage Decrease-

Unwelded 24,600 0.0

Unforged Fore-hand lS,00 23.7

Forged 21,140 13.3

Unforged Back-hand 18,500 214.9

Forged __23,600 5.4

Hot forging increased the fatigue limit back-hand welds 20%; of fore-hand

welds only 10%. The superior fatigue qualities of back-hand welding in mild

steel has also been shown by Kleiner and Bossert(79). Hoffmann (7 7) found

increases of 75 to 100% in fatigue value due to forging (details not given) of *. .

welds made with coated and cored electrodes (0.07 C, 0.65 to 2. Mn) in mild

and low-alloy steels. Friedmanu(79' showed that hamering was beneficial to

the fatigue value of welds in Aldrey wire (see

-1 2
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section on Alloys, Non-Ferrous). Bierett(1 ' states, however, that forging in

general has little effect on the fatigue strength of welds (no details given).

Johnson (6 6 ) end Reiter ( gO) believe that the good fatigue strength of flash welds

is accounted for by the hot work involved in the process. Nevertheless, 
'tter 7-4

advises that to avoid cracks, especially in copper but also in mild steel,

welding should not be done where shaking of the work is involved, as by riveting

at the same time.

Ogld Work

The advantage derived by cold working welds has been mentioned on

several occasions, for example by Miller(S2 Hoffman 8 , and Hobrock ( 81 ) ,

but this apparently simple method of improvement seems to have received little

attention in industry. Hoffmann observed an increase of about 10% in the fatigue

strength of shot welds by cold working and Hobrock believes that it is quite

possible that spot welds in Duralumin, cold worked or pre-stressed below the

natural elastic limit, may have improved fatigue characteristics. The local

application of repeated small loads might not only relieve stress concentrations

but might raise the endurance limit of the annealed region adjacent to -elds.

The former effect has been amply demonstrated by Ludwik, and more recently by

Thum and co-workers, and others on a variety of machine elements, such as screw

threads, and filleted and drilled shafts.

P--
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To date, fatigue tests show that for medium- and high-quality a=e

welds, butt or fillet, in structural steel, intelligent removal of undercuttiig

=- and other surface notches, or reinforcement by machining raises the fatigue

value about 25%. In poor quality welds with high inclusion content, machining

appears to be of no advantage.

The effect of machining on fatigue value has been investigated mainly

in direct-stress and reversed-bend machines. Results with the former type of

(6)(10) (69)
machine have been reported by Graf(6) , Schick , Haigh Hankins and
Top(20) , G e (9 )

Thorpe and Memler, Bierett, and Geh.er Graf showed that well-made

butt arc welds have a pulsating tension fatigue strength of up to 27,000 psi

(2 x 10 cycles) and that this is increased to 3 4,000 psi by machining the weld

flush or by carefully grinding out all notches so that there is a gradual

transition from plate to weld cross-section. On the other hand, Schick using

the same ty-oe of machine (pulsator) as Graf found that machined bare-electrode

V butt welds in mild steel had no higher fatigue range (upper stress 31,300 psi,

lower stress 20,000 psi, 2 x 106 cycles) at high superimposed loads than

unmachined butt welds. This is confirmed by Haigh who tested low-grade welds.

Tests by Lea and Par2jr(2 1) shored that 700 V welds (slag-coated electrodes:

0.15 C, 0.10 Si, 0.57 Mn) in plate having a tensile strength of 71,000 psi hid

a reversed-bend fatigue limit (10 x 106 cycw) of 19,500 psi; when the weld

was machined flush with the plate the value rose to 21,500 psi; and when both

surfaces of the specimen were machined the value was 24,000 psi. Hankins and

Thorpe using high-class covered electrodes and double V welds found that the

pulsating tension fatigue limit unmachined was 17,500 psi; by machining flush

the value was raised to 31,200 psi, parent metal giving 34,700 psi. (These

values are given as 17,900, 31,200, and 35,800 psi, respectively, in the

Report of the National Physical Laboratory for 1933.) The Goodman diagram

Pig 6 for flush-machined and unmachined double V wel.s in two thicknesses of

low-alloy, higbo-strength structural steel emphasizes the increased importance

of machining in attaining maximum fatigue values for high-strength structural

steel. The graph also shows that the effect of machining becks negligible

with high superimposed statictensile loads. Machining is also beneficial for

austenitic welds, as &amtz(55) has shown (see section on Alloys).
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The effect of machining is at least as beneficial for fillet as for

butt welds in pulsator tests. The benefit of machining the inner ends of fillet

welds is shown in the following table taken from the tests of Memmler, Bierett,

and Gehler. The welds were made with bare electrodes in mild steel; the radius

of the machined ends of the Yields was 1 5/8 inches. The tests were performed on I

the pulsating bridge (see Appendix A). As shown in the small diagrams the thick-

ness and breadth of plate metal were j inch and 4 inches respectively. Schick

also obtained 40% better pulsating fatigue value from parallel shear fillet welds

the ends of which had been machined (details not given) than from unmachined.

Type of Joint Lower Upper No of Cycles
Stress Stress to Fracture Fracture
psi psi x 106
Su So

F1 VIA 11,200 22,600 0.51 Inner end of
*MAWM weld, in strap

VIB 11,400 22,800 2.10 Outer end of
strap

,,NE D VIIA 11,400 22,800 0.91 Inner end of
weld, in strap

• --- V1IB 11,100 22j,500 1.63 Normal shear
weld

VIIIA 11,900 23,500 1.21 Inner end of

0 Xweld, in strap

1--., ' VIIIB 12,100 23,500 2.48

IXA 11,200 23,600 0.64

-. IXB 11,200 23,600 3.17 Normal shear weld

A-Unmachined
B-Machined inner ends

An exceedingly informative study of the effect of machining on the re-

versed-bend fatigue strength of T welds has been made by Thum and Lipp.5  It was

shown that Tees, Fig (7), welded with bare electrodes without tapering of the

• " " " " " " ° " "° " " " " " ° " " " " " " ". . . . ." ° " " " " , - ° ""." . . "w - ° .
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shank of the .T-had a fatigue value (10 x 106 cycles) of 15,500 to 17,000 psi,

the U8hler curve not being horizontal. By machining the weld as shown in the

'- diagram the W8hler curve was horizontal at 10 x 106 at a value of 22,800 to

P4,200 psi. Larger Tees (18' high, 24" wide, 3/411 thick) gave a lower increase

than the smaller Tee due to removal of the notch by filing or grinding at the

transition from weld to plate. The scatter decreased frou 20% in the unmachined

specimens to 10% in the machined specimens. It was also shorn that the reversed-

bend fatigue strength of polished round bars of mild steel was not affedted by

welding with bare electrodes (27,000 psi).

Three other investigators, Roberts(16) Leitner(23) and Orr(71 alsobJ

find that machining raises the reversed-bend fatigue strength of butt welds.

Roberts found that by machining bare electrode welds in 1/2" mild steel plate

to 3/SI thick the fatigue value (magnetic impulses synchronized rith natural

frequency) was equal to parent metal. A small improvement of 10 to 15% due to

f lush machining was observed in atomic hydrogen welds (Swedish iron rod) as

well as in arc welds. According to Leitner, the reversed bend fatigue limit of

butt welds (coated and cored electrodes) in mild steel is increased from

23,500 psi unmachined to 30,000 - 31,000 psi after removal of reinforcement.

Orr found that arc welds in high-strength structural steels (compositions not

definitely stated) had 6% of the fatigue value of parent metal and that this

was raised to 70% by machining. Brown and O found that welds machined

flush have practically the same reversed bend fatigue limit as unmachined welds,

namely, 21,500 psi. Using plate having a rotating bend fatigue limit of 23,600

psi, Townshend (g6 found that flush machined X welds had. a fatigue limit of

21,400 - 22,400 psi, but unmachined only 16,900 psi (no material or welding

details).

Leitner ($7) states that welds prepared with coreC. electrodes are

improved in fatigue value (details not given) up to 2,,000 psi by grinding off

(99)the reinforcement, and Schuster advises that wherever possible the

reinforcement of boiler welds should be ground off. Bierett(12) shows that by

machining the tension stressed area of a butt weld connecting two mild steel

T beams, the fatigue fracture develops in parent metal not near the weld. In

general the weld reinforcement should not be removed, the notches and surface

irregularities in the weld and its immediate vicinity being removed by grinding;
planing is not usually sufficient because notches are not necessarily removed.

. . . .. . . . . .. . . . .. "..". . ..-* .*.*.. . . .~~~~~~~~~~~~~~~~~~~~~~~~~~~.-.., ............. .......... . . .:,, .... ... ...... . ..... ,.,....?.,.....:,..,
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The rounding off of the inner ends of parallel shear fillet r-elds by portable

millers is recomended for improvement of fatiguae value. Roffmann(3 6 ) also

notes the improvement in fatiguie value to be expected by machining,

That machining mayr be undesirable in certain types of welds is shown

by Peterson and Jennitgs(73) who tested low-carbon all-weld-metal deposited by

bare electrodes in a rotating-cantilever machine. The unmachined deposit had

M a fatigu~e limit of 12,000 to 16,000 psi; machining lowered this to 9,000 to

13,000 pasi. The decrease was attributed to tie exosure of internal -pores by

machining, surface notches being in general more detrimental than interior

notches. It is also -possible that blowholes on the surface may transmit

defcwmationl to adjacent material more readily than "constrained!' internal

discontinuities, especially in impact loading. The rotating bend isetigue

value of gas, aro, and flash-welded tubes in rotating-beam fatigue was found

to be practically unchanged by machining (See R R Moore and Johnson whose

wores is smmaarized in the section on Tubes.



The reversed-bend fatigue value of low-nitrogen double V arc welds
" '.ol= n(324) -

in stractural steel pl1ate was shown by Lohrann to be considerably raised

by machining away the reinforcement, as the following table shows:

The Effect of .chining on the Reversed-Bend Fatigue Limits (psi)
of Double V Welds. Lob-Ann (1933).

Pulsating Bend Fatigue Limit (0 to U-tz) Reversed-Bend Fatigue Limit

Material Unmachined Machined Unmachined Machined

0.090!0.5 25,6oo 39,00 17,100 24,200
l.On, 0.7Cu, 0.5Cr 32,700 5,500 21,400 24,200

He conceives that it is the purely stress concentrating effect of the reinforce-
I

ment tiat accounts for the benefits derived from machining, ead gives the

following values for artificial reinforcements on plates of tb.a low-alloy steel

mentioned in the above table;

Reversed-Bend

Type of Unwelded Specimen Fatigue Limit psi

Smooth surface, milling marks perpendi- -32,70
cular to axis of stress + 32,700

Artificial reinforcement . m high + 21,300
2 + , + 19,900

" 3 " " ±17,100

The figures are revealing but their interpretation must not be too

rashly attempted, All results indicate hovever that in welds ,as in other

structural elements, removal or addition of metal may have quite unexpected

effects on fatigue strength and that the designer and welding engineer should

bear them in mind.

... . . .. . . . . . . .. . . . . . . ..-*
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WELDING THNIQU3 j
Scarf Ande

Scarf angle is importent for fatigue value only insofar as penetra-

tion is concerned, according to Bierett(l2) who reconrends that scarf angle

be as small as possible consistent with good penetration. Jennings(99 ) found

the following rotating bend fatigue limits for low-carbon, bere electrode

welds in hot-rolled steel plate having an endurance limit of 27,000 psi:

Jennings' Results with Different Scarf Angles (1930)

Ti-o and AUle Endurance Limit osi

0e 16,000

30V 21,000

~450V 20,100

30oX 16,200

450X 17,800
Drn(90)

The specimens rere 0.30 inch diameter. , using two types of scarfs

on double V welds in mild steel plate (Kjellbe electrodes): (A) 700 with no

spacing; (B) 1200 with 3/640 spacing, found.that the latter was superior in

low frequency fatigue (Scpm). At t 20, 000 psi unmachined elds of type (A)

withstood less then 16,000 cycles whereas type (B) withstood 50,000 (average of

14 specimens). The scatter was lower for type (B) (+100; -40), ad onlv a
as

little higher then for unwelded mild steel. An increase in root spacingl-e..1 as

the use of small diameter electrodes fort he starting run is also recommended

by Schaechterle(9 1).

V andX

The relative merit of single V welds as compared to double V in

fatigue is decided by Jennings' tests given above in favor of the single V.

Thornton(92 ) found that double V welds gas and arc in mild steel gave 5,000 Osi
less cantilever fatigue strength than similar single V welds. Bock (93) also

finds that single V welds are superior to double V but only to the extent of

* l,5 1'1 Psi

. . . . . . .. . . . . . . . . . . . *. ." .,
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Biertt(ert a( 16)

for well-made covered electrode relds. erett (6 7) ,  oberts and Ro and

Richinger ( 7 ) , however, find that there is no difference between the two types.

Roe and Eichinger qualify their state aent to include only welds perpendicular

to the axis of tension. If the welded seam lies in the direction of tension,

differences are revealed as shown in the following table. The stress cycle was

between + 1,500 psi and + 27,000 psi; plate thickness; 5/S inch. The stress

anneal was beneficial only for these welds in the direction of stress, not for

relds transverse to the axis of tension, %hich suggests that the high

longitudinal shrinkage stresses may have an effect on fatiguc behavior. It may

also explain the superiority of the double V joint as compared -4th the single

V; after both had undergone a stress relieving treatment.

Pulsator Tests on Umnachined Arc Welds in Mild Steel Parallel
to the Axis of Tension. (RoW and Eichinger, 1935)

Type of Weld I double V butt weld V welds X welds 300 cpm.
with V's offset __________

As Welded 716,500 3,3,500 267, 7O cycles to failure

Stress Anneal 958,800 692,00 878,500
65oC. (Unbroken) -__ __ _ _

The increase in fatigue value to be obtained by using butt welds

inclined to the axis of tension is particularly demonstrated by the results of

Diepschlag, Matting, and Oldenburg(94) , shown in Pig. 8. There is a linear

increase in Dulaating tension fatigue strength with increase in angle between

weld and the normal to the tensile load. This is confirmed by the results of

Graf (6) igs 9 and 10., and Bierett ( 1 2 ) for semi-circular and other butt

welds. The latter and others believe however that the inclined or curved butt

weld is justified in locations where sensitivity to production defects is

expected; the anGle between weld and the axis of load should never be less than

145 C. Furthermore, the magnitude of

pJ

o% . .S-V C
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shrinkago stresses, especially with arc welding, is not "nown in these joints.

Schaechterle(91) and Graf(6) show that failure in static tension in butt welds

occurs in the parent metal but in fatigue the butt weld, even the inclined

type, starts to fail in the weld.

Current and Reverse Ran

Butt welds (30'V) in mild steel made at different amperages, from

200 to 275 amps, with .5/32" bare electrodes (semi-automatic process) had

identical cantilever fatigue limits (- 3%) in the tests reported by Jennings ( 9 5)

latigue tests on welds made with different sizes of electrodes showed variations

that are porobably to be ascribed to variations in workmanship. Leitner (67) and

Vincent ( 96 ) show that a reverse run raises the direct tensile and reversed-bend

fatigue strengths in mild and alloy steel by 10 to 20%. In the extensive

pulsator tests performed by Graf ( 6) butt welds, arc or gas, that were not

carefully reverse-welded had 30 to 50% lower pulsating tension fatigue

strength than welds that had been carefully reverse welded. The German

investigators in general recommend reverse-welding herever possible. The

reverse run is important because it eliminates notch-effect at the root of

_72.

S.
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the V, not because it refines the grain structure.

Plate Thiciness

The effect of increasing plate thickness on the fatigue value of

welds is adverse. Jennings ( g9) found that a small cantilever specimen 0.469 inch

diameter gave 14, 0 psi, a large cantilever specimen 2-1/4 inches diameter giv-

ing only 10,000 psi. Both specimens were 450 double V welds in mild steel

using 5/32" bare lowscarbon steel electrodes, 150 amp. (analysis of plate and

electrodes not given). He ascribes this size effect to residual stresses and

is concurred therein by Rog and Sichinger ( 7 ) . These investigators observed that

the pulsating tension fatigue limit of the junction zone material was: Butt

welds 19,900 to 21,900 psi; T and normal- and parallel-shear Joints 11,300 to

17,100 psi the lower value being obtained for samples from thick plates (about
the upper applying to medium size plates (about 1/2").
IN),/ Annealina raises the pulsating tension fatigue value of the junction

zone somewhat (no data given). Graf ( 9 7 ) showed that the pulsating fatigue

strength of structural steel rith flame-cut surface deoended on plate thickness,

the plate containing a transverse hole. In 1-9/16" plate the value was

27,500 to 29,000 psi; in 3-1/8" plate, 23,200 to 25,600 psi. E. T. Leris (59),

however, found that fatigue cracks appeared to about the same extent after

227,000 cycles at 29,700 psi in all three of the equally stressed necis (dia-

meters: 1", 0.91", and 0.7911) in a composite rotating cantilever specimen of

mild steel with recesses containing weld metal (no details). The rotating

bend fatigue tests performed by Virt and KVauelt ( 9 9) on different zones of a

shaft (0.66%c) built up with different kinds of wear resisting electrode

deposits confirms Lewis's conclusions.
@ I

-1

.........................................................................................
.%~. .. . . . . .



-29-

Fatigue Tests of Weld Elements

To indicate the directions in which the search for means to improve
the fatigue properties of welds should proceed, a number of investigations have
been made on weld elements and models of welds. The most extensive series of
tests on weld elements has been reported by Schulz and Buchholtz,6 who performed
their tests, summarized in the following table

Pulsator Tests of Weld Elements - Schulz and Buchholtz (1935)

Element Percentage of Pulsating Tension Fatigue
Strength of Machined Flat Bar

NEI1 Plate with hole 5/8" diam. 78%-

Plate with rivet 64

Transverse bead (arc)on one side 75 /

Transverse bead " both sides 59

Longitudinal bead on one side 45
" " both sides 59

Stud on one side 64

Stud on both sides 56

[Z II Rectangular strap 54

LZ I]Rhombic 52

Location of fatigue fracture is indicated by wavy line.

on a high-strength, chromium-copper structural steel having a fatigue strength
in pulsating tension of 59,800 psi as determined on a machined rectangular bar.
According to Bierett b1 other tests have shown that the double-sided run is no
more unfavorable than the single-sided and that the transverse is as dangerous as
the longitudinal bead. The more longitudinal runs are present tne more dangerous
they are. He also points out" that the loss due to a bead welded on the surface
ought not to be quoted as a percentage because the loss depends on plate thickness.

The reversed bend fatigue limit of a plate tested by Roberts was reduced
from 29,200 psi as received to 15,700 psi after a bead of metal had been deposited
across the maximum stress section. After the bead is machined flush the fatigue
limit rises to 18 000-20,000 psi. Schaecterlef/ gives the following values for
pulsating tension fatigue strength of mild steel and low-alloy structural steel.
(Dimensions of specimen: 24" x 1 5/16".)

07::
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Pulsating Tension Fatigue Strength psi
Condition Mild Steel Low-Alloy Structural

Steel
With mill scale 21,300 to 54,200 54,200 to 51,000
With mill scale and central hole 25,600 to 28,500 28,500 to 51,500
With welded bead on one side 22,800 25,600
With welded bead on both sides 17,100 17,100
Double strap normal shear joint
plate: " straps 3/8" 11,400 ll,400

ditto with tapered seams and
machining 17,100 17,100

Butt weld; V 6r double V 22,800 to 25,600 22,800 to 25,600

In pulsating bending, the reduction due to beads of weld metal is very large

_#J according to Hochheim whose results are given below:
Lower Stress Upper Stress Pulsations-

It { 17,100 51,500 2 X 106 unbroken

It1 8,600 25,600 2 x 106 unbroken
J

S8,600 25,600 750,000 fracture

In specimen 2, two beads of metal were run across the bottom of the bar;

its endurance limit was close to 25,600 psi upper stress, 8,600 psi lower stress.

These tests are exceedingly interesting from a practical standpoint but

may be explained by stress raising due to shape, notch effect due to undercutting,

shrinkage stresses (none of the specimens appears to have been annealed), or to

microstructural changes depending on the inclinations of the interpreter. Less

objectionable are the fatLgue tests of models of butt welds in reversed bending

by Lohmann (quoted above) and by Schulz and Buchholtz. These tests indicated

that, for the thickness of plate used (not stated), an artificial "reinforcement"

1/12 inch high machined in unv,.elded plate in medium-carbon or low-alloy structural

steel reduced the fatigue value by 50%. A perfect weld therefore will probably

* give a reversed bend fatigue of much lower value than the parent metal. Baud

states that the points of maximum stress concentration indicated photoelastically

in models of welds are confirmed by fatigue tests, but the degree of magnitude of

concentration is much less in the fatigue test than in the photoelastic specimen.

o. . . . ... - - . . - .. . - -- . - . . . . , . . - . ' . . - ' ...... ...,. ..... ., ...,.. ,:,....,.. ,..,, ,.,...., .....,..,,,-,., , .,. ,..,...,.,.. . . . . . . . . .. . . .. ,. .... . .... . . . . . . . . . . . . . . . . . . . . . . . . . . 71 ii-
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There are three t~rpes of heat treatment applied to welds: 1. full

annealing, 2. stress annealing, 3. hardening and tempering. By full anneal-

Ing above Ac the static strength of the weld is generally decreased, internal3
stresses are removed, and grain size is refined. Stress annealing has much

less effect on grain size and static strength than full annealing. Quenching

and tempering is generally applied only to -elds in medium- or high-carbon

alloy steels. The effect of the first two treatments on the fatigue strength of

welds is a matter of controversy, but the beneficial effect of the third tyoe of

treatment on welds in aircraft tubing and rail steels is shown by Ward
(102)

Beissner(03) and Reiter Brenner( ) also states that welds in aircraft

steels should be heat treated for best fatigue behavior.

Full Axtuealing

The effect of full annealing on the rotating- and reversed-bend

(3)strength of arc welds in mild and low-alloy steels has been studied by Lohmann

His results show that annealing (980 to 92000) is detrimental to welds with

medium or high nitrogen content, above about 0.044% N2 , but is beneficial when

the nitrogen content is below 0.0o The difference between the as-welded and

the annealed specimens was never more than 3,000 psi, however. Lohmann and

Schulz 34), and Hodge(61 the latter gives no details), however, have found that

there is no connection between the nitrogen content of welds and their fatigue

2. .... value. The results of French suggest that the fatigue value of age-susceptible

welds may be raised by tensile over-stressing. In materials that are not

susceptible to stress-aging, tensile overetressing lowers the fatigue value.

Bartels (I05) showed that the rotating-bend value of gas welds in mild steel

and cast iron -as not imporoved by annealing, that welds in silumin were

adversely affected, and that welds in copper were slightly improved by full

annealing. Brown(I06) also showed that full annealing was disastrous to the

reversed-bend fatigue limit of gas velds in 5/16 inch mild steel plate, the

fatigue limit as-welded being - 25,000 psi, and after annealing only - 14,000

psi. Annealing

. . . . . . . . . .
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lowered the reversed-bend fatigue limit in double V arc welds in mild steel

from 19,200 to 15,500 psi, according to Lehr(l 0 l). But Sulzer 6 , usin the

rotating-beam machine found that arc welded mild steel was raised from 14,500

psi as-welded to 22,400 psi after full annealing. Furthermore, Bun(lS) and .

Schulz and D chholtz ( 1S) recommend the full annealing of welded structures to

avoid service fatigue failures.

The effect of annealing is closely related to the grain size, as

Peterson and Jennings ( 73 ) have shown. By annealing bare-electrode all-weld-

metal.for 2 hours at 170007 they observed a 30% decrease in cantilever-fatigue
limit which they ascribed to coarse grain, although Harvey and Whitney ( 2 5 ) could

detect no effect of grain size on the corrosion fatigue of mild steel. This

effect of coarse grain on fatigue limit was developed by Thornton(2 ) as a

theory of the fatigue failure of welds whereby the difference in grain size and
hardness between weld and base metal is s aid to account for the low fatigue

-* strength of welds. The grain size effect has however been shown by Lobmnn and
Schulz and others to be secondary for weld fatigue failure in rotating- and

reversed-bend tests occurs usually through the middle of the weld; sometimes the

first crack originates at a point of high stress concentration.

The tensile- and non-reversed or pulsating bend-fatigue results of

Gref ( 9 7 on flame-cut surfaces in structural steel (65,000 psi static tensile

strength) show that the increase in grain size due to flame cutting is not an

important factor. The plates with oxy-cut surface have a fatigue value equiva-

lent to a plate with a rivet hole, namely, 27,500 psi in pulsating tension, and
25,500 psi in pulsating bending. After heating for one hour at 8850 followed

by air-cooling, the section being l-1/20 x 1-1/8", the grain size at the surface
was refined and the pulsating bending origin fatigue limit rose to 37,000 psi.
However, by grinding the rough oxy-cut surface to remove surface irregularities

* . ~ ,Ithout removing the zone of coarse-grained material, the pulsating-ben& value
was raised to over 55,000 psi. Graf therefore concludes that oxy-cut surface

need be machined only deep enough to eliminate surface irregularities; there is
no need to remove the coarse-grained zone. Similar tests(97 on flame cut sur-
faces of low-alloy structural steel (static tensile strength 74,000 psi) showed

a fatigue limit of 3Al00 psi compared with 3S,400 psi for a sawn surface.
Ground or milled flame cut surfaces had intermediate values. Melhardt(l09)found
that oxy-cut surfaces in mild steel had slightly better reversed bend fatigue
strength than planed surfaces, tested parallel or perpendicular to the direction
of planing, At a reversed stress in the extreme fibers of -31,300 psi the o.V-

cut surface withstood 2.25 x 106 cycles to fracture whereas the parallel and
transverse-planed specimens failed after 2.OxlO and les then 1 x 10 cycles,
respectively.

-o-. ..".
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The annealing effect of gas welding on the adjacent plate was found IV

Kisiner and Bossert(78) to reduce the rotating bend fatigue limit up to 10% in

the zone heated above 400 to 50000, which coincides approximately with the

* recrystallization of the mild steel plate that was used. This decrease extends

* wcrer a 70% wider zone in fore-band than in 'beck-band welds,* These investigators

believe that the coarse grain structure of gas welds prevents their attaining

the same fatigue value as the base metal. Of the contrary opinion are Ausatti

and Reggiori (69) who supply experimental proof in the following table.

Masatti and Reggiorile Results (193)

Brinell latigue Tensile aunc

specimen Hardness Limit psi Strength Ratio= yat~t Limit
________________ ______Tensile §Iren th

Parent Meta 170 41l,000 55,500 0.46

Double V Weld - 27,600 51,500 0-34~

All-Ireld-Metal - 29,000 53, 700 0.35

*Overheated Parent Meta 220 ~479000 100,000 0.417

The parent metal contained 0.23 0, 0.S un, 0.3 Sit the electrode containing
being

0,0 C, 0.~ua, 0.01 Si and / coated vwith a mixture containing 12% 0.003

19% Fe-Mn (80% Mn), 3% Pyrolusite, 37% red Hematite, 6% Ye-Si-Ti, 23% Sodium

Silicate (90% accounted for). The overheated base metal had a coarse

Widsannstitten structure which did not however injure fatigue strength. Other

donsiderations point as well to the relative unimportance of the metallographic

structure of welds in mild steel so far as fatigue is concerned.

Occasionally the fatigue failure of welds has been observed in the

heat-affected transition zone between weld and be%* metal, especially in the

*overheated structure of tubes (Pranks(1l0). Beswgir tel(lll) , Var(02),

Hoffman('l))o The heat-affected zone, it is supposed, may act in two ways.



(1) The Widmnntttatn structure in the overheated zone is undesirable"-

L _ in fatigue. Existing fatigue values of iinannealed cast steel or overheated

rolled steel show that in neither material is the fatigue limit below that

expected from the static tensile strength. Indeed, Vir(2) demonstrated that

slip lines, which precede fatigue cracks, form loss readily in the lidmannatatten

structure of flash welds in low carbon steels during rotating bend fatigue tests

S.than in the as-rolled structure. osenhain(1l3) has suggested that the weakest

zone in fatigue is that in which, due to the welding heat, cementite has Just

begun to spheroidize. Observations of fatigue fractures can scarcely be said

to confirm this hypothesis.

(2) The difference in grain size, structure, and physical properties

between taso metal and 'weld acts in some way as a source of stress concentre-

tion which lowers the fatigue value. This hypothesis is stated most convincing-

ly by Diepechlag, Matting, and Oldenburg(9)) and mentioned also by Thornton (2 ,

who noted that fatigue cracks never started in large Widmannstitten grain

boundaries, and by BrennerlI) and Schaechterle(ll)i)

Kleiner and Bossert ( 7 , and Roo and Jichinger showed that the

heat-affected zone had a fatigue value intermediate between weld metal and plate,

the former showing that in gas welds In mild steel the rotating-bond fatigue

value of the weld was 30 to 50% below plate metal, the transition zone only 10%

below plate metal. Dierett and GrWnzg(49 ) also point out that if the heat-

. affected zone were the cause of fatigue failure, the procedure of depositing

concave weld beads with smooth gradual surface transitions which produces a

larger heat-affected zone should be expected to lower the fatigue value.

Actually the fatigue value is considerably increased.

The two types of explanations may perhaps suffice for the very small

proportion of fatigue failures that demonstrably occur in the heat-affected zone

of welds. It cannot be said that the presence of this zone is more than a minor

.;...-.,-...- .-..,- ,-.....,, .,-.,..,,.,.-,.. .-.,-..- ... , .-,..; , . ..:- . .: .- ....-...~ , . . . . . .. -. . - . • -. ,*. :
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factor in the fatigue of welds. In this connection, Vyr(28) found that in

flash welds in medium-carbon steels, fatigue cracks had a strong tendency to

develop and spread in previously-formed slip lines in the network of ferrite.

The slip lines tended tu. occur in the direction of maximum shear stress. The

wider the ferrite network, the lower the fatigue strength because slip lines

form more readily. Jasper(197) also found that the rotating bend fatigue limit

* of specimens cut from transition zone and weld metal in arc welds was slightly

higher than that of bse metal.

Stress Anneal.ng

Pull annealing having only a slight beneficial effect on fatigue

strength in low-carbon steels, and then only in low-nitrogen welds, the effect

of stress annealing may be expected to be small. This is confirmed by all

who have studied the problem.Peterson and Jennings found that the cantilever

fatigue limit of unmsachined bare electrode weld metal was scarcely affected by

two hours at 10001F. Thornton(92), Roe and gichinger (5 ) , Orr(71) , and

Aysslinger~ll5) found that stress annealing was beneficial. The first-named

found that a covered electrode low-carbon V weld which had a cantilever fatigue

limit of 27,000 psi was raised to 28,500 psi by stress annealing. The results

obtained by Orr (tabulated in the section on low-alloy steels) indicate an

increase of up to 15% due to stress annealing 1/2 hour at 6000o in reversed

bend fatigue limit in low-alloy welds. The pulsating tension fatigue limits

of gas and arc welds, V or U (reverse welded) or X Joints in mild steel,

according to Roo and Richinger, are: ...._,

- Stress

Direction of Stress Unannealed Annealed 65000

Butt weld perpendicular to axis of tension 18,500 psi 21,400 psi

" parallel to axis of tension 22,800 25,700

- Coated electrode butt welds (10 x 70 mm cross-section in structural steel plate

6having a pulsating tension fatigue strength (2 x 10 cycles) of 29,900 ps.i

were raised from 21,400 psi as welded to 22,800 -si after stress annealing at

500-60000, according to Lysslinger.

° ..
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Marnes (  and Lohimnn and Schulz (  , on the other hand, found

that stress annealing is definitely harmful. Using I/1P 3-1/2% Nickel and-

medium-carbon steels, Barnes found that stress annealing at 6000C lowered the

number of cycles withstood by dipped electrode welds on the Upton-Lewis

machine at 30,000 nsi by as uch as 100% in several cases; bare electrode

(1.0 Ni, 0.5 Or) welds suffered least by stress annealing. The reversed- and.

pulsating-bend fatigue strengths o achined low-nitrogen arc weld in mild

steel plate (0.09 0, 0.5 Mn) were lowered from 24,200 and 39,900, respectively,

as welded to 21,1100 and 39,400 psi after stress annealing at 65000, according

to Lohmenn and Schulz.

The results show that the genuine beneficial effect of stress

annealing on impact behavior and bend values does not extend to fatigue

characteristics. Opinions based on experience and theoretical considerations

are more numerous then test results and are summarized in the next section on

Shrinkage Stresses. Whether and to what extent the origin fatigue strength

of the weld can be raised by annealing depends on process and materials,

according to Graf ( 6 ) .

Shrinkage Stresses

Shrinkage or residual stresses are actual stresses, usually local

in character, existing in plate and weld metal during or after welding. In

the welding of unrestrained parts, the stresses are confined to the vicinity

of the welded seem itself; the shrinkage stresses due to closing welds in a

rigid structure may be distributed throughout the structure. Shrinkage

stresses are created by local heating into the "plastic" state followed by

cooling, and must be clearly distinguished from shrinkage cracks and from

plastic permanent deformation due to shrinkage at elevated temperatures. At

the present time the extent and even the character of the effect of shrinkage

I-. - * ... .- . . .......................................................................
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stresses on fatigue limit apear to be matters of debate. Some of the

available information is summarized in other sections (see sections on stress

annealing and on tubes).

Of those who have discussed the subject, the majority believe that .vi

shrinkage stresses have a significant effect on the fatigue value of welds.

However, Johnson(66 ) and Roo and Sichinger ( 5 ' ) adduce almost the only experi-

mental evidence. Johnson found that the rotating bend fatigue limit of flash-

welded Cr-Mo aircraft tubing having an as-welded value of 24,000 psi was

raised to 32,000 psi by stress annealing at 95003. Roe and Zichinger's

* results have been discussed in the section on V and X welds. The vibration

tests of Messrs. Accles and Pollock, Birmingham, Egland, as described by

Roosenschoon(1 16), showed that the high shrinkage stresses in welded structures

of chromium-molybdenum aircraft tubing were responsible for poor vibration

resistance. Boetcher(17) Kinkead(lIS)  Jacobus (19) and Stone and Ritt 1 '

believe, on the basis of service results (details not given), and Becker(27)

and Schaechterl.(121), on other grounds, that shrinkage stresses detract from

fatigue value.

Those of opposite opinion have presented more evidence, but the
enne(73)'

problem is by no means solved. Peterson and Jennings proved that shrink-

age stresses were not the cause of the low rotating-bend fatigue value of

unmechined all-weld-metal deposited by low-carbon, bare electrodes. Lohmann

and Schulz (34) also regard shrinkage stresses as of no importance in fatigue

because all fatigue failures in rotating- and reversed-bend followed blow holes.

Stress annealing had a negligible effect on fatigue value. On the basis of

pulsator tests of welded, stiffened I beams, which were superior in fatigue

value to riveted beams, Schulz and 3uc22holtz(l5) concluded that shrinkage

stresses cannot be very important, This may be partly explained by the

results of Dbrnen(l22) that the shrinkage stress in welded beams may be less

than in rolled sections of the same dimensions.

7!
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- Sc;-al.z and Buchholtz have also found that internal stresses in

unwelded, quenched bars are somewhat equalized during fatigue testing.

Buchholtz(123) as well as Graf(6 ) states that in welds with high ductility and

yield point, internal stresses are quickly eliminated by plastic yielding under

repeated loads. In brittle welds shrinkage stresses lower the fatigue as well

as the impact value (no details given). Buchholz states that stress concentra-

tions due to notches, unlike shrinkage stresses, are not removed by cyclic

loading. Orr(71) and Boulton(121'), however, are of the opinion that stress

concentration factors obtained by photoelastic and similar studies do not apply

to actual welds under conditions of fatigue because as soon as plastic yieldinG

occurs the unfavorable stress distribution is relieved. Possibly this is

connected with the effect of understressing in raising the apparent fatigue

limit, noted by Ver(28) and Bartels for welds Bernhard , in his

portable -ulsator tests of riveted bridges strengthened by welding, observed

no effects that he could attribute to shrinkage stresses.

A good demonstration of the release of stresses during fatigue tests

ras given by Siebel and Pfender (126), who measured the ,ermanent bulging

outwards of a gas-welded oTatch on a boiler drum during a , ulsating pressure

test. The patch caused a considerable bulge inwards of the shell and the

shrinkage stresses were estimated (not measured) to be beyond the yield point.

Measurements of the bulge were made at various times during the -pulsating-

pressure test, the stress -pulsating between 2,140 and 19,900 psi. The first

cycle of stress caused a recovery of nearly 1% although the stress was well

below the yield point of the boiler plate (35,600-31,000 psi). Recovery

during additional cycles was comparatively small and after 10,000 cycles the

patch still bulged in.
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Siebel and Pfender also developed a known internal stress in a

flat bar (9 wide, 9/160 thick) by heating both sides with welding torches.
After loading statically to 28,400 psi the internal stress in the direction of

breadth was decreased from 35,600 psi Maximm to 22,700 psi maxinm. After

10,000 cycles at a lower stress of 5,700,uper stress of 2S,400 psi, further

release of internal stress occurred, particularly in the axis of tension.

Bierett(2 ' 6 7) deduced from the fact that, for the same steel,

* ' (Sf - Sn) in Goodman diagrams (see section on machining) decreased more rapidly

for welds lying in the axis of tension than for welds transverse thereto lthat - -

*- the shrinkage stresses, which are close to the yield point, parallel to the seam

have more effect on fatigue than shrinkage stresses perpendicular to the seam.

Bierett concludes however that if shrinkage stresses are not too high they have

little effect on fatigue. He also shows that the shrinkage stresses in plates

free to move during welding, Pig. 11, put the edges in compression. This is a

protection to the edge of the seam where fatigue failure usually starts. The

usual laboratory specimen cut from a large plate does not have this protection.

Kauts (55) determined that stress annealing, which is intended to

raise toughness and impact value, is not required for*.stenitic welds in non-

aging boiler plate; shrinkage stresses have no effect on fatigue because they

are largely eliminated by the first loading and besides are partly relieved at

ordinary operating temperatures. Kautz bent an unwelded mild steel bar in an

- -arc, annealed tLe bar, and then bent it straight again. The internal stress

distribution thus created resembled welding stresses. This stressed bar had the

same fatigue limit in pulsating tension as a normalized, unstressed bar. This

was in agreement with -pulsating pressure tests of as-welded boilers in which the
fatigue limit was close to that obtained on pulsator specimens. Kom1erell ( Il3)

came to similar conclusions on the basis of similar tests.

Although the experimental evidence appears to support the view that

shrinkage stresses play a minor part, if any, in the fatigue characteristics of

welds, the oroblem is by no means solved. Service experience of welded struc-

tures under conditions of nearly pure fatigue loading has shown the necessity
for stress annealing in certain cases. When fatigue test results on a wider

variety of welds and mvelded structures under different ranges of stress with
respect to yield strength become available, it will be possible to reach more

definite conclusions than at present.
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CARBON OCNTRIT

The effect of carbon content on the fatigue value of welds in steel

has not yet been systematically studied. Zeyen(127) tested unmachined welds in

plate containing 0.1 to 0.7% C in reversed bending; he used the same heavy-

coated electrodes (0.10, 0.4-0.6% W for all steels. His results indicated

that the carbon content of the plate had no effect on the endurance limit,21,4O0

to 22,800 psi, but that the endurance ratio: Sfv/St,= decreased from 0.4 with

0.1 C to 0.2 with 0.7 0. His results are given in the following table.

Reversed Bend Fatigue Limit (10 x 106 cycles) of Butt Welded Carbon

Steel Plate. 0.2O thick, All specimens with mill scale and -umachined. .

____ UNWII AM W3I= ____ __

Reversed Lightly I
Carbon Tensile Bend Heavy Covered Cored Akasteniti Alloyed
Content Strength Fatigue Covered Alloy Electrode Electrode iller
of Plate psi Limit Electrode Electrode Alloyed Nicrothe Rod

0.11 57,000 22,800 22,800 22,800 19,900 1,500 22,800
0.30 1I,000 29,500 21,300 not deter- 19,900 inot deter- 28,500

mined mined
0. 3 92,500 29,900 21,300 21,300 21,300 19,900 2, 700
0.56 98,500 28,500 22,800 not deter- 19,900 not dete 21,200

mined mined
0.68 121,000 31,400 22,800 21,300 19,900 19,9)o 24,200

(1) low-alloy structural steel, minimum tensile strength 73,000 nsi.
(2) analysis not given

(3) 0.10, 0.8 Si, 1.3 Un, 20 Ni, 25 Or, 0.019 N2, 0.o4o o.
(1) about 1.Cr, O.g1o.

V'r also found that the fatigue limits of polished flash welds

in rotating bending (Retj6-Csonl oil-pressure machine) was 28,1400 to 33,oo

psi in the range 0.05 to 0.64%C, the 0.6, c specimens giving 29,900 -si. The

ratio of fatigue to tensile strength of the welds decreased from 0.51 (0.090)

to 0.29 (o.64%o). Specimens containing 0.86%C had a higher fatigue limit,

39,000 psibut a lo'er ratio, 0.28.

.. . . . . . . .. . . . . . . .. . . .
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A. steel containing O.OS8C (tensile strength 59,000 psi) had a slight-

ly higher rotating beam fatigue limit with cored or bare electrodcs, according

to Lohmann and Schulz (34), than a plain-carbon steel containing 0.27% C (tensile

strength, unwelded, 7S,000 psi), but the reverse was true for covered electrodes.

Carbon Rotating-Bem Fatigue Limit psi

Content Bare or Cored Covered Electrodes

0.08% 17,000-20,000 20,000-21,000

C.27% 14,000-17,000 23,000-25,500

Bend fatigue tests on gas and arc welded tubes by MIiller( 128)

Hoffmann(l12), and Wegeliu-s(I ) also demonstrated that there was scarcely any

advantage in raising the carbon content, particularly beyond 0.35%0 in plain-

carbon and alloy tubes, and that the scatter in fatigue results increased with

carbon content. Schulz and uchholtz(  state that the direct-tension fatigue

value is generally lower in steels with 0.25%C than in steels with 0.10-0.15%.

Welds in steels 7ith 0.2W have 20 to 30% lower fatigue values in direct tension

than steels with 0.16%C and the same static tensile strength procured by alloying.

The effect of the carbon content of the filler rod on the rotating bend value of
(27)

machined 600 double V welds in olate containing 0.1%C was studied by Becker(27)

using the Lehr short-cycle method. Although the filler rods contained 0.1 to

0.32%0 all welds had about the Aame carbon content (0.04-o.06). For

gas welds both as-welded and after forging (40% reduction at I050-9 50oCC) there

was an increase of 20% in fatigue value as the carbon content of the filler rod

was raised to 0.32%, but in DC arc and atomic hydrogen welds there

was no clearly defined effect. Becker surmised, without analytical

p%
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data, that the beneficial effect of increased carbon content in the

electrode was associated with a corresponding decrease in oxygen content

in the weld.

There is obviously a need for a comprehensive fatigue study of

Welds with various known carbon contents both as-welded and after mechani-

cal and thermal treatment. At present the inability of carbon to raise the

fatigue value in welds appears to be attributed to the greater air-harden-

ing capacity of the higher carbon steels with consequent development of

micro-cracks, and to the greater sensitivity of the higher-carbon steels to

stress-concentrations occasioned by their generally lower weldability and

greater porosity.

B 2
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- ALLOYS

Low-Alloy Aixh-Strength Structural Steels

The fatigue value of welds in low-alloy, high-strength structural

steels of the types containing ln, Si, Ou, or Cr has been investigated mainly

in direct stress fatigue using pulsators. These results are the basis of the

German Solid-Girder Railway Bridge Specifications which are dealt with later.

Graf(6) found pulsating tension fatigue strengths from 21,400 to 31,300 psi

in arc-welded, unma hined butt welds in low-alloy steel (composition not stated;

maximum tensile strength 74,000 psi, known as St 52, and generally containing

up to 1.5 Un, 0.2 Mo, 0.7 Cr, 0.7 Cu, or 0.5 Si). Kommerell(130) gives 12,800

psi to 25,600 as the pulsating tension fatigue values of mild steel butt welds

and 21,4 to 25,600 for St 52, In neither case was process (gas or arc) or

type of filler rod of any importance, although there was less scatter in the

results with gas welds. The maximum values found in any specimen were 27,000

psi for mild steel and 31,300 psi in St 52. The latter value is obtained in

mild steel butt welds if the weld is inclined 456 to the axis of loading, and

is e~eeded by machined mild steel butt relds (34,100 psi).

These tests, which were carried out with 1/4 inch plate, showed that

welds in the low alloy steels had acceptable fatigue value but that they

possessed little advantage over mild steel in fatigue exept at high values

of superimposed tension, as Schaechterle's diagram shows, Fig. 12. Graf(6)

. .-..-.. . .. . :
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demonstrated that the same was true for fillet welds, and other investigators

are of the same opinion. The better performance of low-alloy structural

steel in the highly prestressed condition is due to its high yield point, but,

as Bierett found, butt welds In St 52 parallel to the axis of tension

have practically the same pulsating tensile fatigue value as in mild steel

(cored or coated electrode) except above about 50,000 psi superimposed tension

where St 52 is sunerior.

In rotating-bend fatigue, Lohann( ) found that butt welds in mild

steel and St 52 (0.19 C, 0.7 Or, 0,4 Cu, 1.0 Mn) with bare and cored electrodes

bad the same fatigue limit, but with covered electrodes St 52 gave 25,1300 psi

as compared with 20,000 for mild steel (0.080, 0.5Mn). In alternating and

pulsating bend, annealed butt elds in mild steel and St 52 had about the

same fatigue limit: 28,500 psi (alternating bend value of machined specimens).

Gerritsen ad Schoe eker(75) also found no difference in fatigue limit in

rotating bending between mild steel and St 52 as the following table shows.

The electrode used for St 52 contained 0.35 Mn, 0.50 Or, 0.30 Cu. An all-weld-

metal specimen therefrom had a fatigue limit of 30,600 psi. The composition

of the electrode fcr mild steel was not stated. The specimens were turned

from V butt welds in 1" plate.

Gerriteen and Schoenmakerls Results

Steel kndurance Limit psi

1.0-1.3 Mn, 0.15-0.25 Mo, 0.35 Cu 30,600
0.7-1.0 Mn, 0.4 -0.6 Or, 0.6-1.0 ou 30,200
1.2-1.6 Mn, 0.3-0.6 cu 27,200
Mild Steel 30,200

Thierens(13 1),and Schoenmaker(132), however, found that welded St 52

had considerably higher rotating- and reversed-bend and torsion fatigue limits

than mild steel but that the fatigue values for St 52 were lowered 5 to 30%

*by weldingbut in mild steel weldi did not lower the fatigue limits (see

Appendix B, Tables 2 and 4). Kater also found that welded St 52, in the

form of unstiffened I beams, gave a higher fatigue value 37,000 (27,000) than

mild steel 31,000 (23,500); these values represent the maximum and mean stress-

es in the extreme fibers, not in the welds.
........................................
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The reversed-bend fatigue values of several high-strength structural

steele have been determined by

Reversed-Bend Value of Unmachined Arc Welds. Orr

I (Stanton and
Inurance Limit osi Pennell Method)

Material Composition Plate Unmachined Machined Flus

-ild Steel A 26,900 21,300 21,300

Alloy Steel 0.25 C, 1.5 Un -- - - - -- - A 354 21 L70 goo
.. ,5, 1W 22,000 -

" 0.28 0, 1.0 Ui, 0.5 OCu - 2 200, B It, SOO t2,00 -

. 0.28 C, 0.8 Un, 0.5 Ou, 0.6 Or A 30- 3
B_ _ _ _ _ _ _ 25,300

" 0 . 35 C, 1.1 Mn, o.6 Or - 38,600 25,600 29,800

A.- as welded
B - stress annealed 600cC, 1/2 hour, furnace cool

Orr ( 7 1)  on double V welds (electrode not stated). His results are shown in

the above table. The static tensile strength of unmachined welds in medium-

carbon, alloy plates was up to 50% higher than that of mild steel, but the

maximum improvement in fatigue limit was only 22%.

It is shown in a later section that the relatively low fatigue

values of low alloy structural steels as compared with mild steel is due to

the relatively greater effect of notches and stress raisers in the higher

strength plates. Schulz and Buchholtz ( I  found that models of welds with

2 mm high reinforcement machined from solid mild steel or low-alloy structural

steel gave 21,400 and 24,200 psi respectively in alternating direct tension-

compression and that both steels gave 40,000 psi in pulsating tension. These

values are about 30% lower than the fatigue limits for flat plate and

represent the maximutm fatigue values that can be obtained in perfect,

unmachined relds. The average fatigue value cf low-alloy structural steel

containing a hole in pulsating tension is 28,500, for mild steel 25,600 psi,

according to Graf,,

,-/, ~. . ............................... °.,_ ....... .. . .•
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Recently, Diepschlag, Matting, and Oldenburg(94) have offered a

general theory of the fatigue strength of welds in low-alloy steels based on

the difference in modulus of elasticity between weld metal and plate, Fig. 13.

The figure is based on V, X, and double T welds in two high strength plates

(0.13 0, o.61 si, 0.95 Un, o.46 ou, 0.17 Me; and 0.l C, 0.39 Si, 0.72 Mn,

0.26 Or, 0.51 Ou, 0.07 Mo) using four coated electrodes with different contents

of 14n, Cu, and Cr, and one gas rod containing 3.3% ?Ii. The pulsating fatigue

strength thus appears to be closely related to differences in modulus of

elasticity but is not at all connected with the notch impact value of the

weld or the static strength of filler rod. It was also shown by pulsating

tension fatigue tests on flash welds between various steels that the fatigue

value cf a flash weld between two different steels is less than the fatigue

value of the weaker partner. The larger the difference in modulus of

elasticity between the pair of steels, the greater is the percentage decrease

in fatigue value of the weld below that of the weaker steel. It is concluded

that, for best fatigue behavior, weld metal and plate should have as nearly as

possible identical elastic moduli in order to minimize shear forces and stress

peaks caused by cross-sectional contraction.

Although it may be found that this theory has only a limited

application, the opinion has often been expressed that optimum fatigue

behavior is obtained by a weld metal similar to the plate. Thus Orr(71)

explains his own results and reconciles them with Brown(I06) who found that

the alternating direct stress fatigue value of a series of welds in mild steel

with different electrodes was in inverse proportion to the static strength of

all-weld-metal. deposited by the electrodes. Jennings 13L) also found that the.
rotating bend fatigue limit of a hot rolled steel to cast steel weld (bare or

coated electrode) was lower than either the welded cast steel or welded

..7 -..
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hot-rolled steel. Sulzer ( 6 ) , on the other hand, showed that a T formed by

welding a. steelcacting to boiler plate had about 70% higher reversed-bend

fatigue value that a boiler plate-to-boiler plate weld. The high fatigue

value of aastenitic welds, determined by Schic"o) and Kenatz ( 5 5) also appears

difficult to reconcile with the elastic-modulus theory,

Manaenese as an alloying element in filler rod (up to 3,15% MU) end

weld (up to 2 .4% Mn) with the content of other elements held constant was

shown by Becker( 2 T) to have very little effect on rotating-bend fatigue value

as determined by the Lehr short-cycle method. Becker used the DC arc with

bare electrodes, gas, and atomic hydrogen processes.

The qiestion of suitable alloy combinations in structural steel from

the standpoint of the fatigue value of welds has been raised by surprisingly

few investigators. Manganese, state Schulz and Buchholtz(l1), should be below

1.2% in high-strength structural steels, but silicon and copper are not un-

favorable to fatigue strength. This is in agreement with the belief that

high-strength structural steels sometimes tend to air harden after welding,

particularly in light sections and after arc welding; silicon or copper on

this account, would seem to be better additions than chromium or manganese.

\Yx-!



OJther Alloy Steele

The fatigue value of V butt welds by the atomic hydrogen process in

plate containing 0.28/0.350, 0.5 UAn, 1.1 Or, 2.0 Ni, 0.25/0.40 mo, has been

determined by Wenman(l9) using the cantilever machine and three alloy filler

rods, A rod containing 0 470, 1.98 Si, gave the highest fatigue value in the

weld (25,000/35,000 psi) but in the form of all-weld-metal this rod was infer-

ior to a rod containing 0.460 and 3.4 Ni (35,000/40,000 psi). However,

Weinman concludes that fatigue value in general is a function of the composi-

tion of filler rod not plate metal. Thornton(92), also using the cantilever

machine, showed that chromium-vanadium and carbon-vanadium welding rode gave

higher fatigue values in gas welded boiler plate than lop-carbon ro-es

The comparative fatigue value of chromium-molybdenum electrodes was

higher than chromium-nickel or 3-1/2% Ni electrodes in plate containing 0.320,

3.4 Ni, according to McManus(135) using the Uoton-Lewis reversed-bend machine.

Earnes(96 ) using this type of machine, showed that, as a rule, welds in plate

containing 3"1/2% Ni withstood 20 times as many cycles at 30,000 psi as plain

medium-carbon plate, a low-carbon electrode (O.13/0.ISO) being superior to

chromium-vanadium (0.89 Cr, 0.15 V) or nickel-chromium (1.0 Ni, 0.5 Cr)

electrodes for both plates.

Auet enit i Steel.

The rotating-bend corrosion fatigue limit of welds in 18-S Rezistal

XA2 plate and rod (0.07%C) is reported by Harvey and co-wrorkers. (see section
on Corrosion Fatigue), The fatigue strength of spot welded V2A (18-9), thin

sheet, is 11,400 psi, according to unsigned German results. The same strength

was found in gas welded and arc welded plates 0.2" thick. The tensile strength

of the weldjd sheet was 129,000 psi; of the unwelded sheet 213,000 psi. The

fatigue limit of spot welded 18-9 is estimated by Hoffman.3 ) to be 26,000 to . -

# 31,000 psi, and of an 18-S containing 0.10, 1.3 Ta to be 37,000 psi.

The fatigue value of austenitic welds in mild steel plate has been

determined by X Schick(I0) ,nd Schonrock(13 6 ). Krupp's N1e r otherm-
patented austenitic electrode containing about 0.lO,0.8Si,l.3Mn,20.Ni,25Cr,

p' .
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0.019 N2, and 0.04 02 was used. Kautz gives 0.2 C, 18.4 Ni, 22.3 Or, 0.04 N2 .

and 0.05 02 as a typical weld analysis in Izett plate and found that the

pulsating tension fatigue strength of such unmachined welds was 24,200 psi, of

the machined welds, 28,800 psi. The pulsating tension fatigue strength of

Xicr'otherm welds in low-alloy structural steel (composition and type of

specimen not stated) is given by Schbnrook as 25,600 to 27,000 psi as compared

with 22,800 to 2D4,200 osi for the same plate welded with a light-coated low-

alloy electrode. Machined V welds in mild ateel using

austenitic electrodes have a pulsating diretA-tension fatigue limit, according i
to Schick, of 34,200 (25,600) when the breadth of the specimen is 3-1/2 inches,

but only 27,000 (16,100) when the specimen is 1-1/2 inches wide; plate

thickness in both is about 5/8 inch. No explanation was offered. About the

same fatigue strength is developed in austenitic welds in Izett plate.

Cast Steel and Cast Iron

The rotating-bend fatigue limit of cast steel welds is 15,800 psi

(bare electrode, cast kerf, 0.29 C, 0.86 Un, 0.47 Si) according to Jenni4j31 4 ,

and about 10,500 psi (0.24 0, 0.6 Mn, 0.8 Or, 1.2 Ni, 0.4 Mo; shielded arc),

according to White and co-workers(137) Boh investigators and Sulzer (6 5 )

(T joints) give fatigue values for steel casting-to rolled steel welds.

The rotating-bend fatigue limit of cast iron (3.12% total C, 2.34%

graphite, 2.65 Si, 1.05 1n, 0.37 P, 0.027 S. 0.06 Cu) with andAthout the cast

skin, which had a very fine graphite eutectic structure, has been investigated

by Bartels(39) using short-cycle as well as the usual WMhler methods. The ends

c' 0.79 inch bare were turned to 450 cones and cold welded by gas with a cast

iron rod (3.4 0, 3.15 Si, 0.9 Mn, 0.7 P, trace S) using a flux. The specilaens

with skin were vertically cast and were welded in a jig to hold the bars con-

centric. The results are given in the table at the top of the next page.

The annealed specimens were brought to a yellow heat with two torches, held

several minutes, and cooled in sand, or held 3/4 hour at 950-1000oC in an

.. ..electric furnace. Bartels concludes that the decrease in fatigue strength by
. . . . . . . .. . . . . . . . . . . . . . . . . . 7 . . . . . . .



welding is proportionately less than the decrease in tensile strength, for

specimens without skin, and that annealing is not beneficial to fatigue

properties, A few tests on specimens containing two welds in the stressed

length gave higher fatigue strengths than single welds.

Rorating-end Patigue Limits of Welded Cast Iron.Bartels, 1930

Tensile Strength durance Limit (10 x 106 Cycles)pei
Cast Iron Unwelded Welded Unwlded Welded Welded Annealed

without skdn 27,000 10,000 10,700 8,500 8,500

with skin 39,400 35,200 28,500 25,60o 22,So

The cantilever fatigue limit of gas welds, 145D V, in 1-inch cast iron

(3.46 total c, 0.74 nombined 0, 1.33 S , 0,106 Si, 0.66 Mn, 0.282 P) using

cast iron welding rods was 12,000 psi; the unwelded cast iron gave 13,500,

according to Mochel(138).

Pulsator tests on two USildo" brazed specimens (composition not

stated) of mild steel, 1-1/21 x 1/41t cross-section, 106 cycles, gave 2S,500

psi and 32,200 psi as the pulsating tension fatigue strength by the step-up

method, as Keel(139) has shown. He also found that the reversed bend fatigue

limit of the brazed joint, 3/A* x 3/8' cross-section was 20,000 psi.
McManus ( 135) states that a brazed joint (aluminum bronze) in steel containing

0.32 C, 3.4 Ni, is inferior in reversed bending, Upton-Lewis machine, than

welded Joints using alloy steel electrodes.

Ton-ferrous Metals

Only one investigator, Bartels (3 8) , has made an extensive study of

the fatigue properties of welds in no-eru metals and alloys. Bartels
p . determined ihe rotating-beam fatigue limit of copper (99.62% Cu using copper

welding wire and a flux), aluminuw (weld analysisi 99.6 A1, 0.7 Cu, 0.2 Fe),
p__..
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silwmin (weld analysis: 20.14 S1, o.46 ou, 0.70 70), and sopper-silumin

(weld analysis: 9.80 S1, 1.03 Cu, 0.77 Te; pure silumin rod). All specimens

were cold welded with acetylene. The results are summarized in the following

table.

tat d Taticue Limits of Non ferrous Welds. Bartels (1iO9)
.duranee Limits (10 ziob Cycles

e Tensile Stre th (pei) Welded
_tral Unwelded Welded Unweldednneaed

Copper 39,000 17,700 12,100 5,700 6,400

Aluminum 17,14oo 13,40 -0 ,08,500 -S,500 -

Silunin 19,500 6,250 7,500 10,700 5,000

Copper-Silumin 16,6oo 10,100 9,300 11,4OO -

The copper welds were peened at a red heat; the annealed specimens were heated

to a bright red for ten minutes and cooled in sand. The aluminum welds were

also peened, but the cast silumin elds were not; the annealed specimens were

torch heated for about ten minutes and cooled in sand. The torch-annealed

copper-ailumin welds were so brittle that they broke during machini-
Underetreseing raised the e~parent fatigue limit in both the aluminum and the

Ssilumin welds, and a specimen of silumin containing tro welds in its stressed

length had a fatigue limit of 12,100 psi.

0 The reversed-bend fatigue limit of welded copper, aluminum and

Aldrey wires (absout 0.1 inch diem.) has been determined by 3Pidan(9 wiose

results are given in the table at the top of the next page. The problem of

preventing fracture in the grips of the F6ppl-Heydekampf machine, which ap'olies

a uniform bending moment over the entire specimen was solved by using cardboard

packing and cold-rolling the ends of the wires in andnear the grips. The 'aeat

of welding softened the hard-drawn alumimm wire and heat treated .Aldrey so

. . . . . . . .. .. . . . . . . . . . . . ,

. . . . . . . . . . . . . . . . . . . . . . . . .
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that fracture occurred in the weld even after filing. After being hammered,

the A.ldrey specimens usually broke in the bt.se metal,

Reversed-Bend Patigue Limits of Welded Non-Terrous Wire. Friednann (1935)

Sf(Welded)
Material Fatieue Limit Sf(2 x 10 cycles) Sf(Unwelded)

Soft Coper 9,500- 10,200 0.50 - 0.57

AK Lluinum (99.5% Al) Piled <5,500 - 6,600 0.50 - 0.59

Aldry 0.4-0.7 Si S,100 - 12,200 0.51 - 0.77
0.3-0.5 Ng

" welded,filed,hammered 10,700 - 12,400 0.67 - 0.7-

Aside from the fatigue value of gas welded copper given by Laute

(see the following section on Corroson-fatiu) and a note by Horn (14 ) on the

fatigue value of cupro-nickel, no other information on the fatigue strength of

welded non-ferrous alloys appears to be available. Horn found that the reversed

bend fatigue limit of cupro-nickel (20-30% Ni) welded with a weak flame was

16,500 psi but was only 13,000 psi when welded with the type of flame usual

for steel; the filler rod had the same composition as the plate, which had a

fatigue limit of 23,1400 psi.

II

................... * .. .... ... ****,** .. *-*. **'.*.*.'*.. .... '.
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CORROSION PATIGUZ

The rotating bend fatigue strength of machindi4 welds in tap water at
room temperature has been stuided by Harvey and cowor rs(25) whose results are

-smmarized in the table below.

Rotating bend fatigmue limit osi(7OxlO6 reversalt)
Material Welding Process In Air ( G 3 Thornton) In Tap Water

Firebox steel unwelded 32,500 14,000(McAdam)
about 0.20 C

Flash 25,000 24,O0
O.-acetylene 12,500 (low-carbon

rod) 19,000
Atomic hydrogen 12,500 17,000-19,000
Covered electrode - 14, 000
Bare electrode 7,500 (x weld) 9,000

16-9 (0.070) Unwelded 28,000-29,000 4,000
Flash -0,000
Oxy-.Acetylene 10,000-12,000
" Atomic-hydrogen - 29,000

The results show that the rotating bend fatigue limit of welds in

mild steel in tap water is generally higher than in air. The heat treatment

of the welded 1S-S specimens was not the same for the different welding processes.

Harvey concluded that when the welded joint has a higher corrosion fatigue Lkiit

than bas, metal the weld is cathodic and is not attacked by the corrosive

agent. Grain size did not appear to be a factor in corrosion fatigue.

Using a high-frequency direct tension-compression machine (30,000
see next pagey

cycles per minute), Laute(l I) obtained the following values/for welded and

soldered mild steel and electrolytic copper. The criterion of fatigue limit was

100 x 106 cycles; at this stage all the Whler curves had become horizontal

except the curve for unwelded mild steel in tap water. The results with mild

steel agree with Harvey's in that welding actually improves the corrosion fatigav

resistance. It is doubtful therefore whether the explanation offered by Rov and
(7)SB ichinger is correct, namely that poor penetration and other defects in welds,

as in cast iron, are far more important than small superficial defects, such as

corrosion pits. The effect of corrosion on the fatigue value of welded copper

is negligible, the low values being due to coarse grain structure.



Corrosion Fatigue Results (Laute)

i F~atigue Limit psi"--

Material Condition Water

Mild Steel Hot Rolled 24,9100 9,200

Arc Welded 14,500 9,500

0 , Soldered 14,200 9,900

Copper Cold Drawn 15,600 15,600

Annealed, Coarse Grain 9,400 9,00

Gas welded 3,000 2,14O

" Soldered 5,300 5,00

The reversed-bend fatigue limit of a brazed joint in mild steel was

found by Keel(139) to be unaffected by tap water. The fatigue limit was close

to 20,000 psi both in air and tap water, but the results of only one specimen

are reported and the step-up method of loading was adopt ed. A reversed-bend

fatigue machine for testing large specimens of riveted and welded boiler plate

(1)42)
in hot and cold corrosive agents has been described by Gough and Clenshaw

but their tests are still in progrecs.

. .. .".--
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MrHODS OF DESIGN

Methods of designing welded structures on the basis of fatigue have

been discussed on a number of occasions, especially during the past few years,

and have been embodied in the national standards of Germany and Austria and in

important specifications in Switzerland and the U. S. A. These methods of

design are complicated and will be only briefly summarized in the following

paragraphs.

A.lthough, strictly speaking, the national standards of Germany (e.g.

D I N 4100: Specifications for Welded Steel Structures, 1934) give no design

information, the new Specifications for 'elded Plate - Girder Railway Bridge I1 3)

adopted in August 1935 by the German State Railways, fully outline the methods

of design, and, in addition, require that electrodes pass fatigue tests. The

specifications apply not only to plate-girder railway bridges (not highway bridge-

but to traveling platforms (not traveling cranes) and to turntables. Both mild

steel (52,500 psi minimum tensile strength, St 37) and low-alloy high-strength

structural steel (74,000 psi min. tensile strength, St 52) are covered by the

In addition to the usual static, bend, and notch-impact tests, filler

rods for railroad bridgsmust attain the following strengths.

*".

S'
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Pulsating Tension Fatigue Strength psi
Type of joint Mild Steel Low-Alloy Structural

Steel
(Min. tensile strength (Min. tensile strength

55O00 psi) 74,000)
Z36" Double V transverse, 19,900 21,300

unmachined

transverse,
machined* 24,200 25,600

a47- "longitudinal,
5-5 unmachined 24,200 25,600

*machining marks lie in the axis of loading

These minimum fatigue strengths must be developed at 2 x 106 cycles (lower stress =

1500 psi) in a pulsator test, as determined from a plot of log cycles vs stress.

The scarf angle of the transverse weld is that dictated by the type of structure

involved. The angle is 900 for the longitudinal specimen and the ratio of weld to

total cross-section is 0.12. The longitudinal specimen is new and no definite

tensile elongation is prescribed; however, the usual bend test must be passed.

Tile specimens are made as good as possible. No other country includes fatigue

tests in welding rod specifications. At present it is considered that the -

machined transverse specification is the easiest to fulfill using cored or coated

electrodes and probably also bare. The requirements of the unmachined specimen

will force progress in developing electrodes that will yield notch-free welds.

The longitudinal specimen depends principally on the weld itself and is the most

stringent test. It is not considered a disadvantage if the electrode passes in

only one of the two specimens, that is, if two different electrodes must be uscd on

the job.

Fundamentally the same system of computing permissible working stresses

is used as in riveted construction. The diagrams showing permissible stresses
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of welds in all types of fatigue and service, 7igs 14 and 15, are based on the

Kuratorium tests (6 ) discussed in the section on Results of Tests and on the

fact that joint quality is variable. Line I (a), (b) refers to the locne metal

in the welded bridge and is used in calculating cross-section, weight, and

economy of welded construction. For St 37 this line is identical for relded and

rivetedconstriction; for St 52 the riveted has higher permissible stresses. All

Line II butt welds mast be X-rayed. Reverse welding must be done unless it is

structurally impossible and batt welds to joint plates are alwayvs machined.

Notches must be machined from butt welds to web plates if the range of pulsating

stress is greater than 15,900 psi.

The stresses for welds which are not definitely included in Figs 14

and 15 are calculated by the so-called "Gamma* me thod,

Mi S (Gamma) Mc

where M maximim bending moment (algebraic)

section modulus
c

S = stress in weld designed for fatigue, and

Gamma = the fatigue factor.

The algebraic maximuxm bending moment is that calculated with the numerically

largest static plus traffic load including the impact factor but not including

fatigue. The values of the Gai.a factor are given for all values of min.

U/max. i from -1 to+l; for example for St 37 in pulsating tension Gamma = 1.0,

but for St 52 in heavy traffic Gamma = 1.944 when min. .{ = - max M.

In order to tahe account of the fact that the fatigue strength of a

weld deoends on the tVpe and form of joint and deposit, the stress determined by

application of the Gamma factor is further reduced by a shape factor, "Alpha".

.. .. . . . . , ° . . ... . .



S = (Ge ) Mc permissible stress (19,900 psi for St 3 7; 29,900 for St 52).
(A.1-,ha) I

A list of 20 values of the alpha factor is given in the specifications for both
db steels. The fundamental values of alpha for tension (or compression) and shear

are 1.0 and 0.8 respectively for unwelded base metal in the form of beams, etc.

and cover plates in both steels. The values of both alpha and gamma factor are

derived from Pigs 14 and 15. According to Xlbppel(I4), truss bridges are not

yet welded on the German Railweys on account of the low fatigue strength of

fillet welds. Adrian ( 1 5 ) states that certain specifications for Stationary

Boilers require welding rods to pass an alteriaing tension fatigue test as well

as notch-impact and age-notch- impact tests.

Switzerland

The enactment(lh ) of the Swiss federal authorities and the Swiss

Association of Ragineers and Architects concerning the design, construction, and

maintenance of structures in steel and reinforced concrete contains design

methods for welds based, like the German methods, on pulsator tests performed in

the Swiss government materials testing laboratories. These tests showed that

butt welds in mild steel to which the specifications apply had an average origin

fatigue strength (1 X 106 cycles) of 19,900 to 22,800 psi whereas different

types of fillet welds gave only 10,000 to 11,400 psi. The diagrams are plotted

to the equation

Sf =s(l + 0.4
B

where Sf stress in weld designed for fatigue,

S = " " " " " statIc load,

and A and B are the minimum end maximum values res-oectively of the forces,

moments, or stresses with their algebraic sign. Butt welds in compression are

assigned the same stresses as unwelded mild steel. This is somewhat in agreemcnt

%tth the German diagrams which show hi&her origin fatigue strengts in comoress-

ion than in tension though the res-pective yield strengths are the same.

1
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Butt welds in tension are given only 1/1.4 the stresses allowed in unwelded

- mild steel. Fillet (normal- or parallel-shear) and butt fillet (double T) welds

* - have only 0.5 the stresses allowed in butt welds stressed in tension. The factor

0.5 comoares with the alpha factor 0.65 of the German tables for fillet welds.

Austria

The Austrian specifications for Welded Steel Construction(l1 7)

(Onorm B 2332, 1934) eapl-; only to mild steel St 37 and to relding rods contain-

ing not more than 0.30 0, 0.025 P, 0.035 S, and not less than 0.40 Mn. Design

stresses for welds under fatigue conditions (bending, tension, or compression)

are calculated by the formula:

Sf =12(1/1+ m 1 KG/LO ,

where m is the fatigue factor, equal, for example, to 0.4 for traveling cranes

and 0.0 for tanks.

U•......

Design stresses for welded highway and railway bridges under fatigue

conditions are calculated, according to the specifications of the American Weld-

ing Society (1936), according to diagrams similar in conception to the German

and Swiss. The specifications refer to the use of covered electrodes only. The

method and examples of its application are completely described and illustrated

by numerica:l examples in Apendix A, pages 39, to 44, of the Specifications.

The Swedish ship inspection service, according to Ringdahl(I4),

requires fatigue tests on 12 specimens, 0,59 inch dianeter, cut from a test weld,

of which must withstand 5 x 106 cycles at 14,200 psi 7ithout fracture.

-* Dutilleul introduced a rotating bend fatigue test of V welds in the

welding specifications of the French Marine Nationale, Port de Brest, 1933.

: - ' , _ - , -L . ."'_ _ ... ". , " _ . : " " " " ' . ' ." " " " • . . . " - "-. , . ..*. . . . . . . .. -_ . , . . .... - . ..". ' . . . . . . . . . ; . . . . . : : : : ' : : : ; : . : : : : . . . . . : : . : . - . . ; . . . . _ - .
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Other Methods

Although fatigue investigators have often warned that their results

were not to be used directly for design (Lohmann(3 4), Dorey( I 9) Becmen150)

there have been a number of efforts besides those listed in the preceding

section to embody fatigue strengths in design calculations. Early attempts made(120) d (151)
by Stone and Ritter(12 ) who applied Soderbergls principle to welds, Sandelowe,

ish(152), and others, and recent suggestions by Hovey(1 53 ), and Roe and
Sc er(5)
fichinger were not basically different from the latest methods. All methods

apply factos to an assumed or ectual fatigue strength, as described in the ANS

Specifications. In welded marine construction, according to Brown(1 54), design

stresses are computed with a factor of safety of 3 on the endurance limit of the
of

electrode. Hobrock(84 ) states that in aircraft structures not more than 90%/the

endurance limit may be used in dynamic loads, but he notes that the use of a

factor applied to static strength is the accepted method at present. Patton and

Gorbunow(155) show that section economy can be achieved by basing the section

modulus on plastic rather than elastic deformation. They retain the yield

strength and customary design factors in their method and suggest that stresses

due to the local heat of welding may be neglected, as Kommerellts tests ( 3.

showed.

A well-developed method of welding design has recently been explained

by Bobek (1 56 ), who gives an illustrative example of a welded rotor. He points

out that in rotor sections, the welds undergo the same fatigue cycles as the

shaft due to its rotating bending. To the stresses cormouted according to

standard German practice, Bobekc adds 2Wo to allow for shrinkage stresses tand.

. stress concentrations caused by shape, thus obtaining the average stress Sm.

sma SA,
where S. is the alternating stress. 8D is then multiplied.. by three factors to

,- .°

-.'- obtain the design stress:

-. bl, due to shane of seam

b2 , due to quality of weld, and

b - b3 due to the notch effect associated with the type of Joint.
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' The factor b is 1.0 for dense, pore-free welds, and 0.5 for usual structural
2

welds. The factor b. is given by the VDI fatigue diagrams for the different
Is.'

grades of steel. Bobek presents the following tentative values for factor bI.

Fatu Factors for the Design of Welded Machinery. (Bobek'.' 1956)

Tye of Joint Kind of Load 1

Double V all 1

Single V all 1

Double V with gap A 0.6

Double V with gap B 0.8

Double V with gap C 0.6

Symmetrical tapered butt fillet all 0.9

Symmetrical fillet without taper (concave) A 0.7

Symmetrical fillet without taper (concave) B 0.9

Symmetrical fillet without taper (concave) C 0.7

Symmetrical fillet without taper (flush) A 0.6

Symmetrical fillet without taper (flush) B 0.8

Symmetrical fillet without taper (flush) C 0.6JJ One-sided fillet without taper (flush) A 0.4

One-sided fillet without taper (flush) B 0.2

One-sided fillet without taper (flush) C 0.4

A= tension B= compression
C= shear, parallel and perpendicular to seam

All welds are assumed root welded, and with combined loads the
less favorable value of bi - is chosen.

- -.

O
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REPATE IMPCAT

Although the repeated irxpact test has been rarely used in this country

and was discarded many years ago in England, it is finding increasing favor in

Germany(15 7). A test is known as a repeated impact test whose cycle of load

consists of a relatively long rest period and a short load period, the load

usually being a falling weight and the maximum stress induced in the specimen

being in the neighborhood of the yield point. Such a load cycle Is often

encountered in machine parts and bolted rail joints, but seldom in structural

members. Repeated impact tests on welds are used with three intentions:

1. of measuring a materiel constant;

2. of determing the general endurance properties of a weld quickly:
a quasi fatigue test;

3. of reproducing service conditions.

The machine for tests of the first type is the Stanton, or a bend-

impact machine designed on its principles, such as the Eden-Voster or the Krupp.

The specimen for the latter machine is cylindrical and is notched in the center

of its span. The impact is applied as a four-point bending load at equal

distances from the notch, which usually has a generous radius, about 0.311 radius,

0.041" deep. The Impact load is a weight actuated by an imnediate-releae cam

and the snecimen is usually rotated 190" between blows. By not allowing the

hamer to strike the critically loaded section, couplications due to work

hardening are avoided. With heavy impacts the results correlate with the single-

blow impact test, but with relatively light impacts requiring thousands of blows

to fracture, the results may or may not oorrelate with the fatigue test de-end-

ing upon conditions and the material. The number of blows and angle of rotation

are stated as the results of the test.

• I • . ' ° • . ' o , . . " . . ° - . , - ° . °. . - . . - . . ° . . , ° . . ° . % -. , - . - . . , , .
: , ' _ ' . . _ . . . - .- -. ,. . . - . . .. .' ... . - . - . ... . . - . . .. . . . - . .. - ...-.-- .- -- , . . . _ . - - .' . -. . '. ' . . . . .



-63-

The machine used for reversed bend impact of T welds (Stromberger

machine) is ca-actuated but the impact loads are compressed-air pistons giving

200 cycles per minute. In this, as in the other machines, the stresses due to

impact are not known and comparative results are obtainable only on specimens

with identical dimensions, especially of the notch. In general, repeated - -

impact tests are more severe than smooth-cycle fatigue tests.

The first, yet most comprehensive, study of the resistance of welds

in mild steel to repeated impact was carried out in 1928 by the British Engine,

Boiler, and Electrical Insurance Company(/ 58 ) . Plush machined specimens were

tested in repeated reversed-bend impact (Arnold machine). The rat ine of the

different welding processes were: coated electrode, 100%, gas (Swedish iron rod)

40%, carbon arc and bare wire, 10% of the number of blows withstood by the

unwelded plate. Welds free from oxides and nitridos gave the best results.

Normalizing at 91000 had little effect,

The harmful effect of nitrides and annealing on double V arc welds

in four grades of structural steel was also observed by lobmann and Schulz
(34)

whose results show that for the repeated bend impact test (Krupp machine, round

notched specimen), electrode comoosition and the static tensile strength of the

plate are the important factors, Capacity for deformation and fatigue value are

not revealed nor is there any relation with the notched or unnotched single-.

impact test. Best results in plain carbon steels (0.1 or 0.25% C) were obtained

with a bare alloyed (0.4 Or, 0.7 Ou) electrode. Covered electrodes were better

for the low-alloy structural steels. In all cases annealing lowered the number

of blows (Krupp machine) by 10 to 70%, the reduction being greater the higher the

nitrogen content. The best value for any weld was only about 70% of the

a unwelded plate. However, higher values for arc welds (coated electrodes) than

for the unwelded mild steel -late are reported by

.7-
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*= J ii Passau(159) and by Joellenbeck and Massmann( 16 0), and Schoenmaker( 1 6 1) found

that welds made with high-quality coated electrodes withstood 95% as many blows

as unwelded plate.

The above results on Lachined specimens leaving the repeated impact

question to a large extent open, Thum and Lipp (15) , using a Stromberger machine,

investigated the comparative repeated impact value of l4-inch, unmachined T

joints made of cast iron or cast steel, or welded (bare electrode) :- mild

steel. W6hler curves to 106 cycles plotted on the basis of ktgcm per blow

became horizontal for the cast steel at 5.4 in. lb., for cast iron at 3.5 in lb.,

but the curve for the welded T was not yet flat at 3.5 in. lb. The shape of the

weld is of vital importance as shown by Pig. 16. Although in specimen 3 about

half the weld deposit was removed by filing, the 176hler curve most nearly

approached that of the unwelded specimen. Machined specimens also had smoother

fractures, an indication of better dynamic behavior, and gave much less scatter.

Concave welds deposited by coated electrodes, specimen 4, showed little ultimate

superiority over bare-wire welds.

The repeated impact value of gas welds in mild steel may be lower than

in cast iron, as Bartels(39) has shown in the table on the next page. These

results are for light impacts (4.4 lb. load, 0.39 inch drop). For heavy

impacts (f5.9 lb., 0.39 inch) the mild steel wTelds are superior, however, The

surprising fact that a cast iron weld having less than 10% the single-blow

notched-bar impact value of welds in mild steel is more resistant to repeated

light impact then the latter seems to be exolained only by considering ping

capaciltr. As von Heydekampf has shown, cast iron has a high damping capacity

and is consequently dynamically ductile and insensitive to destructive notch

and resonance effects. The results suggest that the welding of mild steel with

.- ' • #- -- . . . .. ' ..
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cast iron might involve improved re-)eated-impact resistance. The exceptionally

hiGh values for the welded cast iron may be related to some extent to its fine

fracture; the uwelded cast iron had a coarse fracture. Bartels' results on

non-ferrous welds break new ground, indeed. An unnotched cast Silumin specimen

containing two welds withstood 137,000 light blows (4.4 lbs.). Bartels also

states that unmachined welds were generally more resistant to repeated impact

than unwelded spectmens in ferrous materials.

Bartels' Results (Krupp Machine), Machined Specimens

Repeated Impact Value, Number of Blows in Thousands

Material UnweldedJ Gas Welded Welded, Annealed

Cast iron
without skin 54 2,305 219

Cast iron
with skin 92 3 000• 73

Mild Steel 1,300 1 ,748 95
C oper 165 16 1-

-. uminuml4 1 O.6
Silumin 1 11 10 -

* unbroken

Rosenthal(162) has also thrown light on the obscure dynamic

characteristics of welds. The repeated impact value of a ductile double T arc

weld, he found, was only one-half that of the unwelded mild steel. By cold

hammering the junction between plate and reinforcement, he was able to make

the weld withstand as many blows as the original plate. It appears therefore

that Thum's rule, according to which light impacts within the elastic limit

raise the fatigue value of the struck part, is valid also for welds under

repeated impact. It remains to be seen whether reduction of static ductility

...........
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and simultaneous increase in dynamic ductility or strength in the cold-worked

weld is connected with damping capacity, as in cast iron, or simply with i=oosed

compressive stress. The damping canacity of welds, particularly porous welds,

does not seem to have been investigated. The statement by Pro (163)that

inclusions and blo",holes have little effect on the repeate. impact value of

welds may be significant in this connection.

The repeated bend impact test has been applied by Schmit(1 6 ) to

surfaces built up by welding and by von Roessler(1 6 5) to flame-cut surfaces.

Schmit found that, for surfacing plate and cast steel with low carbon steel, gas

was superior to the D arc, and that it is the deposit, not the heat-affected

zone, that injures the repeated impact resistance. The flame-cut surface, as

Roessler shows, is equivalent to a milled, and only about 10% inferior to a

planed surface in repeated impact for four types of structural steel. If the

machining grooves were at a large angle to axis of impact, or if the flame-cut

surface was subsequently ground, the original flame-cut surface had superior

repeated impact value. Repeated bend impact tests r.ade under the auspices of

the British Acetylene Welding and Consulting Bureau( 166) on mild steel specimens

2-1/2" wide, 3/8" thick, showed that welds made in flame-cut scarfs rere super-

ior to those deposited in machine-cut scarfs.

Unwelded Plate -------- 7,759 blows
Arc Welded Machine Cut Bevel - 8,)483 "(average of 5 specimens)

" ame " " - 9,092 "(average of 5 specimens)

The weld just protruded from the clamp and the blows were struck 5" from the

weld at the rate of 600 per minute.

As a laboratory test - for the repeated impact testing machines have

an astonishing number of variables, relatively few of which have been investigate

- the repeated impact test has undoubtedly yielded important information on

properties not prominent in static or smooth-cycle fatigue tests. It must be

emphasized that the test rill remain eroirical in nature until reliable, simple

" methods for computing Laoact stresses in the vicinity of notches have been

developed. Daeves (15 7) and Schoenmaker(16 1) recommend the test whereas Rolfe
(167

(16s)
and Schuster regard it as unimportant.

• ' . o .. o O . . . % . - o . • , - " ° • • o / . .. . . - . .. ..
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The repeated impact test has occasionally been used as a quick

substitute for the long-time fatigue test. In view of the fundamental difference

between the cycles of loading in the two tests, it is not surorising that such

quasi-fatigue tests have been misleading.

The third use to which the reneated imoect test has been out is the

most frequent, namely: to re-produce service conditions. 17hereas in the first

tyoe of tests the number of blows usually exceeds several hundreds, the service

repeated impact test may use only five or ten blows or 1a0 exceed 1O6 depending

upon the object of the teot. Santilmau (169), for example, reports a six-drop

test on a partly-riveted, :Dartly-weldeCI bridge ameber, Verzillo end Pizzto(170)

describe a shop repeatedl impact machine for rotating crank axles, and the Rail

Joint Committee subjected some joints to over 3 x 106 cycles. Taylor and Jon8 1 7 1)
-

tested 7 inch welded I beams (intermittent shielded arc welds) made of silicon

steel (0.27 C, 0.95 in, 0.26 Si) and plain-carben structural steel in reoeated.

bend impact (38 cp under a punch press. With the welds stressed to 79% of the

static tensile streng , the silicon steel beam failed earlier thn the plain

carbon. In a supplementary test a silicon steel bepa '.ithstood 210,000 cycles

at 40% of the static tentile strength without failure. Aside from the tests on - -

rail joints perhaps the most informative reneated iranact test was that made by

Jurczyk(172) on fillet arc welds, a model of such a weld machined from a single

piece of steel, and a double-riveted joint. The -,elde-! sPecimens were equivalent

to the riveted in repested tensile imoact and were 2 better thtn tue machined

models which had equal static tensile strenth.

I
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RAIL JOINTS -6-

Tests of the endurance of rail joints are of three tyoes: reneated

impact, nulseting stress (smooth load cycle), and service. The most extensive

tests of the first type rere carried out by the Rail Joint Committee(1 73) who

devised a soecial machine rith an eight-ton anvil for the purpose. The 400 lb.

hammer struck the head of the joint centrally; the spen was 22", height of fall

6", and rate 50 to 75 blows per minute. Certain ty.oes of seem welded joints

gave the best results in this test, but they were not consistently good; butt,

thermit, and cast-iron joints followed in order. Using a similar trip-hammer

machine (525 lb hemmer, 4011 between supports, 80 blows per minute, 5" drop),

Jurczyk(174) found that seem-welded joints made by a patented arc welding

process rere 10% better than thermit joints, and six times better than the

bolted joint. The Xrupp machine, on the other hand, gives first choice to

flash welded rail steels, thermit joints having only one-third as much repeated
impact value, as Reier g O  howed. -

The second and less severe type of test: pulsating stress, has

largely dis-olaced repeated impact because pulsator results are in terms of

a fatigue limit and are not merely comparative. Besides, the smooth load cycle

of the pulsator more nearly duplicates service conditions in welded joints,

which eliminate hammer and anvil effect.

Stressing joints in reversed bending, Roo and Eichinger ( 3 7 ) determined

in 1932 that the thermit joint with a fatigue limit of over t 16,000 psi was

* superior to their best arc welded joints which failed below this value. Repeated

impact tests, however, rated the joints in the reverse order, which was not

unexoected because the first blow in a drop test causes plastic flow Fnd

equalizes shrinkage stresses end notch effects.

. . . . . .-.
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The majority of fatigue tests on rail joints have been carried out

with -pulsating tensile stresses in the foot of the rail. Melhardt(175) gives

19,200 psi as the pulsating tension fatigue limit for seem-welded joints contain-

ing 0.1% C and high nickel and manganese. This is somewhat higher than the value

17,000 psi given by Gysen(175) for Thermit joints but lower than that given by

Keel(176) for arc welded joints (27,000 psi), In the last instance the unwelded

rail had a much lower fatigue value than the joint. Melhardt observed that

fracture tended to start at the ends of meld beads on the outer edges of the

rail foot. Golling and Tulacz ( 1 77) report 27,000 psi as the pulsating bending

fatigue limit of oxy-acetylene butt welded rail joints reinforced with welded

flange straps (filler rod not rentioned). The unwelded rail had a fatigue limit

of 43,000 psi. The transition zone is the cause of the low fatigue value of the

welded joints, it is said.

The average joint, according to Keel, withstands 106 cycles in 2 to 3

years service, and Csill/ry(179) states that, in heavy traffic sections,

3.5 x 106 axles pass over a joint annually. Very fer laboratory tests of

joints have extended beyond 2 x 106 cycles. Rail joint testing has not yet

included the vibration factor rhich adds only about l. the maximum pulsating

stress but operates at relatively high frequencies, as Adler(179) has shown.

* .
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CERW

The amount of quantitative data on the creep properties of welds is

surprisingly small. The limiting creep stresses determined by Stmer and-

Zschokke~ 1 O) are given below (no details):

Limiting Tensile Creep Stress lb/in2

Material 3000C 4oo°C 5000C

Mild Steel Plate 31,200 15,600 5,700
All Weld Metal, gas 18,500 8,500 1,400
All Weld Metal, arc 19,900 9,900 2,00
Welded Joint, gas 25,6OO 12,100 5,700
Welded Joint, rc 25,6oo 15,600 5,700
Welded Joint, arc - 14,200-15,700 - (Apaly)

Being a composite of plate and weld ne tal, the welded joint displays creep

properties intermediate between them. Above 14O the welded joint is equiva-

lent to mild steel. Keel(lgl) used the Amsler and the Brown-Boveri creep

machines for creep tests on oV-acetylene butt welds in 0.39* boiler plate

(tensile strength 60,O00 psi; weld metal analyzed 0.19 0, 0.80 MHn, 0.30 Si).

Plotting stress vs creep velocity and adopting 0.0024% strain per day as

criterion, the creep limits at 400 and 50000 are

up to 400oC - 1 ,1400 psi
" It 500T p0 i

Keel concluded that oxy-acetylene butt welds have betwleen 70% and 75% of the

creep strength of cast steel of similar analysis.

An intensive study of creep of welds in boiler plate (0.090, 0.5 Mn,

heavy coated electrodes) at 4000C by Appaly( 184 showed that the creep velocity

of a elded joint consisting of six double V welds in a gage length of 5-1/2

inches is much lower than would be expected by averaging the creep rates for

unwelded plate and all-weld-metal. The welded joint has its own specific creep

properties probably derived from a combination of microstructure and stress

distribution. The creep stress determined by the long-time method (time of

test was up to 800 hours, and velocity = 105% per hour) was 12,800 psi for

plate and 14,200 to 15,700 psi for the weld specimen. After annealing (1/2 hr.,

93000) the creep stress of the weld specimen was reduced to less than 12,800 psi

but the plate did not appear to suffer correspondingly. Stress annealing

(1/2 hr., 65000) did not lower the creep stress of the weld so greatly as full

annealing. The ill effects of annealing are tentatively said to be due to coarse

grain structure. Appaly found that Sauerald and Juretzekle short-time method

........... .4C. .... ,. .,._. ... ..... . ..... -. _._ ._-,.....-_ -... .. .i:.fl _.>........... 2.-.'.............-',.
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(creeo stress is defined as elbow in plot of log elongation velocity at the end

of one hour vs stress) is quite accurate for welds and is sunerior to Pomp and

Ender's method (creep rate between fifth aad tenth hour less than 0.003% per

hour.

Lea and Pgrker(21)deternined the creep stress giving a creen rate of

1 X 10-5 and 1 x 1C  inch/inch/hour at the twentieth day at temoeratures between

325 and 575 0 using mchined all-reld-netal specimens deposited by an electrode

analyzing 0.150, 0.10 Si, 0.5T Mn and having an iron silicate coating containing

manganese. At the critical temoerature of water and steam, 374oC, the creen

rate (20 days) was less than 1 X 10-6 In/-i:a r ct ?Ei A t 490cC the

corresponding stress was less than 9,000 psi. The creep characteristics of weld

metal are not so good as the steel used in sunerheater tubes (analysis not given)

but are excellent excent under conditions of superheat. A covered electrode,

shielded arc (analysis not given) was also tested but -as inferior to the slag-

coated.

Creep rates in welded steam station pi'oing at E5007 (4550) determined

by the single-step method are reoorted by White, Corey, and Clark(137).

Rate of Creeo at 850°7., 15,000 psi tensile. % per 100,000 hrs.

Pipe material (0.33 C, 0.75 mn, .04 Al (metallic) -------- 1.1

Welded pipe-to-pipe -I------- ----- ----- ------ 1.2

Welded pipe-to-casting (0.24c, o.623n, 0.82Cr., 1.19Ni, 0.401.o)- - 1.5

*reported as 1. in Publication B5, Prime Movers Cozaittee, Edison Electric
I ns.t itut e, 193 i :

The welds were made by the shielded arc process and were drawn *t 1100F. The

test results were not so consistent for the welds as for the unwelded pipe; the

duration of the tests was 500 to 600 hours. At a stress of 12,000 psi there was

no ap'preciable creep at 9500F.

The creep characteristics of gas welds in cold-rolled steel at 360,

* 550, and lOO07 (180,290, and 54000) have been studied by W7ard (183) who concluded

that the welds have excellent creep resistance up to 4000. In the early stages

of creep,-elcds are not so good as unwelded steel on account of their coarse

grain structure. Annealing at 165007 is detrLmental to the creep properties of
(7)welded and unwelded cold-rolled steel. According to Roe and Eichinger the

creep limit of plate retal, especially under compressive stresses, may be very

materially decreased in the vicinity of welds.

In view of the 'robable deendence of creen behavior on distribution

of stress and sha-e of enecian, Bugden(18 4) determined creep data for the

design of welded steam piping frow actual Dexvon Joints. The weld (covered

electrode) of such a joint in mild steel pipe (0.05%C) withstood a stress due

. .. .. . . .
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to internal pressure of 87% of the proportional limit for 1460 hours and in

addition, a bending moient of 12 ft. tons, which increased the combined stress

in the reld to 95.6% of the proportional limit for 1220 hours at 8050F (43000)

without objectionable creep. The average diametral creep rate of the weld was

about 5 times that of the unwelded pipe, however.

It is W 0 Sdithle (18S) experience that tubes of hydrogen-resistant

steel cannot be joined by any ordinary process of arc welding without seriously

affecting creep strength. The resistance butt welding process is therefore used.

Short-time high temperature tensile tests of welds have been reported

from a number of sourues. In general the welds are not inferior to unwelded

material although Ward's results indicated that gas welds in the temperature

range 75 to 14500' had only about 70% of the tensile strength of unwelded

annealed plate. In the design of boilers Schuster( 8 ) recommends that above

2500C the rated stress in the weld should be reduced below unwelded plate.

There is a serious lack of numerical information on the thermal coefficient of

expansion of .7eld metal, a feator which is especially important for austenitic

relds in non-aging steel, as Hessler and Kautz(186) have shown.

Summarizing, the creep, strength of welds in ild steel is probably

little if any inferior to unwelded plate up to 500CC although the initial creep

rate may be somewhat higher; full annealing is not beneficial. That there ill

shortly be more infon-aetion on the high teuroerature properties of welds is

indicated by the fact that the research programs of several technical bodies at

the present time include investigations on creep. Since, at tie temPerature of

stress annealing for mild steel, creep is able to eliminete shrialge stresses

it bPs been suggested that creen is probably a factor in welds of Gone non-
f
ferrous alloys even at room temoerature.

S* . :.." 7* . : '.* . .. .
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BOILERS

A summary of fatigue tests on welded boilers and drums is given in the
next page. -

t.'b1le on/ The cylinder tested by the A 0 Smith Corporation (187) (Joys and

Jasper) was a mild steel penstock having four longitudinal welds. The ends cf

the penstock nere closed by 4" thick hemispherical shells. The pressure during

each cycle was built up0 slowly and released suddenly, 15 shocks per minute.

The fracture of the fatigued drum revealed a very coarse grain structure.

The John Wood &fg. Compamy(l88) tested four tanks with longitudinal

seem welded by electric resistance butt compression method. A quick acting

valve applied 150 to 160 psi water oressure 13 times per minute. Two of the

tanks withstood over 300,000 cycles; the remaining two withstood 210,000 and

90,000 cycles. None of the tanks was ruptured by the tests (fiber stress and

type of material not stated).

The tests reported by H F Moore(52) and Hodge (I89) embodied a smooth

sine-wave cycle of load from zero to maximum, 13 cycles per minute. Over 25

shells were tested of which only a few are listed in the table. The plate for

the arc welded shells ras ASME code plate (55,000 psi tensile). Details of the

Babcock and Wilcox processed electrode are not given. Slat 7as visible in the

fracture of some of the welds. All drums were stress annealed at 650C, and the

S p
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Summary of Fatigue Tests on Welded Boilers

iber Stresses
I in weld, ps1 No. of Location of

Reported by Dimensions, etc. o1wer i upper Cycles Fracture

Joys & Jasper, 45" i.d.,9ft long, 2" wall mainly mainly
1925 shock cycles,bare electrode 11,250!22,500 7,000 Burst at static

stress of 32,600ps

in Plate metal
H7Moore,1929-2 i-d P2 wall smooth 4211iG7500 500Jntoznef

31 cycles, bare electrode logJunc ina woelof
Special electrode 0 6 ,0, 270,000 Slag in weldB & TJ Processed Electrode ... T. 1,0 00 No failure"~~~ ~ _L . .. - 2,000, 000 0 "

JoSae dru as ecei -___ .- 22.00-0 - -000 1 a
" A.S.M.E. Stid Riveted 0- -f' ,5041 .060,000 "  "

J om Wood Mfg Electric Resistance Com-
Co., 1931 pression Butt welds. 12" I over No failure

i.d. 49" long)shock cycles 300,000
.01" wall-- i

H W Harkins, t36"i.d, loft long,3/4"wall Short, fine erack
1932 1B.&W. Electrode 0 120,3251 320,000 in Longitudinal

Shkq cley 1__ e s_ lWeld
It Riveted, J.-iTG'~wi 0 No fd. lureUlrich, 1933 26-1/2" i.d.9/16" wall !Junction of sur-

Pintsch black electrode 3,'0 123, 9001 156,7501'aces of reld and
Smooth cycles j__late in lon. el_

it~~~ 7t __ 4 Sj ojngitudinal weld,
ii ~ 10.000 "

" [ " ----- -T -
-

- - '- - - a-cover Undercut of normal-
plates welded on after 20,0 harwi!oI normalizing cover plate
29" i.d. 2611 long,l.1"wall I

*K Kautz, 1935 Austenitic electra7 e,shock I,4o0- 19,900-
3ycles. g 000 520OOINo failure

Same Drmiu as Preced 1,40025,600 0 1
.2500 29,900: 107,0 00 " It

" " " 2,-Ii-92- T- -2 Short crack (1 r
3,500 32,3001 36,000 wide) in longitu-

126-l/2iad 55" long, 9/16" -
lwallistenitic electrode 8 ,00 1400 000 No failure, _Same drm as preceding I 3,980 ,800 55,000 Creck in lon-iti--'

fdinal reld, ground'
_out and re-telded --

* " " 5 95,000 Crack in lo - .it'..
,e L~._ _ _ _ ____Ldinal weld.

I' %d
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reinforcement was ground off.

The mild steel drums tested by Hawkins(190) were subjected to stress

cycles of a shock order, 6 cycles -oer minute, at 20,325 psi in the longitudinal

weld; the test pressure was 750 osi. The short fine crack mentioned in the

colm~n headed LocationofFractare developed in the longitudinal weld at a dis-

tance from the circumferential weld. In the subsequent static test the riveted

drum started to leak at 27,000 psi fiber stress and the leak developed until

pressure could not be maintained at 43,400 psi fiber stress. The welded drun

failed at 49.00o psi, fracture starting in the longitudinal weld but terminating

in olate metal. Not cour.ting straps and rivets, the welded drum was 42% lighter

than the riveted drum of idantical capacity.

The mild steel drums tested by Ulrich( 1 9 1 ) had two hemispherical ends

welded on and were normalized. The cover plates were partly of the Mefi type,

partly H6hn type and were welded on after the drum had been normalized. The stress

cycle was smooth (sine-wave type), 15 cycles per minute.

The testing arrangements and results of Kautz (55) are described by him

in admirable detail. The test drum was made of Izett non-aging steel (0.250,

0.55 Un, 0.05 Si, 0.01P, 0.016 S; yield point, 43,500 psi, tensile strength,

71,000 psi). The austenitic olectrode (20 Ni, 25 Or, 0.1 0, 1.3 IM, 0.8 Si) was

deposited in five layers in J-shaped scarfs without backing ring. The stress cycle

consisted of a relatively long period at maxim u pressure and a short period at

minimum, release anC. ad mission being sudden, 29 cycles per minute. The dimensions .* -

of the drum were autographically recorded throughout the test. The drum -as not

normalized or stress annealed. Fracture started gradually on the inside of the

drum at the junction of the surfaces of plate and bead, and 9oread outwards until

it reached the surface. The second of the

B
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drums discussed by Kautz had thicker ends (1-9/16" thick), no _an hole, and

was made of lower strength steel (Izett I). The stress cycle was of the smocth

cycle type, 12 cycles per minute; the drum was not heat treated after welding.

The reinforcement was not ground off either drum. The second drum was tested

under static pressure at 29,900 psi before the fatigue test. The tests were not

carried out at elecated temperatures (e.g. 30000) in order to avoid any release

of shrinkage stresses. Varriot(275) describes apparatus for testing welded

.A
pressure vessels under pulsating pressure but gives no results.

The boiler fetigue tests, as Dorey(192) points out, show that fatigue

failure inevitably occurs in regions of stress concentrations; e.g., gage plugs, -

manholes, and pads (this was true in the tests of Mtoore end Kautz), rather than

in the welded seam itself. According to Schuster(88), the number of fluctuations

of stresses that take place in service, which is greater than that due simply

a
to starting up end shutting down the boiler, is small compared to the large

number in fatigue tests. Nevertheless, he and several others at the Welding

Symposium of the Iron and Steel Institute suggested that pressure vessels ought

to be designed on the basis of fluctuating loads. Kautz emphasizes, however, that

the stresses indicated in fatigue tests should not be used for design purposes.

The only unsatisfactory welds in ell the fatigue tests were those made
I

with bare electrodes

In 1930 the fatigue value of welded pressure vessels was considered so

problematical that the Boiler Code Committee was on the point of inserting a

fatigue test in their Code. The test consisted of 10,000 cycles of internal

pressure from zero to 1-1/2 times working pressure. A number of fatigue tests I
were carried out by leading pressure vessel manufacturers, such as the Hedges-

"'" Walsh-Weidner Company(276) and the Westinghouse Air Brake Company(277),

................................ ........ ..... . ......................._'l.. "•............. ..... , •... --... ,.'.
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TESTS OF WELDD STRUCTUR3

Laboratony and Vlorkshop TAstS

I * Laboratory fatigue tests on relatively simple welded elements, such as
fillet welds and T Joints (Thum and Lipp, and others) have been dealt with in the
section on Tabulated Results. Fatigue tests of large-size !-elded structrual
parts such as I-beams were reported by Bissell(205) and Spindler(206). Both
investigators tested riveted and welded connections between I- or channel sections,
and both found that the welded were entirely satisfactory. Bissell subjected 6"
I-beems welded (butt, bare electrode) or riveted to the reb or flanges of a 10"
I-beam to vibrations (1760 cpr set up by a square cam. After four hours all
riveted connections had failed; the welds were in excellent shape after 1 hours.
Additional loads had to be applied to cause the welds to fail. Pqtton and
Gorbunow(155) tested simple and three-support unsymnetrical welded beams of mild
steel by an unusual method. The beam was subjected to poulsating loads (lever
mechanim, time for one cycle not given) in increasing steps until the beam con-
tinued to deform after a large number of pulsations ( about 1,500). The stress
corresponding to thiis load was always in excellent agreement with the stress
computed using a section modulus based on plastic rather then elastic deformations.

Hochheim(72,100), and Bihler and Buchholtz(17) used the pulsator to
test welded I-beams with welded stiffeners above supports end undler the applied
loads. A plate I-beam with ribbed flanges, and with stiffeners welded to web and
both flanges, had an origin fatigue limit (4-point loading) of 25,600 psi (low-
alloy structural steel, minimum tensile strength 714,O00 psi). A similar beam with
stiffeners welded only to web and compression flange had a pulsating tension
fatigue limit of 32,700 psi. Hocbhelm found that beams with stiffeners welded to
web and both flanges, and having a drill hole through the tension flange, withstood
250,000 cycles at 41,200 psi. Graf(207) tested a 10 inch mild steel I-beam butt
welded (coated electrodes) at the center to *orovide a leigth between supports of
10 feet in four-point pulsating bending, The tension flange of the beam was
strengthened by a welded-on plate. With stresses in the tension side of the
flange varying from 850 to 22,000 psi, in the compression side from lO0 to
37,000 psi, one beam failed in the-tensipn flange after 1.6 x 100 pulsations,
another bear did not fail after 2.1 x 10 pulsations. The test shows that butt
welds have considerably higher fatigue value in compression than in ten1Aon.

A welded plate Girder bridge 30 ft span, 3,700 lbs. of low-alloy strue-
tural steel (static tensile strength 74,000 psi) using bare electrodes ras
tested by Bohny(208) by means of a rotating eccentric Oulsator (about 540 cPm).

. The rssulte are shown in the following table. Fracture occurred almost
- simultaneously at two places, the main crack occurring at the end of a fillet

welded stiffening plate, some distance from the middle of the bridge.

~Range of pulsating stress in tension fiber, ps
Load Amplitude- - Middle of beam At point o fracture No. of

inch Lower Uper LoverI Upper Cycles

1 o.49 4,300 17,200 3,4oo 13,700 60,210
2 ± 0.79 j 25,000 I 19,800 69,890
3 t 0.91 30,700 22,500 2,250

.f (fracture)

Since the failed fillet reld hP.d a pulsatin. fatigue limit of less than 20,000
psi, Boby concludes that welded stiffening plates should be terminated as near
the bearings as possible. Bierett(209,12) reported puleatgr tests on butt
welded T beam ( " flange, 11" web) which withstood 2 x 10 cycles at 28,400 psi.

S* * . * . * .. *~ * . . . .- .
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TESTS OF WLDD STRMUTURI

Laboratory and Workshop Tests

j Laboratory fatigue tests on relatively simple welded elements, such as
fillet welds and T joints (Thum and Lipp, and others) have been dealt with in the
section on Tabulated Results. Fatigue tests of large-size relded structrual
parts such as I-beame were reported by Bissell(205) and Spindler(206). Both
investigators tested riveted and welded connections between I- or channel sections,
and both found that the welded rere entirely satisfactory. Bissell subjected 6"
I-beams welded (butt, bare electrode) or riveted to the reb or flanges of a 10"
I-beam to vibrations (1760 cpm) set un by a square cam. After four hours all
riveted connections had failed; the welds were in excellent shape after 18 hours.
Additional loads had to be applied to cause the 7elds to fail. Ptton and
Gorbunow(155) tested simple and three-support unsymmetrical welded beams of mild
steel by an unusual method. The beam was subjected to -oulsating loads (lever
mechanisn, time for one cycle not given) in increasing steps until the beam con-
tinued to deform after a large number of pulsations ( about 1,500). The stress
corresponding to thiis load was always in excellent agreement with the stress
computed using a section modulus based on plastic rather than elastic deformations.

Hochiheim(72,100), and B1hler and Buchholtz(17) used the pulsator to
test welded I-beams with welded stiffeners above supports end under the applied
loads. A plate I-beam with ribbed flanges, and with stiffeners welded to web and
both flanges, had an origin fatigue limit (4-point loading) of 25,600 psi (low-
alloy structural steel, minimum tensile strength 74,000 psi). A similar beam with
stiffeners welded only to web and compression flange had a pulsating tension
fatigue limit of 32,700 psi. Hochhelm found that beams with stiffeners welded. to
web and both flanges, and having a drill hole through the tension flange, withstood
250,000 cycles at 41,200 psi. Graf(207) tested a 10 inch mild steel I-beam butt
welded (coated electrodes) at the center to orovide a length between supports of
10 feet in four-point pulsating bending. The tension flange of the beam was
strengthened by a -eiaed-on plate. With stresses in the tension side of the
flange varying from 850 to 22,000 psi, in the compression side from 1400 to
37,000 psi, one beam failed in the tensipn flange after 1.6 x 100 pulsations,
another beam did not fail after 2.1 x 10 pulsations. The test shown that bubt
welds have considerably higher fatigue value in compression than in tenion.

A welded plate girder bridge 30 ft span, 3,700 !be. of low-alloy strue-
tural steel (static tensile strength 74,000 psi) using bare electrodes was
tested by Bohny(20) by means of a rotating eccentric nulsator (about 54O cpm).
The rasults are shown in the following table. Fracture occurred almost
simultaneously at two places, the main crack occurring at the end of a fillet

Swelded stiffening plate, some distance from the middle of the bridge.

_itude of pulsating stress in tension fiber, pi-
Load Amplitude- Middle of beam At point of fracture No. of
Step inch Lower L pper Lower _Upper Cycles

1 t o.49 4,300 17,200 3,4oo 1 13,700 6o,210
2 t 0.79 " 25,000 i 19,800 69,s90
3 0.99 30,700 22,500 2,250

(fracture)

Since the failed fillet weld hrd a pulsating fatigue limit of less than 20,000
psi, Bohy concludes that welded stiffening plates should be termin-t-d as near
the bearings as possible. Bierett(209,12) reported oulsatgr tests on butt
welded T beams (4" flange, 11" web) which withstood 2 x 10u cycles at 29,400 psi.



The welded I-bee.s tested by Kater (133) withstood 3 x i06 cycles at

a lorer stress of 23,400 psi, upper stress 35,600 psi (low-alloy structural

steel, 7,000 psi tensile) and 10l45 x i06 cycles at a lower stress of 13,900

psi, upper stress 25,200 osi (mild steel 52,500 psi tensile), before fracture

(dimensions not given). The two steels gave the folloving results in the

complex all-welded S-shaped structure shown in Fig. 17.

Steel Lower Stress tpper tress (2 x 106 cycles)

Mild steel 15,600 psi 31,200 psi
Low-alloy steel 17,100 37,000

The maximum stresses are given in the above table; the welds were not machined.

These values are in good agreement with Graf's results for butt welds in the

some types of steels. Wilson'' has reported short quasi-fatigue tests on

twelve types of welded girder-to-column connections (coated olectrodes). The

stress cycle was 25,000 psi tension to 12,000 psi compression approximtely at

the most highly stressed section. Cracks occurred usually at the weld most

highly stressed in tension, but they sometimes originated in the less highly

stressed shear fillets of the seat angles. Most of the specimens failed

before 20,000 cycles had been reached.

Hechheim(I00 ) also tested a comolex all-welded C-shaped structure in

the pulsator but gave no results. The correct design for a bent plate with

welded or riveted hinges was arrived at by Drieseen(47) from pulsator tests.

The best design is that in which fatigue cracks just fail to start at the

weld-plate surface junction. Schaechterle's observation(91) that service

cracks in highly-stressed welded joints in railway bridges occur at the same

points as in pulsator tests seom to justify Driessen's procedure of desiiing

complex Joints on the basis of experimental fatigue tests. The design of the

first elded railway sleeper Joints of the Germn railways was verified(2
10)

by fatigue tests using compressed air hammers, impact pendulums, and alternat.

ing-bend devices.
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Thustin (211) showed the value of pulsating tension tests on m~odels af

Yl4erendeel bridge nerabere (scale 2.5 to 1.) in designing for mna IT=~ strength

and economy. The poulsator tests showed thFt the ziaximum stresea did not occur

where they were em'oected. Salltiimv(l 69) mentions tests of bridbges by rolling

stock and of bridge members b . re'neated impact. Details of a reneated oil

pressure test of arc-relded 98 expansion joints e're given in the Li-ooln Prize

Papers for 1929. No failure, -perm~anent set, or leaks ap-oeared during the

23-1/4 hour test. Alternating stress tests of arc w~elded elbows uander

internal -oressure, Yaade by the Taylor Forge and Pinpe Works(272) showed the vast

* superiority of welded over screwed pi-pe joints.

Full-size fatigue tests of welded engine bed-plates by Sulzer's works

(212)are described by Pemaberton . A 10' diameter bar supported in the two main

bearings of the bed plate was loaded at the midpoint by a hydraulic ram

* subjected to pressures alternating between zero and 5,000 Psi (500 cpm),

corresnonding to an alternating load of 156,s00 lb., the design load being

100,000 lbs. The bed plate was sound and free from defects after 37.5 x 10 6

cycles. Tests on bed plates of different design led to fetigue cracks after

a comparatively short time.

L
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Service Tests

It is beyond the sco)e of this review to give a conr)lete ascount of

service results of welds under fatigue conditions, either in the form of welded

structures or renairs. Dorey( 1 9 3 ), Burn( 1 0 9) and Pohl and Ehrt ( 5 6 ) among

others show that welding, unless unintelligently performaed, is perfectly

reliable. Burn states tat the stress-raising &-d crack-producing capacity of

welding is especially exerted in large forgings. According to Salmon and
Benad(191+)

Bernhard (19), secondary bending morients in onen-eb girders are considerably

increased by welding, and the stiffness of weldod frames is unfavorable under

fatigue conditions. On the other hand, Bonami and Goelzer(195) state that the

rigidity of a welded traveling crane elininated vibrations and was beneficial

to fatigue value(see section on Bridges). The incorrect welding of sunerheater

tubes of different thickniesses is given by Pfleiderer(70) as a cause of fatigue

failure. Long operation and re-eated cleaning so weakened the forge-welded

tubes in water-tube boilers that forge welds, usually low-grade, have been

forbidden in these boilers in Gerriany since 1926, according to Kruiger (60)

Service results in marine applications, Pierce(196) stated in 1931,

have shown that covered electrode 7elds are equivalent in fatigue value to

rolled plate. After 3-1/2 years of service a welded pressure vessel which had

been tested at a relatively high stress before being placed in service, was

tested to destruction in 1932 y Jasper(1 9 7 ); the vessel develooed full strength,

failure occurring in plate metal. Dorey(193) has observed that service fatigue

failures of welded water-tube boilers occur at points of stress concentration

rather than in the welded sea-s. Stieler(198) described the = rfect record of

bare-electrode -elded locomotive gangways during over 100,000 miles of service.

In 1930, Woofter(l99) reported that welded truck rims had given no trouble

during 12 to 14 ears of service, anid Cooke(200) in 1911 stated that

-............................................................................-..-. -. .. ' •II I . il I i llII II "I I I
IIi tlii iI _
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on-acetylene welded goods-wagon frames stood up well in service. Boden(201)

and Schinke(202) renort excellent succes with welded cars on the German Railways

and give methods for avoiding "corner" welds, which are weak in fatigue.

Although the above review has shown that welding, even bare-electrode

welding, is reliable under fatigue conditions, it is usually difficult accurate-

ly to evaluate the number and magnitude of the cycles that a welded part is

expected to withstand. As stated in the section on rails, rail joints in

average sections undergo 106 reversal a year. In welded railway bridges, each

train (locomotive) is considered to contribute only one cycle; a simple

calculation then gives the number of cycles undergone during the anticipated

life of the bridge. This was the basis of the choice of 2 x 106 cycles as the

criterion of fatigue value in the pulsator tests of the German investigators.

It is the general opinion that boilers never undergo more than 106 cycles of

stress during their expected life. Fatigue failures are seldom encountered in

aircraft, according to Wagner(203), and this is repeated by Templin and

Tckerman( ) vhto states that except in wires there are very few fatigue

failures in the structural parts of aircraft. Burges (204) thought it hardly

possible that there should have been 106 reversals in the girders of the Macon.

But, as Hobrock (94) states, 4there is no certainty as to the number of stress

reversals encountered by structural parts during their life in airplw-ss and

airships". This appears to be true to a great extent in dynamic structural

(14P)design. &ouh (  recently declared that the most common type of service fail-

ure in his experience was that of fatigue.

Il
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RIVETING AND WELDING 82

Strengthening by Welding

Practically the only experimental fatigue study of riveted Joints

215
strengthened by welding is that of Kommerell and Bierett. Their results are

summarized in the following table.

Results of Pulsator Fatigue Tests in Tension on Combined
Joints (Kommerell & Bierett, 1954)

Specimen Area of Static Tensile Tensile Fatigue Strength Fatigue
Series Weld-in Strength psi 2 x 106 cycles; psi Fracture

0S So-S
1 00ly ri- 54,400 25,200 Oliu20 0  In rivets

veted
Only welded Started at inner

2 but with 56,600 24,200 17,200 end of welded
4'2 rivet holes seam

____ _ .Started at inner
'a 2.46 61,000 30,600 25,600 end of seam in

[II ~cover plates,
I.- I ~ then spread to
___-0"___------__ _......__ rivet holes

5b 2.46 not tested 50,200 25,200 Same as 5(a)

5c 2.47 66,500 26,600 19,600 Started at inner
end of seam in
cover plates, then

____spread thru plate

5 ] 3d 5.47 70,500 26,400 19,400 Same as 5c

[ I I 3. 2.47 not tested 32,200 25,200 In plate at Junc-
tion of plate with

--__ __ normal shear weld

only
*44 4 riveted 38,400 21, 000 15.000 In rivets

I6 3.92 8,100 22,500 16,400 Same as 3(a)

In cover plates
7 5.92 56,500 22,500 16,800 thru innermost

----J_ _ _ __ rivet hole

So = upper stress in pulsating tension fatigue
Su = lower stress in pulsating tension fatigue

.- .. .
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All combined joints were riveted in the usual way. The joints

of series 1 and 3 were loaded about ten times between 7,000 Osi end 14,40O"

psi tension (all stresses are related to the weakest cross-section through

rivet holes). The joints of series 3(b) were given 1 x 106 cycles between - -

these limits. The large joints were loaded between about 6,000 and 15,000 psi

about 10 times; only purely elastic deformations were found after these

pre-loadings which were designed to simulate service loads on a bridge. The

specimens, which were of mild steel, were then welded under the lower pre-load

with bare electrodes, 170 amps DO. The temperature of the rivets did not rise

above 2000C. The Losenhausen pulsator (500 cpm) was used for the small

specimens- the pulsating bridge ( 210 to 230 cpm) for the large specimens. The

fatigue limit is defined, as usual, as the stress indicated by the Uhler curve

at 2 x 106 cycles, and is quoted on the reduced cross-section, although some

specimens broke in the oriGinal cross-section. The Wbhler plots had by no means

6
flattened out at 2 x 10 cycles.

The results show that series 3(c) and 3(d) are not good in fatigue,

the fatigue stress being only 19,000 psi based on the ectual area of fracture.

Series 3(e) is better than 3(a) because the fatigue value of the cover plates

is fully developed as in series 7. The low fatigue value of 7 as compared with

3(e) is explained probably by stress distribution and larger dimensions. The

dynamic pre-loading of series 3(b) did not noticeably affect the fatigue

strength. The larger seam cross-section of 3(d) as compared with 3(c) is not

effective in fatigue. The welding in combined joints should be so located that

the beginning of the seam lies in the cross-sections in which a greater

proportion of the load is already transferred through the rivets to the plates.

In the larger types of riveted joints it is not sufficient to tske into account

only the innermost series of rivets. In this way the notch effect due to the

.- ... ~~ ~. . . •. ....... . . . .



-

end of a seam is transferred to a les highly-stressed location, and the

innermost rivets are relieved because the bellying compressive force on these

rivets due to contraction of the rivet holes is decreased.

Konerell and Bierett conclude, in their later report, that the

effect of strengthening by welding is not so great in fatigue as in static

load conditions. Series 3(c) and (d) are better in static load than series

3(a) end (e); in fatigue the poosition is reversed. The cleming force of a

riveted joint is actually raised by the increased loads placed on the joint

after strengthening by welding. Donkin(21) states that welding intended to

strengthen riveted joints mast be desiged to take the whole load In order

that plastic yielding will not take place in the neighborhood of the weld and

lead to fatigue failure. A similar recommendation is :2ade in the Bridge

Specifications of the A. W. S. (See Berbhardls eccentric-pulsator tests on

strengthened bridges; section on Bridges)

CcmparLeon of Welding with Rivetin"

The fatigue strength of riveted joints has been investigated

principally by Schaechterle (21 5) and Graf(216) a few rosults on riveted joints

have been included in the preceding section.

The fatigue strength of welds has unquestionably been more arduously

investigated than the fatigue of rivets but it is the general concensus of

opinion and results that the stress distribution in riveted joiats is no less

complex tha in relds rnd that there is no great difference in fntigue value

. . . .. . . - . . . ..,.. . - . . . , , ... .. . .,. - .2 . . '° . .'. . .' . •- . ,.
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between the two rethods of joining. The comparison between welded and

riveted connections is also 7aade in the section on service results (Bissell,

Spindler, Bernhard, and others). Grf(2 6 ) A linger(15), and others have

shown that the decrease in origin fatigue limit of mild steel due to a central,

transverse hole is about 20%.

The results of Graf(2 1 6 ) and iiemmler, Bierett, end Gehler ( 9 ) place

the pulsating tension fatigue strength of double-riveted joints in mild steel

at 25,600 to 29,400 psi calculated on the weakened cross-section, or 21,400

to 22,800 psi on the original unpunched plate, assuming a hole cross-section

of 20%. In 1919, Abell ( 10 ) found that in reversed bending as a simple beam,

butt welds (60OV, flux-coated electrodes, no reverse run) had 70% of the

fatigue value of unwelded; lap welds and riveted joints had only 60%. Le
(no details gilen)-

states that riveted and welded joints are equivalent in fatigue/but Rog2lo)

found gas welds superior in pulsating tension to riveted joints of about the

same static strength. In .tertel's fatigue tests of spare (980 cp) fabricated

from corrugated Or-Ni sheet (178,000 psi tensile strength) the spot welded

spar had an origin fatigue strength of 27,000 psi, the riveted 21,900 psi.

The ratim of origin fatigue strength to static tensile strength was:

pulsating tension fatigue strength
Type of Spar Ratiot static tensile

box spar; spot welded Cr-Ni 0.15
box spar; riveted Cr-Ni 0.125
steel framework spar, riveted 0.032-0.061
Dural framework spar, riveted 0.08
Spruce spar; glued joints 0.45 (based on compressive

strength)

I

p
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-. Patigue failure of the riveted spare started at the rivet holes. The high ratio

for glued spruce spars shows that gluing creates mich less stress concentration

than welding or riveting. Schlyter(2 18) found that the rotating bend fatigue

strength of cold-glued Sitka spruce with the joint at right angles to the plane

of deformation and at an inclination of 1:12 to the grain was the same as solid,

unglued specimens. Aysslinger( I 1 5 ) states thet the fatigue efficiency of double-

riveted joints is 0.57 (static efficiency 0,70).

According to Graf(2 19), the fatigue strengths of welded and riveted

joints do not differ greatly; the slightly higher permissible stresses for

riveted construction in high strength steel is a result of the higher standard of

workcanship that can be expected in riveted joints. Schuster (8 8 ) believes that

perfectly sound weld metal in boiler welds would give better service when

subjected to fluctuating internal pressure than the solid plate of a riveted

(220) --boiler rith thicker plates. Herold considers that riveted joints have the

advantage that they can "breathe", but, as Tracy(221) points out, this is not

always an advantage. Hankins and Torpe(20) state that there are indications
.. that fatigue may be more important in welded than in riveted structures.

(222)Townshend "  " states that unmachined double V butt welds made with a high quality

electrode have higher reversed-bend fatigue strength than riveted overlapped joint

The comparative fatigue tests on welded end riveted joints carried out by Lloyds

in 1918, according to Thomson(223) showed the superiority of elding. On the

basis of pulsator tests on welded beams and riveted beams, Witt(224) concludes

that the welded beam is 50% superior in fatigue to riveted beams of the same

static resisting moment.

'0'
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- BRIDGES

Xxoerimental fatigue tests of welded bridges (as distinguished from

traffic tests which have been satisfactory, or from fatigue tests of individual

members) have been made by the German Railways (Bernhard(225) and Schaper(22 6 ))

and by Patton and co-workers(227). These tests are fundamentally different fran

strain and vibration measurements provided by the Telemeter, Stereo-Comparator,

and other devices (see Kulka(228), Report of Bridge Stress Committee, London, -

1929, and others). A pulsator consisting of two rotating eccentrics (see the

section on results of tests, where Gehler's system of fatigue testing is

described, and the monograph of SPa'th(229)) puts the bridge in forced vibration.

The maximum load developed in the bridge members is calculated from measurements

of deflection. The eccentric pulsator may thus be used to apply cyclic stress

to an entire bridge, as in the customary fatigue test. In addition, when the

pulsating load acts with a frequency oqual to one of the natural frequencies of

the bridge, there is resonance end the power consumption of the pulsator motor

is maximum. A decrease in the natural frequency during a fatigue test is an

indication of loss of rigidity under load.

The first welded bridge to be tested by Bernhard in 1929 (welding

details not given) had a span of 30 feet and failel after only 22,400 cycles

(4O minutes) at max. tensile stress 22,700 psi, max. comressive stress -18,800

psi. The stresses were only +8,850, -4,950 psi, Just before ruxture. The

natural frequency rose slightly in the early stages of the test indicating that

the bridge actually became stiffer after repeated loading. Bernhard considered

* * -* .- '.- *
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the results as unsatisfactory, but later tests on welded experimental bridges

tested by eccentric pulsators at over one-half the maximum design stress were

entirely satisfactory. Bernhard also showed that riveted bridges strengthened

by welding were stiffened, the natural frequency being increased 3 to 7% in the

loaded and unloaded states. Welding decreased the damping factor, that is the

range of frequencies at resonance~and decreased stresses and deflections due

to traffic. Sahling (264) found that in a wrought iron bridge whose bending

deformations had been decreased 6% by strengthening with mild steel welding, the

lateral vibration of the superstructure was decreased 45%. Dohny(208) also

observed definite stiffening during pulsator tests of a welded bridge.

A comparison of the fatigue behavior of a welded and a riveted bridge

of the same dimensions (40 ft. span) was made by Patton, Bouchtedt, and

Tchnoudnows]k(227), using an eccentric pulsator. The welded bridge failed after

215,000 cycles at a maximum load of 25 tons; the riveted failed after 250,000

cycles at the same load. The natural frequency of the welded bridge remained

constant throughout the test except Just before failure whereas the frequency

of the riveted bridge, which was lower than that of the welded bridge at the

start of the test, appeared to vary 10%. These variations were related to the

warming of the riveted Joints which occurred after only 30,000 eycles. The

. . °
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welded jeints remained cool until just before failure, which occurred in the

heat affected zone. Patton considered that the tests were not unfavorable to

the welded bridge.

The successful traffic test of the first exeriLaental all-welded

(230)Swiss railway bridge is described by Beguin and others, The test bridge

consisted of two panels of stringers, t joint of a truss, and a cross girder.

The stringers were butt relded; the girders were butt-fillet welded together

with flat webs and flanges. The bridge was placed in track with a specially .

wide rail joint over it, and .ithstood 1.5 x 10 cycles of load in five years,

the .elds showing no signs of failure.

I
- _
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VIBIIATI

Although a few aspects of the damping and vibration characteristics

* of 7elds and welded structures have been discussed in the sections on Bridges

and Repeated Impact, several investigators have studied vibrations in welds

apart from the fatigue aspect. As early as 1925 W L Vlarner(26 5) made the keen

* -observation that a vibration will be damped by a poor weld, which was later

confirmed by damping tests of good welds made by Hallstr6m(252). In these

*tests of cantilever bars (0.31' x 0.79") of mild steel with a vibrating length

and amplitude of 38" and 1.18", resnectively, the unwelded bar came to rest

after 120 sec., the arc welded bar after 45 sec.

The advantages of relding in preventing vibration in machinery, as

pointed out by Ch&a3an2 6 , are connected with the higher modulus of elasticity

of welded steel as compared with cast iron. The closed section, ideal for

preventing vibrations, is easy to weld but difficult to cast. Krug(2 67) and

Tweetside(26  also found that elded construction for machine tools fulfills

the two reqiirements of lightness and rigidity essential for combating vibrations

better than cast iron construction. 0 however, believes that welds

do not develoo any more damping than the base material and that, when riveting

is replaced by welding, the welded steel should have high daqring capacity.

The vibration experiments on Telded lathe beds made by the Technical

College, Berlin-Charlottenburg, jointly with the Siemens-Schuckert concern(269)

confirm the experience of Chapan and others. These laboratories also made

vibration tests on solid cast iron and steel I-bea.s as well as on welded I-beams. .

The results are shown ijr. the t~le at the top of the next page. The welded beam(c)

was made of flat plates; the welded beam (d) was made of ribbed flanges having

a *nose" profile (welding details not given). The beams mere placed on knife

. " .- - - - . .'.-, .... *--, - . .- -,- ,-'* . *..- * . . -. .- • / .' .,. " . ..... ..' . ... '. .... . ." -',..-



-91-

I-Beams

Unwelded Weld t.

Cast Iron lled Steel (c) (d)

Time to come to rest,fre vibratione,seo 0.50 0.36 0.32 0.22

Resonance amplitude, forced vibrations - 0.039"M 0.0265mm 0.026m O.O8mm

INatural frequency, free vibrations - - - 76 cycles 88.5 89.3 83.5

#' , forced vibrations - 7 7.8 g6 89.5 94

Disturbed length, %- 1 22 129 121 ....l

edges 10 ft. apart and set to vibrate by mans of a solenoid, 30 to 500 cycles/

sec. The tests show that the ,elded beem (d) is most suitable, the cast iron

beam least suitable from the vibration standpoint.

D M Warner(236) has described a machine to test the relative vibration

fatigue characteristics of seeam elded Joints, spot welded baffles, and other

products. No results are reported but it is stated that the test reveals grain

growth in t'he Junction zone of carelessly made gas welds. Helsby, Hmmann, and

(270)Samuely state that the inequality of stress in a weld in longitudinal

shear is a great advantage in dam.?ing vibration.

The specification of the Department of Commerce in 1931 that spot

welded ribs of airplane wings pass a 10 hour vibration test was successfully

met by the manufacturers concerned.

*! .***

________ _ . -..
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The fatigue value of relds in aircraft structural tubing has been

investigated mainly by rotating bend tests on individual gas butt welds. There

are lar e differences in fatigue strengths reported by the investigators for

a_:arently similar material. For example, 14iss Doussin(231), Hoffmann(T Th112)

Johnson(66), and Beissner(103) agree that gas welded plain carbon and Cr-Mlo tub-

ing has a fatigue value of I4,000 to 16,000 psi. Baurmgkrtel(Ill), however, found
about 20,000 psi for Or-Mo tubes using low-carbon or Cr-Mo fillers, Matthaes(232)

(233)
20,000 to 25,000 psi for plain carbon and 28,000 for Cr-Mo (no details), Sutton

21,200 for heat treated Cr-l1o (iron or Or-Mo filler), and Wegelius(129) 25,000-

28,500 for plain carbon and 30,600 for Cr-Mo (filler not ;_entioned), all using

unmachined specimens. The lorest of these values is higher than any given by

R. R. Moore in 1927. The effect of differences in welding technique, such as

heat effect, grain size,and penetration, must therefore be considerable; for

differences of any magnitude have not been found for variations in chemical

compostion, machining, or internal stresses. Flash melds in Cr-Mio tubing gave

* . 32,000 after stress annealing, according to Johnson(66) , but gave low values

(13,000) in plain carbon.

Reversed bend tests re'oresent a less severe test than rotating bend.

L.blller(12 9) found, using the reversed bend method, that 0.II%C tubing gave 25,000

psi, 0.32% C, 29,000, and Cr-Mo 24,000 to 31,000 de-pending on heat treatment.

For low carbon suoerheater tubing Ulrich(234) found about 15,000 for gas welds

but less than 10,000 for arc welds. Internal water pressure (500 psi) with

accompanying corrosive effect applied to the tubes during test had no au'-recirble

effect on fatigue value. In pulsating tension Ulrich found 13,000 for gas welds

° .
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in superheater tubing, and Matthaes(232) gives 40,000 for Or-Mo tubing.

"1 *Recently, fatigue tests have been made in which service conditions are

(102)
more nearly duplicated then in the rote.ting bend test. Ward , using the

stationary cantilever type machine, found 25,000 psi for as-welded Cr-Mo tubing

and 35,000 for heat treated; these values are, respectively, 1/4 and 1/3 the

static tensile strength of the as-welded tube. Similar ratios for the rotating

bend test vary from 20 to 50%. The ratio of fatigue strength welded to that

unwelded is in the neighborhood of 60% for all tyes of tests. In alloy tubing

(Cr-Mo and Cr-V), Fqcheel(235) states that the ratio of welded to unwelded torsion

fatigue strength is 65%. In general, as the carbon (0.25-0.40%C) or alloy content

(Cr, Mo, or Wn) of the tube is raised the ratio of endurance limit to static

tensile strength of the 7-eld is lowered from 50% to 20%. This is shown by

almost all investigators.

The other type of fatigue test for welded tubing that simulates

service conditions is the vibration test. This test as described by iarner(23
6)

is only comparative. The welded tube or structure is submitted to simple trans-

lational vibrations of known amplitude. A vibration test of welded tubes carried

out by an Inglish tube works and quoted by Roosenschoon (1 16) showed that sruch

variables as structural welding stresses, as distinct from local shrinkage

stresses, have a considerable effect on fatigue resistance, especially with Cr-Mo

tubing.

The effect of chemical composition, thether of tubing or filler rod is

not great. The difference in fatigue value of gas welds in plain carbon tubes

of 0.1% and 0.3% C is not over 15%. Nor is the difference between plain-carbon

and Cr-Mo tubing of similar carbon content over 10 to 15% and the scatter seem

to be the same for both. The important consideration is evidently that the

tubing be as insensitive as possible to the welding heat end this seems to be

= * .~~~~ - . * . . * . . .* . .. .
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attained by using a low (0.25 - 0.30%0) rather than a high carbon content

1J " (0.30 - 0-35%0) in the Cr-Mo steel. Apart from differences in weldability, the

composition of the filler rod was not irzoortant in these tests. Beissner(I03)

found that an alloy (Cr-Mo) filler rod was better for thic'.: tbes (0.12") but

that plain carbon was superior for thin tubes (0.06"). He also found that there

is an optimum breadth of reinforceraent for each size of tube. The medium-

manganese (0.3C, 1.5Mn) tube has been found inferior in fatigue. Air hardening

has prectically no effect on fatigue cracking in Cr-Mo welds.

Lap and fish-mouth Joints appeer to be at least as good as butt Joints,

according to iss Doussin and Jolmson, but brazed, soldered, and bell-and-socket

Joints are definitely inferior, as Miss Doussin and Hoffmann have shown. Pinned

and riveted Joints have only 50 to S0% of the strength of welds. If the factor

of ease of welding is not considered there is no size effect, at least uo to

tubes 3" in diameter.

The three most important causes for f atigue failure in welded tubes are:

(1) Poor poenetration ad inclusions; a service fatigue failure in suier-

heater tubing owing to poor penetration has been described by Pfleidgi;
(2) Heat effect; if poor Penetration has been overcome, the micro-structural

changes due to torch heat, which extends for several inches on either

side of the weld in tubing, is of prime importance, as Ward's and

Beissner's microgranhs show. A coarse Widmannst tten structure is

stated to be particularly dangerous.

(3) Shrinkage stresses; although es-7ecially important in completed struc-

tures, Johnson shoved that a stress anneal at 950o increased the

endurance limit of flash welded Cr-Mo Joints by 3%.

"i' -,'" ~~~~..-. -.. ... '.. ............ , . .'."•.- ' . . ........
~~~~~~~~~.-.-.......... ,.........,. .... ..... ... " ,.........
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It is sur~rising that the removal of reinforcemient has not had

beneficial effects on thie fati&iae resistance of tube welds. Moore found no

difference between macnhined and unmechined welds, and Johnson found a slight

effect (5% increase in fatigue value) only in tubes below 3/40 diameter.

However, Hoffmann and '7e.rd both recommend that reinforcemlent be lo!-, and the

welds concave eaid smooth in important joints. If distortion and decarburiz&-

tion can be norevented, heat treatment improves the fatigue strength of weld~s

in Cr-Mo tubing up to 140%.



APPFDIX

METHODlS OF' TESTING 7=DS IN FATIGUE

Most of the investiga~tors have used the rotating-bend type with

tro-point (Farmer type) or one-p)oint (7oppl) loading. The design of welded
(92) (237)

specimen for this ty-oe of machine hasn been discussed by Thornton92 and Zinmerman,

and Weinman(19) showed that the deflection of a welded specimen in a Wannerj

machine remains constant throughout the duration of the test until very shortly

* before fracture, if the stress exceeds the endurance limit.

The direct stress typ_.e has also been popular. Machines of this type

* apply direct tension and compression; the cycle of loading may consist, for

emple, of: (Fig 19) (a) alternating stress, + S~~ (b) pulsating tension,

+Sma/O (c) alternating with superimposed static tension + 8Sax--min (d) pulsating

with superimposed static teng ion, +Smax/+BMin. VArance limits are quoted as

6 o(S ); 8m - So represents the pulsating tension fatigue strength; 5m 0

reoresents the customiary alternating stress endurance limit. Such load cycles

are -orovided by machines of the manetc (Haigh) ane byWdraulic types (Ann ler

Pulsators up to 200 tons capacity). Objection tm the former type has been made

by Orr(238), who points out that eccentricity of loading is possible with welds.

The accuracy of the Ann ler pulsator has been investigated by Schick~ 10) who found

12 to 29% errors at 120 to 4W cpm (cycles per minute). Graf(29 also found

considerable differences with riveted joints between 1, 10 and 350 01Pm, the result



at 10 opm being on the safe side. Using the Schenck high-frequency tension-

compression machine Laute( I l) found no appreciable reduction in fatigue value4 -h
of elds at 30,000 cpM. The lazau pulsator '(94 provides a stress cycle with

short rest periods at the peaks in order to eliminate the inertia effects said - .

to exist in the usual oil-pressure pulsators. Another ty-e of pulsating stress

machine particularly adapted to the testing of large welded specimens is the

vibrating bridge(9) . The specimen acts as a tension member in a framework truss

of 50 ft span loaded to any desired extent by dead weight or by smooth cycle

nulsating load. The pulsating load is provided by two rotating eccentrics.

Three other types of fatigue tests that have been used for welds are

reversed (back-and-forth) bend, rotating-spring cantilever, and reversed torsion.

Of the nmerous reversed-bend machines the following may be mentionedt the

Schenck machine that can be adapted to 900 and T welds, the I'ppl-Heydekampf

(79)machine odified by Friedmann. to test welded wire, the admirably simple

machine devised by Orr(7l), and Dl6rnents low-frequency tester(90). An emellent

description of the calibration of a reversed-bend machine for welds is given

(15)by Thum and Lipp The design of specimens for the cantilever machine is

discussed by Jennings ( 19 , who, among others ( 2 40) , clarifies the qaestion of

small versus large specimens. Fatigue specimens smaller than about 1/4"

diameter should not generally be used for welds, and, as pointed out in the

"Design section, fatigue limits from specimens of any size should never be used

directly as design stresses. Peterson( I ) found that the seine endurance limit

was obtained with welds 0.3" diameter as 1" diameter. Lea and Parker(2l) found

that fatigue limits on rmachined specimens of 700V -7elds or all-weld-metal

deposited by coated electrodes were practically identical on reversed-bend and

rotating-bend machines. Results from the Haigh direct stress Taeohine were 30 to
£

50% lower, however, the exnlanation appearing to be that the Haigh machine

develops maximum stress concentration around all flaws in the cross-section of

the specimen whereas only the surface flaws are subjected to maxim~m stress in

.... . . . . . . . ...
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tie reversed- or rotating-bend tests.

Special fatigue machines for welds or welded structures have been

devised by Colinet(24) (a -ton repeated bend machine at 15 cpm, span 16 feet,

(236)
with or without shock), Warner (vibration tester for welded tanks),

(76)Wilson (motor-driven eccentric for column connections) and others. A

reversed-bend fatigue test is a routine test which all welders on the North-
Western Railway, India(243), must pass every month. Henderson(2Tl) states

that the welders assigned to welding railway freight and .assenger care on a

British railway must prepare specimens once a month to pass an alternating stress

test (no details). Bright ( 2 4 ) , Thorn( 2 4 ) , and Green(246) describe shop fatigue

tests for welds.

Short-cycle (short-time) methods for determining the fatigue limit

(32)
of welds are generally unconvincing. The method of Stanton and Pannell

whose comparison-curve method vas the first to be applied to welds (1911) has

recently been adopted again( 71), Bartels ( 3 S) has shown that the Lehr power- -

output method, and the deflection and rise-in-temperature methods, to a limited

extent, give rather close approximations of the endurance limit of welds.

A method of presenting fatigue results on welds has recently been

proposed by Dtilleul ( 2 ) , who observed in rotating cantilever tests that the

different degrees a -oorosity in different specimens cut from the same relded

Joint gave rise to different fatigue values. Thus of three specimens cut from

the same weld and tested at 21,000 psi, two fractured before 10 x 106 cycles.

Nevertheless, three other snecl-ens from the same weld and tested at 24,200 :osi

with"stood 10 x 106 cycles without fracture. Dutilleul therefore defines an

endurance coefficient C showing the scatter in results.
nFll + n2F2+

1117 1 + N12 +------

where 1F2 - - - are the fatigue stresses, n1 is the number of specimens not

broken at F1, etc., and N is the total number tested at 71 , etc. He states

that the coefficient is important only when 71N1 , 72N2 etc. are close together,

and shows that the coefficient is reasonably reproducible for a given electrode.

• ._ ... . . ..-................. - ...--.--
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' • P*MIX B

TABLIS C RWIMS 07 PATIGUE TESTS

Note: The details of materials and testing contained
in the tables are as complete as possible. Where
type of electrode, weld, or welding process is
not given, it indicates that the original article
does not contsin the information.

ESUIMS 07 TSTS

Btt Welds

The numerical results of fatigue tests on butt welds in mild steel

are collected in Tables 1 to 4. These are self-explanatory, available details

of test conditions being given as conrisely as possible. It would be

presumptuous to comrpute an average value of endurance ratio or fatigue strength
Design

from these tables (see section on orhode of / ). Yet it appears that there

is remarkably little difference in the ranges of fatigue strength reported for

direct-stress, and reversed-, and rotating-bending, There have been numerous
(68)--.

estimates of the necessary cycles criterion for welds in fatigue, Haighl(G

giving 2 x 106 cycles for dense welds and 5 x 106 cycles for defective welds

in direct stress. It seems quite certain the Whler curves for welds in steel

do not generally become horizontal in any type of stress at 2 x 106 cycles.

Tha and Lipp(15) have found that 100 x 10 6 cycles is an absolute criterion

for welds in reversed bending. The numerous factors that affect fatigue value,

noted in the tables, are discussed in detail in other sections of the review.

It is unfortunate that standard welding rods are not available so that the

results of these elaborate fatigue investigations will not become obsolete .

with the wires themselves.

~~~~~~~~~~~~~~. . . . . . . . . ...... .......... .... ......... .. , : .. J. _ -'-. -".- -_'. -_.. -.-. ,....,_,_-..,.-.-.
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Selected results of fatigue tests on fillet welds are given in Table 5.

All investigators used mild steel; none of the specimens was machined. The tests

of Mem nler, Bierett, and Gehler(9) (since endurance limits were not determined,

these tests are not reproduce) were performed on two pulsating bridges (240 cpm),

and a Losenhausen pulsator (360 to 660 cpm). The arc welds were made with bare

electrodes. Throat dimensions were: Series I and IT O.28Ol series V end

XIII = 0.224". Stresses are computed on the plate cross-section. Gref ( 6 used

Ameler and Losenhausen -pulsators. He quotes the origin fatigue strength as the

stress at which the W8hler curve intersects the 2 x 106 abscissa. His tests

were generally made with bare electrufies, which he found equivalent in fatigue -

value to coated electrodes, in agreement with Schick, Bierett, and Ro and

Michinger.

(5.7)Roi and Nichinger used a 50-ton Amsler pulsator at 300 cym. Their

criterion is 106 cycles. Their fatigue stresses are computed in the following

way:

Normal-shear fillet weld Load/2b h

-.', 22 -Parallel " " " - Load/2b s

where b = breadth of cover plate (not including weld);

s and h = height of deposit with respect to cover plate.

" ;.7. Bare and coated electrodes were used.

Han ins and Thorpe( 0) tested their specimens in a 6-ton electromegnetic'

(Haigh) machine at 2300 cpm. Class A structural steel and high-class covered

electrodes were used. The fatigue stress is computed on the throat area. The

criterion of fatigue limit was 25 x 10 cycles. The fatigue strengths were

fe only about i/4 the static strength of the specimens, which is in general

agreement with Graf. Schick used bare electrodes (0.08C, 0.5 Mn, 0.01 Si;

3/160 diam), and tested his specimens in a specially-calibrated Amsler pulsator.

%".
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According to the latest German results (Konmerell(l43)), fillet

welds are equivalent iL fatigue strength to butt welds (no details are given).

It should be noted that Schick's specimen 26 was equivalent in fatigue value to

butt elds at 2 x 106 cycles.

Schulz and Buchholtz(19), and Pry( 6 3) also report a few results of

pulsator tests with fillet welds. Butt fillet welds were tested by Jennings.

In the cantilever machine. Nikolaev(2 6 1) tested butt and fillet welds in mild

steel in alternating tension and compression, but his tests extended only to

about 100,000 cycles. The specimens acted as members in a 30-ft. bridge span

equipped with an eccentric oscillator (20 cp. ..

T Joints

Selected results of fatigue tests on fillet welds in mild steel are

given in Table 6. All results, unless otherwise noted, are for unmachined mild

steel. The welded specimens tested by Thun and Lipp(15) were prepared by a

commercial firm using mild steel (0.10, 0. 4 kn) and bare electrodes. The cast

steel contained 0.120, 0.31 Si, 0.99 1e, 0.066 P, 0.0o41 s; the gray cast iron

analyzed 3.05 0, 2.24 Si, 0.84 Un, 0.13 P, 0.12 S; both. were horizontally cast.

Specially-calibrated reversed-bend machines were used (1,000 cpn for small speci-

mens; 2,000-3,500 cpm for large). The le of the welded T was not tapered. a.

6shown in Fig 19 the Whler curve of the welded T was not horizontal at 100 x 10

cycles. Fig 20 is a partial Goodman diagram of some of the results. The factor

Sk given in the table is the notch-sensitivity fatigue factor, which includes all

fatigue-lowering factors (notches, surface irregularities, and shape-factor).

Of all the materials tested the weld had the largest notch-sensitivity factor.

The shape factor cannot be altered by using stronger steels for welding but can

P Pbe favorably affected by using more ductile electrodes. The large specimens

showed the se trend as the small but had lower fatigue limits. Machining the!I"--

-.-.-. "..°i



Junction between surface of weld and surface of leg raised the fatigue value

b 15y%.

Sulzer ( 6 5 ) tested his specimens in a special reversed-bend machine

(262)
fitted with a flyvwheel to promote smooth operation similar to Mlller's device

The soecimens were arc welded (details not given), and the criterion of fatigue
6

limit waS 10 x 10 cycles. The iM.A.N. magnetic reversed-bend fatigue machine was
ore(43)

used by Junger for his arc-welded specimens (details not given). The stress

was computed on the cross-section of the leg. The specimens of Rol and

Nichinger ( 5 ' , and emler, Bierett, and Gehler ( 9) were tested in =lsating

direct stress (see preceding section). Gerritsen also used a pulsator, according

to Schoenmaker(13e) and Thierens(131) who report the results, the criterion

6being 2 x 10 cycles (leg and base of T were 3 /8" and. 1' thick, respectively;

i nd of steel not stated). Roberts(1 6) u-ed a cantilever reversed-bend machine

utilizing magnetic impulses synchronized with the natural frequency of the T.

His specimens were welded with a bare electrode.

It is difficult to arrive at a basic value for the fatigue limit of

fillet welds w T Joints, especially in vier of the large effects of machining,

shape, and workmanship. At present, the -published results indicate that both

types of welds are inferior to butt welds.

S-,-. *.**.. >.*..
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TABIM OF RESULTS OF FATIGUE TESTS

Note: The details of materials and. testing contained in the tables
are as complete as possible. iThere type of electrode, weld or
welding process is not given, it indicates that the original
article does not contain the information.

Footnotes

St.w = tensile strength of weld
St.unw. = tensile strength of plate

1. Ratiol Sf. W/ St. unw. 0.29

2. " 10 I -1 = 0.50

3. " sf.W/St. . =0 .304

24. Cantilever machine

5. .Batiot Sf.w./St.w. = 0.34; Sf.w./St. unw. 0.32

6. =0.351 " =0.3-4

7. U =0.33
S. " = 0.40 .

9. = 0.66; Sf.-./St.unw. = 0.52

10. Cantilever machine

11. ,,Sf.w./st.w. = o.-4

12.

13. Ratio. Sf.w./St.unw. 0.29

14. " =0.27

15. " = 0.13 to 0..41

I

. . . -'
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able 5. Results or Fatigae Test on Fillet Welds

Type Lower Upper Cycles Fatgue
Of Streani Stream to Strength

zoint psi psi Fracture S

6
0 Graf 1931-1935

:QAre 27 18,500

Are 28 14,200

*4r------IGas 31 180500

Gas 38 24,200

Gas 33 25,600

Are (it 8"15,700

doArc 40 14,200

Are 41 12,800

S0.67

eqr ; Are 42 10,000

Are 48 10,000

ii~it~iiGae 46 15,700

0.4
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Table 5 (continued) Results of Fatigue Tests on Fillet Welds

Lower Upper Cycles
Stress Stress to Frac- '-

Type of psi psi tureTaint SU so x 100
W. Schick' 1934

13 15,200 22,800 1.0

14 15,200 22,800 0.7

!I -i-iIZ 18 17,100 25,600 1.0

18 17,100 25,800 0.3

20 17,100 25,600 2.0

t-'-2:21 20,400 30,600 0.5

23 20,400 30,600 0.6

26 21,800 32,700 2.0

27 1 179800 33,400 2.0

2 27 IV 17,800 32,300 2.0



Table 5. (continued) Results of Fatigue Tests on Fillet Welds 15

Iner Upper Cycles Fatigue
Stress Stress to Strength

Type of psi psi Fracture psi
Toint Su So x 106 S

f

M. Ros & A.-]ihinAT (1936)

Normal Shear tension 0 >1 12,800-15,700

Normal Sbear tension 0 10, 000-32 200

Normal Shear compression 0 10,000

Parallel Shear tension 0 12,800-15,700

Parallel Shear tension 0 12,800

Parallel Shear compression 0 " 12,800

24:0
G Bierett, 1933

A 11,000 22,000 0.46

B 11,100 21,900 0.51

0 11,500 23,000 2.10

A Hankins and P L Thorpe, 1934

2 Normal
Shear 15,700

1 4 Parallel-0-~i~izz~zi-Shear 13,400

Ii B05

".*'.*,*.** - *.. . .. ' .. - --.. . . . . . . . .

. . . . . . .. . . . . . . . . . . . . ..i
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Tble 6 Results of Fatigue Test on T Joints

Lower Utper

Stress S ress Cycles Fatigue

of Su So to Frac- Strength
.oint ture S

x 106 f

A. Thum and T. Lipp, 1934 (Reversed Bond)

welded
0 ,

177 large V=1.95-2.31 15,700
welded Fatigue Limit of

Polished Parent Metal
in Rotating Bond
Fatigue Limit of

Cast Shape B=1.20-1.81 27,000
steel
large

Cast B kl.16-1.2 12.800
iron I,
large

Forged Bk 1.58 17,100
large

R. Sulzer, 1933 (Reversed Bond)

* 23,500

2 21,400

k-° 61°

3" 22,800

S. .... .......... . . ..

* . . Y.*..*.*- . *..~-*~ . . . . . . . . . . . . . . -



Table 6 (continued) Results of Fatigue Test on T Joints

Cycles Fatigue
to Frac- Strength " -

Type ture 6 Sf
of Toint Su So x i0

R. Sulzerjr1933 (Reversed Bend)

1 4 28,600

5 Steel Casting 42,800

8 Special Cast Iron 24,200di

43
A. J lger, 1930 (Reversed Bend)

Steel 1 21.800

Steel 2 26,800

P Schoeramakbr,'*L2 1956; E J F Thierens'(Gerritsen), 1955
1 12,400 23,100 PB: 76,000

2 16,400 30,500 PB= 77,000

3 15,100 28,000 PB 66,000

4 17,900 33,300 PB 71,500

0 . 5 18,900 25,100 PB" 76,500

Pe static rupture load - lb

.-.. ili.4.
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Table 6 (continued) Results of Fatigue Test on T Joints

Cycles to Fatigue
Fraceure strength

Type x i10 psi-
ofr oint So S 

V S

X. Roo & A. Eohinger (19:8)

. Tension 0 >1 12,800-15,700

Tension 0 8,600.-10,000

Compression 0 12,800

A M Roberts 1935 (Reversed Bond)

n

1t 17, 900

.. J .. I.

2 t20,200

3±
3 unwlded ±-24,800

-A.'-

• " -

'I ,.
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Fig. 1 Arc Welded Double T Joints Fig. 2 Ribbed Flange for Welded Parallel
Flange Beams; a type commonly produced in

Strength-psi A B C Germany. The tip of the rib is rounded off.
Tensile Strength 68,500 80.500 83,000 Weight of ribs 3.7 lb/ft. T up to 3.55".
Pulsating Tension BUrger.
Fatigu2 Limit. 13,500 15,700 21,400 See page 8.
2 x 100 Cycles
Low-Alloy Structural Steel
Special Electrode (no details)
Graf.
See page 7.

Fig. 3 Lowering of Fatigue
Value by Undercutting.

- A Undercut notches are
dangerous if they cut the
lines of stress at a large
angle

- A - Dangerous Undercut.
B - Harmless or Less Dangerous

BEAM / Undercut.
Bierett.

See page 12.
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NORMAL 5HEAR FILLET WELDS BUTT WELDS

13EAM

r,--,PARALLEL SHEAR

.LLET WELD

Fig. 4 Lowering of Fatigue Value by Poor Penetration
A - Joints Highly Sensitive to Poor Penetration
B - Joints Insensitive or Less Sensitive to Poor Penetration

Bierett.
See page 16.
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Fig. 5 Effect of Temperature of Forging and Fig. 6 Pulsating Tension Fatigue

Per Cent Reduction on Rotating Bend Limits (S ) for Low-Alloy

Fatigue Limit. Becker Structura{ Steel.
Full Line - 20% Reduction in Forging Curves 1 - Unwelded
Dotted Line - 40% " 2 " " 2 - Transverse Butt
See page 18. Welds (Arc)

-eMachined Flush
5 - Unmachined

Plates 0.4"-0.6" thick
Bierett. (12)
See page 20.
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I.0 00 ANGLE - DEGREES

LOG CYCLES - MILL)ONS

Fig 7 WOhler Curves for Unmachined Fig 8 Relation Between Pulsating
(UNU.) and Machined (M.) T's in Tension Fatigue Limit and
Reversed Bending. Bare Electrodes. Angle Between Machined Butt
Thum & Lipp. Weld and the Normal to the
See page 21. Tensile Force.

Wazau Hydraulic Pulsator;
Coated Electrode;
Low-Alloy Structural Steel
Cu-Mo.
Diepschlag, Matting, & Oldenburg.
See page 26.

'ii ii ,1
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17100 18,500 21,4W0 Z5600 .'i

Fig 9 Pulsating Tension
Fatigue Gasatigue Limit (pi)
in Mild Steel. Gas Welds in "Mild Steel.
Transverse Butt Graf.

Root Welded-25,600 psi Se page 26.
not * " -17,100 "

450 Butt Ro.-, Welded-31,200 psi
not " -24,200 "

- 2j" wide; I" thick
Graf
See page 26
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aFig Ui Shrinkage Stresses Fig. 12. Direct Tension Fatigue-

in Btt Wld.Strength of Arc and Gas

BierettButt Welds, Unmachined

39.* Full Line - Low-Alloy
See pae 39.Structural Steel (Tensile
See pae 59.Strength=

7 4 ,000 psi)

Dashed Line - Mile Steel
(Tensile Strength= 55,000
psi)

(K. Schaechterle) ,

See page 43. .'i
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• ~Fig. 13 Relation Between Pulsating -. '

Tension Fatigue Limit (2 x 106 Pulsations)
~and t1e Difference in Inverse Modulus of
" Elasticity (Expressed as (i/E)x i.0 KG- I M2 )

- Between Weld Metal and Parent Steel

"" Curve A -Cruciform Specimens "

" B - Butt Welds
~(Diepschlag, Matting, & Oldenburg)

See page 46.
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Fig. 14

SUMMIARY OF PERMISSIBLE DESIGN STRESSES IN FATIGUE FOR WELDS IN MILD SVEEL

ACCORDING TO NATIONAL SPECIFICATIONS

psi

30,000

20,000 ___

I 7(i
10,00- -4 . ~,-~-~__

10,000

S.4-

American Welding Society German Railways
1' -Approx. Experimnental. Fatigue Strength 1- Base Material Unwelded

of Structural Steel 2- Butt welds, reverse welded and

31-Formula, 3, Art. 203 not Fillet machined

5t.. 5 " Fillet 3- Same as 2, not reverse welded
8'- " 8 " 204 Butt 4- Permissible principa stress given by
9'- " 9 "Fillet - -Sj~i (5f * 4 2 ~

Austrian Standard - A 5- Normal-andr parallel-shear fillet welds
-------------------------------- unzachined

Swiss Federal (B Lines) 6- Same as 5, ends of fillets machined
2

S Butt Welds, Compression Sepg 7

S2= " Tension Sepg 7

* S5 Fillet



Fig. 15

Permissible Design Stresses in Fatigue for Welds in Low-Alloy Structural Steel
(74,000 psi minimum tensile strength)

Accordin~t to Specification; of German Railways for Plate Girder Railway Bridges

p ~psi __

250,000 4_

20,000 ~-~.

'0 ~10,000- -4i-

4j 3

10,000 - 1

1-Ease Material, Unwelded, Heavy Traff ic 5-Nornal-and parallel-shear fillet
2-Butt welds, reverse welded and welds, unmachined
machined 6-Sane as 5, ends of fillets sachined

03-Same as 2, not reverse welded 7-Base Material, Unwelded, Light Traffic
4-Permissible principal stress given by:

2S + (j4i See page 57.
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Fig. 16 Waller Curves in Reversed
Bend Impact of Welded and Fg 7Wle oncinTse
Unwelded Mild Steel T's Fg 7Wle oncinTse

Specimen 1 Machined Mild Steel in Fatigue by Kater

" 2 Bare Electrode Weld Se pag 78.

concave Contour Produced

* By Filing.
4 covered Electrode Weld

" 5 Bare Electrode Weld, Unequrl
Height of Weld.

(Thum & Lipp)
See page 64.

AMPLITDE {RE35 +
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-TIME

0 Fig. 1.8. Types of Load Cycles in Fatigue

'A See Appendix A, page 1.
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Fig. 19, Whler Curves in Alternating Bend Fig. 20 Fatigue Limits
for T's (Preliminary Tests Welded T in Bending of T's
was ade with Bare Electrode, Unmachined) 1- Cast Steel
Thum & Lipp 2- Welded Mild Steel Unmachined

Convex Fillet, Bare
See Appendix B, page 3- Electrode

3- Cast Iron, no defects.

Thum & Lipp.

See Appendix B, page 5.
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