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SUMMARY
o 8 Yald t

Sprarsgen and Claussen

In general, the data summarized in this report are vory
valuadle and helpful to a designer.

On page 2 reference ie nade to correlation between'fatigug
strength and other physiocal properties. It is believed that
such correlation will be impossid)le until such time as a fatigue
testing method 1is devised to maxe possidble a sorrelation of some
sort. Whethsr this may ever be done or not is doubtful,.

The conclusion with regard to interrupted welde qppears
rather droad in that this type of weld 18 stated to be lower ir
economy from the design standpoint than the continuous weld.
Fros the manufacturing atandﬁotnt the oontinuous wald is lower
in economy, especially so when considering the distortion oroblem.

On page 3 the reference to stress annealing states that
the affeoct 'may be expected to be small'. Onae wondera where the

expeotation comes from and why. The effect of this trratment

varies with the kind of material, type of weld, and the previoue <
history of the materia). 1Its effect is very marked in rome carea. ;h;
T
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SUMMARY

FATIGUE STRENGTH OF WELDED JOINTS

[ 44 1 2]

CAUTION

This Summary is merely a condensation of the accoimanying 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 emplify, and
in some cases modify, the tentative conclusions now submitted, It should be noted
that sone of the tests were made with?Y%cognition of all the variables which may
seriously influence results.

BXPRESSING ENDURANCE LIMIT

There are two comion methods of expressing the endursnce limit of welds:
(1) The Wohler 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 liwmit as the stress that a weld can withstand for an

arbitrary mmber of reversals,

ENDURANCE LIMITS OF WELDS AND WELDED JOINTS

Butt Welds (Arc end Gas). ZEndurance limits in rotating bending of 15,000
psi for bare wire, and 30,000 psi for covered wire, are common values. These values
represent a weld endurance ratio of .60 and .90 as compered with the endurance limit
of base metal (mild steel)., Gas welds generally fall between these two limits,
Direct stress (tension and compression) fatigue tests give about the same values as
rotating bend, but in the test results availlable 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
somevhat lower. In reversed bending, Roé and Eichinger state that the fatigue limit
of welds is l.U times greater than in pulsating tension,

FPillet Welds (Arc and Gas). "Stress raisers" play an important role and

sometimes completely offset any differences normally expected 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 chenges, various types of strap-~joint
produce very little increase in fatigue strength as commpared with 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 electrodes
In both cases, the endurance 1imit of longitudinal fillets is ent to be 15% less thar
that of transverse fillets. Oxy-acetylene welds generally lie between the values
given for bare wire and covered electrodes, and may apvproach the values of either,
devendins woon the tyse of wire, technigqec emloyed, and care —ith vhich the weldine

is done.
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Iee Joints, Taking the fatigue resistance of a solid Tee section as 100%,
that of en unchemfered fillet welded Tee is 72%, and of a Tee joint with edges
chenfered to facilitate welding, 8UY%.

Testg of sll-Weld-Metal, The fatigue stremgth of sound weld metal (excent
with bare electrodes) is equivalent to rolled steel of the same composition,

Welds at Elevated Temperatureg. Preliminary results indicate that welds
in fetigue tests at elevated temversture differ but slightly from unwelded mild
steel,

PROCESSES OTHER THAN GAS AND METALLIC ARC

The fetigue pronerties of atomic hydrogen welds appear to be the same as
for zas end arc welds. BResistance welds, however, seem to develop remarkably high
fatigue values, especielly in corrosive medie, The torsion fetigue limit of flash
welds in mild steel eguals that of bese metal (about 22,800 psi). Pulsating tension
fetigue strength of carbon-arc welds in mild steel varies bdetween 14,000 and 21,400
pei, depending upon gquality of workmanship, Thermit welds, as indicated by tests of
welded rail joints, appear to heve rellable fatigue strength equivalent to gas and

arc welds.

CORRELATION OF FATIGUE WITH OTHER PHYSICAL PROPERTIES

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

INFLUENCE OF DEFECTS

Internal Defects. The adverse eoffect 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 end slag inclusions, are
almost universally admitted harmful to fatigue proverties of welds. Their relative
importance is not as yet evaluated, although for well-prepared vwelds their effect
is generally considered primary only when more important factors have been
elininated.

Penetration., The most importent tyme of internal defect from the stand-
peint of fatigue of welds eppears to be woor penetration, thet is, lack of fusion
along the scarves and at the root of V and double ¥ butt melds, as rell as of fillet

welds.

Interrupted Seams. From the viewpoint of fatigue, interrunted seams should

be avoided., If the factor 0.6 is zoplied to the pemitted stress in plate metal at
e end of 2 meld, and 0.85 to a continuous seam, it is usually uneconomical to use

interrusted fillet welds.
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i MECHANICAL TREATIENT

Peening. One investigator found that unmachined all-weld-metal deposited
by bare electrodes gave 18,000 psi in rotating centilever tests. This value was

raised to 20,000 psi by meening.

I Hot Forging. Hot forging is beneficial, btut less so et temperatures of
about 1200°C on account of increase in grain size. Hot forginz increases the
fatigue linmit of back-hand ges welds 20%; of fore~hand welds only 10%., Increases of
75 to 100% in fatigue value were found due to forging oif welds made with coated and
cored electrodes (0.07 G, 0,65 to 2.8 Mn) in mild end low-alloy steels.

Machininz. To date fatigue tests shovw that for medium and high quality
arc welds, butt or fillet, in structural steel, intelligent removal of undercutting
and other surface notches or reinforcement b;r machining, raises the fatigue value
about 256. In poorer quality welds with hirh inclusion content, machining eppears

z]

to be of no advantege. One investigator has obtained W0% better Hulsating fatigue oy
, value from parallel shear fillet welds, the inner ends of vwhich had been mechined ]
® (details not given then from unmachined. ]

OTHER WEIDING CONDITIONS :

Scarf Angle. Scarf angle is irmortant for fztigue value only insofar as
penetration is concerned, and it is recommended that scarf angle be as small as

i vossible consistent with good penetration, ";_._‘

¥ end X, Single V welds appear to have better fatigue -roverties in the
as-welded cendition., Doub_e ¥V welds ermnear superior when stress relieved,

. Current and Reverse Run. Fat.gue tests on welds made with different sizes

i * of electrtbdes show variations that are vrobably to be ascribed to variations in T
workmansbip. 4 reverse rur. (re-welding the root) raises the direct temsile and '“‘:
reversed-bend fatigue strengths in mild and alloy steel by 10 to 204, The reverse

run is importint because i’ eliminates notch-effect at the root of the V, not o )
because it refines the grain structure, -

THERMAT, TREATMENT

Full Annealing. Annealing (880 to 920°C) is detrimental to welds with
medium or aigh nitrogen content, above about 0.0u",iv N:, but is bereficial -‘hen the
nitrogen content is below 0.04%., The dlfference between the as-melded snl the
annealed snecimens was never more than 5,000 nsi, however,

Stress Anneallag, The effect of stress apgnealing may be exoected to te )
small.,

Shrinkece Stresses. In —elds with aigh ductility and yield point, interna

stresses are quickly eliminated bty plastic yieldi:g under reneated loads. I.a brittl ’

. welds, shrinkage strecses lower the fatisue as well as tie impact value,




) L o
CARBON CONTENT
Cerbon content of the plate has only slight effect on the reversed-bend

endurence limit, 21,400 to 22,800 psi, but tle endurance ratio: (enduresnce of weld)/
(endurence of plate) decreases from 0.4 with 0.1% C, to C.2 with 0.7% O.

-
.
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ALLOYS
- Welds in low-alloy steels have accenteble fetigue value, but ther possess
[ little advantage over mild steel in fatigue, except at high values of superimmosed
tension. -

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

Other Alloy Steels, V tutt welds by the atomic hydrogen process in plate -

containing 0.28-0.35 C, 0.5 Mn, 1.1 Cr, 2.0 Ni, 0.25-0.40 Mo, using the cantilever
machine and a rod containing 0.47 ¢, 1,98 Si, zave a fatigue value in the weld of
25,000-35,000 psi. Fetigue value in general is a function of the composition of
filler rod. The couparative fatigue value of chromium-molybdenum electrodes was

‘e higher than chromium-nickel, or 3-1/2% Ni electrodes, in nlate containing 0.32 C,
3.4 Ni, according to one investigator using the Unton-Lewis reversed-bend machine. -
Welds in plate containing 3-1/24Ni 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-vanadiua (0.89 Cr, 0.15 V), or nickel-chromium (1.0 Ni, 0.5 Cr)

electrodes for both plates.

»

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

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

I 6"‘ is proportionately less than tiie decrease in tensile strength fer specimesn without
) cast skin., Annealing is not beneficial to fatigue pronerties. The cantilever
fatigue limit of gas welds, U5° V, in l-inch cest iron (3.U6 total C, 0.74% combined - 9
¢, 1.33 8, 0,106 Si, 0.66 Mn, 0.282 P) using cast iron welding rods, was 12,000 psi; R
the unwvelded cast iron gave 13,500. ;;
Brazing. Reversed bend fatigue limit of a brazed joint in mild steel k
3M% x 3/8% cross-section, was found to be 20,000 psi,
Non-ferrous Metals, 1
Rotsting~Bend Fatizue Limits of Non-Ferrous Acetylene Welds
Endurance Limits (10 x 100 Oycles) ) J
Tensile Strength (psi) Welded
. Material Unwelded Welded |l Unwelded Welded Annealed ':':.:Zi
‘;‘ Copper - - - - || 39,000 17,700 12,100 5,700 6,400 .
Aluminum ~ - -{ 17,400 13,400 8,500 8,500 - o
Silumin- - - -l 19,500 6,250 7,800 10, 700 5,000 g{ii
Copver-Siiumin{ 16,600 10,100 [ 9,300 11,400 - e
................................................. ) | ]
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" - CORROSION FATIGUE

1K)

The results show that rotating bend fatigue limit of welds in mild steel
in tap water is usually higher than in air,

METHODS OF DESIGN

l 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 aund Austrla, and in important
specifications in Switzerland and the U.S.A. The Germens have specified fatigue
requireaents for filler metal to be used in important svecifications, such as

: reilway bridges. A machined specimen double-V butt weld in mild sseel must give a
pulsatinz tension fatigue endurance limit of 24,200 psi, and in low-alloy steel,

25,600 psi.

The American Welding Society Bridge Specification permits design stresses
in preperly made butt joints welded from both sides when subjected to pulsating
‘e 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, e design value of 9,000 psi is allcwed, which is again reduced to
2/3 if there is a reversal of stress. The same 15% nenalty epplies to single V

backed-up welds.

Fillet welds subjected to either tension, commression, or shear are
allowed 7,200 pel when the stress varies from zero to maxirmm, and 2/3 of this
figure when the stress is reversed. Only a good grade of heavily covered

: electrode is permitted.
i REPFATED IiPACT

Repeated impact tests were carried out in 1928 by the British ZEngine,
Boiler, and Electrical Insurance Company., Welds free from oxides and nitrides
gave the best results. Normalizing at 910°C had little effect. 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 resistent to remested light impact than the
latter, seems to be explained only by considering dammping capacity. For surfacing
N plate snd cast steel with lowcarbon steel, gas was superior to the DC arc, and it
’ is the denosit, not the heat~affected zone, that injures the repeated impact
resistance. Flame-cut surface is equivalent to & milled surface, and only ebout
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 weld machin-
. ed from a single piece of steel, and a double-riveted joint, the welded specimens
- - were equivalent to the riveted in repeated tensile imact, and were 20% better
: than the machined models which had equal static tensile strength.
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CREWP

Limiting Tensile Creep Stress 1b/in°
Material 300°C 4ooec 50006
li1ld 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 2,800
Welded Joint, gas- - - | 25,600 12,100 5,700
Welded Joint, arc-~ - - | 25,600 15,600 5, 700

Being a coumosite of plate and weld metal, the welded joint displays creev
properties intermediate between them. Above UOOCSC, the welded joint is equivelent
to mild steel. Creep rates in welded steam station piping at 850°F (455°C) deter-
mined by the single-step method are tzbulated as follows:

Percent Per
Rate of Creep at 850°F, 15,000 psi tensile 100,000 hrs.
Pipe material (0.33 ¢, 0.75 Mn, O.0% Al (metallic)) - - - 1.1 E
Welded pipe~to-pipe - - - = - - = = = = ~ = = = = - - - o 1.2
Welded pipe-to-cesting (0.24 C, 0,62 Mn, 0.82 Cr, 1,19 Ni,
OHMOMO) = - = == ~ = = = = = = - - 1.5 :

The welds were made by tle shielded arc process and were drawn at 1100°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 8H0°F. Suumarizing, the creep strength of welds in mild steel is
probebly little, if any, inferior to unwelded plate up to 500°C, although the
initial creep rate may be somewhat higher., Full ammealing is not beneficial.

BOILERS

Pressure vessel fatigue tests show that fatigue failure inevitably occurs
in regions of stress concentrations; e.g., gage plugs, manholes, end pads, rather
than in the velded seam itself. The only unsatisfactory welds in 21l the fotigue
tests were those made vtth bare clectrodes.

RIVETING AND WELDING

Strengthening by Welding, The cffect of strengthening by welding is not
80 great in fatigue as in static load conditions. Welding intended to strengthen
riveted joints must be desisned to talte the whole lo2f in order the® plastic yield-
ing will not telre place in the neighborhood of the weld and lesd to fatigue failure.
The fatigue strength of welded and riveted joints do not differ greatly. High
quality unmachined double V butt welds heve higher reversed-bend fatigue strength

then riveted overlapped joints.
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BRIDGES AND WACHINERY

Riveted bridges strengtliened by welding ere stiffened, the netursl frequen-
cy being increased 3 to 7% in the loaded and unloaded states. “elding decreases
the dammping factor, thet is, the renge of frequencies =t resonence, and decreases
stresses and deflections due to traffic. The advantaces of welding in nreventing
vibretion in machinery are comnected with the higher modulus of elasticity of
velced steel as coupared with cast iron. The closed section, ideal for preventing
vibrations, is easy to weld but difficult to cast,

TUBES

The fotigue value of welds in esircraft structural tubing has been
investigatsd by rotating bend tests on individual ges butt welds. Values given
vary from 14,6000 psi for ges welded plain carbon and Cr-Mo tubing to 28,500 for
plein carbon and 30,000 for Cr-Mo, “ewending on welding teclmmique and penetration.
Filler rods play an important part. Flash welds in Cr-lio tubing geve 32,000 after
stress annealing, but geve 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, znd Cr-Mo 24,000 to
31,000, depending on heat treatment. ZFor low carbon superheater tubing, the
reversed bend fatigue limit ves found to be about 15,000 for gas welds, but less

han 10,000 for arc welds. Using the stationar; cantilever type machine, the
fatijgue liwit was found to be 25,000 -si for as-welded Cr-kNo tubing and 35,000 for
heat treated; these valuec are, respectively, l/h and 1/3 the static tenmsile
strengtii of the as-welded 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 stctic tensile strength of the veld is lowered from

504 to 20%. Len and fish-mouth joints appeer to be =t 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 80% of the fatigue strength of welds.
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COMMTNTS ON _
REPORY -
Fatigue Tests of ¥elded Joints
L ] (Review of Literature to July 1, 1933) :
R IR R g | by
Spraragen & Claussen
F:%?;f ce - The repors of. Fatigue Teste of Welded Joints prasents o i
;; ‘ most. complate abstract compilation of literature on ths auoi~st.
.; Although an enormous amount of time was nacessarily involvaed in
?w .,._{lﬁg_ﬂ%ﬁi__prop’rﬂuqn of thia report, 1ts value would be graatly in-
fr - ;reased if all teste on a given tyce of machine, *or=2thar tth 13
';} :_ detatiled information as to material analyers, slectirnice, time, ;3
#i 3 etc., ware tabulated in separate sectlons. Whila *w~ ..pio- »eo i%
E? etrength of naterials has bacome recognized as an t:oortor: ??
5 phyﬁical proparty, 1t srhould be borne in mind that ths g-.0 02 ;i
fatigue strength of matals under various combhinutione »% <%y oo ff
such ae shear and banding, shear anq tension or comur=sasice  andg
undar various ranges of strags, 1e not the same, and, trerc?or~
the type of the tast must be gliven due sonaicdersation in th- _
final analysis.
It would appear from a genaral consideration of tha i ',
preeantad that tne butt weld tyoa of jJoint 1le cuperior to 171 -
others under fatigue streass conditions, although 1t %le ~vtr:-"w |
B T O G AN P U USSR T TV .
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g : #2:-1pl=2 that such results might be due to tha form of test - ‘f
eg>aiman used, and with this doubt existing, no dafinite con- ngﬁ
cluesions regarding this point should be drawn. ;;é?
F It has been the general experience that unleas the fatigue fﬁif
test assimllates actuel service conditions, the results are of |
E 11ttle value in predicting subsaquent sarvioce behaviour. Further-
more, the forms of speocimens used are entirely different geo-
metricelly than the part in servioce; therefore, the results from
one would not necessarily apply to the other. From the fact that
f-tigu~ teat resultes of very carefully prepared specimens of homo- ]

soraous materisls cannot be conclusively correlatsad with any

cthaer nhyailcal property, and that an entirely different conception
¢f the material bshaviour can be obtained from tests on different
syoes of machines, 1t is not at gll unexpeotad to note the sxtreme

differances of opinions whioh are avident, particularly when the

rel.tivaly 1low order of perfection attained in normal welding
neocadura 1a soneidered.

It would eresnm that the orincipal value of this raeport is
“h-.* it orfers a very forcible argument against the use of the o
*.tigu~ test as a means of obtaining information of vslue for :

de3ign purposes. This report also Drings out quite olearly the

@2

ne~i for more systematio prooedure in future investigations,

perticularly with regard to the type of electrodle, the welding
oroceas, the composition, thiokness and width of plate used, oo
=tc. fithout a systematic program of test, tha rasults are .f i

b/ -
merely a confused mass of data from which 1ittle informavjon of ‘ '}-_:-._»:

) value oan be derived. é' ‘;31
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It has bean dbrought out by Professor A. V. DeForrast,
Mass. Institute of Technology, that the cause of subsequent
fatigus fallure ie¢ present in the material dafore 1t is ever

pnt under stress, and that this factor can many timas be ra-

ey R
L
LR S

" vealed by the magnaflux method of examination. Since this
method 1s not subjeot to the wide variations of the fatigue
tess, 1t is suggested that it offers posesibilities toward ob-
taining the maximum effioienoy in welding technique, whioh in
the fimal analysie is the deciding factor.
[
Reepectfully submitted,
N . dann,
Senior Msterials Engineeor.
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COMMENTS ON
REPORT
Zatigue Tentss of Welded Joimte

(Review of Literature to July 1, 1936)

by
Spraragen & Claussen . '%
This report is indicative of a tremendous amount of pain- ; 1%
staking work on the part of the authors, for which they should ;Z:;
be eemplimented. HNowever, there are numerous statessnts in the ) ,i
report wvhich should be explained more clearly. Jompariscns of .}ﬁﬁ
data obtalned by various investigatore 4o not mean a whole lot ';;:
unlesr all of the welding details are given, or 1t is known -~f1
that the wslding method has been used sultably. Inferances may é;gi
be made from some of the date presented which are not generally :Zsj
correst. T
Page 8 =

A ocomosrison is made between bare anc covared slactrodes
from tests of transverse filllets and a figure for endurance
1imit of 16,000 psi. is given for covered electrodes. It is not
explained as to what this figure refers.

Page 7
A% the bottom of the page the figures given for relntive

o
)
Tl

.
v et
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i_ fatigue resistance of various jointe are:

v 80114 T Seotion 100%

- Unchamfered Pillsat T 3% 2
R Chamfered FPillet ? 84% i
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X - Details of the test are not given. Therafore, these
- figures are ocomparative only and show the relationship under
s eortain applied load. This relationship may very well changs
under other methods of load application.
BB T g onghe 80 resitd by K. K. Boors in whioh the oxy-
soetylene weld metal showe 90% higher endurance ratio than bare
wire or atomio hydrogen, weld metal ie meaningless bscause no
details of filler rod or electrode are given. The inferance is
Shat bare wire weld metal and atomis hydrogen weld metal are
st similar in fatigue. This is not true.
- General data given without giving aleo detalls of the
welding procedures used 1s not satisfactory. The variables en-
tering into the various test methods used by differant investi-
gators affeot the ocomparison of results.

¥Yhat is wanted mostly is data showing the effect of de-

,'**ﬂiii?“" %2115 of welding procedure and variations in that proocedure. S
Page 1l o
hers are 8o many different methods of fatigue testing -

PG

used that results cannot be found in general sgresment betwesn i

5 Anvestigatore. A otudy of methods of fatigue testing whersdy e
‘mpg. - - $he variows phyeical properties of meterials are brought into T

! play during the test would be desiradble, 1f it were possibls. 1
Page 13 |
It is of interest that the Oerman speocifications permit ‘
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— of undereut up to 0f of plate thiockmess. This 1s 4ifficult
te determine.

Page )8

Fry'e oonelusion that nitrogen oonteat, oxygen content,
and mierestrwoture are more important than internal defects
AR ohla Sa%ad A0 tudemesting. . THia poiat 48 not cheoked
by other imvestigaters.

Poor penetration is eingled out as the worst type of in-
‘tornal defect in 1ts effecs on fatigue strength. Poor pene-

tration includes lack of fusion on the socarf and at the root.
Page 16
The suggestion that interruptsd weld seams or intermittent
welds should be avoided as low in fatijue strangth ie contrary
%0 usual etructural welding practice where thies type »f joint

is used to avold excessive distortion when the struocture is

being built. It would sesm that the length of weld inoremente EQ%

and spacing as well as size of fillet and method of laying in
A;
“/  _ the weld would have an effeot on the fatigue resistance of the

struoture. MNo data bdearing on such _points ars given.

Page 20 |
The benefiocial effectes obtained dy machining the weld sur- 1
face t0 remove surface defeots 1s to be expectad and this is ]

one of the dbiggest arguments against using a machined mopscimen
for testing welds. In many cases machining would not dbe pos- ;;1
sible and 1t would bs of intersst to get data on the effeot of ‘

& welding up these defeots so as to remove them rather than by ii;
sachining them out and reducing the eross-seotion of the Joint. ::?
Ny

............................................




. Apparently none have attempted to do this. -
Page 34
The detrimental effeet of the weld reinforcement advo-
cated here is undoudtedly enocuntered in tests of straight
specinens, Dut 1t is doudtful Af this effect would ba harmful

¥ Vil a0 PLDS J0L00 0P & Sank seam:fop oxample. We have found that B
the reinforcement om a butt weld in the tension impact test may ff;
reduoce the impact strength of the joint, even though fracture ;f;
takes place through the plate. ;ffj
ol
Effect of scarf angle on fatigue strength as indicated .
_ Dope sppesrs %0 B similar t0 the effeet found at Watertown :;;;

Arsenal in tests of butt welds in tension. We have found that
the nerrower the groove an alloy steel plate, the higher the

temsile strength, as long as good weld penetration 1s obtained.
Henoce, we use a 30° bevel single V.
Jennings®' results are for machined round test bars in

whieh muoh of the effect of Devel is eliminated.

Page 37
The reference here to "reverse run® is prodbadbly what we iﬁ?ﬁ
1

call "seal bead". It is to be expeoted that a “seal bead* ;ﬁ*q

would increase the fatigue resistance of a welded joint.

Rage 39

The effeots shown here of weld Deads oOn plate surfaces orn R

the fatigue strengths of the plate 1tooit is an indication of

T

the value of "heat effect® etudies on structural steels. The ]

results are very startling and should present some 1dea of the 7

L
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type of inforsation which can de odtained by studying the
effect of weld beads deposited on flat plate surfaces, avan
though there is no welded joint present.
Page 30
~ The data by Bohno_torlo show that low alloy steerl is no
“]h.*'.’ Wen 8114 eteel i; futiguo after welding hae bean per-
formed on it. This is a startling conclusion and based on
. testa of ‘as welded"® specimens. The heat effect of welding on
- :tho illow ltoolvpllti'to the logical reamn for the impalrment
of fatigue strength.
— Rages 30 & 36
'E- ST 55w ge etated that Setress annealing® does not benefit the

.
K

fatigus streagth of welds. 1In ascepting a statement of this

= K Riad we are assuaing ih“ the heat treatment procedure is
proper. The only references to the treatment used are oon-
Sained in the last paragraph on page 38 where it is stated,

. “stress annealing 1/8 hour at 600°C*' and "stress annealing at

il S g00-000°0°.

2 ‘ The first proocedure is inadequate as we have found froms

E actual shop experience and the seocond refersnce is meaningless

because no time of hold is given. On page 38 a tempsraturas of

g 680°C 19 mentioned dut the time of hold is not given.

;é'.., “ The tests were ik nmaay cases mede vith meochined specimens

y which in 1teelf would affect the stress condition. Henoe, 1t
is no wonder that there is a lack of agreement betwesn investi-
gators.
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~Eage &1
On this page near the middle is to be found the

. fellowing statement *Welds in steels with 0.24% C have

S, e Tw T e v e N - P LT
PR J A o .

- AU M L RARRERTES .
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20 to 30¢ lower fatigue values in direct tension than

steels with 0.18% C and the same static tensile strength -q
prooured by alloying". - 1

 The first part of this etatement ls simple to under-
stand and 1s along the lines suggested by our studies of m.J

' Beas effeet and teasion fmphast preperties of low alloy
steels. The last part of the statement however, ie not
clear but is taken to mean that the 0.187 C steels will
produce the same tensile properﬂn as the 0.24% C steela
by the addition of suitable alloye, and the fatigue
strength will be 20 to 30€ higher than the 0,249 C steels,
fials L9 further proof that weldability of alloy steels
is mainly e funotion of carbdon content. ‘
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Eaxe 40 —
Orr's data in the tadble shows slight improvement in
fatigue due to strese annealing at 800°C for 1/2 hour,

* Yale treatemt is insuffieient $0 show much effect,

..'_.‘-_ EL LN ',_v B
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e RNTI
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~Lage 47
In discussing suitadle alloy compositions in the irst

0 Ve e e s
'l’ ! .'.- l.
. )

A ln'l .

. et
DU B )

B )
.
NN )

paragraph on this page molybdenum is not mentioned and
neither is niokel. The ocardon content is not coneidered,
- _J
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This question of ocomposition presents a big problem

i . beyond the scope of one investigation into the phenomena SR
; ‘y‘»c B o - R . S e . . . o
of fatigue. This is a problem of fundamental metallurgi- o
cal researoh. Results from various investigators. caanot _a
g agree 30 long as tha viewpoints on methods of fatigue -
.

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

for Professor Sayre's committee, ‘
3 Page 48 .
ﬁ Reference to work of Mclianus and Barnes with Upton- Efif
f; Lewis fatigue machine pertains to bare and wush-coated SR
~— i
- electrodes. No covered electrodes were used. 1
E* Bss 0845 4
i | Reference to auatenitic weld metals at bottom of sy
L -
page 48 and top of page 49 does not show any great inorove- S
ment over other alloy electrodes. ‘ ﬂat

J

£axes 08 and 99

References to alpha and gamma factors do not ehow

1" .
.'..u.»
fete o 4

how these faotors are obtalned from the dlagrams in

- rigures #14 and 415. The raferances are not clear, i
) -0
t:I o
< Note: - There 1s one striking point to be observed fron RS
3 Ted
- this report. Host references to research workers on *
r"_.‘ "._."'_.“
- repeated impact and flexure fatigue show a vredominance NS
. RSN
:": T
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t T o cepmen and other Narepeans engaged in these studies,
' Perhape the American attitude is that fatigue testing
| is a waste of time and money.

N TR S ETRE T o,
. m&; ¥ 48 .»s;{m'-%ng,,’pi-f,,k DI ¥, L

5 ~Eage 80
':~- In reference to fatigue strength of doukle-riveted
58l <-577 Y seinte om mild s%eel plate the follesing figures are
* ) givem:- ' g
Net eross section of plate 256,600/28,400

aGross oross seotion of plate 21,400/22,800

It 1s Delieved that the figure based on gross oross
. section should be used since that 1s the basis used for
i caleulation of a butt welded joint. In calculation of
' weld strengths no allowances are made for the heat

arffected zone. Strengths are caloulated based on gross

I _ ',,\ oross-gseotion of the plate joined.

~Lages 67 & £8

From the discussion presented here it is evident
i that considerably more effort is being directad in Euroce

$0 testing full eize struotures and joints under scceler-

é!l!i**’*“+' ... . .at9d servige conditions than in America. This is par-
" Sioularly true of bridges whers the European engineers
;} ‘ have gone farther than Amerioan engineers in applying

; . welding. 1
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—Eage 90 e
The reference to an observation by Y. L. Warner ]
G e 0050 demping of vidrations by a poor weld is misplaced. -
N i A . . o 4
The observation referred to is, in fact, that found in
: . & quotation in a paper by me. The quotstion was from <
:- | @ report of Mr. H. C. Forbes to the Welding Committee 4?1
5 L
- of the Emergency Fleet Oorp., and in this report ¥r., Forbes
made the suggestion quoted. The ldea wvas orly suggested.
Ew | No astual tests were made. -4
e C SRS
~Page 95 5
i' . In the next to the last sentenoe of the first uara- 3‘
graph the reference to carbon and alloy contents of C.25¢ ©
, and up for alloy astesls being detrimental to fatigue ratics 4
b“ ‘ is a confirmation of our ideas regarding weldability of —
alloy steels. '
This point is agaln referred to at the bottoxm of
S page 83 and top of page 94,
: T
: _Page 9¢ '
..' ‘
vopen . o Last sentenoe of first paragraph - "Alr heriening ;
‘ has praoctically no effect on fatigue craoking in Cr-Mo B
welde?, ::1
o~ This statement is very difficult to belicve and 5"}::‘1
J needs some explanation. ]
T S
pora S _;_j
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d C Last sentence of first paragraph makes reference -f
: ; to the faoct that in pulsating fatigne fillet welds
o made with bare eleotrodes are equivalent to fillete made

Sttt e

. Vet
ol .

PPN W Ty |

s WA severed electrodes. This is a very interesting

eonelusion, if true. Thege tests were apparently —ade
_ on large size specimens in a maohine of some sort. Under
:, ) Sension ;npabt loading we have found the covered eleotrode

PP PO ey

auch euperior to the bare slectrode,

Appendix 3, Page 3 S
. ’ : - Near the bYettom of the page ocours the following ]
9 etatement:- “The shape faotor cannot be altered by =
o o
ii using stronger steels for welding but can be favoradbly —
a0 - 1

arffected by using more duotile elecstrodes, Large scecimens
: showed the same trend as the small but had lower Zatizue E
i 1imits". =i

E;iiii v Thie oconolusion appears signifiocant and possibly ) 'i
;} oould apply as well to impast prdparties although a change T
;‘ of steel compositions will alter the impact strenzth of -dﬁﬂ
‘ the welded joint. o]

I General Note 2
;f!!F 7 In many of the references to researches data on

details of procedure are lacking. This lack of deta

rendere any worthwhile oconclusions impossible.

,, _._,
PUIPGT U VYIRS

?: ; Respeotfully submitted, -
' “W. L.  Warner :
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This report is a contribution to the work of
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FATIGUE TESTS OF WELDED JOINTS

A BReview 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 primarily to show progress as indicated by experi-
mental and service studies of welds under fatigue conditions.

Welds have been tested in almost every type of fatigue machine. Most
of the investigators have used thae rotating-bend type with four-point (Farmer),
or three~point(Foeppl), loading. Neither of these types of tests epproximates
fatigue conditions generally found in service, This has led many of the
Buropean investigators to use machines which epply 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) oulsating with superimposed static tension.

These various types of tests have led investigators in Germany to
coln a word which literally translated is "origin®" fatigue. Actually this
represents the endurance limit under stress in one direction, that is, not
altermating from zero to a maximum, A brief discussion of the variocus methods
of testing end the types of machines used for each type of test is given in

Apoendix A.
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$ EXPRESSING ENDURANCE LILIT

.. There are two common methods for quoting the endurance limits of
welds: 1., the Wohler method using a plot of stress versus log cycles, the

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

6 6

about 2 = 10° cycles for homogensous welds or 5 x 10° for defective welds in

alternating tension and compression, or 10 to 20 x 106 in rotating bend for

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

k; arbitrarily stated to be tihe stress that a weld withstands for, say, 106 cycles.

Tae former is, of course, preferable, but the latter is often used for low-
frequency tests. That weld-metal haes a clearly defined endurance limit was

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

of reverced bending at 23,000 psl without fellure, Dutilleul(a) tested two

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

strength made with an electrode giving a minimmum fatigue limit of 18,500 psi)

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

mumerous blow holes were revealed by microscopic examination of the weld.
ENDURANCE LIMITS OF WELDS AND WELDED JOINTS

Butt Welds (Arc and Gas)

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

bend type of machine. ZEndurance limits of 16,000 psi for bare wire and

30,000 psi for covered wire are common values. These reoresent an endurence

ratio of .50 and .90 as compared mith the endurance limit of parent material

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

be noted thet in Geruany enduraace values of 34,100 wsi have been obtained for

ges welds in mild steel representing an endurance ratio of .86 as compared with
.® parent oild steel plate, aid thet the bare wire velds are more apt to range

from 20,000 to 25,000 psi,
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In some alloy steels of good weldable 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,
vroviding svecimens are carefully machined. Ummechined welds are likely to
develop from 10 to 20% less depending on undercutiing, end whether or not
reinforcement is gredual. The effect of annealing, and mechanical working
is discussed elsewhere,

Direct stress (tension and compression) fatigue tests give about the
seme velues as rotating bend, but in the test results available there is likely
to be less difference between the bere wire welds and the coated electreodes.
This may be due to additional variables introduced by tiue investigators, eas,
for exemple, the matter of residual stresses, or to tie care with vhich the
welds are made. The slightest iuperfections, or lack of penetration at the
root of the weld, or undercutting at the surface, will cause a greater variatiom
in the results obtalned from two specimens with the same type of electrode
than between different types of electrodes, or processes of welding.

Although the matter of electrodes 1is covered in 2 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 obtained with one type of covered electrodes
with the bad results of another type. The same is also true of bare wire,

or gas welding.,




e ’_ )

The anthors note with & great deal of interest that the average

b \e results obtained with bare wire welds in foreign countries are likely to be o

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

as endurance limit is concerned. The reverse is true for covered slectrodes.
h In the latter case the difference may be due to differences in steels, and _
techniques as well as to possible superliority in the type of coveringe. The

difference would be a fruitful field for further research.

The endurance ratio of welds in torsion fatigue is ebout 25% hiher o

,_

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

Lan 2o

lower, Tebular results are glven in Appendix B. Ha:lgh(z) and Duetin(h) believe 1

that tutt welds of ordinary good quality in mild steel plate have about o]
one-half the fatigue strength of the plate itself, In reversed bending, Rod
and Eichinger(S) state, the fatigue limit of welds is l.U4 timee as great as in

pulsating tension. s
llet Wel Gas
The tests of fillet welds in fatigue have received considerable

attention by forelgn inveatigators as have also various types of joints employ- __i
ing fillet welds. It is difficult to draw general conclusions. Many variables

are appaerently unavoidably introduced which mask the results of the problem s

under consideration. MStress raisers! play an important r8le and in many

ceses offset completely eny differences which one may normally expect between )

the various processes, kinds of filler materials, and, in many cases, between 1
. the types of joints. Some general rules may be promulgated. -".f:::i
Avoid ell sharp chenges in sections wvhether in shape of fillets or 2]
‘ Joints which would tend to concentrate stresses. TFor this reason verious :
! i o types of strap joints produce very little increasse 1n fatigue strength as =3

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

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

-----------
.........
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le tensile strength of various types of welded joints, investigators agree that _

these results are no indication whatever of their fatigue resistance. G-raf(6)
shows that rough cover plates attached by fillet welds actually vweesken a butt
joint. TIn butt and £illet welds alile it is importent to provide gradusl S
transition of section, smooth surfaces, nroper penetration, and sound metal
free from inclusions and cavities. Transverse fillet welds with covered
slectrodes 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 then the transverse fillets. Oxy-escetylene welds generally lie '
between the values given for bere wire and covered electrodes and are ant to -
approach the values of either d'.epending upon the tyne of wmire, tecimique
employed, and care with which the welding is done.

A great deal of caution must be observed in comparing values ovtain- .—._H

ed from any specimen, large or small, in the laboratory with expected results

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

relative space occupied by the cover straps, or overlepping portions of lap -m_..
joint is large as compared with the same joint, say, on a ship., This would

tend to exaggerate the imoortance of some of the "stress raisers" encountered

in a laboratory as compared with practice, although their immortance cannot,

!
end should not, be neglected. It must be remeubered thet in nmeny cases in .
practical design the alternative is not a welded joint instead of a solid B
4

’ -
plate, but e welded joint as against a riveted joint, 2 i
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A number of general recommendations regarding shape have 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 Rob and Eichinger.7

Pulsator tests reported by litta 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 II, fracture started in the fillet weld or at the inner

edge of the butt weld,

Pulsator Teats on Butt Welds with Cover Plates

Specimen| Welded Probable pulsating tension
Fatigue strength psi

I Coated 20,000-21,400
j I 36+040 Electrode

¢

r—f
F::.q

—360.67
II Stabilend 18,500-20,000
l 28-040 electrode ’ ’

5287040 |, Kjellberg 12,800
367040 oK 37
287028

,,,,,,,,

..........
........

v " 12,800

The relatively good fatigue qualities of butt welds with parallel-
shear cover plates has been shown by Memmler, Bierett, and Gehler,9 but
has not been noted by (}raf6 nor by Schick,lo nor in serviceu. In boilers
the unequal expension between such so-called strengthening plates and parent

metal is an additional factor in hastening fatigue failure. -
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Bierett(la) glves the following summary for insuring good fillet
welds:

1, Thﬁ ratio of plate to seam cross-sectior should not be greater than
0.1 to 0.5,

2, Tor the same seam cross-sedtion short thick seams arc better than
long thin seams.

3., The more nearly the plate and straps approach the square as compared
to the rectengular cross-section, the better 1s the fatigue value,

4, Channel-iron strape pemit thicker seams and hence are better in
fatigue, Angle~iron straps are not recommended.

5« To meke seam ends less susceptible to fatizue they should be rounded
{see section on machining).

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

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

Schick
to fatigue strength of fillet but not butt welds. Gref'’>) showed that as
the ratiot szre:: pta. RE for parellel shear fillet welds decreased from
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 wey to luprove the pulsating tension fatigue value of T
jolats is to taper the leg of the T es shown by Thm(™ and orar(® pig. 1.
A well prepared T Joint witk tapered leg 1s equivalent to a butt weld in
tenslle fatigue and this should be borme in nind when considering the low
values reported by Tlum and L:lpp(15) in reversed bending.

Robertl(ls) gives figures for the relative fatigue resistance of a\ }

80lid T section (100%) end unchemfered fillet welded T (72%), and & T joint

wits edges chamfered to facilitate welding (844),
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Profile or ribbed plate to evoid T joints of web to tension flange
of welded beams is supplied by several Germen steel works (Fig. 2). Tests by
Bihler and Buchholtz(m having shown that fatigue frecture started in the weld
on the upver (less highly-stressed) side of the tension flange, it was believed
that simply inserting the web in e profile plate without welding would remedy
the trouble. Earlier tests by Schulz and Bu.chholtz(lg) demonstrated that
beams constructed of profile plates gave 28% higher fatigue strengths and were
suverior in bend-fatigue to riveted beams of the same static stremgth.
Bierett(la) 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 All-Weld-Metal

The fatigue strength of sound weld metal is equivalent to steel of
the seme composition,as R. R. Moorilghowed in 1927, 1In his tests all-weld-
metal deposited by oxy-ecetylene had ebout 20% higher endurence ratio then
metal deposited by bare electrodes or atomic hydrogen. As stated earlier in
this review, one of his all-weld-metal speciuens withstood over 700 x 1I.06
cycles at 23,000 psi without fellure. The rotating bend fatigue velue (up to
50 x 106 cycles) of all-weld-metal deposited by the atomic hydrogen process
was reported by Weinmen(lg). The highest value was obtained with a filler rod
containing 0,46 C, 3.4 Ni whose fatigue limit determined on a machined speci-
men was between 35,000 end 40,000 psi. Unexplained wide differences between
practically identical lowecarbon filler rods that were obtained by hinm may
have been ceused by differences in degree of soundness. Hankine and Thorpe(ao)
found that the rotating bend fabigue limit (25 x 108 cycles) of ell-weld-metal
deposited by a high-grade covered electrode was 18,400 psi whereas an
unwelded mild steel of the same static tensile strength (58,000 psi) attained
26,900 pei. 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 Elevated Temperatures

The only fetigue tests of welds at elevated teuperatures have been
maede by Lea and Parker(an. who tested machined welds (70°V) 0.48" deep; 0,62"

wide in & reversed bend, constant bending moment machine at 1,000 cpm at 250
and x-l“jOOC. 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

understreseing ralsed the apparent fatigue limit of welds.,

Temperature © C Fatigue Limit psi
20 23,300
250 27,300
450 23,500

Lea(aa) 1s also performing fatizue tests on mild steel welds under slowly
repeated cycles of stress at boller temperatures. Preliminary results

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

mild steel.
Notched-bar Fatigue Tests

The only investigator of the notched-bar fatigue strength of weld
metal has been Leitner(23) , Who used theliAd.M.reversed bend machine, 10 x 106

cycles criterion. The specimens were 0.59" x 0.18" x 8" long and were

machined from welds in mild steel (detedls of notch end electrodes not ziven.)

Notch
Yield |Tensile Red. |Impact _Fa.tigaxe Limit, psi
BElec- Point |{Strength Area{Value Pol- De-

trode %02 %Ne psi psi Rlong 4| % ‘mkg/cma ished |Notched [crease

Coated|0.033|0.056{61,000] 73,000 27.8 |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 | 14,04

Cored |0.013|0.065|56,000] 73,500 19.5 [43.8] 4,8 {31,500| 30,600 2.7%J
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PROCESSES OTHER THAN GAS AND LETALLIC 4RC
The published information on fatigue for the remaining welding !
processes is so scanty that general conclusions cannot be reached. The fatigue

properties of etomic hydrogen welds anpear to be the same as gas and arc welds,

(19) (24)

according to results given by Weinmen » Thornton , Harvey end coworkerse?

(26), and Becker(a7). Resistance welds, however, seem to develop remark-

(25) hes

Dorrat
ably high fatigue values, especially in corrosive media, as Harvey
shown. Thornton(®¥ found 25,000 to 27,000 pei for resistance-butt and 4G
fleash welde (rotating beem, mild steel) end Vér(2® founa 32,800 to 35,600 pst
in low carbon steel (0.05-0.08 C, 0.3-0.4 Mn) also in rotating bend.
Rosanbergcas) quotes tests by Behrens who showed that the torsion fatigue
limit of flash welds in mild steel was equal to that of pafent metal (about

22,800 pei). Beumgirtel and Heineeke(30) also obtained high values of rotat-

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

[
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valve steels flash-welded.

Pulsating tension fatigue strength of carbon-arc welds in mild steel,
according to Wellmann(n), varies between 14,000 end 21,400 psi, depending on
degree of workmenship., Thermit welds appear to have reliahle fatigue strength
equlvalent to gas and arc welds, as tests of welded rail joints indicate (ses
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 hend-forged and butt resistance (Thomson
process) welds were nractically equivalent to mild steel and wrought iron; gas
welding, at that time a new idea, was not nearly so good. Laboratory fatigue

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

......................................................................
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CORRELATION QF FATIGUE WITH OTHER PHYSICAL PROPERTIES
The presence or absence of correlation between the various physical

; ‘. proverties of structural elements such as welds, often provides am indication -

- -

of the nature of defects. Up to the present time a reasonably close relation
betwveen the fatigue strength of welds and any other physical property has not
. been foungd. )
The overvwhelming majority of investigators, particularly Otte(a"h?
_ 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
end bend tests, and tensile-and notch~impact value. The National Physical
: Laboratory, BEnglend, for example, 131'.9,1'.5(B ) in their Report for 1934 that the
:‘ static tenslle 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
value by relieving notch effect, as Lohmann(.)’u) points out. Grai‘(6) and

Blerets (12) elso state that welding rods having high ductility (204 elongation)

L (O BT SRR S SR S
L e
. . et f

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

- stressed along their axis, but the relation is by no means close, Wadling(”)

i belleves that a high ratio of yleld point to tensile strength is important for e

. good fatigue properties.

_ Schulz and Bu.ch.holtz(lg) found that the relation between pulsating

> tension fatigue strength and stetic tensile strength was rouchly linear for
machined welds in a number of structural steels; this, of course, was not true

; for unmachined welds. Hoffmann(36) stated that there was a close relation

) between certein static and impact properties and fatigue strength of welds, but

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

according to Wallmann(sl) and Bierett(la) » Should not be too greatly depended

P .
DR A - .
I I T DO DR Y e a’

’ ‘.__ upon a8 an indication of fatigue value. 4s stated in "Impact Tests of Welded
Joints," there is no clearly-defined relation between repeated-impect value and
other ohysicel properties. There is no relation between fatigue strength end iji:'-:.

repeated impact value es 305(37) and Bartelsog) showed,
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In view of the fallure to detect correlations, little success is to be

T T———

expected from formulas by means of which fatigue strength cen be commuted fron
other physical nroderties (see section on swecifications for purely empirical

F ‘- formulas)., As early as 1919, Stromeyer’og) applied his general formula to Abell's
results()"O) on welds but the attempt was unproductive, Pester and Schulz(ul) and
others have shown that existing fatigue formules are of no great value for welds.
-' Erber(*2) suggests thet his formala for notch fatigue strength may be apvlied to

§ welds, but has not yet so epnlied it. The formule indicates that the fatigue

o value of welds rises with ductility, end that the fatigue strength of welds is
fundamentally a notch fatigue strength.

K Credit for the investigation of tlhe large effect of undercutting and i
other siress-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 wes Jimger(™) i 1930 who studied V, lap, and T velds. A .
complete investigation has veen made by Gra.f(6) whose micrographs showing fatigue

e

cracks originating from microscopic notches are very convincing., Decreases of es

much as 40% in pulsating tension fatigue strength are ascribed to these notches.
The removal of the notches, explains the beneficlal effect of machining, but care- -
less trensverse grinding of a weld may develop, rather than remove, undercut. The

German specifications permit undercut to tie extent of 5% of plate thiclmess.

Meilinder and Ruttmann(™) Shepherd and Moritz'?) and Lea("®)

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

» exphasize the

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

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

the observatlon of the majority of investigators, particularly of fillet welds,
Hankins(ug) notes the effect, but also finds that the roots of fillet welds are

sensitive to fatigue failure,
Recommendations for obtalning a gradual transition from surface to plate
are given by Graf(6) and Bierett & Grining ’+9). Ges welding and coated electrodes
give more gradual transitions than bare electrodes, end, in fillet welds, an angle
of 30° between surface of weld deposit and plate is better them U5°, A smooth,
, [ broad, low deposit in butt welds is better than a rough, narrow, high deposit.
e Pig. (3) by Bierett(12) ehows the types of loading in which undercut notches should
:'Ejil be or need not be removed by machining. The bend fatigue tests of Dumas (50) et 10
o to 12 cpm on V butt welds in mild steel also showed that fatigue cracks usually
b start at the junction between plate and weld ietal.
y
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INFIUENCE OF DEFECT>

Internal Defects
The adverse effect of internal defects, of which femlty penetration is
a sveclal tyve, is largely asccounted for by their influence in causing local stres

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 lmportance 1s not yet evaluated, aslthough for well-prepared welds their

offect is generaelly considered to be primary only when otker more important

—— ETTIvv

factors have been eliminated.

The adverse effect of porosity end inclusions in dare~electrode welde
\J
h
is considered by Jennings(sl) cn the basis of laboratory fatigue tests to be

more important then design of specimen, Even with high-class covered electrodes

v
'

Henkins and Thorpe(ao) explain the low fatigue value of welds by the stress
raising effect of incluslions sad swmell blow holes. H. F. Moare(52) and
Peterson(‘j}) also note thie decidedly disastrous effect of internsl defects. The
observation that slag inclusions and blow holes cause service fatigue fallures

(54 and has also been mede by ”

in welds was mnade as early as 1926 by Schottlgy

Kantz(55) (boiler welds), Pdal and Ehrt(sé) (surfacing leyers), and Bauer(57)

(3)4) found that fracture

(water-gas welds) emong others. Lohmann and Schulz
followed blow holes in rotating- and reversed-bend fatigue tests of welds made
with bare or coated electrodes, and Matting and Oldenburg(sg)made the same
observation in pulsating tension fatigue tests. The surface porosity of bare-
electrode welds was leld to account for tlheir inferiority to welds made by cored
or coated electrodes., Using rotating-beam specimens 5/8" in diemeter with
recesses filled with meld metal, H, T. Lewis(59) showed tuet if the deposit is
porous the speciien has & higher fatigue limit vhen the recess is not filled.
Better-class welding (detaile of welding and recoss not given) raised the
fatigue strength of the recessed specimen.

...........
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But Wallmann(n) could detect a differeice of only 1,500 psi in
pulsating tension fatigue strength between machined carbon~-arc welds in mild

steel (0.12 C, 0.6 Mn) with large end with small blowholes. Bierett(lz), too,

t’,-.a.", LI
‘1
{

while adnitting the importance of pore-free welds, especially for side fillet
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o 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-rey revealed fine or coarse blow holes near the
tension edge} a beam that gave poor results had defective penetration. Graf(s)

; gives more emphasis to the notch effects due to ebsence of reverse welding or to :

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

b ‘ internal defects. Porosity and notch effect usually occur together. Kruger(so), -

' as well as Mailénder and mttmann(m). mentione porosity as one of several effects
contributing to the low fatigue value of improperly made welds, Normalized,

h reversed-bend specimens of V welds in mild steel plate (61,500 pei tensile
strength), as tested by Lea and Pa.rk.er(al) » had fatlgue velues depernding on

porosity es revealed by micro-, macro-, and X-rey-examination. Swnecimens free

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

28,000 psl, whereas porous welds (electrode anelyzing 2.92 iin, 0.15 C, 0.29 Si, .
0.10 Ni) gave only 19,000 psi. Hod.ge(sl) 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 (detalls not given) of 30,000 pei; welds with

porosity, 16,000 to 18,000 psi.
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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 unmechined,
unennealed butt welds in 1/2 inch plate (0.1 C, 0.5 Mn) between +21,300 psi =
upper stress, +2,850 psl lower stress, l‘ry(sj) obtained the results shown in the : ‘j

table at the top of the next page.

------
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] Cycles to
‘e 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-Coated 1,7 " Seme as bare-electrode weld

X~-Ray exemination revealed more porosity in the heavy-coated than in
the dipped-electrode welds; barc-electrode welds were practically free from dblow

holes., Try concludes that blow holes and slag inclusions, although they should - y
be avoided, are not important fectors in the fatigue value of welds. Poor cast )
microstructure and high nitrogen content explaein the low values of bare and R
dlpped electrodes, Fry believes,
K‘ Penetratiop
: The most importent type of internal defect from the standpoint of
fatigue of welds appears to be vpoor penetration, by which is meant lack of fusion
elonz the scarves and at the root of V and double V tutt welds as well as of
fillet welds. Poor penetra?%ofx is usually the result of poor or hasty workmen- M
ship, as Chapmen 6’* Sulzer and Johnaon(ss) imply, but may also be caused by - 4
too narrow & weld angle as in tapered T welds (Bierett(67)), by the use of thick R
electrodes, and by other factors.

In Haigh's(ss) opinion, poor penetration is the chief factor in lower- -u.d
ing fatigue value., Welds with small speck-like incluslons and having an alternat- Y
ing direct tension-compression fatigue limit of t 12,300 to 13,400 psi and a
pulsating tension fatigue limit of 21,300 to 22,1400 psi are not further affected
by the scratching end indenting exnected in service. Such e butt weld with a
hole drilled through the middle to represent a standard stress raiser withstood
16.8 x 100 cycles at 12,300 pei and 1.8 x 106 cycles at 17,900 psi before -
fracture, the cracks following slag inclusions. For joints with poor penetration
® however no fatigue limit can be assigned. Ro¥ and Eichingg also regard poor
penctration as more importent than small superficial defects such as notches and
corrosion pite, which have no further effect on the fatigue limit of welds.
Graf(s) found that poor penetration in V and double V welds is as important as

aad

’ -‘7 undercutting, The rotating-beem specimens (double V welds) of Musatti and

>

Reggiori(sg), without excention, broke thru the root of the X. The magnitude of
the effect of poor penetration is shown by the results of

]
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Wallman(sl) on carbon-arc welds with shielding gms (referred to in preceding
h s section). Specimens with large blow holes had a pulsating tension fatigue limit
‘ of 19,900 psi; specimens with poor penetration only 14,200 pei.
Poor penstration 18 also an explanation for meny service fatlgue fail-

(70)

ures, as Pfleiderer showed for welded superheater tubes. The relative
importance of poor penetration depends on the tyne of joint and stress, according

to Bierett(la), Mg (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 obtalning good penetration and consequently good
fatigue value, and in keepling slag out of the weld.

It mey be concluded that, as Orr's resulte(n)

suggest, poor penetra-
tion is not an inherent defect in welds-good workmenship, meterials, end design
mey elways eliminate this defect ~ but that, when present, it may decrease the
fatigue value up to 50% and more.
Interrupted Seems

The poor fatigue characteristics of interrupted seems were shown by
Hochheim(72) in pulsator tests of welded beems. A welded I beam with contimuous
welds withstood 2 x 106 cycles of bending between +22,200 peil upper stress and - ~1
+7,400 pei lower stress without fracture. A beam of identicel construction but -
with interrupted seems fractured after 60,000 cycles in the same range of strese.
The beams were made of low-elloy structural steel (74,000 psi static tensile -
strength) with special electrodes (type not stated). Bierett(sn states that

interrupted seams should be avoided, and Rof and Eichinger”) show by an example

[
. el
v Sl
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thet, the factor 0.6 being applied to the permitted stress in plate metal at the -

end of a weld beed and 0,35 epplying to the continmuous seam, it is not generally

economical to use interrupted fillet welds, The adverse effect of interrupted
seame on fatigue value eppears to be explained by the stress concentrations

known to exist at the end of a bead of deposited wseld metal.
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MECHANICAL TREATWENT

Peening

The effect of peening on fatigne value has been studied by Peterson end
Jennings(™, end Lotmenn3*) The first-nemed found that ummachined sll-weld-
metal deposited by bare electrodes gave 18,000 psi in rotating cantilever testis
and that this was reised to 20,000 psi by peening. Peening the outer leyer was as
effective as peening each layer successively, which is in agreement with
Bierett(la’ 67). and with Strelow!s statement(-m) that the coarser the grain at
the surface of the weld the lower the fatigue strength in reversed bending. About
the same increase 1n reversed-bend fatigue strength as observed by Peterson and -
Jennings was found by Iohmann in low-nitrogen double V welds. Gerritsen and
Schoenmaker(75) attribute the increase to the closing of pores under the hammer,

6
Peening did not appear to be beneficial in Wilson's fatigisz }:ests of welded

*
girder-to-column connections., 4
Hot Forging i
The effect of hot forging has been closely studied by Becker(27) . jﬁlt_\-ﬁ;
Pester and Schnlz(ul) y end Hoffmann(77). The Lehr short-cycle method was used :'d':
by Becker to evaluate the rotating bend endurance limits of his specimens; this

method has been shown by Bartels(zs) to give slightly higher values for welds

then the 10 x 106 cycle method, The specimens were oll-cooled during test to
~ A
meintein their temperature at 20°C., The specimens were machined from 60° doudle o
k V welds in 3/4* plete (0.1 C, O.4 Mn, 0,15 Cu) using IC are (bare electrode, -:}'::‘
. 0.08 C, 0.’45 Mn, 0.0 S1), gas, and atomic hydrogen (filler rod in both cases: : f
0.10 ¢, 0.4 Mn, 0,12 S1). The specimens were heated in a gas furnace to three T
forging temperatures: :Z‘_i
. . - 800 1050 1200 oC Furnace Temperature. - 4
- 700 950 1050 ©C Final Temperature. 0
R
» &
A R
______________________ .
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Reductions of 20 and NO% were nade using tae same number and weight of

blows in each case,

The 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

ie beneficial but is less so at temperatures of about 1200°C on account of

incresse in grain sige. Becker expleins the effect of forging as an equilization

of internal stress and en’lomogenization of the structure of the weld. The effect

of forging appeared to be indenendent of carbon and menganese 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

Sehulz using the rotating-beam machine (10 x 106 cycles).

in the following table,

The results are shown

Effect of Hot Forging on Ges Welds., Pester and Schulz(ul) (1932)

Material %21;2 Endursnce Limit psi Percentage Decrease
Unwelded - 2k, 600 0.0
Unforged Fore-hand 18,800 23.7
Forged " 21,400 13.3
Unforged Back-hend 18,500 2l.9
Forged . 23,600 5.4

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

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

steel hae alsc been showvn by Kleiner and Bossert”g)- Hoffmann(77) found

increases of 75 to 1004 in fatigue value due to forging (details not given) of

welds mede with coated and cored electrodes (0,07 ¢, 0,65 to 2.8 Mn) in mild

and lowm-alloy steels,

the fatigue value of welds in Aldrey wire (see

..................
...................
...............
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l'riedmann(79) showed that hammering was beneficial to
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P ~ section on Alloys, Non-Ferrous). ZBierett(la) states, however, thet forging in

i general has little effect on the fatigue strength of welds (no details given).
. Johnson(ss) end Reiter(so) believe that the good fatigue strength of flash welds
b 1s accounted for by the hot work involved in the process, Nevertheless, Etter(&) ‘:
E 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,

"W"
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Cold Work

Py

The advantage derived by cold working welds has been mentlioned on

several occasions, for example by Miller<82). Hoffmann(s}) , and Hobrock(gm,

dhamastiot e Beuca s 2 d s

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

POFOT I

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

strength of shet welds by cold working and Hobrock believes that it is quite
possible that spot welds in Duralumin, cold worked or pre-stiressed below the

natural elastic limit, mey have ilmproved fatigue characteristics., The local

application of repeated smell loads might not only relieve stress concentrations
but might raise the endurence limit of the annealed region adjacent to welds. j
The former effect has been auply demonstrated by Iumdwik, and more recently by ]

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

e

threads, and filleted and drilled shafts,
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Yechining ~20- ,
To date, fatigue tests show that for medium- and high~quality arc
welds, butt or fillet, in structurel steel, intelligent removal of undercuttirg
": and other surfece notches, or reinforcement by maechining 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 faetigue value has been investigated mainly B

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

(10) s gh(68)

machine have been reported by Gra.f(G) , Schick , Henkins and

b Thorpe(ao), and Memmler, Bierett, and Gehler(g). Graf showed that well-made L
butt arc welds have & pulsating tension fatigue strengti of up to 27,000 psi r

(2 x 10 cycles) end that this is increased to 34,000 psi by machining the weld

L‘- flush or by carefully grinding out all notches so that there is a gradual ‘__
transition from plate to weld cross-sectlion. On the other hand, Schick using

the same tyne of machine (pulsator) es Graf found that machined bare-electrode

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

'
i
A

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

/

IR0 I N

unmachined butt welds., This is confirmed by Haigh vho tested low-grade welds.,
Tests by lee and Parla'(al) shoved that 70° V welde (slag-coated electrodes:

. P
ot P VS
) P A

i N )

0.15 0, 0.10 Si, 0.57 Mn) in plate having a tensile strength of 71,000 psi hal

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

was mechined flusi 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, BHankins and

J
Y

Thorpe using high-class covered electrodes and double V welds found that the
puleating tension fatigue limit unmachined was 17,500 psi; by machining flush

the value was raised to 31,200 psi, parent metal giving 34, 700 pei. (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 Goodmen diagrem b
Tig 6 for flush-machined and unmachined doudle V welds in two thickmesses of
low-alloy, high-strength structural steel emphasizes the increased importance ::f-";
of machining in ettaining maximum fatigue values for high-strength structural —
steel. The graph also shows that the effect of machining becomes negligible
with high superimposed statictensile loads. Machining is also beneficial for
austenitic welds, as Ka:utz(55) has shown (see section on Alloys).




RN T Y T

-21-
The effect of machining i1s at least as beneficial for fillet as for
J 8
3 - 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, Blerett,
and Gehler. The welds were made with bare electrodes in mild steel; the radius
l of the machined ends of the welds was 1 3/8 inches. The tests were performed on
the pulsating bridge (see Appendix A). As shown in the small diagrams the thick-
ness and breadth of plate metal were % inch und 4% inches respectively. Schick
E 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 108
. Su So
2 VIA 11,200 22,600 0.31 Inner end of
,5 weld, in strap
a
- ViB 11,400 22,800 2.10 Outer end of
- strap
- VIIA 11,400 22,800 0.91 Inner end of
d weld, in strap
: VIIB 11,100 22,500  1.63 Normal shear
weld
VIIIA 11,900 23,300 1.21 Inner end of
» weld, in strap
- VIIIB 12,100 23,500 2.48 n
> IXa 11,200 23,600 0.64 "

S

T :#—-mj— IXB 11,200 23,600 3.17 Normal shear weld .-,
- b 728—4 R

- A-Unmachined
> ° B-Machined inner ends

An exceedingly informative study of the effect of machining on the re-
15

versed-bend fatigue strength of T welds has been made by Thum and Lipp. It was
) shown that Tees, Fig (7), welded with bare electrodes without tapering of the
e T R s
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shank of the T-had a fatigue value (10 x 106 cycles) of 15,500 to 17,000 psi,

the Wohler curve not being horizontel. By machining the weld as shown in the
diagrem the Wohler curve was horizontal at 10 x 106 at a value of 22,800 to
24,200 psi. larger Tees (18" high, W' wide, 3/4' thick) gave e lower increesse
than the smé,ller Tee due to removal of the notch by filing or grinding at the
transition from weld to plate. The scatter decreased frow 20% in the unmachined

specinens to 10% in the mechined specimens. It was also shown that the reversed-

bend fatigue strength of polished round bers of mild steel was not effedted by
welding with bare electrodes (27,000 psi).
. (1) (23) (1)
Three other investigators, Roberts*™™ 7 Leltner , &nd Orr*'™ also

find that mechining raises the reversed-bend fatigue strenzth of butt welds,
Roberts found that by machining bare electrode welds in 1/2" mild steel plate
to 3/8" thiek the fatigue value (magnetic impulses synchronized with natural
frequency) was equal to parent metal. A smell improvement of 10 to 15% due to
flush machining wes observed in atomic hydrogen welds (Swedish iron rod) as
well as 1n arc welds. JAccording 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 pei 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 netal end that this
wes raised to 70% by machining. Brown and Orr\®?) found that welds mechined
flush have precticelly the same reversed bend fatigue limit as unmachined welds,
nanely, 21,500 psi, Using plate having a rotating bend fatigue limit of 23,600
psi, Tmmshend(gs) found that flush mechined X welds had 2 fatizue limit of
21,400 - 22,400 psi, but ummachined only 16,900 psi (no material or welding
details).

Leitner(87) states that welds prepared with corec electrodes are
improved in fatigue value (details not given) up to 4,000 vsi by grinding off
the reinforcement, and Schuster(gs)

reinforcement of boiler welds should be ground off. Bierettua) shows that by
machining the tension stressed area of a butt weld connecting two mild steel

advises that vwherever possible the

T beams, the fatigue fracture develops in parent metal not near the weld. In
general the weld reinfarcement should not be removed, the notches and surface
irregularities in the weld end its immediate vicinity being removed by grinding;
planing is not usually eufficient because notcies are not necessarily removed.

1'.
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The rounding off of the inner ends of parallel shear fillet welds by portable '
millers is recommended for improvement of fatigue value. Hoffmann(ss) also
notes the improvement in fatigue value to be expected by machining,

That mechining may be undesirable in certain types of welds is shown
by Peterson and J ennings(B) who tested low-carbon ell-weld-metal deposited by
bare electrodes in a rotating-cantilever mechine. The ummachined deposit had
a fatigue limit of 12,000 to 16,000 psi; machining lowered this to 9,000 to . :
13,000 psi. The decrease was attributed to tie exposure of internal pores by 2

machining, surface notchee being in germeral more detrimental then interior

----------
.......................

notches. It is also possible that blowholes on thie surface mey transmit . ]

defarmations to adjacent material more readily than #constrained" internal ) _-Q
discontinuities, especially in impect loading. The rotating bend fetigue )

value of gas, arc, and flash-welded tubes in rotating-beam fatigue wes found - A4

to be prectically unchenged by machining (See R R Moore and Johnson whose '

work is summarized in the section on Tubes). {
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The reversed-bend fatigue value of low-nitrogen double V arc welds
in structural steel plate was shown by LohmannGu) to be considerably raised
by machining away the reinforcement, as the following table shows:

The Effect of Machining on the Reversed-Bend Fatigue Limits (psi)
of Double V Welds. Lohmenn (1933).

Pulsating Bend Patigue Limit (O to Max) Reversed-Bend Fatigue Limit
Materiel Unmachined | lMachined Unmechined Machined
0.08C, 0.5 Mn 25,600 | 39,800 17,100 24,200
0,18, 0.0 5%, R
1.0kn, 0.7Cw, 0.5Cr } 32,700 45,500 21,400 24,200

He concelves that 1t is the purely stress concentrating effect of the reinforce-~
ment that eccounts for the benefits derived from machining, and gives the
following values for artificial reinforcements on plates of ths low-alloy steel

mentioned in the above . table:

Reversed-Bend

Type of Unwelded Specimen Fatigue Limit psi

Smooth surface, milling marks perpendi-

cular to axis of stress p 32,700
Artificial reinforcement 1 mm high * 21,300
ft ] 2 N L] + 19,900

n " 3 0 T 17,100

The figures are revealing but their interpretation must not be too
rasily attempted, All results indicete however thaet in welds,as in other
structural elements, removel or addition of metal may have quite unexpected
effects on fatigue strength and thet the designer and weldiny engineer should

bear them in mind,

---------------------------------------------
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_ WELDING TECHNIQUE

. Scarf Angle » ,

: Scarf angle is importent for fatigue value only insofar as penetre- ’ W

: tion is concerned, according to Bierett(la) who recommends thet scarf angle - jfs

| be as small as possible consistent with good penetration. Jennings(89) found _ j
)

the following rotating bend fatigue limits for low-carbon, bere electrode
welds in hot-rolled steel nlate having an endurance linmit of 27,000 psi:

Jennings! Results with Different Scarf Angles (1930)

-

4
’ Type and Apzle gurence Limit psi : 1
0° 16,000 :

. 3007 21,000 ]
Y507 20,100 !
300X 16,200 fj'
i Lsox 17,800 _____‘

(90) L

The specimens wmere 0,30 inch diameter. Dornen , using two types of scarfs 1
on double V welds in mild steel plate (Kjellber electrodes): (4) 70° with no 1
spacing; (B) 120° with 3/6W" specing, found.that the latter was sumerior in _ﬁ
low frequency fatigue (8cpm). At ¥ 20,000 psi unmachined welds of type (4) )
withstood less than 16,000 cycles whereas typme (B) withstood 50,000 (average of
14 specimens) . The scatter was lower for type (B) (+100; ~L0), ad only a

little higher then for unwelded mild steel. An increase in root spacing?frell as

the use of small diameter electrodes forthe starting run is also recommended :
by Scheechterle(9d), ;
Vend X - :
The relative merit of single V welds as compared to double V in -
fatigue 1s decided by Jennings'! tests given above in favor of the single V.
Thornton(ga) found that double V welds gas and arc in mild steel gave 5,000 nsi
less cantilever fatigue strength than similar single V welds, Bock(93) also T ]
finds that single V welds are superior to double V but only to the extent of
1,570 psi RO

........................................................................................................
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(16). and Ros and

for well-made covered electrode welds. Bierett(67), Roberts
Eichinger(7). however, find that there is no difference between the two types.
Rog and Eichinger qualify their statement to include only welds perpendicular
to the axis of tension., If the welded sean lies in the direction of tension,
differences are rovealed as shown in the following table, The stress cycle was
between + 1,500 psi and + 27,000 psi; plate thickness; 5/8 inch, The stress
anneel was beneficial only for these welds in the direction of stress, not for
welds trensverse to the axis of tension, which suggests that the high
longitudinal shrinkagze stresses may have an effect on fatigue behavior. It may
also explain the superiority of the double V joint as compared with the single
V; after both had undergone & stress relieving treetment.

Pulsator Tests on Unaachined Arc Welds in Mild Steel Parallsl
to the Axis of Tension. (RoB and Eichinger, 1935)

Type of Weld | double V butt weld |V welds | X welds 300 cpm.
e with Vis offset
As Welded 716,500 343,500 267,400 cycles to failure
Stress Anneal 958, 800 692,800 878,500 n
_6500C., (Unbroken)

The increase in fatigue value to be obtained by using butt welds
inclined to the axls of tension is particularly demonstrated by the results of
Diepschlag, Metting, and Old.enburg(9u). shown in Fig. 8, There is a linear
increase in puleating tension fatigue strength with increase in angle betwesn
weld and the normal to the tensile load. This is confirmed by the results of

6), Figs 9 and 10., and Bierett(la) for semi~circular and other butt

Gra:t(
welds. The latter and others believe however that the inclined or curved butt
weld is Justified in locatlons where sensitivity to production defects is
expected; the angle between weld and the axis of load should never be less than

45c,  Furthermore, the magnitude of

.
. , “.' oo
PN DU Sy SV SOy TN W S V|

ok b

I
1

1
P TR S

)

.. PR
. PR
‘. . ]
Adhod ao'a a's’s

‘A




Ot Reout Sn Josen s |

—~————

~27-

shrinizege stresses, esvnecially with arc welding, is not kmown in thess joints,
Scha.echterle(gl) and Graf(s) show that fallure in static tension in butt welds
occurs in the parent metal but in fatigue the butt weld, even the inclined
tyne, starts to fail in the wsld.
Current and Reverse Run

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 centilever fatigue limits (': 3%) in the tests reported by J ennings(95).
Fatigue tests on welds made with different sizes of electrodes showed variations
that are nrobably to be ascribed to varlations in workmenship. Leitner(sn and

(96)

Vincent show that a reverse run ralses the direct ténsile and reversed-bend
fatigue strengths in mild and alloy steel by 10 to 20%. In the extensive
pulsator testes merformed by Gra,f(s) butt welds, erc or ges, that were not
carefully reverse-welded had 30 to 50% lower pulsating tension fatigue

strength than welds that had Yeen cerefully reverse welded. The German

investigators in general recommend reverse-welding vherever possible. The

reverse run is immortant becauss it eliminates notch-effect at the root of
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ﬂ - the V, not because it refines the grain structure. -
Plate_Thiclmess
S The effect of increasing plate thickness on tie fatizue value of
. welds is adverse. Jennings(89) found that a small cantilever specimen 0.469 inch -
diameter gave 14,400 pei, a large cantilever specimen 2-1/L inches dieameter giv- .
ing only 10,000 psi. Both snecimens were 450 double V welds in mild steel
Ea using 5/32" bare lomcarbon eteel electrodes, 150 emp. (analysis of plate and -
electrodes not given). He ascribes this size effect to residual stresses and
is concurred therein by Ro# and Eichinger”). These investigators observed that
P— the pulsating tension fatigue limit of the junction zone naterial was: Butt .
welds 19,900 to 21,800 psi; T end normal- end parallel-shear joints 11,300 to "
17,100 »si the lower value being obtained for samples from thick plates (about
—~ the upper applying to medium size plates (about 1/2%),
E 1*),/  Annealin; raises the pulsating tension fatigue value of the junction —
zone somewhat (no data given). Graf(97) ehowed that the pulsating fatigue
; strength of structural steel with fleme-cut surface depended on plate thickness,
E the plate containing e transverse hole. In 1-9/16" plate the value was M--q
| 27,500 to 29,000 psi; in 3-1/8" plate, 23,200 to 25,600 psi. H. T. Lev.vis(59),

however, found that fatigue cracizs apneered to about the same extent after

et T
ST e e
Y I SR WS WL

b 227,000 cycles at 29,700 psl in all three of the equally stressed necks (dla-
meters: 1", 0.91%, and 0.79") in a composite rotating cantilever specimen of
mild steel with recesses containing weld metal (no deteils). The rotating

g bend fatigue tests performed by Ehrt and Kﬁhnelt(gs) on different zones of a
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shaft (0.664C) built up with different kinds of wear resisting electrode

deposits confims Lewis's conclusions,
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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}‘ who performed
their tests, summarized in the following table

Pulsator Tests of Weld Elements - Schulz and Buchholtz (1933)

Element Percentage of Pulsating Tension Fatigue
Strength of Mechined Flat Bar

[ %  1Plate with hole 5/8" diam. 76%
C——8—— plate with rivet 64

[ & ] Transverse bead (arc) on one side 757
Transverse bead " both sides 39
[:::EEE{:::]Longitudinal bead on one sids 43
n " " both sides 39
:q—_—_: Stud on one side 84

C:%::, Stud on both sides 86
(=T Rectangular strap 34

SRt - 2

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 39,800 psi as determined on a machined rectangular bar.
According to Bierettf” 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 psl 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. Schaecterle? gives the following values for
pulsating tension fatigue strength of mild steel and low-alloy structural steel.
(Dimensions of specimen: 237 x 1 3/16n.)
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Pulsating Tension Fatigue Strength psi

Condition Mild Steel Low-~Alloy Structural
Steel
. With mill scale 21,300 to 34,200 34,200 to 51,000
With mill scale and central hole 25,600 to 28,500 28,500 to 31,300 -
Fith 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: %" gtraps 3/8" 11,400 11,400 -
ditto with tapered seams and S
machining 17,100 17,100 -
Butt weld; V or 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

according to Hochheim® “whose results are given below:

Lower Stress Upper Stress Pulsations
17,100 51,500 2x 106 unbroken
8,600 25,600 2 x 10° unbroken L
C
8,600 25,600 730,000 fructure o

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 ji»l
objectionable are the fat.gue tests of models of butt welds in reversed bending 'vfﬂ
by Lohmann (quoted above) and by Schulz and Buchholtz. These tests indicated o
that, for the thickness of plate used (not stéted), an artificial "reinforcement"
1/12 inch high machined in unwelded plate in medium-carbon or low-alloy structural
steel reduced the fatigue value by 30%. A perfect weld therefore will probably

[ give a reversed bend fatigue of much lower value than the parent metal. Baudm‘

states that the points of meximum stress concentration indicated photoelastically

in models of welds are confirmed by fatigue tests, but the degree of magnitude of

i‘ concentrution is much less in the fatigue test than in the photoelastic specimen.
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There are three types of heat treatment applied to welds: 1. full

snneeling, 2. sgtress emnealing, 3. hardening end tempering. 3By full anneael-
ing ebove Ac3 he static strength of the weld is generally decreased, internsl '

stresses are removed, and grain size is refined. Stress annealing has much

less effect on grain size and static strenzth than full ennealing. Quenching
end tempering is generally applied only to welds in medium~ or high-cerbon
alloy steels. The effect of the first two treatments on the fatigue strength of
welds is a matter of controversy, btut the beneficial effect of the third tyme of

treatiuent on welds in aircraft tubing and rall steels is shom by Ward(loa) '

(103) (80) (104)

Beissner , and Reiter « Bremner also states that wmelds in aircraft )
steels should be heat treated for best fatigue behavior,
1 gli -

The effect of full annealing on the rotating- and reversed-bend

h
strength of arc welds in wmild and low-alloy steels has been studied by Lohma.ngj ). :

His results show that annealing (880 to 920°C) is detrimental to welds with

medium or high nitrogen content, above about 0.0hj% Na. but is beneficial when
the nitrogen content is below 0.04% The difference between tne as-welded and
the ennealed specimens was never more than 3,000 psi, however, Lohmann and

SchulzGu), ang Hodge(&lthe latter gives no details), however, have found that

there is no connection between the nltrogen content of welds end their fatigue

value. The results of French suggest that the fatigue value of age-susceptible p
welds may be raised by tencile over-streesing, In materials that are not
. susceptible to stress-aging, tensile overstressing lowers the fatigue value. 1
Bartels(1°5) showed that the rotating-bend value of ges welds in mild steel
' and cast iron as not improved by ennealing, that welds in silumin were :
.. ® adversely affected, and that welds in copper were slightly improved by full 3 .41

o ennealing. Brown(mG) also showed that full annealing was disestrous to the - 1
reversed-bend fatigue 1limit of gas welds in 5/16 inch mild eteel plate, the "

fatigue limit ms-melded being T 25,000 pei, and after smnesling only T 1l,000 e

,,,,,,,,
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lowered the reversed-bend fatigue limit in double V arc welds in mild steel o
» from 19,200 to 15,500 pel, sccording to Lear 7.  But Sulzer®D), ustng tne :
E . - rotating-beam machine found that arc welded mild steel was raised from 1k4,500

n v psi es-weldsd to 22,400 psi after full emnealing. Furthermore, Bum(los)' and .

Scmlz and Buchholtz(ls) recommend the full annealing of welded structures to

-:_Z: avoid service fatigue failures,
The effect of ennealing is closely related to the grain size, as

t Peterson and J ennings(n) have showm. By annealing bare-electrode all-weld-

e metal. for 2 hours at 1700°F they observed a 30% decrease in cantilever—fatigue S
E limit which they ascribed to coarse grain, although Harvey and Whitney(as) could o
detect no effect of grain size on the corrosion fatigue of mild steel. This :

effect of coarse grain on fatigue limit waes developed by Thornton(ah) a8 &

theory of the fatigue fallure of welds vhereby the difference in grain size and
hardness between weld and bvase metal is said to account for the low fatigue -
strength of welds. The grain size effect has however been shown by Lolmann and
Schulz“u) and others to be secondary, for weld fatigue failure in rotating- and
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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 P—j

Graf(g-n on fleme-cut surfaces in structural stesl (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 S
28,500 psi in pulsating bending. After heating for one hour at 885°C followed 3
by alr-cooling, the section being 1-1/2" x 1-1/8", the grain size at the surface ,_:
was Tefined and the pulsating bending origin fatigue limit rose to 37,000 pei. T
However, by grinding the rough oxy-cut surface to remove surface irregularities ) ]
without removing the zone of coarse-grained materisl, the pulsating-bens value 2
was raised to over 55,000 psi. Graf therefore concludes that oxy~cut surface L
need be machined only deep enough to eliminate surface irregularities; there is
no need to remove the coarse-gralned zone., Similar tests(gu) on flame cut sur-
feces of low-alloy structural steel (static temsile strength 74,000 psi) showed
a fatigue limit of 34,6100 psi compared with 38,L00 vsi for a sawn surface.
Ground or milled flame cut surfaces had intermediete values, Melharat(1%9founa
that oxy-cut surfaces in mild steel had slightly better reversed bend fatigue -
strength than plened surfaces, tested parallel or perpendicular to the direction :
of plening, At a reversed stress in the extreme fibers of t}l,}OO psi the oxy-
cut surface withstood 2,25 x 106 cycles to fracgu.re whereas the parallel and

'.": transverse planed specimens falled after 2.0x10 and lese than 1 x 10° cycles, -
i respectively. 1
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The annealing effect of gms welding on the adjacent plate was found Wy

Kleiner and Bossert”s) 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.
ower a 70% wider gone in fore-hand than in back-hand welds.

This decrease extends

These investigators

bellieve that the coarse graln structure of gee welds prevents their attaining

the same fatigue value as the base metal.

Of the contrary opinion are Musatti

and Beggiori(sg), vho supply experimental proof in the following table.

Musatti end Reggiori's Results (193W)

......

Brinell | Fatigue | Tensile Endurance
Specimen Hardness| Limit psi| Strength | Batio= m
Parent Metal 170 41,000 85, 500 0.u8
Double V Weld - 27,600 81,500 0.34
All-Weld-Metal - 29,000 | 83,700 0.35
Overheated Parent Metal 220 47,000 | 100,000 0.47

The parent metal contained 0.23 C, 0.8 in, 0,3 8if the electrode conteining

being

0,08 C, O.UMn, 0.01 S1 and / coated with a mixture conteining 124 caco3.
19% Te-Mn (80% Mn), 3% Pyrolusite, 37% red Hematite, 6% Fe-Si-Ti, 23% Sodium

Silicete (90% accounted for),
Widmennstatten structure which did not however injure fatigue strength.

The overheated bDa%e metal had a coarse

Other

cdonsiderations point as well to the relative unimportance of the metellographic

structure of welds in mild steel so far as fetigue is concerned,

Occasionglly the fatigue fallure of welds has been observed in the

heat-affected transition zone between weld and bege metal, especially in the

overheated structure of tubes (Fre.nko(llo) , Baumghr “1(111)’ Iard.(ma).

Koffmnn(ua)). The heat-affected zone, it is supposed, may act in two ways.
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(1) The Widmennstatten structure in the overheated zone is undesirable
in fatigue., BExisting fatigue values of unannealed cest steel or overheated
rolled steel show that in neither meterial ie the fatigue limit below that
expected from the static tensile strength. Indeed, v6r(25) demonstrated that
slip lines, which precede fatigue cracks, form less readily in the Widmannstaetten
struocture of flash welds in low carbon steels during rotating bend fatigue tests
then in the as-rolled structure. Rosemhein{l}3) has suggested that the weakest
gone 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 dase metel and ‘weld acts in some way as a source of stress concentra-
tion which lowers the fatigue value. Thls hypothesis is stated most convincing-
1y by Diepschlag, Matting, and Oldemburg'?" and mentioned also by Thormton 2™,
who noted that fatigue cracks never started in large Widmannstatten grain
boundaries, and by Brenner( 10k) and Schaechterle( ll)-b).

Eloiner end Bossert!’®), and Bo and Bichinger'!) showed that the
heat-affected rone had a fatigue value intermediate between weld metal and plate,
the former showing that in gas welds in mild steel the rotating-bend fatigue
velue of the weld was 30 to 50% below plate metal, the transition zone only 10%
below plate metal. Bierett and Gr'uning(us) also point out that if the heat-
effected zone were the cause of fatigue fallure, the procedure of depositing
concave weld beads with smooth gradval surface transitions which produces a
larger heat~affected zone should be expected to lower the fatigue value.
Actually the fatigue value is comsiderably increased.

The two types of explanations may perhaps suffice for the very small
proportion of fatigue fallures that demonstradbly occur in the heat-affected zone

of welds. It cannot be said that the presence of this gzone is more than a minor
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factor in the fatigue of welds. In this connection, Vér(28) found that in
flesh welds in medium-cerbon steels, fatigue crecks had a strong tendency to
develop and spread in previously-formed slip lines in the network of ferrite.
The slip lines tended te 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(ls-’) 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 base metal,
Stress Annealing
Full anneeling 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 1is confirmed by all
who have studied the prodblem.Peterson and J ennings(n) found that the cantilever
fatigue 1limit of unmachined bare eslectrode weld metal was scarcely affected by
two hours at 1000°F. Thornton' 2, Bod and Hichinger(®, orr{™), and
Aysslinger(ns) found that stress annealing was beneficisl. The first-named
found that a covered electrode low-carbon V weld which had a cantilever fatigue
limit of 27,000 psi wes raised to 28,500 psi by stress amnealing. The results

obtained by Orr {tabulated in the section on low-alloy steels) indicate an
increese of up to 15% due to stress annealing 1/2 hour at 600¢C 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 Rof and Bichinger, are!

Stress
Direction of Stress Unannegled | Annealed 650C
Butt weld perpendicular to axis of tersion | 18,500 psi 21,400 pei
i " " perallel to axis of tension 22, 800 25, 700

Coated electrode butt welds (10 x 70 mm cross-section in structurel steel plate
having a pulsating tension fatigue strength (2 x 106 cycles) of 29,900 psi)

were raised from 21,400 psi as welded to 22,800 vei after stress annealing at
500-600°C, according to Aysslinger.
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Bamee(gs) and Lohmann and Sclmlzuu). on the other hand, found

| e that stress ennealing is definitely hammful. Using 1/W 3-1/2% Nickel and
medium-carbon steels, Barnes found that stress annealing at 600°C lowered the
number of cycles withkslood by dipped electrode welds on the Upton-Lewis

i machine at 30,000 pei by as much as 100% in several cases; bare electrode ,
(1.0 ¥1, 0.5 Cr) welds suffered least by stress annealing. The reversed- and :

Do pulsating-bend fatigue strengths oWhined low-nitrogen arc welds in mild

. steel plate (0.08 C, 0.5 Mn) were lo;véred from 24,200 and 39,900, rempectively,

e

. [ RERAN
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as welded to 21,400 and 38,400 psi after etress annealing at 650°C, eccording
to Lohmann and Schulz.

. The results show that the gemuine beneficial effect of stress
ennealing on impact behavior end bend values does not extend to fatigue
characteristics, Opinions based on experience and theoretical considerations

i are more numerous than 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 enneeling depends on process and materials,
- according to Gra.f(s) ’

Shrinkage Stresses

Shrinkage or residual stresses are actual stresses, usually local

s in charecter, existing in plate and weld metal during or after welding, In 1
the welding of unrestrained parts, the stresses are confined to the vicinity ~
of the welded seam itself; the shrinkage stresses due to closing welds in a ]
rigid structure mey be distributed throughout the structure. Shrinkage i
stresses are created by local heating into the "plastic" etate followed by ]
cooling, and must be clearly distinguished from shrinkage cracke and from
plastic permanent deformation due to shrinkage at elevated temmeratures. At

the present time the extent and even the character of the effect of shrinkage
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- stresses on fatigue limit appear to be matters of debate. Some of the
e availeble information is summerized in other sections (see sections on stress -~-<
anneeling and on tubes). :~'_'_::_;f~

Of those who have discussed the subject, the majority believe that

shrinkage stresses have a significant effect on the fatigue value of welds. S

However, Tohnson(®®) and Bod ana Eichinger(s'n edduce almost the only experi-

mental evidence. Johnson found that the rotating bend fatigue limit of flash-
) welded Cr-Mo alrcraft tubing having an as-welded value of 24,000 psi was -
raised to 32,000 psi by stress annealing at 950°F. Rod and Bichinger's
results have been discussed in the section on V and X welds., The vibration
tests of Messrs. Accles and Pollock, Bimingham, England, as described by .
Roosenschoon(lls). showed that the high shrinkege stresses in welded structures 4

of chromium~-molybdenum alrcraft tubing were responsible for poor vibration

resistance, Boatcher(117). Kinkead(ng) ’ Jacobus(119), and Stone and Ritts%-zo)

believe, on the basis of service results (details not given), and Becker(27) ——d

PR . . v

and Schaechterle(lal), on other grounds, that shrinkage stresses detract from

fatigue value,
i Those of opposite opinion have presented more evidence, but the -"—1
(73) i

problem is by no means solved. Feterson and Jennings proved that shrink- ‘
age stresses were not the cause of the low rotating-bend fatigue value of
unmachined all-weld-metal deposited by low-carbon, bare electrodes. ILohmann
and Schulzuu) also regard shrinkege stresses as of no importance in fatigue
because all fatigue failures in rotating- and reversed-bend followed blow holes.
i Stress ammealing had & 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 Buchholtz(ls) concluded that shrinkage
" stresses camnot be very important, This may be nartly expleined by the
| results of Démen(lee) that the shrinkage stress in melded beams may be less

than in rolled sections of the same dimensions,
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Scinlz and Buchholtz have also found that internal stresses in

unwelded, quenched bars are somewhat equelized during fatigue testing.
Buchioltz(123) es well as 6raz'® states that in welds with high ductility end

X , 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

»w .

loading. Orr(n) end Boulton(lan). however, are of the opinion that stress '— W
5 ) concentration factors o tained by photoelastic and similar studies do not apply .
i,; | to actual welds under conditions of fatigue because as soon as plastic yielding - 1

occurs the unfavorable strese distribution is relieved. Possibly this is -
- connected with the effect of understressing in raising the apparent fatigue -
i linit, noted by Vér(2® and Bartes® for welds. Bernnara*2¥, in nis
portable nulsator tests of riveted bridges strengthened by welding, observed :
no effects that he could attribute to shrinkage stresses. ﬂ
' A good demonstration of the release of stresses durlng fatigue tests i

mas given by Siebel and Pfender(lzs) , Who measured the permasnent bulging - 1
: outwards of a gas-welded patch on a boiler drum during a npulsating pressure
:.l test. The patch caused a considereble bulge inwards of the shell and the

shrinkage stresses were estimated (not measured) to be beyond the yleld point, © g
Measurements of the bulge were masde at verious times during the pulsating- '

pressure test, the stress pulsating between 2,140 and 19,900 psi. The first

' o
A
adhad b

cycle of stress ceused a recovery of nearly 1% although the stress was well ~ 4
below the yield point of the boller plate (35,600-37,000 pei). Recovery '3}:3;4

S
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 (8" wide, 9/16" thick) by heating both sides with welding torches.
After loading statically to 28,400 psi the internal stress in the direction of
breadth wes decreased from 35,600 pei maximum to 22,700 pei maximum, After
10,000 cyclee at a lower stress of 5,700,upper stress of 28,400 psi, further
release of internal stress occurred, particularly in the axis of tension.
Blerett (1267 deanced from the fact that, for the same steel,
(S - Su) in Goodman diagrams (see section on machining) decreased more rapidly
for welds lying in the axies of tension than for welds transverse thereto,that
the shrinkege stresses, which are close to the yield point, parallel to the seam
have more effect on fatigue than shrinkage stresses perpendicular to the seam.
Blerett concludes however that if shrinkege stresses are not too high they have
little effect on fatigue. He also shows that the shrinkesge stresses in plates
free to move during welding, ¥ig. 11, put the edges in compression., This is a

protection to the edge of the seam where fatigue fallure usually starts. The
usual laboratory specimen cut from a large plate does not have this protection.
Kantz(55) determined that stress annealing, which is intended to
reise toughness and impact value, is not required fora:stenitic welds in non-
aging boliler plate; shrinkage stresses have no effect on fatigue because they
are largely eliminated by the first loading and vesides are partly relisved at

ordinary operating temperatures. Keautz bent an unwelded mild steel bar in an
arc, amnealed tie bar, and then bent it straight again, The internal stress
distrivution thus created resembled welding stresses. This stressed bar had the
same fatigue limit in pulsating tension as a normalized, unstressed bar. Thie
was in agreement with pulsating pressure tests of as-welded bollers in which the
fatigue limit was close to that obtained on pulsator specimens. Komerell(lb'z)

came to similar conclusions on the basis of similar tests,

Although the exnerimentael evidence eppears to support the view thet
shrinkage stresses play a minor pert, if any, in the fatigue characteristics of
welds, the vroblem 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 ceses. When fatigue test results on a wider
variety of welds and welded structures under differsnt ranges of stress with
respect to yield strength become available, it will be possible to reech more
definite conclusions than at present.
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CARBON CONTENT
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 seme heavy-
coated electrodes (0.1C, 0.U-0,6% Mn) for all steels. His results indicated
that the carbon content of the plate had no effect on the endurance limit,21, 400
to 22,800 pei, but that the endurence ratio: Sp /Sy, ., decreased from 0.l with

0.1 C to 0.2 with 0.7 C. His results are given in the following table.

Reversed Benthatigue Imit (10 x 100 cycles) of Butt Welded Carbon
2L ‘ 2 mill scale s :

UNWELDED ARC WELDED BAS WELDED

Reversed Lightly
Carbon |[|Tensils [Bend Heavy Covered Cored Aastenitici Alloyed
Content [|Strength|Fatigue |Covered Alloy Electrode|Electrode | Filler

V S I R A

of Plate| psil Limit Electrode| Electrode [Alloyed (Nicrothexrmi Rod
psi (1) (1.5%n) (2)  (2) (3) (|
0.11 | 57,000 | 22,800 | 22,800 | 22,800 | 19,900 | 18,500 | 22,800 —
0.30 81,000 | 28,500 21,300 [not deter~! 19,900 |not deter- 28,500 =T
mined mined :
0.38 1§ 92,500 | 29,900 | 21,300 | 21,300 | 21,300 19,900 23,700
0.56 | 98,500 | 28,500 22,800 |not deter~| 19,900 |not deter-{f 24,200
mined mined T
0.68 121,000 | 31,400 | 22,80 | 21,300 | 19,900 19,520 | 24,200 | |

(1) low-alloy structurasl steel, minimum tensile strength 73,000 nsi.
(2) analysis not given

(3) 0.16, 0,8 51, 1.3 ¥n, 20 Ni, 25 Cr, 0,019 Ny, 0,040 0p

(%) avout 1.,Cr, 0.2Mo.

(28) also found that the fatigue limits of polished flash welds

Yer
in rotating bending (Retjé-Ceonka oil-pressure machine) was 28,400 to 33,400
psi in the range 0.05 to 0.6U4C, the 0.6Y4% C specimens giving 29,900 vpsi. The

ratio of fatigue to tensile strength of the welds decreased from 0.51 (0.08%C)

.
IR
Coss.'a

to 0.29 (0.6440). Svecimens conteining 0.86%C had a higher fatigue limit,

39,000 psi,but a lomer retio, 0,28.
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- A steel containing 0.08%C (tensile strength 58,000 psi) had a slight-
1y higher rotating beem fatlgue limit with cored or bare electrodes, according
to Lohmenn end Schulzeu) s then a plain-carbon steel containing 0.27% C (tensile

strength, unwelded, 78,000 psi), but the reverse was true for covered electrodes.

.T.T_f'.'.‘vvfﬁi Torer

- Carbon Rotating~-Beam Fatigue Limit psi
, Content Bere 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 fabisue tests on gas and arc welded tubes by iiller 125

Hoffma.nn(na), and Wegelius(lag) elso demonstrated that there was searcely any

edvantage in reising the carbon content, particularly bdeyond 0.35% in plein-

carbon and alloy tubes, and that the scatter in fatigue results increased with
(18)

3B

carbon content., Schuwlz and Buchholtz state that the direct~tension fatigue

value is generally lower in steels with 0.25%C than in steels with 0.10-0.75%C.

Welds in steels with 0.2W4C have 20 to 30% lower fatigue valves in direct tension
than steels with 0.164C 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

mechined 60° double V welds in plate containing O.I%C was studied by Becker(27)

using the Lehr short-cycle method. Although the filler rods contained 0,1 to

: 0.3240 all welds had about the mame carbon content (0.04-0.06). For
' ges welds both as-welded and after forging (40% reduction at 1050-950°C) there
- was an increese of 20% in fatigue value as the carbon content of the filler rod
was raised to 0.32%, tut in DC arc and atomic hydrogen welds there
» P wes no clearly defined effect. Becker surmised, without analytical
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data, that the beneficilal effect of increased carbon content in the

'
LI

electrode was associated with a corresponding decrease in oxygen content

!
'
ek

in the weld. C
There is obviously a need for a comprehensive fatigue study of 7 P
welds with various known carbon contents both es-welded and after mechani-
cel and thermsl treatment. At present the inability of carbon to ralse the
fatigue value in welds appeers to be attribvuted to the greater alr-~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 .':‘;.j:

greater porosity,
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Low-Alloy, High-Strength Structurpl Steels

The fatigue value of welds in low-alloy, high-strength structural
steels of the types contalning Mn, Si, Cu, 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(s) found pulsating tension fatigue strengths from 21,400 to 31,300 psi

in arc-welded, unmachined butt welds in low-alloy steel (composition not stated;

maximum tensile strength 74,000 psi, lmown as St 52, and generally containing

up to 1.5 Mn, 0.2 Mo, 0.7 Cr, 0.7 Ou, or 0,5 8i). Komerell(uo)

gives 12,800
pei to 25,600 as the pulsating tension fatigue velues of mild steel butt welds
and 21,400 to 25,600 for St 52, In neither case was process (gas or arc) or
type of filler rod of eny importence, although there was less scatter in the
resulte with gas welds. The maximum velues found in any specimen were 27,000
pel for mild steel and 31,300 psl in 8% 52, The latter value is obtained in
mild steel butt welds if the weld is inclined U5° to the axis of loading, end
is exceeded by mechined mild steel butt welds (34,100 psi).

These tests, vhich 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 adventage over mild steel in fatigue except at high values

of superimposed tension, as Schaechterle's diagrem shows, Fig. 12, Graf (6)
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demonstrated that the same was true for fillet welds, and other investigators 4
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(la) found, butt welds in St 52 parallel to the axis of temsion

have practically the same pulsating tensile fatigue value as in mild steel Z"Ef:_f;;

i (cored or coated electrods) except above about 50,000 psi superimposed tension ‘
7 where St 52 is superior. o
o In Totating-bend fatigue, lohmamn® ") found thet butt welds in mild
& steel and St 52 (0.18 ¢, 0.7 Cr, O.4 Ou, 1.0 Mn) with bare and cored electrodes : 4

had the seame fatigue limit, but with covered electrodes St 52 gave 25,700 psi
as compared with 20,000 for mild steel (0,08%C, O.5Mn). In alternating and

H-. ' pulsating bend, annealed butt wmelds in mild steel and St 52 had about the

same fatigue limits s 28,500 psi (alternating bend value of machined specimens) .

Gerritsen and Schoez:maker(75) also found no difference in fatigue limit in

rotating bending between mild steel and 5t 52 as the following table shows.

The electrode used for St 52 contained 0.35 Ma, 0.50 Cr, 0,30 Cu. An all-weld- -
metal specimen therefrom had a fatigue limit of 30,600 psi. The composition :;lfij:;
of the electrode far mild steel was not stated. The specimens were turned :;:EZQ::
sl

from V butt welds in 1" plate, . |
Gerritsen end Schoenmeker's Results J

Steel Engurence Limit pei | 1

1,0-1.3 Mn, 0,15-0,25 Mo, 0.35 Cu | . 30, 600 1

0.7-1.0 Mn, 0.4 -0.6 Cr, 0.6~1.0 Cu 30,200 5

1.2-1,6 Mn, 0,3-0.6 Cu 27,200 o

Mild Steel 30,200 :
Thierens(13L), end Schoenmaier’132) | however, found that welded St 52 ]

had consideraebly higher rotating- and reversed-bend and torsion fatigue limits
than mild steel but that the fetigue values for St 52 were lowered 5 to 30%

by welding,but in mild steel welding did not lower the fatigue limits (see
Appendix B, Tables 2 and 4). Eater' 33 also found that welded St 52, in the

form of unstiffened I beems, gave e higher fatigue value 37,000 (27,000) than
mild steel 31,000 (23,500); these values represent the maximum and mean stress-

e
RN
el .

1
'

(PTG STy

A e

es in the extreme fibers, not in the welds. .

.......................

.....
L DY




“.,.—v't‘,.'.’,.."?i v

r » 2 7
. y
'-' .I . :
DA PR

w L,
 J

At e Tt
-------

...................

..14.5.

The reversed-bend fatigue values of several high-strength structural
steels have been determined by

Reversed~Bend Value of Unmachined Arc Welds. Orr

. (Stanton and |
Indurance  Limit psi Pennell Method)

Materilal Composition Plate |UnmechinedMechined Flush]

Mild Steel - 4 26,900 | 21,300 21,300
________ 21,700 24,900

Alloy Steel|0.25C, 1.5 Mn % 210 2

n " |0.28 C, 1.0 Mn, 0.50u ~ ~ = - BU%-——, 288 -E‘S 020020 -

" ] . . . . 8 23,700
0280,083&1,05611,0601‘33'500 R =
" " (0.35C, 1,1 Mn, 0.6 Or - - ~ ~|A 38,600 25, 600 29, 800

4 ~ as welded
B - stress annealed 600°C, 1/2 hour, furnace cool

...................
..............

Orr(n) , 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 then that of mild steel, but the
maximm improvement in fatigue limit was only 22%.

It 1s shown in a later section that the relatively low fatigue
values of low alloy structurel 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(18) found thet models of welds with
2 mm high reinforcement machined from solid mild steel or low-alloy structural
steel gave 21,400 and 24,200 pel respectively in elternating direct tension-
compression end that both steels gave 40,000 pei in pulsating tension. These
values are shout 30% lower than the fatigue limits for flat plate and
represent the maximum fatigue values that can be obtained in perfect,
unmachined melds. The average fatigue value o low-alloy structural steel
conteining a hole in pulsating tension is 28,500, for mild steel 25,600 psi,

according to Graf,
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Recently, Diepschlag, lMatting, and Oldanburg(gu) 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 C, 0.61 si, 0.95 Mn, 0,46 Cu, 0,17 Mo; and 0.18 C, 0,38 Si, 0,72 Mn,
0.26 Cr, 0.51 Cu, 0,07 Mo) using four coated electrodes with different contents
of Mn, Cu, end Cr, and one ges rod containing 3.3% Ni, The pulsating fatigue
strength thus appears to be closely related to differences in modulus of
elesticity 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 testis on flash welds between various steels that the fatigue
value c¢f a flash weld between two different steels is less than the fatigue
value of the weaker partner. The Ilarger the difference in modulus of
elasticity between the pair of steels, the greater is the percentage decrease
in fetigue 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 modull in order to minimize shear forces and stress
peaks caused by cross-sectlonal 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 obtalned by a weld metal similar to the plate, Thus Orr(n)

- explaine his own results and reconciles them with Brown(%°) » who found that

the alternating direct stress fatigne value of a series of welds in mild steel

with different electrodes was in inverse proportion to the static strength of
ell-weld-uetal deposited by the electrodes. Jennings(Bk) also found that the
rotating bend fatigue 1imit of a hot rolled steel to cast steel weld (bare or

coated electrode) was lower than either the welded cast steel or welded
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hot-rolled steel. Sulzar(ss) , on the other hand, showed that a T formed by

welding a steelcasting to boiler plate had about 70% higher reversed-bend

fatigue vaelue that & boller plate-to~boiler plate weld. The high fatigue
value of austenitic welds, determined by Schick(lo) and Kecutz(ss) also appears
difficult to reconcile with the elastic-modulus theory.

. Manganese as an alloying element in filler rod (up to 3.15% Man) and
weld (up to 2,44 Mn) with the content of other elements held constant was 1
shown by Becker(an to have very little effect on rotating-bend fatigue value -
a8 determined by the Lehr short-cycle method. Becker used the IC arc with ﬁ,-".,
bare electrodes, gas, and atomic hydrogen processes. -4

The question of suitable alloy combinations in structural steel from

the standpoint of the fatigue value of welds has been reised by surprisingly
few investigators. Mangeness, state Schulz and Buchholtz(18), 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 stroctural steels sometimes tend to air harden aefter welding, w

perticularly in light sections and after arc welding; eilicon or copper on

this account, would seem to be better additions than chromium or manganese.
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’ Othe loy Steels

- e The fatigue value of V butt welds by the atomic hydrogen process in

v - .

F plate containing 0.28/0.350, 0.5 Mn, 1.1 Or, 2.0 Ni, 0.25/0.40 Mo, has been o
K- L
E:Z determined by Woinman(19) using the cantilever machine and three alloy filler Y
~ rods, A4 rod conteining 0,470, 1.98 Si, gave the highest fatigue value in the - }
Loty

weld (25,000/35,000 psi) btut in the form of all-weld-metal this rod was infer-

ior to & rod containing O0.46C and 3.4 Ni (35,000/40,000 psi). However,

‘
ralaua

Weinman concludes that fatigue value in general is a function of the composi-

tlon of filler rod not plate metal. 'I’hornton(92) » 8180 using the cantilever

-
4

1
'Y

machine, showed that chromium-vanadium and carbon-vanadium welding rods gave
higher fatigue values in gas welded boiler plate than low-carbon rods.

The comparative fatigue value of chromium~molybésnum electrodes was
higher then chromium-nickel or 3~1/2% Ni electrodes in plate containing 0,320,
3,4 N4, according to MoMams 135) using the Upton-lewis reversed-bend machine.
Barnes (96) using this type of mechine, showed that, as a rule, welds in plate
conteining 3-+1/2% N1 withstood 20 times as meny cycles at 30,000 psi as plain

medium-carbon plate, e low-carbon electrode (0.13/0,18%C) being superior to

chromium-vanadivm (0.89 Cr, 0.15 V) or nickel-chromium (1.0 Ni, 0,5 Cr)

electrodes for voth plates.

- dnstenitic Steels
®
' 4 The roteting-bend corrosion fatigue limit of welds in 18-8 Rezistal .

‘:I“-' KA2 plate and rod (0.074C) is reported by Harvey and co-workers (see section L
on Corrosion Fatigue). The fatigue strength of spot welded V24 (18-8), thin e l:

. sheet, is 11,400 psi, according to unsigned Gemen results, The same strength ,
'\s_'. ' was found in ges welded and arc welded plates 0.2" thick. The tensile strength -9

o of the weld:d sheet was 128,000 psi; of the unwelded sheet 213,000 psi. The

fatigue limit of spot welded 18-8 is estimated by Hoffma.nsgj) to be 26,000 to
! ’ 31,000 pei, and of an 18-8 containing 0.1C, 1.3 Ta to be 37,000 psi.

The fatigue value of eustenitic welds in mild steel plate has been
determined by Keute 55) . Schick(m) , and Schanrock(136) « EKrupp's Niec rotherm
patented sustenitic electrode conteining about 0,1C,0.854,1.3Mn,20.N1,25Cr,
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0.019 N2, and 0.04 0, was used. Keutz gives 0.2 C, 18,4 N3, 22.3 Or, 0.044 N,
and 0.05 0, a8 a typical weld enalysis in Izett plate and found that the
pulsating tension fatigue strength of such unmechined welds was 24, 200 pei, of
the machined welds, 28,800 psi. The pulsating tension fatigue atrength of
¥icr-otherm welds in low-alloy structural steel (composition end type of

specimen not stated) is given by Schonrock as 25,600 to 27,000 psi as compared

with 22,800 to 24,200 vsi for the same plate welded with & light-coated low-

*_71 = elloy - electrode. Machined V welds in mild steel using

k austenitic electrodes have & pulsating diret-tension fatigue limit, according
3 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.

th Steel and Cast Iron

The rotating-bend fatigue limit of cast steel welds is 15,800 psi

(bare slectrode, cast kerf, 0.28 G, 0.8 Mn, 0.47 S1) according to Jennin®™,
end sbout 10,500 psi (0.24 C, 0.6 Mn, 0,8 Or, 1.2 Ni, O.4 Mo; shielded arc),
according to White and co—work:ers(]'3 0 + Both investigators and Sulzer(GS)

(T joints) give fatigue values for steel casting-to rolled steel welds,

The roteting-bend fatigue limit of cast iron (3.12% total C, 2.3u%
graphite, 2.65 Si, 1,05 Mn, 0.37 P, 0.027 8, 0,06 Cu) with andfrithout the cast
skin, vhich had a very fine graphite eutectic structure, has been investigated

by Bartelsgs) using short-cycle as well as the usual Wdhler methods, The ende

o 0.79 inch bars were turned to Y5° cones and cold welded by gas with a cast
iron rod (3.4 C, 3.15 Si, 0.9 Mn, 0.7 P, trace S) using a flux. The sveciiens
with skin were verticelly cast and were welded in a jig to held the bars con-

centric. The results are given in the table at the top of the next page.

The anneeled specimens were brought to a yellow heat with two torches, held

several minutes, and cooled in sand, or held 3/4 hour at 950-1000°C in en
electric furnace, Bartels concludes that the decrease in fatigue strength by
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welding is proportionately less than the decrease in tensile strength, for
spec imens 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 strenmgths than single welds.

Rorating-Bend Patigue Limits of Welded Cast Iron.Bartels, 1930

Tensile Stremngth Endurence Limit (10 x 1.06 Cycles)psi
Cast Iron Unwelded | Welded || Unwelded | Welded Welded A.nnealedr
without skin | 27,000 | 10,000 | 10,700 8,500 8,500
with skin 38,400 | 35,200 | 28,500 | 25,600 22, 800

The cantilever fatigue limit of gas welds, U45° V¥, in l-inch cast iron
(3.46 total G, 0,74 sombined G, 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(l38) .
Brazing

Pulsator tests on two "Sildo" brazed specimens (composition not
stated) of mild steel, 1-1/2" x 1/4* cross-section, 106 cycles, gave 28,500
psi and 32,200 psi as the pulsating tension fatigue strength by the step-up
method, as Kee1(139) has shown., He also found that the reversed bend fatigue
limit of the brazed joint, 3/U¥ x 3/8' crose-section was 20,000 psi,
uckame(135) states that & brazed joint (alumimm bronze) in steel containing
0.32 €, 3.4 N1, is inferior in reversed bending, Upton-Lewis machine, than
welded jointe using alloy #teel electroies,
Non~ferrcus Metals

Only one investigator, Bartelsos) s has made an extensive study of
the f;tigao properties of welds in non-ferrous metals and alloys., Bartels
determined the rotating-beem fatigus limit of copper (99.62% Cu using copner
welding wire end a flux), aluminum (weld analysis: 98,6 41, 0.7 Cu, 0.2 Fe),
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silumin (weld analysis: 10.14 81, 0.46 Ou, 0.70 Fe), and sopper-silumin
Y N e
e (weld analysis: 9.80 Si, 1.03 Cu, 0.77 Pe; pure silumin rod). All specimens R

were cold welded with acetylene. The results are summerized in the following

table, .'?:'..tftﬁ
Rotating-Bend Tatieue Linits of Nom-fersous Welds. Bartels (1930 | o
|___Endurance Limits x.10° Cycles| :
Tensile Strength (psi) Welded L
L Material Unwelded Welded Unwelded Welded | Annealed Lo
LE Copper 39,000 17,700 12,100 5,700 6,400
& Aluminum 17,400 13,400 ~w8,500 ~~8,500 - )
| Silumin 19,500 6,250 7,800 10, 700 5,000 B
Copper-Silumin 16,600 10, 100 9,300 11,%00 -
-
-

The copper welds were peened at & 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 welds were not; the anneeled specimens were
torch heated for about ten minutes and cooled in sand. The torch-annealed .w:
o i
n copper-silumin welds were so brittle that they broke during mechining
i Understressing raised the epparent fatigue limit in both the aluminum and the
silumin welds, and a specimen of silumin containing tvo welds in its stressed - 4
. length hed a fatigus limit of 12,100 pei. -]
!‘w The reversed-bend fatigue limit of welded copper, aluminum and R
Aldrey wires (about 0.1 inch diam.) has been determined by Friedma.nn(79) whose R
:j?:: results are given in the table at the top of the next pege. The problem of
P\ t preventing fracture in the grips of the Féppl-Heydekampf machine, which epnlies 5:;
a uniform bending moment over the entire epecimen was solved by using cardboard - ::
o pecking and cold-rolling the ends of the wires in anminear the grips. The heat -‘_;'.Q:‘:
) - P of welding softened the hard-drawn alumimum wire and heat treated Aldrey so R
o .
.. e
e o
) .'"_:'.;
— 1
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that fracture occurred in the weld even after filing. After being hammerel,

. the Aldrey specimens usually broke in the Dduge metal, S
_ Reversed-Bend Fatigue Limits of Welded Non-Ferrous Wire. Friedmann (1935)

- . 5z(Welded)

E Material Fatigue Limit Sp(2 x 106 cycles) 8¢ (Unwelded)

% Soft Copper 9,500 - 10,200 0.50 - 0.57 )

: Lumimm (99,55 A1) Filed < 5,500 - 6,600 0.50 - 0.59

e Aldrey 0,4-0.7 §i 8,100 - 12,200 0.51 - 0,77 .
g 0.3-0.5 Mg “ . 4
: " welded,filed,hemmered 10,700 - 12,400 0.67 - 0.78 i
h Aside from the fatigue value of gas welded copper given by Laute ::__-_:::
, (see the following section on Corrosion-Fatizue) and a note by Hom(l)"o) on the :
N

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 tut was only 13,000 psi when welded with the type of fleme usual 2
. for steel: the filler rod had the same composition as the plate, which haed a g :
f fatigue limit of 23,400 psi. -
...'-i".' » j‘ti
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CORROSION FATIGUE

The rotating bend fatigue strength of meciined welds in tep water at

'
=

. /
p room temperature has been stuided by Harvey and cowork’ers(as) . Whoge results are

summarized in the table below.

Rotating bend fatigue limit psi(70x10° reversals)
S Material Welding Process |In 4ir ( G E Thornton) In Tap Water
b
‘ Firebox steel|unwelded 32,500 14,000(McAdem)
about 0.20 C
n Mash 25,000 2l,000
" Oxy-acetylene 12,500 (low-carbon
rod) 19,000
" Atomic hydrogen 12,500 17,000~18,000
Covered electrods - 14, 000
¥ Bare electrode 7,500 (X weld) 9,000
18-8 (0.07C) |Unwelded 28,000-29,000 4,000
" Flash - ,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 18-8 specimens was not the same for the different welding processes. )
Harvey concluded that when the welded joint haes a higher corrosion fatigue linit
then bgse metal the weld is cathodic and is not attacked by the corrosive

sgent, Grain size did not appear to be a factor in corrosion fatigue.

Using a high~frequency direct tenslon-compresgion machine (30,000

SR see next page
L. cycles per minute), La:ute(lul) obtained the following values/for welded and

. sold.ered.6m11d steel and electrolytic copper. The criterion of fatigue limit was
® 100 x 10~ cycles; at this stage all the Wohler curves had become horizontal

The results witi nild

D
ded atnd ol A

except the curve for unwelded mild steel in tap water,
Bteel agree with Harvey's in that welding actuelly improves the corrosion fatigue

It is doubtful therefore whether the explanetion offered by Ro8 and

resistance.

PV Sy SN e

7
Bichinger is correct, namely that poor penetration and other defects in welds,

as in cast iron, are far more important then 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,
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| 54
4 'S Corrosion Fatigue Results (Laute) ;
p .
Fatigue Limit pei
2 Material Condition Air Water
. Mild Steel Hot Rolled 2,100 9,200
‘ L Arc Welded 14,500 9,500
S LI Soldered 14,200 9,900
Copper Gold Drawn 15,600 15,600 -
" Annealed, Coarse Grain 9,400 9,400
" . Gas welded 3,000 2,400
" Soldered 5, 300 5, 800
The reversed-bend fatigue limit of & brazed joint in mild steel was 7
found by Keel(]‘}g) to be unaffected by tap water. The fatigue limit was close . ;
e
to 20,000 pei both in air and tap water, but the results of only one specimen ‘
are reported and the step~up method of loeding was adopted. A4 reversed-bend
fatigue machine for testing lerge specimens of riveted and welded boiler plate
in hot and cold corrosive agents has been described by Gough and Clenshaw(lua) =
F but their tests are still in progress,
>
» o
v




METHODS QF DESIGN

Methods of designing welded structures on the basis of fatigue have
been discussed on & number of occasions, especially during the past few years,
and have been embodied in the national standards of Germeny end Austria and in
important specifications in Switzerland and the U. S. A, These methods of
design are complicated and will be only briefly summerized in the following
paragrephs.,

Germany

Although, strictly speeking, the netional standards of Geruany (e.s.

D I N 4100: Specifications for Welded Steel Structures, 193Y4) give no design
information, the new Specifications for Welded Plate - Girder Rallway Bridgegluz')
edopted in August 1935 by the German State Railweys, fully outline the methods

of design, and, in ;.ddition, require that electrodes pass fatigue tests. The
specifications apply not only to plate-girder rallway bridges (not highway bridges
but to traveling platforms (not traveling cranes) and to turntebles. Both mild
steel (52,500 pei minimum tensile strength, St 37) and low-slloy high-strength
structurel stesl (74,000 psi min. tensile strength, St 52) are covered by the
specification.

In addition to the usual static, bend, and notch-impact tests, filler

rods for railroad bridgesmust attain the following sivengths.
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56 5
Pulsating Tension Fatigue Strength psi el
Type of joint Mild Steel Low-Alloy Structural S
Steel ]
(Min, tensile strength (Min. tensile strength o *j
53000 psi) 74,000) )
236 Double V transverse, 19,900 21,300 .
- T i 1- unmachined S
1 3
tz:mmnm _’f S " transverse, -
15.8° — © machined# 24,200 25,600 ]
- P

W - " Jongitudinal,
3 unmachined 24,200 25,600 3

« Q3T
-~-- }5 #machining marks lle in the axis of loading

15.8"——l
These minimum fatigue strengths must be developed at 2 x 108 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 90° 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.
THe specimens are made as good as possible. No other country includes fatigue
tests in welding rod specificatiobs. At present it is considered that the

machined transverse specification ig the easiest to rfulfill using cored or coated

electrodes and probably also bare. The requirements of the unmachined specimen

will force progress in developing electrodes thut 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 pusses in

only one of the two specimens, that is, if two different electrodes must be used on

the job. ]
Fundamentally the same sysiem of computing permissible working stiresses

is used 88 in riveted construction. The diagrams showing permissible stresses ]
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of welds in all types of fatigue and service, Yigs 1Y and 15, are based on the

- Kuratorium teeta(6) discussed in the section on Results of Tests and on the -

fect that joint quality is variable. Iine I (&), (b) refers to the %voce metal
: in the welded bridge and is used in calculating cross-section, weight, and
I econony of welded construction, For St 37 this line is identical for welded end -
rivetedconstruction; for S5t 52 the riveted has higher permissible stresses., All |

Line II butt welds must be X-rayed. Reverse welding must be done unless it is

3

L structurally impossible and tatt welds to joint plates are alweys 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 "Gemma® mesthod,

§ = (Gama)‘;—i’-

where M = maximun bending moment (algebraic) N :
-%—- = gection modulus
S = stress in weld designed for fatigue, and "“1
]

Gemma.

The algebraic maximum bending moment is that cslculated with the numerically

the fatigue factor.

largest static plue traffic load including the impact factor but not including
fatigue., The values of the Germa factor are given for all values of min.
M/max. M from -1 to+l; for example for St 37 in pulsating tension Gemma = 1.0,
but for St 52 in heavy traffic Gemms = 1,944 when min. i = - max M,

In order to telze account of the fact that the fatigue strength of a
weld devpends on the tyne and form of Joint and deposit, the stress determined by

application of the Gamme factor is further reduced by a shape factor, *Alpha".
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S = 8-183{-3%% S pernissible stress (19,900 pei for St3 7; 29,900 for St 52).

A list of 20 values of the alphe fector is given in the snecifications for both

steels. The fundamentel values of alphe for tension (or compression) and shear

-

are 1,0 and 0.8 respectively for unwelded bdase metal in the form of beams, etc. o .
and cover plates 1n both steels. The values of both alphe and gamme factor are
derived from Figs 14 and 15, According to Kl'dppel(lhu) , truss bridges are not - -
yet welded on the German Rallweys on account of the low fatigue strength of
fillet welds. Adrian(]'%) states that certain specifications for Stationary
Bollers require welding rods to pass an alternsting tension fatigue test as well
as notch~-impact and ege-notch~ lmpact tests,
Switzerland

The enactment(lus) of the Swiss federel authorities and the Swiss

r
L
I PR T

Association of Engineers and Architects concerning the design, construction, and
maintenence of structures in steel and reinforced concrete contains design 1
methods for welds bassd, like the Germen methods, on pulsator tests performed in N
the Swiss government materials testing laborataries. These tests showed that j
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 pei. The diagrams are plotted ‘1
to the equation g

sf=se(1+o.u§) ,
where Sf = stress in weld designed far fatigus,

Ss = L n " " " static load,

end A and B are the minimum and meximum velues resoectively of the forces,

. e e
Bdandd o s PR

moments, or stresses with their algebraic sign. Butt welds in coupression are

assigned the seme stresses as unwelded mild steel. Thic is somevhat in agreement
™ th the German diegrams which show higher origin fatigue strengths in comoress- o]

ion than in tenelon though the respective yield strengthes are the same.
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Butt welds in tension ere given only 1/1.U the stresses allowed in unwelded
mild steel. Fillet (normal- or parallel-sheer) and tutt fillet (double T) welds
have only 0.5 the stresses allowed in butt welds stressed in tension., The factor

0.5 compares with the alphe factor 0.65 of the Germen tzbles for fillet welds.

dustrig
(1k7)

The Austrien svecifications for Welded Steel Construction
(Cnorm B 2332, 1934) epply only to mild steel St 37 and to welding rods contain-
ing not more than 0,30 ¢, 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 formulas

i 1
8¢ = 12(1/1 + le - % 1) G/
where m is the fatigue factor, equel, for example, to 0.4 for traveling cranes
and 0,0 for tanks,

U. S. A,
Design stresses for welded highway and railway dbridges under fatigue

conditions are calculated, according t the specifications of the Arerican Weld~
ing Society (1936), according to dlegrems similer in conception to the German
end Swiss., The specifications refer to the use of covered electrodes only. The
method end examples of its applicatlon are completely described and illustrated
by numericel exemples in Appendix A, peges 38, to LM, of the Specifications,

The Swedish ship inspection service, according to Ringdahl(l’*S) .
requires fatigue tests on 12 specimens, 0,59 inch dianeter, cut from a test weld,
of which 8 must withstend 5 x 100 cycles at 14,200 psi without fracture.

Dutilleul introduced a rotating bend fatigue test of V welds in the

welding specifications of the French larine Nationele, Port de Brest, 1933,
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Other Methads

ﬂ . Although fatigue investigators have often warned thaet taelr results
- were not to be used directly for design (Iolnna.nngu) ' Dorey(lug) , Bec]mann(l%)) ,

there have been a mumber of efforts besides those listed in the preceding

AR
e A .
R
N

section to embody fatigue strengthe in design calculations, Early attempts made

R

151
by Stone and Ritter(lao) » who applied Soderberg!s princinle to welds, Sandelov(vsg',yz

Fish(152), and others, and recent suggestions by Hovey(153). end Ro# and

|
'
»
>
.

Eichinger(S) wore not basicelly different from the latest methods. All methods
apply factars to an assumed or ectud fatigue strength, as described in the AWS
Specifications, In welded marine constructlon, eccording to Brown(lsu) , design
stresses are computed with a factor of safety of 3 on the endurance limit of the
electrode. Hobrock(®¥) states that in elrcraft structures not mere then 80%7£he
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(lss) show that section economy cen be achieved by basing the section - 4
modulus on plastic rather then elastic deformation. They retain the yield
strength and customary design factors in their method and suggest that stresses

due to the locel heat of welding may be neglected, as Kommerellls tests(l)g) - 4

showed.,

A well-developed method of welding design has recently been explained

by Bobek(lss), who gives an illustrative example of a welded rotor. He points

A s s 4 b

out that in rotor sections, the welds undergo the same fatigue cycles as the

shaft due to its rotating bending. To the stresses computed accordling to
D
‘ standard Germen practice, Bobeic adds 20% to allow for shrinkage stresses znl
stress concentrations caused by shape, tims obtailning the everage stress Sp.
- <+
SD = Sm R S‘
d . where 5, is the alternating stress. SD is then rmmltinliec by three factors to

"a ‘A A aA pmn’

.,
.
a

obtain the design stress:

b}, due to shave of seam

'ba, Gue to quality of weld, and
b3. due to the notch effect associated with the type of joint.
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The factor bz is 1.0 for dense, pore-free welds, and 0.5 for usual structural

AP anafdings . SEEEEEEEER
P A
4
-
&

[ welds.  The factor by is given by the VDI fatigue diagrams for the different g
F grades of steel. Bobeﬁ‘;resents the following tentative values for factor by. ; o :
» Fatigue Factors for the Design of Welded Muchinery. (Bobek, - 1936) 1
Type_of Joint Kind of Load B o *

Double V all 1 X J

Single V all 1 ]

Double V with gap A 0.6 .

x Double V with gap B 0.8 . 1

VJouble V with gap c 0.6 ' - g

A l 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 :-'i-?i-j}

Symmetrical fillet without taper (flush) A 0.6 .;:;.;

_ i Symmetrical fillet without taper (flush) B 0.8 T
» ————  Symmetrical fillet without taper (flush) c 0.6 ]
b I One-sided fillet without taper (flush) A 0.4 o
‘»A - One-sided fillet without taper (flush) B 0.2 o
S —  One-sided fillet without taper (flush) c 0.4
: A= tension B= compression ,'j:f.:.i
o C= shear, parallel snd perpendicular to seam o
. All welds are assumed root welded, and with combined loads the ﬁ __;1
less favorable value of b;- is chosen. "
- -
> o
» i
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REPEATED IMPACT
Although the repeated immpact test has been rarely used in this country
and was discarded many years ago in Englend, it is finding increesing favor in
Gemany(157) « A test is known es a repeated impact test whose cycle of load

— ey
T SIS o, SEAMEIE Y B
.

consiste 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 & load cycle is often
encountered in machine parts and bolted reill joints, but seldom in structural
members. Repeated impact tests on welds are used with three intentions:

1. of measuring a material constant;

2, of determing the general endurance properties of a weld quickly:
a quasl fatigue testis

3, of reproducing service conditions,

The machine for tests of the first type is the Stanton, or a bend-
impact machine desigmed on its principles, such as the Eden~Foster or the Krupp.
The specimen for the latter machine is cylindrical and is notched in the center
of its span, The impact is epplied as & four-point bending loed at equal

distances from the notch, which usually hes & generous radius, about 0.3" radius,

0.0l deep. The impact load is a welght actueted by en lmuediate-release cam

and the svecimen is usually rotated 120" betwsen blows. By not allowing the
hammer to strike the critically loaded section, commplications 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 witl: the fatigue test depend-
ing upon conditions and the meterial. The number of blows and angle of rotation

are stated as the results of the test.
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The mechine used for reversed bend impact of T welds (Stromberger
i ' machine) is cam-actuated but tae impact loads are compressed-air pistons giving
200 cycles per mimute. In this, as in the other machines, the stresses due to

impect are not known and comparative results are obtalneble only on specimens

with identical dimensions, especielly of tlie 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 Gompany(lsg). Flush machined specimens were _ 1
tested in repeated reversed-bend imvact (Arnold machine). The ratingsof the |

different welding processes were: coated electrode, 100%, gas (Swedish iron rod) o

. A
Y POPLY W

U0%, cerbon erc end bare wire, 10% of the number of blows withstood by the
unwelded plate, Welds free from oxides and nitrides gave the best results.

Normalizing at 910°C had little effect,

The harmful effect of nitrides and annealing on double V arc welds
in four grades of structurel steel was aleo observed by ILohmenn and Schulz(Bu)
whose results show that for the repeated bend impact test (Erupp machine, round

notched specimen), electrode comryosition and the static tensile strength of the

plate are the important factors, Capecity for deformation and fatigue value are

oy e L

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

y
: S
L

with a bare alloyed (0.1 Cr, 0.7 Cu) electrode. Covered electrodes were better
. for the low-alloy structural steels, In all cases annealing lowered the number :ﬁ:'-‘ﬁi
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 ‘
> . unwelded plate. However, higher values for arc welds (coated electrodes) than

for the unwelded mild steel plate are reported by
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\; Passau(159) and by Joellenbeck and Massma.n.n(lGO) , and Schoenmker(lsl) found
that welds made with high-quality coated electrodes withstood 85% as many blows
as unwelded plate,

The above resulte on machined specimens leaving the repeated impact
question to a large extent open, Thum and Lipp(yj) , using a Stromberger machine,
investigated the comparative repeated impect velue of 1lli-inch, unmechined T
joints made of cast iron or cast steel, or welded (bare slectrode) -~ mild
steel, Wohler curves to 106 cycles plotted on the basis of kgem per blow
became horizontal for the cast steel at 5.4 in. 1b., for cast iron at 3.5 in 1b.,
but the curve for the welded T was not yet flat at 3.5 in. 1b. The shape of the
weld is of vital importance as shown by Fig. 16. Although in specimen 3 about
half the weld deposit was removed by filing, the Wohler curve most nearly
epproached that of the unwelded specimen. Mechined epecimens also had smoother
fractures, an indication of better dynamic behavior, and gave rmch less scatter.

Concave welds deposited by coated electrodes, specimen 4, showed little ultimete

superlority over bare-wire welds,

The repeated impact velue of gas welds in mild steel may be lower than
A in cest iron, es BartelsGs) hes shown in the table on the next page. These
i‘ results are for light impects (4.4 1b, load, 0.39 inch drop). For heavy
: impacte (8.8 1b., 0.39 inch) the mild steel welds are superior, however, The
| surprising fact that a cast iron weld having less then 10% the single-blow
‘? notched-bar impact velue of welds in mild steel is more resistant to repeated
light impact than the latter seems to be explained only by considering damping
cepaclty. As von Heydekempf hes shown, cast iron has a2 high demping capacity

!,-_' . and 1s consequently dynamically ductile and insensitive to destructdve notch

ot

end reaonance effects. The results suggest that the welding of mild steel with

e
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cast iron might Iinvolve improved reneated-impact resistence. The excentionally
high vealues for the welded cast iron mey be related to some extent to lts fine
fracture; the unwelded cast iron had a coarse fracture. Bartels! results on

non~ferrous welds break new ground, indeed. 4n unnotched ecast Silumin specimen

containing two welds withstood 137,000 light blows (4.1t 1bs.). Bartels also
b states that unmachined welds were generally more resistant to repeated impact
then unwelded specimens in ferrous materisls. o

Bartele! Results (EKrupp Machine), Machined Specimens

Repeated Impect Value, Number of Blows in Thousands 1

Material Unwelded | Ges Welded | Welded, Annealed ]
Cast iroen

without skin B4 2,305 219
Cest iron

with skin 92 3,000 * 7
Mild Steel 1,300 * 1,748 85
Copner 162 16 18
Aleminun 1 1 0.6
Silumin B 11 10

—
% unbroken

Rosenthal(me) has also thrown light on the obscure dynamic
. characteristice of welds. The repeated impact value of a duetile doudble T arc '
; weld, he found, wes only one-half that of the unwelded mild steel. By cold

harmering the junction between plate and reinfarcement, he was able to make Qﬁ.':j..'
. the weld withstand as many blows as the original plate, It eppears therefore

that Thum's rule, according to which light impacts within the elastic limit p
raise the fatigue value of the struck part, is valid also for welds under '

repeated impact. It remains to be seen vhether reduction of static ductility I

---------------------
....................
...........................................
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end similteneous increase in dynamic ductility or strength in the cold-worked
weld is connected with damping capacity, as in cest iron, or simply with imposed

compressive stress, The damping cavecity of welds, particularly porous welds,

does not seem to have been investigated. The statement by Prox(lsz) that
inclusions and blovholes have little effect on the repeated impact value of
welds may be significant in this connection.

The remeated bend impact test has been epplied by Schmit(10™ ¢o

(165)

surfaces built up by welding end by von Roessler to flame~cut surfaces.
Schmit found that, for surfacing plate and cast steel with low carbon steel, gas
was superlor to the DC arc, and that it is the denosit, not the heat-affected
zone, that injures the reneated lmpact resistence. The flame-cut surface, as
Roessler shows, is equivalent to a milled, and only about 10% inferior to e
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 originel fleme~cut surface hed superior

Repeeted bend impect tests made under the suspices of
(166)

repeated impact value.
the British Acetylene Welding and Consulting Bureaun
2-1/2" wide, 3/8" thick, showed thet welds made in flame-cut scarfe were super-

on mild steel specimens

lor to those deposited in machine-cut scarfs.

7,759 blows
8,483 "(average of 5 specimens)

9,092 "(average of 5 specimens)

The weld just protruded from the clemp and the blows were struck 5" from the

Unwelded Plate - = = - = - - -~
Arc Welded Machine Cut Bevel -
" " Flame "

. Co
FOPPP BT RN

weld at the rate of 600 per mimute.
4s a laboratory test - for the repeated impact testing machines have
en astonishing number of variables, relatively few of which have been investigates

~ the repeated impact test has undoubtedly yielded important infarmstion on

[N

properties not prominent in static or smooth-cycle fatigue tests. It must be

.
>

emphasized that the test mill remain emmpirical in nature until reliable, simple

L

methode for commting Lupact stresses in the vicinity of notches have been

(157) (161) (167

Daeves and Schoemnaker recomiend the test whereas Rolfe

(168)
and Sclmster regard it as unimportant,

developed.
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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 differsnce
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 revweated immect test has beea nut is the
wost frequent, namely: to reproduce service conditions. Whereas in the first
tyoe of tests the number of blows usually exceeds severel hundreds, the service
repeated impact test mey use only five or ten blows or may exceed 106 deneanding
upon the object of the test. Santilman(169), for exammle, reports a six-drop
test on a pertly-riveted, nartly-welded btridse nenber, Verzillo and Pizzuto(lYO)
describe a shop repeated impact machine for rotating crank axles, end the Rail
Joint Comnittee subjected some joints to over 3 x 106 cycles, Teylor and Jon$371)
tested 7 inch welded I beams (intermittent shielded arc welds) made of silicon
steel (0.27 C, 0.95 iin, 0.26 Si) and plain-carben structurel steel in reveated
bend impact (38 cnm) under a punch press. With the velds stressed to 79% of the
static tensile strengh, the silicon steel beam failed earlier thaa the plein
carbon. In a supplenentery test a silicon steel beam withstood 210,000 cycles
at MO% of the static tencile strength without failure. Asicde from the tests on
rail joints perhaps the most informative repeated immact test was that wade by
Jurczyk(l72) on fillet arc welds, a wodel of such a weld machined from & single
plece of steel, and a double-riveted Joint. The —elded specimens were equivalent

to tiae riveted in repected temsile inpact and rere 20% better then tiie mechined

moflels which had equal static tensile strength.
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RAIL JOINTS -68-
Tests of the endurance of rail joints are of three types: reneated
impact, nHulseting stress (smooth load cycle), and service. The most extensive )

tests of the first type were carried out by the Reil Joint Committee(173) who
devised a svecial machine with an eight-ton anvil for the yurpose. The 400 1b. ;gi
harmer struck the head of the joint centrally; the span was 22", height of fall ;”
6", and rate 50 to 75 blows per mimute., Certain tyoes of seam welded jolnts

gave the best results in this test, but they were not consistently good; butt,

thermit, and cast-iron joints followed in order. Using e similar trip-harmer '
machine (525 1b hermer, 40" between supports, 80 blows per minute, 5" drop),
JurczYk(l7u) found that seam~welded jolints made by a patented arc welding

process were 10% better than thermit joints, and six times better than the

bolted joint. The Erupp machine, on the other hand, gives first choice to

flash welded rail steels, thermit joints having only one-third as much repeated

lmpact velue, as Reiter(go)

thowed, N
The second and less severe type of testt pulsating stress, has
largely disnlaced repeeted impact because pulsator results are in terms of

a fatigue limit and are not merely couparative. Besides, the smooth load cycle -

of the pulsator more nearly duplicates service conditions in welded joints,
vhich eliminate hammer and anvil effect.

Stressing joints in reversed bending, Rod and Eichinger(37) determined
in 1932 that the thermit joint with a fatizue limit of over * 16,000 psi was
superior to their best arc welded joints vwhich failed below this value. Repeated
lnpact tests, homever, rated the joints in the reverse order, which was not
unexnected because the first blow in a drop test causes plaestic flow esnd

equalizes sirinkage stresses and notch effects.
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The majority of fatigue tests on rall joints have been carried out
with pulsating tensile stresses in the foot of the rail, Mblhardt(175) gives
19,200 psi as the pulsating tension fatigue limit for seem-welded joints contain-

ing 0.1% C end high nickel and mangenese. This is somewhat higher than the value
(175)

17,000 psi given by Gysen for Thermit joints but lower than that given by
,'  : Keel(176) for arc welded joints (27,000 psi), In the last instance the unwelded
reil had a rmuch lower fatigue value than the joint. Melhardt observed thet
fracture tended to start at the ends of weld beads on the outer edges of the
rall foot., (Golling end Tulacz(l77) report 27,000 psi as the pulsating bending

fatigue limit of oxy-ascetylene butt welded rail joints reinforced with welded

'v"'v

flange streps (filler rod not mentioned)., The unwelded rail had a fatigue 1limit

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 lO6 cycles in 2 30 3
years service, and Csilléry(l78) states that, in heavy traffic sections,

3.5 x 106

axles pess over & jolnt annually. Very fem laboratory tests of
Joints have extended beyond 2 x 106 cycles, Rail joint testing has not yet
included the vibration factor vhich adds only about 10% the maximum pulsating

gtress but operates at relatively high frequencies, as Adler(179) has shown.
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CREEP
The amount of quantitative data on the creep properties of welds is

E - surprieingly small, The limiting creep stresses determined by Stager and

(120)

r Zschokke are given below (no details):

- Liniting Tensile Creep Stress 1b/in®
k Material 3000C Looee 5000C

Mild Steel Plate 31,200 15,600 5, 700
All Weld Metal, gas 18,500 8,500 1,400
41l 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 .
Welded Joint, arc - 14, 200~15, 700 - (Appely) -

Being a composite of plate and weld me tal, the welded joint displays creep
properties intermediate between them. Above 400°C the welded Jjoint is equiva~
lent to mild stesl. Keel(181) used the Amsler and the Brown-Boveri creep

machines for creep tests on oxy~acetylene btutt welds in 0.39" boiler plate
(tensile strength 50,000 psi; weld metal analyzed 0.19 ¢, 0.80 Mn, 0.30 Si),
Plotting stress vs creep velocity and adopting 0,0024% strain per day as
criterion, the creep limits at 400 and 500°C are

up to 400oC -~ 13,%0 psi
" % 500°C - 4 600 pei

Keel concluded that oxy-acetylene butt welds have between 70% and 75% of the

creep strength of cast steel of similar analysis.
An intensive study of creep of welds in boiler plate (0.09C, 0.5 Mn,

heavy coated electrodes) at 400°C by Appaly(lsa) showed that the creep velocity

of n welded jolnt consisting of six double V welds in a gege 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 & combination of microstructure and stress

distribution. The creep stress Getermined by the long-time method (time of
test was up to 800 hours, and velocity = 107% per hour) was 12,800 psi for

9300C) the creep stress of the weld specimen was reduced to less than 12,800 psi
but the plate did not enpeer to suffer correspondingly. Stress annealing

(1/2 hr., 650°C) did not lower the creep stress of the weld so greatly as full
annealing., The 111 effects of amealing are tentatively said to be due to coarse
grain structure, Appely found that Sauerwald and Juretsek!s short-time method
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(creep stress is defined as elbow in plot of log elongation velocity at'th:q;nd
of one hour vs stress) is quite accurate for welds aund is superior to Pormp and
Ender's method (creep rate between fifth anc teuth hour less then 0.003% ner
hour.

Lea and P rker(al)determined the creep stress giving a creen rate of
1 x 107 and 1 x 107" inch/inch/hour et the twentieth day at temeratures between
325 and 575% using machined all-weld-metal specimens deposited by an electrode
analyzing 0,15C, 0,10 Si, 0.57 Mn and having en iron silicate coating containing
mangenese. A4t the critical temperature of water end steam, 3740C, the creen
rate (20 days) wes lees than 1 x 107° in/infagur ot 22,700 »ed. At U90CC the
corresnonding stress wes less than 9,000 psi. The creep charscteristics of weld
metal are not so good as the steel used in sunerheater tubee (analysis not given)
but are excellent excent under conditions of sunerheat. A covered electrods,
shielded arc (analysis not given) was also tested but was inferior to the sleg-
coated.

Creep rates in welded steam station pining at 850°F (U55°C) determined
by the single-step method are reported by White, Corey, and Clazk(l37).

Rete of Creep at 850°F., 15,000 psi tensile. % per 100,000 nrs.

Pipe meterial (0.33 C, 0.75 Mn, 0.04 Al (metallic) - - - - - - - - 1,1
Welded pipe-to-pipe~ - = = = = = = = = = = = = = = o - - - &~ - - 1.2
Welded pipe-to-casting (0.24C, 0.62Mn, 0.82Cr., 1.19Ni, 0.40Mo)- - 1.5 *

*reported as l.Z in Publication B5, Prime Movers Committee, Bdison Electric
Institute, 1934,

The welds were made by the shielded arc process and were drawn s 1100°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 wes

no appreciable creep at 850°F,

The creep characteristics of gas welds in cold-rolled steel at 360,
550, and 1000°F (180,290, and 540°C) have been studied by Ward(183) who concluded
that the welds have excellent creep resistance up to 4Y000F, In tae early stages
of creep,™elds are not so good as unwelded steel on account of their coarse
grein structure. Annezling at 16500F is detrimental to the creep properties of
welded and unwelded cold-rolled steel., According to Ro® and Eichinger the
creep limit of plate metal, especially under compressive stresses, may be very

meterially decreased in the vicinity of welds.
In view of the nmrobeble denendence of creem behavior on distribution

of strees and shape of snecimen, Bugden(lsu) determined creep data for the
deeign of welded steam vining frow actual Davaon joints. The weld (covered
slectrode) of such a joint in mild eteel 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, e bending moment of 12 f£t. tone, which increased the combined stress
in the weld to 95.6% of the proportional limit for 1220 hours at 805°F (4300C)
without objectionable creen. The average diemetral creep rate of the weld was

ebout 5 times that of the unwelded pipe, however,

! It is P 2 Smith's(lss) experience that tubes of lhydrozen-resistant

. steel cannot be Jolned by any ordinary process of arc welding without seriously

h affecting creep strength. The resistance butt welding process is therefore used,
Short-time high temmerature tensile tests of welds have been revorted

from e number of sources. In general the welds are not inferior to unwelded J

® materiel although Ward's results indicated that gas welds in the temperature

& renge 75 to 1450°F had only about 70% of the tensile strength of unwelded

ennealed plate. In the design of boilers Schuster(gg) recommends thet above

250°C the rated stress in the weld should be reduced below unwelded plate.
There is & serious lack of numerical information on the thermal coefficient of
expansion of weld metal, a fector which is especielly important for austenitic
melds In non-eging steel, as Hessler and Kautz(lg6) have shown,

Summarizing, the creen strength of welds in mild steel is probably

little if any inferior to unwelded plate up to 500°C elthough the initial creep

rate may be somewhat higher; full ennealing is not bensficial, That there will
shortly be more informetion on the high temperature properties of welds is

indicated by the fact that the research programs of several technical bodies at

P S
Dt lodb b o o

the present time include investigations on creep. Since, at the temrerature of
stress ennealing for mild steel, creep is able to eliminete shrinkage stresses
it hes been suzzested that creen is probebly a factor in welds of sorie non-

ferrous alloys even at room temmerature. g
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BOILERS
A summary of fatizue tests on welded boilers end drums is given in the

next page.
table on/ The cylinder tested by the & O Smith Corporation(187) (Joys and

the nenstock were closed by W' thick hemispherical shells. The pressure during
each cycle was built up slowly and released suddenly, 15 shocks per mimute,

k; The fracture of the fatigued drum revealed a very coarse grain structure.

' The John Wood Mfg. Compeny' 02 tested four tanks mith longituiinal

{ seam welded by electric resistance butt compression method. A quick acting

&. valve applied 150 to 160 psi water vressure 13 times per minute. Two of the
tenks 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 strees end

type of material not stated).
(189)

The tests reported by H ¥ Moore(5a) end Hodge embodied & smooth
8ine-wave cycle of load from zero to maximmm, 13 cycles per mimute. Over 25

shells were tested of which only a few are listed in the table. The plate for
the arc welded shells was ASME code plate (55,000 psi tensile). Deteils of the

Babcock and Wilcox processed electrode are not given. Slaz wae visible in the

frecture of some of the welde. All drums were stress annealed at 650°C, and the

......................
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Sumsary of Patigue Tests on Welded Boilers
' . [Fiber Stressed 1
[! . in weld, psi| No. of Location of ’ N
b Reported by Dimensions, etc. lower! upper: Cycles Fracture
& Joys & Jasper, |U5" 1.4.,8ft long, 2" wall ma.inly'smainly { -
& 1925 |shock cycles,bare electrode(11,250(22,500: 7,000 | Burst at static ! .
stress of 32, 600psﬁ .
P in plate metal ! N
. H F Moore,1929-42" 1.d. 2% wall smooth 0 16,500 5,500 | Junction zone of |
: 31 gycles, bare electrode L longitudinal weld ;
: " 'Special electrode 1 6 "16,500:270,000 | Sleg in weld _4'
: " B & W Processed Flectrode | O L 1,000,000 No fallure o
! n L ] () o) A""12,000,000] * 1l ‘,
r‘ ¥ Seme drum as preceding 0 22,000 50,000 | '
1 " Hermer welded 0 116 00,000, " " L
, e A.S.1U.E. St'd Riveted 0 116,5001,000,000] " ®
' Jolm Wood Mfg |Electric Resistance Com- i
! Co., 1931 |pression Butt welds. 12" '| | over |No failure
® j.d. Lgr long,shock cycles - - 300,000 F
_ 0.101" well ] )
H W Havidns, [36"4.d4, 10ft long,3/4"'wall Short, fine erack '
1932 [B.47. Electrode 0 ]20,325| 320,000] in Longitudinel | C 3
8 Shock cycles . 1 Weld s -
. : Riveted, 1-1/16" wall 0 " N [No fellure | ]
M Ulrich, 1933|26-1/2% 1.4.9/16" wall o | Junction of sur- )
" Pintsch black electrode 3,840 23,8001 156,750|taces of veld and ,
- Smocth cycles ’ plate in long.weld :
- " " " L N 98, 700 Longitudinal weld | .
g n ] " [ f" T 10,000 ] n ‘. :
[ " As above but ~ith cover '_ P Undercut of normal- . d]
i plates welded on after " " ; 203,000 shear weld of f )
- o normalizing : _j_c;gw_r_er_glate L .
29" 1.4, 26" long,l.1l"wall g ! ]
o K Keutz, 1935 lAustenitic electro e,shock 1,14-00-19 900-‘ | ]l 1
: cycles. 2,850 [23,000' 520,000 No failure o
o " Same Drun as Preceding 1.%0-25.67)-1 20 l
o 2,500 128,800 107,000 " " L 1
- U " LI U 2,1l50-29,200 Short crack (1 rm '
3,800 32,3001 36,000|wide) in longitu-
. oo |8inal weld |
- " 26-1/2"1.4, 55" long, 9/16" ; 8
» wall,dustenitic electrode | 3,980 23,900! 400,000 !No feilure, 1
Same drum as »receding 3,980 [26,800" 55,000 [Creck in lon~ it b
- ' : dinal weld, ;romd b
| - i \ out anc re-welded Kt
oo " [ " i 5,000 [Crack in loagitu- . ~
» e L. B | dinal weld, R
E;Z: xq
= <
) .
]
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reinforcement was ground off.

The nild stecel drums tested by He.wkine(l90) were subjected to stress
cycles of & shock order, 6 cycles oer minute, at 20,325 psi in the longitudinal
weld; the test pressure was 750 psi. The short fine crack mentioned in the
column headed Location of Fracture developed in the longitudinal weld at e dis-
tance from the circunferentiel weld. In the subsequent static test the riveted
drun started to leak at 27,000 psi fiber stress and the lesk developed until
pressure could not be maintained et 43,400 psi fiber stress. The welded drum
failed at 48,000 psi, fracture starting in the longitudinal weld but terminating
in plate metal. Not counting streps and rivets, the welded drum was 424 lighter
then the riveted drum of identical cenacity.

The mild steel drums tested by Ulrich(lgl) hed two hemispherical ends
welded on end were normalized. The cover plates were partly of the Mefl type,
partly HOhn type aad were welded on after the drum had been normelized. The stress
cycle was smooth (sine-weve type), 15 cycles per ninute,

The testing errangements and results of Ka:utz(ss) ere described by him
in admirable detail. The test drum was made of Izett non-eging steel (0.25C,

0.55 ¥n, 0.05 Si, 0.01P, 0.016 S; yield point, 43,500 psi, teusile strength,

71,000 psi). The austenitic olectrode (20 ¥i, 25 Cr, 0.1 C, 1,3 Mn, 0.8 Si) was
deposited in five layers in J-shaped scarfs without backing ring. Tae stress cycle
consisted of a relatively long period at maximum pressure end & short period at
ninimum, releese anc admission being sudden, 28 cycles per minute. The dimensions
of the drum were autographically recorded throughout the test. The drum was not
normalized or stress annealed. Fracture started gradually on the inside of the
drum et the junctiom of the surfaces of plate and bead, and evread outwards until

it reached the surfaece, The second of the
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drums discussed by Kautz had thicker ends (1-9/16% thick), no ian hole, end
was made of lower strength steel (Izett I). The stress cycle was of the smocth
cycle tyve, 12 cycles per minute; the drum was not heat treated after welding.
The reinforcement was not grouad off eitlher drum. The second drum was tested
under static pressure at 29,900 vsi before the fatigue test, The tests were not
cerried out at elecated temperatures (e.g. 300°C) in order to avoid any relsase
of shrinkage stresses. Varriot(275) describes apparatus for t esting welded
pressure vessels under pulsating pressure but gives no results,

The boller fetigue tests, as Dorey(192) points out, show that fatigue
feilure inevitably occurs in regions of stress concentrations; e.g., gage plugs,
manholes, and peds (this was true in the tests of lloore end Keutz), rather then
in the welded seem itself. According to Schuster(gg), the mumber of fluctuations
of stresses that teke place in service, which is greater than that due simply
to starting up end shutting dowvn the boller, is small compared to the large
number in fatigue tests. Nevertheless, he and several others at the Welding
Symposium of the Iron and Steel Instltute suggested that pressure veesels ought
to be designed on the besis of fluctuating loads., KXautz emphasizes, however, that
the stresses Iindicated in fatigue tests should not be used for design purposes.

The only unsatisfactory welds in all the fatigue tests were those made

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
were carried out by leading pressure vessel marmufecturers, such as the Hedges-

Walsh-Weldner Compeny‘276) and the Westinghousc Air Brake Compeny(277),
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TESTS OF WELDED STRUCTURES

Leboratory and Worlkshop Tasts

. Laboratory fatigue tests on relatively simple welded elements, such es
fillet welds and T joints (Thum and Lipp, end others) have been dealt with in the
section on Tabulated Results. Fatigue tests of large-~size welded structrual
parts such as I-beems were reported by Bissell(205) and Spindler(206). Both
investlgators 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 veb or flanges of a 10"
I-beam to vibrations (1760 cpm) eet up by e square cem, After four hours all
riveted connections had failed; the welds were in excellent shape after 18 hours.
Additionel loads hed to be applied to cause the welds to fail, Pgtton and
Gorbunow(155) tested eimple and three-support unsymmetrical welded besms of mild
steel by an unusuel method. The beam was subjected to oulsating loads (lever
mechaniam, time for one cycle not given) in increesing eteps until the beam con-
tinued to deform after a large number of pulsations ( about 1,500). The strees
corresponding to this load was always in excellent agreement with the stress
computed using a section modulus based on plastic rather than elastic deformetions,

Hochheim(72,100), end Bithler and Buchholtz(17) used the pulsator to
test welded I-beams with welded stiffeners above supnorts end under the applied
loads. A plate I-beam with ribbed flenges, and with stiffeners welded to web and
both flenges, had en origin fatigue limit (Y~point loading) of 25,600 psi (low-
alloy structural steel, mininmum tensile strength 74,000 psi). A eimilar beam with
stiffeners welded only to web and compression flange had a pulsating tension
fatigue 1limit 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-bean butt
welded (coated electrodess at the center to wrovide a length between supports of
10 feet in four-point pulsating bdending, The tension flange of the beam was
strengthened by a welded~on plate, With stresses in the tension side of tihe
flange varying from 850 to 22,000 pei, in the compression side from 1400 to
37,000 psi, one beam failed in the tensign flanze after 1.6 x 10° pulsations,
another beam did not feil after 2,1 x 10° pulsations. The test shows that butt
welds heve considerably higher fatigue value in compression than in tencion.

A welded plate girder bridge 30 £t spen, 3,700 1lbs. of low-alloy strue-
tural steel (static tensile strength 74,000 psi) using bare electrodes was
tested by Bohny(208) by meens of a rotating eccentric nulsator (about 540 cpm).
The meultes are shown in the following teble. PFracture occurred almost
simultaneously at two places, the main crack occurring ot the end of a fillet
welded stiffening plate, some distance from the middle of the bridge.

Range of pulsating stress in tension fiber, psi ;
Loed [Amplitude- | Middle of beam At point of frecture No. of ;
Step| inch Lower | Upper Lower Upper Cycles
P e—— —— —— ’f ———ae
1 E 0.49 4,300 17,200 3,400 | 13,700 60,210
2 -~ 0.79 " 25,000 " 19,800 69, 890
3 | to0.98 " 30, 700 “ 1 22 500 2,250
(fracture)

Since the feiled fillet weld hed a pulsatins fatigue limit of less than 20,000
psi, Bohmy concludes that welded stiffening plates should be terminated as near
the bearings as

ossible,

Blerett(209,12) reported pulsatgr tests on butt

welded T beems (4" flange, 11" web) which withstood 2 x 10° cycles at 28,400 psi.

.........
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TESTS OF WELDED STRUCTURES

Laboratory end Vorlkshop Tasts

Laboratory fatigue tests on relatively simple welded elements, such es
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 velded 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-beams welded (butt, bare electrode) or riveted to the web or flanges of a 10"
I-beam to vibrations (1760 cpm) set up by e square cam, After four hours all
riveted connections had failed; the welds were in excellent shape after 18 hours.
Additionel loads had to be applied to cause the welds to fail, Pgtton end
Gorbunow(155) tested simple and three-support unsymetrical welded beams of mild
steel by an unususl method. The beam was subjected to wulsating loads (lever
mechaniam, time for one cycle not given) in increasing steps until the beam con~
tinued to deform after a large mumber of pulsstions ( about 1,500). The stress
corresponding to this load was always in excellent agreement with the stress
computed using a section modulus based on plastic rather then elastic deformetionms.

Hochheim(72,100), and Bihler and Buchholtz(l7) used the pulsetor to
test welded I-beams with welded stiffeners above supnorts end under the applied
loads. A plate I-beam with ribbed flanges, and with stiffeners welded to web and
both flanges, had en origin fatigue limit (Y~point loading) of 25,600 msi (low-
alloy structural steel, mininum tensile strength 74,000 psi). A similar beam with
stiffeners welded only to web and compression flenge had & 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 nrovide a length between supports of
10 feet in four-point pulsating bending. The tension flange of the beam was
strengthened by a weiaed-on plale. With siresses in the tenslion side of tue
flange varying from 850 to 22,000 psi, in the compression side from 1400 to
37,000 psi, one beam failed in the tensign flange after 1,6 x 10° pulsations,
another bean did not fail after 2.1 x 10° pulsations. The test showr that buvt
welds heve considerably higher fatigue value in compression than in tension.,

A welded plate girder bridge 30 ft epan, 3,700 lbs. of low-alloy strue-
tural steel (static tensile strength 74,000 p8i) using bare electrodes was
tested by Bohny(208) by means of a rotating eccentric nulsator (about 540 cpm).
The results are shown in the following teble. PFracture occurred elmost
simultaneously at two places, the main crack occurrinz at the end of a fillet
welded stiffening plate, some distence from the middle of the bridge.

[ _Renge of pulsating stress in tension fiber, psi j.
Load [Amplitude- | " iiddle of beem At point of fracture No. of ;
Step| inch Lower Upper Lower Upper Cycles
1 E 0.49 4,300 17,200 3,400 | 13,700 60,210
2 ~0.79 " 25,000 " 19,800 69, 890
3 ] to.98 " 30, 700 vl 22,500 2,250
| (fracture)

Since the failed fillet weld had a pulsatins fatigue 1imit of less than 20,000
psi, Bohmy concludes thet welded stiffening nlates should be terminoted as near
the bearings as possible. Bierett(209,12) reported pulaatgr tests on Lutt
welded T beems (4" flange, 11" web) which withstood 2 x 10° cycles at 28,400 pei,

.....................................

Aaa f

Sttt
. S
PO B VS

..........
.....................



W

P o
.........
......

R I R O T L

~78-
The welded I-besuis tested by Kater(]'}}) withstood 3 x 106 cycles at
a8 lower stress of 23,400 psi, upper stress 35,600 pei (low-alloy structural
steel, 74,000 psi teasile) and 10.45 x 10° cycles at a lower stress of 13,800
pei, upper stress 25,200 psi (mild steel 52,500 psi teneile), before fracture
(dimensions not given). The two steels gave the following results in the

complex all-welded S-shaped structure shown in Fig. 17.

Steel Lower Strese ' Upper Stress (2 x 106 cycles)
Mild steel 15,600 pei 31,200 psi
Low-alloy steel 17,100 i 37,000

The maximum stresses are given in the above teble; the welds wers not machined.
These values are in good egreement with Graf's results for butt welds in the
seme types of steels, Wilaon(76) has reported short quasi-fatigue tests on
twelve types of welded girder-to-~column comnections (coated olectrodes). The
stress cycle was 25,000 psi tension to 12,000 pei compreesion spproximately at
the most highly stressed section. Cracks occurred usually at the weld most
highly streossed in tension, but they sometimes originated in the less highly
stressed shear fillets of the seat engles. Most of the specimens failed
before 20,000 cycles hed been reached,

Hochheim(mo) also tested a complex 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 Driesaen(un from pulsator tests.
The best design is that in which fatigue cracks just fail to start at the
weld-plate surface junction. Schaechterle's o’bservation(gl) that service
cracks in highly-stressed welded joints in railwey bridges occur at the sane
points as in pulsator tests seems to justify Driessen's procedure of desisming
complex joints on the basis of experimental fatigue tests. The design of the
first velded railway sleeper joints of the Germen railways was verified(alo)
by fatigue tests using coupressed air hammers, imoact pendulums, and alternat:

ing-bend devices,
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(211) showed the valus of pulsating tension tests on models of

Dustin
‘Tierendeel bridge .zembers (scale 2.5 to 1.) in designing for maximm strength
and economy. The pulsator tests showed tiet the naximum stresses did not occur
vhere they were exnected. Santilmvn(lsg) mentions tests of bridges by rolling
stock and of bridge members by reneated impect, Details of e renested oil
pressure test of arc-melded &" expansion joints sre given in tihe Li~ooln Prige
Papers for 1929. No fallure, permanent set, or leaks apoeared during the
23-1/4 hour test. Alternating strese tests of arc welded elbowe under
internal voressure, wede by the Taylor Forge and Pive Works(272) showed the vast
superiority of welded over screwed pipe Joints,

Full-slge fatigue tests of welded engine bed-plates by Sulzer!s works

are described by Pem’berton(ala) .

4 10" diemeter bar supported in the two main
bearings of the bed plate was loaded at the midpoint by a hydreulic rem
subjected to pressures alternating betwsen zero and 5,000 pei (500 cpm),
corresnonding to an alternating load of 156,800 1lb., the design load being
100,000 1lvs. The bed plate was sound and free from defects after 37.5 x 106
cycles. Tests on bed plates of different design led to fetigue cracks after

a comparatively short time.
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Service Tests
It is beyond the scone of this revievw to give & comolete ascount of

service results of welds under fatigue conditions, either in the form of welded
structures or revairs. Dorey(193). Burn(log), and Pohl and Ehrt(56) emong
otiers show that welding, unless unintelligently performed, is perfectly
reliable. Burn states that the stress-relsing end crack-producing cenacity of
welding is especially exerted in large forgings.
(19%)

, Becondary bending monients in onen-wveb girders are considerebly

According to Salmon end
Bernhard
increased by welding, anl the stiffness of weldcd frames is unfevorable under
fatigue conditions, On the other h1and, Bonami and Goelzer(l95) stete that the
rigidity of a welded traveling crane eliminated vibrations and was beneficial
to fetigue value(see section on grigges). he incorrect welding of su»erheater
tubes of different thiclmesses is given by Pfleiderer(7o) as a cause of fatigue
failure. Long operation end redeated cleaning so weakened the forge-welded
tubes in water-tube boilers that forge welds, usually low~grade, have been
forbidden in these boilers in Gernany since 1926, according to Krﬁger(so).

Service results in merine apnlications, Pierce(l96) stated in 1931,
have siaown that covered electrode welds 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 reletively l1igh stress before being placed in service, weas
tested to destruction in 1932 hy Jasper(197): the vessel develoved full strength,
feilure occurring in plate metal, Dorey(l93) hes observed that service fatigue
failures of welded water-tube bollers occur at points of stress concentration
rather than in the relded seaus. Stieler(198) described the perfect record of
bare-electrode —elded locomotive gengways during over 100,000 miles of service.
In 1930, Woofter(l99) reportec. that welded truck rims had given no trouble

during 12 to 14 veers of service, and Cooke(aoo) in 1911 stated that

....................
.....................
..........



-g1-
oxy-acetylene welded goods-wagon fremes stood up well in service. Boden(aol)
and Schinke(aoa) revort excellent succes with welded cars on the German Reilwgys
and give methods for avoiding "corner" welde, which are weak in fatigue.

Although the above review has shown that welding, even bare-electroce
welding, is relieble under fetigue conditions, it is usually difficult accurate-

1y to eveluate the number and magnitude of the cycles that e welded part is

r~

ol .
expected to withstand. As stated in the section on rails, reil joints in .
averege sectlons undergo 106 reversal a year. In welded railway bridges, each

. train (locomotive) 1s considered to contribute only one cycle; a simple

o 1

calculetion then gives the number of cycles undergonse during the anticipated y
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 Germen investigators.

It is the generel opinion that boilers never undergo more then 106 cycles of -":
strese during thelr expected life. Fatigue failures are seldom encountered in o
‘ aircraft, according to Wagner(aoB) , and this is repeated by Templin and
Tuckerman(aou) , who states that except in wires there are very few fatigue -mj
failures in the structural parts of alrcraft. Burges(aou) thought it hardly ) w

possible that there should have been 106 reversals in the girders of the Macon.
But, as Hobrock(sb’) states, "there is no certainty as to the number of stress 1
reversale encountered by structural parts during their life in eirple-ss and
eirships®. This eppears to be true to a great cxtent in dynamic structural
design. Gough(lue) recently declared that the most common type of service fail-

ure in his experience was that of fatigue.

'''''''''''''''''''''''''''''''''''''''''''''
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lower stress in pulsating tension fatigue
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RIVETING AND WELDING 82 1
)
Strengthening by Weldin B
Practically the only experimental fatigue study of riveted joints :_' ;:;.;:::]
13 -
strengthened by welding is that of Kommerell and Bierett.z Their results are ) )
summarized in the following table. K
Results of Pulsator Fatigue Tests in Tension on Combined
Joints (Kommerell & Bierett, 1934)
- 3
Specimen Area of Static Tensile | Tensile Fatigue Strength|Fatigue )
Series VWeld-in Strength psi 2 x 106 cycles; psi Fracture 1
8 S.-S )
1 Only ri- 34,400 255200 °16%00  |In rivets
veted
Only welded Started at inner J
2 but with 56,600 24,200 17,200 end of welded . 4
24 442" rivet holes seanm
— C Started at inner ' )
PRI 3a 2.468 61,000 30,600 23,600 end of seam in A 3
s cover plates, e
= then spread to R
3-0 rivet holes
b 2.46 not tested 30,200 25,200 / Same as 5(a) —
- -
e
7" Sc 2.47 66,350 26,600 19,600 Started at inner o]
‘!@ end of seam in BN
L | cover plates, then T
spread thru plate “‘;
CFEED 1 za  s5.47 70,500 26,400 19,400 | Same as 3¢ -
== 3e 2.47 not tested 32,200 25,200 In plate at junc- <
..il.__ tion of plate with s
* normal shear weld :
—_—— On]_y
2% 4 riveted 38,400 21,000 15,000 In rivets ;
= ]
, i gt 6 3.92 38,100 22,500 16,400 Seme as 3(a) A
e 5§ e} }
In cover plates -]
3 otel o) 7 3.92 56,500 22,500 16,800 | thru innermost -
[ l “ ] rivet hole i
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h . - All combined Joints were riveted in the usual way. The Joints S
of series 1 and 3 were loaded ebout ten times between 7,000 nsi and 14,400

psi tension (all stresses are related to the weskest cross-section through

D R R B ,'r
RO ¢

rivet holes). The joints of series 3(b) were given 1 x 106 cycles between JR
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

R — v
: s "v ) et
’ . [

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 emps DC. The temperature of the rivets did not rise

above 200°C, The Losenhausen pulsator (500 cpm) was used for the emall

R S WA T S P

specimens; the pulesting bridge ( 210 to 230 cpm) for the large specimens. The

fatigue limit is defined, a8 usual, as the stress indicated by the WShler curve _ ‘

at 2 x ].06 cycles, and is quoted on the reduced cross-section, although same —i
specimens broke in the original cross-section. The Wohler plots had by no means :
flsttened out at 2 x 10° cycles. >
The results show that series 3(c) and 3(d) are not good in fatigue, -u-
the fetigue stress being only 19,000 pei based on the actual area of fracture.
Series 3(e) is better than 3(a) because the fatigue value of the cover plates
is fully developed as in serlies 7. The low fatligue value of 7 as compared with
3(e) is explained probebly by stress distridbution and larger dimensions. The
dynemic pre-loading of series 3(b) did not noticeadly 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 teke into account

only the innermost series of rivets. In this way the notch effect due to the

S e N R

.
Cai) - -
atatasaaalatatalaalas alartat alatate ey



A . T Tt B Mt i St edache S e -

T P v MRS Ar I ant ane suse sne o ———

-8l-
- end of a seam is transferred to a leses highly-stressed locaetion, and the -
innermost rivets ere relisved because the bellying compressive force on these
rivets due to contraction of the rivet holes 1s decreassd.
Kommerell end Bierett conclude, in their later report, that the o
effect of strengthening by welding is not so great in fetigue as in statsic
load conditions. Series 3(c) and (d) are better in etatic load than series
3(a) end (e); in fatigue the position is reversed. The clamping force of e g
riveted joint is sctually raised by the increased loads placed on the Joint
efter strengthening by welding. Donkin(alu) states thet welding intended to
strengthen riveted joints must be designed to telre the whole load in order 2
that plastic ylelding will not telke place in the neighborhood of the weld and

lead to fatigue failure. A similar recommendation is :ade in the Bridge

[

Specifications of the 4. W. S. (See Berthard's eccentric-pulsator tests on

strengthened bridges; section on Bridges) :

Comperigop of Welding with Riveting
The fatigue strength of riveted Jolnts has been investigated "-1

~ .4

principelly by Scllaechterle(als) and Gra.f(am): e few rosulte on riveted Jolnts
heve been included in the preceding section.

The fatigue strength of welds has unquestionebly been more arducusly

investigated than the fatigue of rivets but it is the general concensus of

opinion end results that the stress distributlon in riveted joints is no less

e A A e
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complex thien in melds end that there is no great difference in frtigue value
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between the two nethods of joining. The comparison between welded and

riveted comnections is also maede in the section on service results (Bissell,
Spindler, Bernhard, and others). Gr&f(als). Aysslinger(nS), end others have
shown that the decrease in origin fatigue limit of mild steel due to a centrel,

transverse hole is about 20%.

o The results of Graf(216) end iemmler, Bierett, and Genler(9) place
% V the pulsating tension fatigue strength of double~riveted joints in mild steel
at 25,600 to 28,400 psi calculated on the wealzened cross-section, or 21,400
to 22,800 psi on the original unpunched plate, assuming a hole cross-section
of 20%. In 1919, Abell(uo) found that in reversed bending ss a simple beem,
Q‘ butt welds (60°V, flux-coated electrodes, no reverse run) had 709 of the
fatigue velue of unwelded; lap welds end riveted joints had only 60%.  Le (46)

- (no deteils gizgg )
states that riveted and welded jolnts are equivalent in fatigue/'brut Ro#

found gas welds superior in pulsating tension to riveted joints of about the .
seme static strength. In Hertel!s fatigue tests of spars (980 cpm) fabricated
from corrugated Cr-Ni sheet (178,000 psi tensile strength) the spot welded
spar had an origin fatigue strength of 27,000 pei, the riveted 21,900 psi.

The ratiw of origin fatigue strength to static tensile strength was:

pulsating tension fatigue strength

r ! .
i e .
. oo .
LS PPy TN

A

]
Type of Spar | Batiot static tensile " ;
e box spar; spot welded Cr-Ni 0.15
o~ box spar; riveted Cr-Ni 0.125
steel framework spar, riveted 0.032~0,061 I
Dural framework spar, riveted 0,08 i
Spruce spar; glued joints 0.45 (vased on compressive

strength) i
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Fatigue fallure of the riveted spars started at tae rivet holes. The high ratio
for glued spruce spars shows that gluing creates much less stress concentration
than welding or riveting. Schlyter(alg) found that the rotating bend fatigue
strength of cold-glued Sitka spruce with the joint at right angles to the plene
of deformation end at an inclination of 1l:12 to the grain was the same as solid,
unglued specimens. Aysslingor(ns) states thet the fatigue efficiency of double~
riveted joints is 0,57 (static efficiency 0.70).

According to Graf(al9) , the fatigue strengths of welded end riveted
Joints do not differ greatly; the slightly higher permissible stresses for
riveted construction in high strength steel is a result of ths higher standard of

(88)

workmenship that can be exnected in riveted joints, Schuster believes that

perfectly sound weld metal in boller welds would give better service when

subjected to fluctuating internal pressure than the solid plate of a riveted

(220)

Herold considere that riveted joints have the

(221)

boller with thicker plates.
advantage that they cen "breathe", but, as Tracy points out, this is not
always an advantage. Hankins and Thorpe(ao) state that there are indications
that fatigue may be more important in welded than in riveted structures.

Townshend ‘222) states that wimachined double V butt welds made with & high quality

electrode have higher reversed-bend fatigue strength then riveted overlaepped jointa

The comparative fatigue tests on welded end riveted joints carried out by Lloyds

(223)

in 191%, according to Thomson , Showed the superiority of welding. On the

' basis of pulsator tests on welded bears end riveted beans, Witt(aau) concludes
that the welded beam is 50% superior in fatigue to riveted beams of the same

static resisting moment,

.............................
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< BRIDGES o
Exverimentel fatigue tests of welded bridges (as distinguished from »
traffic tests which hawve been satisfactory, or from fatigue tests of individual
members) have been made by the Germen Railways (Bernhard(?2®) and schaper(229))
and by Patton and co-workers(227) . These tests are fundamentally different fram
strain and vibration measurements provided by the Telemeter, Stereo-Comparator,

(228). Report of Bridge Stress Committes, London, L

and other devices (see Kulka
1928, and others). A pulsator consisting of two rotating eccentrics (see the
section en results of tests, where Gehler!s system of fatigue testing is
described, and the monogremh of Spath(aag)) puts the bdridge in forced vibration. -« -4
The maximum load developed in the bridge members is celculated from measurements ‘
of deflection. The eccentric pulsator may thus be used to epply cyclic stress
to an entire bridge, as in the customery fatigue test. In addition, when the ..,......
pulseting loed acts with e frequency ogqual to one of the natural freguencies of ._'-Ij
the bridge, there is resonance and the power consumption of the pulsator motor
is maximum, 4 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 falled after only 22,400 cycles
(40 minutes) at max. tensile stress 22,700 pei, mex. commressive stress ~18,800

psi, The stresses were only +8,850, -4,950 psi, just before ruoture. The

° neturel frequency rose slightly in the early stages of the test indicating that 1

the bridge actually became stiffer after repeated loading. Bernhard considered b

o
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the reesults as unsatisfactory, but later tests on welded experimental bridges
. tested by eccentric pulsetors at over one-half the mexiinun design stress were
i 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 demping factar, that is,the

range of frequencies at resonance,and decreased stresses and deflectlions due

LR

to traffic. Sehling®®™ found that in a wrought iron bridge whose bending
deformations had been decreased 6% by strengthening with mild steel welding, the

(208)

» lateral vibration of the superstructure wes decreased 45%. Bohny also -

observed definite stiffening during pulsator tests of & welded dbridge.
A comparison of the fetigue behavior of a welded and a riveted bridge

of the same dimensions (Y0 ft. spen) was made by Patton, Bouchtedt, and —

Tchnoud.nowsky(aan, using an eccentric pulsetor. The welded bridge falled after ?
' 215,000 crcles at = meximum load of 25 tons; the riveted failed after 250,000 3
i cycles at the same load. The natural frequency of the welded bridge remained "'“ﬁ

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 varistions were related to the

warming of the riveted joints which occurred after only 30,000 eycles. The

..........................................................
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welded jeints remsined cool until just before failure, which occurred in the

i heet affected zone. Patton considered that the tests were not unfavorable to
the welded bridge. _
The successful traffic test of the first experimental all-welded
Swiss railway bridge is described by Beguin(aso) end others. The test bridge
consisted of two penels of stringers, o joint of & truse, snd a cross girder. .

(§

The stringers were butt welded; the girders were tutt-fillet welded together
with flat webs and flanges. The bridge was placed in track with a specially

wide reil joint over it, and withstood 1,5 x 106 cycles of load in five years, ;f ;

the welds showing no signs of fallure.
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] VIBRATIGN S
l ) Although e few aspects of the demping and vibration characteristics T f
of welds and welded structures have been discussed in the sections on Bridges *5
end Repeated Impact, several investigators have studied vibretions in welds _i
. apart from the fatigue aspect. As early as 1925 W L Warner‘asS) made the keen
observation that a vibration will be damped by e poor weld, which was later :
- confirmed by damping tests of good welds made by Hallstr&m(ase) . In these - j
" teste of cantilever bars (0.31" x 0.79") of mild steel with a vibrating length _'
end amplitude of 38" and 1.18", respectively, the unwelded bar ceme to rest
after 120 sec., the arc welded bar after 45 sec. o
' The advantages of welding in preventing vibration in machinery, as i 4
, pointed out by Cha:pman(266). are connected with the higher modulus of elesticity
. of welded steel as compared with cast iron. The closed section, ideel for ___4
i preventing vibrations, is easy to weld but difficult to cast, Krug(267) and .
f-ff Tweets1de(2%® also found that welded construction for machine tools fulfills
the two requirements of lightness and rigidity essential for combating vibrations __:
_. better than cast iron construction. ngpl(en). however, believes that welde ) j
do not develon any more damping than the hase material and that, when riveting :
4 is repleced ®»y welding, the welded steel should have high demoing capacity. :.'-':
".. The vibration experiments on melded lathe beds made by the Technicel il :
College, Berlin-Charlottenburg, Jjointly with the Siemens-Schuckert concem(aeg)
confirm the experience of Chepmaan end others. These laboratories also made
' vibration tests on 80lid cast iron and steel I-beais as well as on welded I-beams. ‘i
The results are shown i the “-“lc at the top of the next page. The welded beam(c) i
- was made of flat plates; the welded beam (d) was made of ribbed flanges having .:.-:Ti
" !' a “"nose" profile (weldinz details not given). The beams were placed on kmife T
R ]
.’_‘ S
B R R e s S s
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I-Beans

— Unwelded Welded |

Cast Iron Rolled Steel| (c) (d)
Time to come to rest,free vidrations,sec 0.50 0.36 0.32 0.22
Resonance emplitude, forced vibrations ~| 0.039mm | 0.0265mm | 0.026md 0.0188m:
Natural frequency, free vibrations - - - |76 cyclesj 88.5 89.3 83.5

" X, forced vibrations -  [T7.8 | &6 89.5 |g4

Disturbed length, % - = = = = « =~ = - 1 22 s 21 |

edges 10 ft. apart snd set to vibrate by means of a solenoid, 30 to 500 cycles/
sec. The tests show that the welded beam (d) is most suiteble, the cast iron
been least suitable from the vibration standpoint,

DM Wamer(236) has described a machine to test the relative wvidbration
fatigue characteristice of seem welded joints, spot welded baffles, and other
products. No results are reported but it is stated that the test reveals grain
growth in the Junction zone of careleswly mede gzas welds, Helsby, Hamann, and
semely (27 state thet the inequality of stress in a weld in longitudinal
shear 18 a great advantege in damning 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 manufecturers concerned.
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TUBHES
The fatigue value of welds 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
aprarently similar material. For example, liiss Doussin(231). Hoffmann(YT’lle).
Johnson(ss), and Beissner‘lOB) egree thet gas welded plain carbon aend Cr-Mo tub-

ing has a fatigue value of 14,000 to 16,000 pei. Baumg&rtel(lll), however, found

»Y

ebout 20,000 pei for Or-Mo tubes using low-carbon or Cr-Mo fillers, Matthaes'232)
28,000 to 25,000 psi for plain carbon and 28,000 for Cr-lio (no details), Suttg§332
23,200 for heat treated Cr-lo (iron or Cr-Mo filler), eand Wegelius(129) 25,000~
28,500 for plain carbon and 30,800 for Cr-Mo (filler not :ientioned), all using
unmachined specimens. The lowest of these values is higher than any given by

R. R. Mooré‘&n 1927. The effect of differences in welding technique, such as
heat effect, grain size,and penctration, rmst therefore be considerable; for
differences of any megnitude have not been found for variations in chemical
compostion, machining, or internal stresses, Flasi -elds in Cr-Mo tubing gave
32,000 after stress enneallng, eccording to Johneon(66), but geve low values
(13,000) in plain cerbon.

Reversed bend tests renresent e less severe test than rotating bend.
Mﬁller(las) found, using the reversed bend method, that 0.11%C tubing gave 25,000
psi, 0.32% C, 29,000, and Cr-Mo 24,000 to 31,000 decending on heat treatment.

: For low carbon sunerheater tubing Ulrich(ZBh) found about 15,000 for gas welds
but less than 10,000 for arc welds. Internel water pressure (500 psi) with
accompanying corrosive effect epplied to the tubes during test had no apwrecicble

effect on fatigue value. In nulsating tension Uirich found 13,000 for gas welds

_____________
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in superheater tubing, and Mattha.es(232) gives 10,000 for Or-Mo tubing.

Recently, fatizue tests have been made in which service conditions are
more nearly duplicated than in the roteting bend test. Ward(loa) , using the
stationary centilever 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 es-welded tube., Similar ratios for t he 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 types of tests. In alloy tubing
(Cr-to and Cr-V), Micheel(235) etates that the ratio of welded to ummelded torsion
fatigue strength is 65%. In general, as the carbon (0.25-0.40%C) or alloy content
(Cr, Mo, or in) of the tube is raised tie retio of endurance limit to static
tensile strength of the weld is lowered from 50% to 20%. This is shown by
elmost all investigators,

The other tyoe of fetizue test for welded tubing that simulates
service conditions is the vibration test. This test as described by l‘a.rner(236)
is only comparative. The welded tube or structure is subtmitted to simple trans-
lational vibrations of kmown emplitude., 4 vibration test of welded tubes carried

(116) showed that such

out by an English tube works end quoted by Roosenschoon
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, whether 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 seems
to be the same for both., The important consideration is evidently that the

tubing be as insensitive as possible to the welding heat and this seems to be
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attained by using a low (0.25 - 0.30%C) rather than a high carbon content
(0.30 - 0.35%C) in the Cr-Mo steel. dpart from differences in weldability, the ;
composition of the filler rod wes not immortant in these tests. Beissner(loj)
found that an alloy (Cr-Mo) filler rod was better for thicl: tubes (0,12") but
that plain carbon was suverior for thin tubes (0.06"), He also found that there
is an optimm breadth of reinforcement for each size of tube., The medium-
manganese (0.3C, 1.5Mn) tube has been found inferior in fatigue. 4ir hardening
has prectically no effect on fatigue crecking in Cr-lo welds.

Lap and flsh-mouth joints appesr to be at least as good as butt joints,
according to iiiss Doussin and Jolhnson, but brazed, soldered, and bell-and-socket
Joints are definitely inferior, as Miss Doussin and Hoffmann have shown. Pinned
end riveted joints have only‘50 to 80% of the streangth of welds, If the factor
of ease of welding is not considered there 1s no size effect, at least u»n to
tubes 3" in diameter,

The three most importent ceumses for f atigue failure in welded tubes are:

(1) Poor nenetration and inclusions; a service fatigue fallure in sumer-
heater tubing owing to poor penetration has beern described by Pfleidspg¥; -—

(2) Heat effect; if poor menetration has been overcome, tlie micro-structural »
changes due to torch lieat, which extends for several inches on either

side of the weld in tubing, is of prime importance, as Ward's and

Belssuner'!s micrograchs show. A coerse Widmannstatten structure is

stated to be particularly dengerous.

(3) Shrinkege stresses; although es»ecially important in completed struc-
tures, Johnson showed that a2 stress amneal at 950°F increased the

endurance limit of flash welded Cr-Mo joints by 30%.
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It is surprising that the removal of reinforcement has not had

beneficial effects on the fatigue resistance of tube welds. Moore found no

- difference between mechined and unmachined welds, and Johnson found a sligat -

Ei;' effect (5% increase in fatigue value) only in tubes below 3/U" diemeter,

r However, Hoffmenn and Werd both recomnend that reinforcewent be low, and the

'.-“ welds conceve end smooth in iumportant joints, If distortion and decarburize~ .
tion cen be prevented, heat treatment improves the fatigue sirength of welds
in Cr-lic tubing up to 40%. !

'''''''''''''''''
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METHODS CF TESTING WELDS IN PATIGUE f:f:‘fiif?

Most of the investigators have used the rotating-bend type with :

two-point (Farmer type) or one~point (FSuvpl) loading. The design of welded B

specinen for thie type of machine has been discussed by 'I'hornton(sz) and Zimei‘:ilz 3

and Weinman(l9) showed that the deflection of & welded specimen in a Farmer

b - machine remains constant throughout the duration of the test until very shortly
‘ before fracture, if the stress exceeds the endurence limit,

‘.i The direct stress type has alego been popular. Machines of this type _3
*S—ﬁ epply direct tension and compression; the cycle of loading mey consist, for 3
X example, of: (Fig 18) (a) alternating strees, - § ot (D) pulsating tension,
+Spp,/0 (c) alternating with superimposed static tension + smgr--’s»mm (d) pulsating
with superimposed static temfion ¥Sppy/+Spine Endurance limits are quoted as

So(s!'-h): 8, = %- So represents the pulsating tension fatigue strength; §, =0

represents the customary alternating stress endurance limlt, Such load cycles

are provided by machines of the magnetic (Haigh) and hydremlic types (Amsler

Pulsators up to 200 tons capacity). Objection to the former type has been made

by Orr(23s). who points out that eccentricity of loading is possible with welds.
The accuracy of the Amsler pulsator has been investigated by Schick( 10) who found o]
12 to 28% errors at 120 to 460 cpm (cycles per mimute). Gra.f(239) also found

. considersble differencee with riveted joints between 1, 10 and 350 cpm, the result

-
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et 10 cpm being on the safe side. Using the Schenck high-frequency tension-
campresesion machine Laute(lul) found no annrecieble reduction in fatigue valus
of welds at 30,000 cpm, The Wazeu pulsa.tor(gu) provides a stress cycle with
short rest periods at the peaks in order to eliminate the inertia offects said
to exist in the usuel oil-pressure pulsators. Another tyne of pulsating stress
mechine particularly adapted to the testing of large welded specimens is the
vibrating bridge(g). The specimen acts as e tension mewber in & fremework truss
of 50 ft span loaded to any desired extent by dead welght or by smooth cycle
vuleating load. The pulsating load is provided by two rotating eccentrics, )
Three other types of fatigue tests that have been used for welds are
reversed (dack-and-forth) bend, rotating-spring centilever, and reversed torsion,
Of the numerous reversed-bend machines the following may be mentionedt the )
Schenck machine that can be adapted to 30° and T welds, the Foppl-Heydelampf S
machine :rodified by Friedmann”g) to test welded wire, the admirably simple
mechine devised by Orr”l). end Dornents low-frequency tester(go) . 4n excellent “’j

description of the callbretion of a reversed-bend machine for welds is given

(2ko) r-

by Thum and Lipp(IS) . The design of specimens for the cantilever machine is
s Clarifies the question of %

discussed by J ennings(gg) , Who, emong others
small versus large specimens., Fatigue epecimens smaller then about 1/L¥ :Ijlji
diameter should not generally be used for welds, and, as pointed out in the ‘
"Design" section, fatigue limits from specimens of eny size should never be used ’
directly as design stresses. Peterson(aun found that tiie seme endurence limit
wes obtained with welds 0.3" dlameter as 1" diasmeter, Lea and Parl:er(al) found
that fatigue limits on machined specimens of 70°V welds or all-weld-metel
deposited by coated electrodes were practically identical on reversed-bend and
rotating-bend machines. Results from the Haigh direct stress machine were 30 to
50% lower, however, the ex-lenation appearing to be that the Haigh machine _J
develops maeximum stress concentration around all flaws in the cross-section of

the specimen whereas only the surface flaws ara subjected to maximmum stress in
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the reversed- or rotating-bend tests.

Special fatigue maciinee for welds or welded structures have been
devised by Colinet(ana) (a Y-ton repeated bend machine at 15 cpm, spen 16 feet,
with or without shock), Wamer(236) (vibration tester for welded tanks),
Wilson(76) (motor-driven eccentric for column connections) and others. A4
reversed-bend fatigue test is & routine test which all welders on the North-

(271)

Western Railway, India(a)'m , must pass every month, Henderson states

that the welders assigned to welding railway freight and —assenger cars on &

British reilway must prepare speclimens once a month to pass an elternating stress

(2u6)

test (no details). Bright(am). Thom(2h5), and Green describe shop fatigue

teats for welds.

Short-cycle (short-time) methods for determining the fatizue limit
(32)

of welds are generelly unconvincing., The method of Stanton and Pannell .
whose comparison-curve method was the first to be applied to welds (1911) has
recently been adopted again( m . Bartels“s) has shown that the Lehr power-
output method, and the deflection and rise-in-temme rature 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 Dutilleul(a) , Wao observed in rotating cantilever tests that the

different degrees of norosity in different specimens cut from the same welded
Joint gave rise to different fatigue values. Thus of three specimens cut from

the same weld and tested at 21,000 psl, two fractured before 10 x 106 cycles.

Nevertheless, three other smeciuens from the same weld and tested at 2U,200 wvsi

6

with:\jtood 10 x 10 oycles without fracture. Dutilleul therefore defines &n

endurance coefficient C showing the scatter in results.
anl + ngFg-P ------

C =
Nlr 1 + N2F2+ ------

where l‘,_l‘a - - - are the fatigue stresses, n) is the number of specimens not
broken at ¥y, etc., and N, is the total mumber tested at l‘l. etc. He states
that the coefficient is important only when J‘INI, rzna etc. are close together,

and shows that the coefficlient is reasonably reproducible for a given electrode.

.........................
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AEPENDIX B
TABLES OF RESULTS OF FATIGUE TESTS

Note: The deteils of materlals and testing contained
in the tables are as complete as possidble. Where
type of electroie, weld, or welding process is
not given, it indicates that the original article
does not conteln the information.
RESUITS OF TESTS
Butt Welds
The mumerical results of fatigue tests on butt welds in mild steel
are collected in Tebles 1 to 4. These are self-explanatory, aveilable detaile
of test conditions being given as connlsely as possible, It would be
presumptuous to compute an average value of endt;.ra.nce retio or fatigue strength
Design
from these tables (see section on <thods of / ), Yet it eppears 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
ostimates of the necessary cycles criterion for welds in fatigue, Haigh(sg)
giving 2 x 106 cycles for dense welds and 5 x ].06 cycles for defective welds

in direct stress. It seems quite certain the Wohler curves for welds in steel

do not generally become horizontal in eny type of stress at 2 x 106 cycles.
6

Thum and Lipp(ls) have found that 100 x 10" cycles is an absolute criterion
for welds in reversed bending. The numerous factors that affect fatigue value,
noted in the tables, are discussed in deteil in otler sections of the review.
It is unfortunate that staendard welding rods are not available so that the

-

results of these elaborate fatigue investigations will not become obsolete

with the wires themselves,
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Fillet Welds

Selected results of fatigue tests on fillet welds are given in Table 5.
All investigators used mild steel; none of the specimens waes machined. The tests
of Memmler, Bierett, and cenler(9) (since endurance limite were not determined,
these tests are not reproduced) 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 weret Series II and I¥ = 0.280%"; series V and
XIII = 0.22U". Stresses are computed on the plate cross-section. Graf(e) used
Amsler and Losenheusen pulsators. He quotes the origin fatigus strength as the
stress at which the Wéhler curve intersects the 2 x 106 ebscissa. His tests
were generally made with bare electrudes, which he found equivalent in fatigue
value to coated electrodes, in agreement with Schick, Bierett, and Ros end
Bichinger.

Ros and Eichinger(s'n ugsed a 50~ton Amsler pulsator at 300 cpm. Their
criterion is 106 cycles, Thelr fatigue stresses are cormputed in the following
way:

Normel-ghear fillet weld = Load/2b h
Parellel " " " = Load/2b s
where b = breadth of cover plate (not including weld);
e and h = height of deposit with respect to cover plate.
Bare and coated electrodes were used,

Hankins and Thozpe(ao) tested their specimens in a 6-ton electromagnetic
(Baigh) machine at 2300 cpm., Class A structural steel and high-class covered
electrodes were used, The fatigue stress 1s computed on the throat area. The
criterion of fatigne 1imit was 25 x 106 cycles. The fatigue strengths were
only about 1/% the static strength of the specimens, which is in general

agreement with Graf, Schick(lo) used bare electrodes (0.08, 0.5 Mn, 0,01 Si;

3/16" diam), and tested his specimens in a specially-calibrated Amsler pulsator.




According to the latest Germen results (Konnnerell(l)"})), fillet 7
W welds are equivalent in fatigue strength to butt welds (no details are given). e

It should be noted that Sciilck's specimen 26 was equivalent in fatigue value to

.",". Y
PRIV N

butt welds at 2 x 106 cycles.

(18)' end ¥ ‘7(63) elso report a few results of SO

Schulz end Buchholtz
pulsator tests with fillet welds. Butt fillet welds were tested by .Tl’enn.i.nga(s9

in the centilever mechine. Nikolaevi2®d) tested butt and fillet welds in mild

steel in alternating tension and compression, but hie tests extended only to
ebout 100,000 cycles, The specimens acted as members in a 30-ft. bridge span

equipped with an eccentric oscillator (20 cpm).
T Joints

kit M

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 Thum and LippuS) were prepared by a

commercial firm using mild steel (0.1, O.UMn) and bare electrodes. The cast —ﬂ
steel contained 0.12C, 0,31 S§i, 0.88 Mn, 0,066 P, 0,041 S; the grey cast iron T
hd_‘1

analyzed 3,05 C, 2.24 Si, 0.84 Mn, 0.13 P, 0.12 S; both were horizontally cast.

LU

Specially-calibrated reversed-bend machines were used (1,000 cpm for small speci-

mens; 2,000-3,500 cpm for large). The leg of the welded T was not tapered. As

b shown in Fig 19 the Wohler curve of the welded T wes not horizontal at 100 x J.o6

‘V cycles. Filg 20 1is a partial Goodman diagram of some of the results., The factor
Bk given in the table is the notch-sensitivity fatigue factor, which includes all

:D fatigue-lowering fectors (notches, surface irregularities, ad shape-factor).

3 0f all the materials tested the weld had the largest notch-sensitivity factor,

: The shape factor cennot be altered by using stronger steels for welding bdut can

' s be favorably affected by using more ductile electrodes. The large specimens

showed the same trend as the small dbut had lower fatigue limits. Machining the

)

(>3

Ad

i
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T
Junction between surface of weld and surface of leg reised the fatigue value
by 15%.

Sulzer(65) tested his specimens in a special reversed-bend machine
fitted with a flywheel to nromote smooth operation similar to Miller's deviéssaz
The specimens were arc welded (details not given), and the criterion of fatigue
limit was 10 x 106 cycles. The M.A.N. magnetic rgversed-bend fatigzue machine was
used by Jﬁnger(uj) for his erc-welded specimens (detalls not given). The stress
wes computed on the cross-section of the leg. The specimens of Ro¥ and
Eichinger(5’7), and Memmler, Bierett, and Gdhler(s) were tested in pulsating
direct stress (see preceding section). Gerritsen also used a pulsator, according
to Schoenmaker(l32) and Thierens(131). who report the results, the criterion
being 2 x 106 cycles (lez and base of T were 3/8" end 1" thick, respectively:
kind of steel not stated). Hoberta(ls) ured e centilever reversed-bend machine
utilizing magnetic impulses synchronized with the natural frequency of the T.
His specimens were welded with a bare electrode.

It 1s difficult to arrive at a basic value for the fatigue limit of
fillet welds ar T Joints, especially in view of the larze effects of machining,
shepe, and workmanship. A4t present, the published results indicate that both

types of welds are inferior to butt welds,
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PABLES OF RESULTS OF PATIGUE TESTS ’

Note: The details of materials and testing contained in the tables K

are as complete as possible. Where type of electrode, weld or o

welding procees is not given, it indicates that the original ot

article does not contain the information. "
Tootnotes
St.w = tensile strength of weld
St.unw, = tensile strength of plate : :
1. Ratiot Sf. w/ St. unw. = 0.29 S
2. f " " " "o 0.50 {
30 n Sf-v/ St. W = 0031‘ i
- =
4, Cantilever machine -
5. .Ratios Sf.w./St.w, = 0.34; Sf.w./St. unw. = 0.32 i;._~'t"-.:
6, " n = 0.35, " " = 0.34 ASOD
Ts " " = 0,33 =
8. " " = 0,40 ]
[
10, Cantilever machine -9
11, " " S£.m./St.w. = 0L ;
12, " f :‘:
13. BRatio: Sf.w,/St.unw, = 0.28 4

1L, " n = 0.27

15, " " 0.13 to 0.1
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Table 5. Results of Fatigue Test on Fillet Welds

Type Lower Upper Cycles Tatigwe
of Strean Streas to Strength
Joint pai psi Fracture sr
Su So x 108

[
R

-
i

.

€
0 Graf 1931~-1935

[/
' A
ORI

Are 27 18,500

Are 28 14,200

Gas 31 18,500 o]

Gas 33 25,600 —

Arc 44 (L=1 3/1e") 12,800 R
Arc 44 (L=8") 15,700 S

Arc 40 14,200

P TE T W)

]
SR

Arc 42 10,000

ST
et
PRI |

.

4

Arc 46 10,000
Gas 46 15,700

=2 4
- ’ L
‘. . P R R
L e e
tafa’a’al_ __a'a a4'a a 2 A ta

...................
.....
- N .-
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Table 5 (continued) Results of Fatigue Testa on Fillet Welds

Lower Upper Cycles

Stress Stress to Frac-

Type of psi psi ture 6 =0

Joint Su So x 10 - 4

We Schlck',‘ 1934 )

13 15,200 22,800 1,0 : 4

14 15,200 22,800 0.7 o]

4

16 17,100 25,600 1,0 -

4

18 17,100 25,600 0.3 B

—-

20 17,100 25,600 2.0 1

]

D]
21 20,400 30, 600 0.5
23 20,400 30,600 0.6

26 21,800 32,700 2,0 o

27 I 17,800 33,400 2,0 =

27 IV 17,800 32,300 2,0 3

‘:"3

5 ~Z'_3

: 1:;3

..‘._J

-.- 4

- A

N

T

.......... .‘ . . A-‘1

L L el e L L L . . e
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P-" Table 5. (continued) Results of Fatigue Tests on Fillet Welds 13
L .- Lower Upper Cycles Fatigue -
p Stress Stress to Strength )
- Type of psi psi Fracture psi L
o Joint Su So x 106 s, S
8 =
F M. Rod & A.-nichmgﬂ (1936) S
: - — Normal Shear tension 0 >l 12,800-15,700
’K }L Normal Shear tension O " 10,000-11,200 L
. T o
! Normal Shear compreasion 0 . 10,000 »
t.. - — Parallel Shear tension O " 12,800-15,700 D
& Parallel Shear tension O . 12,800 S
E EU Parallel shear compression 0 " 12,800 -
a 269 - .
G Bierett, 1933

A 11,000 22,000 0,46

> ———
™ B 11,100 21,900 0451
c 11,500 23,000 2,10

20
A Hankins and P L Thorpe, 1934

2 Normal SO0
Shear 15,700 '

4 Parallel -
Shear 13,400 e
S
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F], Table 6 Results of Fatigue Test on T Joints

- -
[

e

Lower g per

Type Stress ress Cycles  Fatigue SO

of Su So to Frac- Strength
Joint ture S

x 108 z o

g ' R
I

5
A, T™mm and T. Lipp, 1834 (Reversed Bend)

Small _ 12,800 g
welded

Large B_F1.95-2,31 15,700 -
welded Tatigue Limit of - 4
# Polished Parent Metal

B, = in Rotating Bend S

Fatigue Limit of ]

Cast Shape B =1,20-1.61 27,000
steel k

3
°
=r‘_=1
3
-
‘:: ?j large o
.;1%31 cast B,=1.16-1.21 12,800 R
" Ty

. iron o
é. large vl

T “m" T Y T-v T

Forged B= 1.58 17,100 S
large S

&s
R. Sulzer, 1933 (Reversed Bend)

1 23,500
. =
% 2 21,400 -
A .
» (e .
oo 3 22,800 e
r_: :

-

t
Tee ) IR
y * . e N N
Ca et e SO .
[ W N - N AP S W NN N Y
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Table 6 (continued) Results of Fatigue Test on T Joints

Cycles Fatigue .

to Frac- Strength .

Type ture ¢ Sp ]
of Joint Su So x 10 -3
- -4

R, Sulzera, 1933 (Reversed Bend) 4

4 28,600 ]

1

4

- 4

5 Steel Casting 42,800 ]

n — )
° .
8 Speclal Cast Iron 24,200 1

3 P

A, JUnger, 1930 (Reversed Bend)

Steel 1 21,800 ]

—

p—

Steel 2 26,800 -

M| | 8

P Schoenmaker,'¥2 1956; E J F Thierens'® (Gerritsen), 1935 ‘A

1 12,400 23,100 Pg= 76,000 :E'_i'.::-?
2 16,400 30,500  Pg= 77,000
3 15,100 28,000 Pg" 66,000
4 17,900 33,300 P,z 71,500
(® 5 18,900 25,100 Pg= 76,500

PB- static rupture load - 1b
e e T T D B R e T D i T e
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) Table € (continued) Results of Fatigue Test on T Joints

Cycles to  Patigue ) )
Frac Strength S
L Type x 10 psi o
of Joint u So Se b
]
v s T

¥, Ros & A. Eichinger (1936) -
FE_ Tension 0 >1 12,800-15,700 -
et ' <4

r Tension 0 " 8,600-10,000

M Compression 0 hd 12,800 E..._;
i .. 4
SR
6 SRS
A M Roberts 1935 (Reversed Band) RDRE
L
~ n b
1 417,900 S
)
i ' )
8 t20,200 ]
K

L]

i |1 3 unwelded +24,600 :
54
. '.. ! j
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o ’\E b 0 4 o
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L.
1 A B C -'

Fig. 1 Arc Welded Double T Jointa Fig. 2 Ribbed Flange for Welded Parallel = 4
Flange Beams; a type commonly produced in L_ N
Strength-psi A B c Germany. The tip of the rib is rounded off. AR
Tensile Strength 68,500 80,500 83,000 Weight of rib: 3.7 1b/ft. T up to 3.55", TS
Pulsating Tension Btrger. TR
Fatigug Limit. 13,500 15,700 21,400 See page 8. T
2 x 10° Cycles o]
Low-Alloy Structural Steel L
Special Electrode (no details) T
Grafu - -.'::'-.
See page 7. o
o

0
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Undercut notches are

dangerous if they cut the

lines of stress at a large

angle :

A - Dangerous Undercut. L

B - Harmless or Less Dangerous
Undercut.

Bierett.

See page 12.

P S
«:ﬁc-wi i e  Fig. 5 Lowering of Fatigue o
= Value by Undercutting. 'V-r{]
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= A O
NORMAL SHEAR FILLET WELDS BUTT WELDS '

5 - VU
: k: l%: [ ~ ¥ - - X - o

PARALLEL SHEAR
FILLET WELD

L

[ B ]
o

»

»
-1

e aeh 2l

» Fig. 4 Lowering of Fatigue Value by Poor Penetration '
A - Joints Highly Sensitive to Poor Penetration i
N B - Joints Insensitive or leas Sensitive to Poor Penetration
Bierett.
See page 16.

o GAS  ATOMC Hy o0 o g ]
: | <=8k =

~J R
7= LA R N - R -
L 388y E83% oR%3 = :
HHRHIRLE -:_
) 2 <

Pig. 5 Effect of Temperature of Forging and
Per Cent Reduction on Rotating Bend
Fatigue Limit. Becker
Full Line - 20% Reduction in Forging
Dotted Line -~ 40% " n "

See page 18.

Fig. 6 Pulsating Tension Fatigue
Limits (S,) for Low-Alloy
Structurai Steel.

Curves 1 - Unwelded

" 2 - Transverse Butt
Welds (Are)
Machined Flush

n 3 - Unmachined

Plates 0.4"-0.6" thick

Bierett.(12)

See page 20.
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37,000
31,300
25600
19,800
14200

FATIGUE STRESS-PSI

Fig 7

UNMACHINED MACHINED

L 10
LOG CYCLES - MILLIONS

Wohler Curves for Unmachined
(UNM.) and Machined (M.) T's in

10Q

28.500
256 ’,r f/'

2

O IS5 30 45 60 75 90
ANGLE - DEGREES

Fig 8 Relation Between Pulsating

Reversed Bending. Bare Electrodes.

Thum & Lipp.
See page 2l.

2
Q

[+ O

w w

L
©

47 St-4a7
17100 18,500

Fig 9 Pulsating Tension
Fatigue Limit, Gas Welds
in Mild Steel.
Transverse Butt

Root Welded-25,600 psi

not " ® 17,100 "
45° Butt Ro--¢ Welded-31,200 psi

not " " 24,200 "

23" wide; i thick

Graf

See page 26

Tension Fatigue Limit and

Angle Between Machined Butt

Weld and the Normal to the
Tensile Force.

Wazau Hydraulic Pulsator;

Coated Electrode;

Low-Alloy Structural Steel
Cu-Mo.

Diepachlag, Matting, & Oldenburg.

See page 26.

Fig 10 Pulsating Tension Fatigue Limit (psi)
Gas Welds in " Mild Steel.

Graf.
See page 26.
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Shrinkage Stresses
in Butt Weld.
Bierett

39,

See page 39.

Fig 11

4 4260
.

1 284
-l

g 14,200

Fari

TN S AP LN

LRI & AL

;.u.j
e A
RV %
v e ,'
gtgzpo
P ©
3
0.
BEREN
n ;Ngn

Staric Stress-ey

Fig. 12. Direct Tension Fatigue

Strength of Arc and Gas

Butt Yelds, Unmachined

Full Line - Low-Alloy
Structural Steel (Tenslle
Strength=74,000 psi)

Dashed Line - Mile Steel
(Tensile Strength= 53,000

psi)
(K. Schaechterle)
See page 43.

N\B‘
A \\\\\*

\N‘

0
0 | 2 3 4 S 6
Dmm:g in Moouus » fTeXd

Fig. 13 Relation Between Pulsating
Tension Fatigue Limit (2 x 108 Pulsations)
and the Difference in Inverse Modulus of
Flasticity (Expressed as (1/E)x 10° KG-1MMR)
Between Weld Metal and Parent Steel

Curve A - Cruciform Specimens

n B - Butt Welds
(Diepschlag, Matting, & Oldenburg)

See page 46.
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Fig. 14
: SUMMARY OF PERMISSIBLE DESIGN STRESSES IN FATIGUE FOR WELDS IN MILD STEEL 1
) ACCORDING TO NATIONAL SPECIFICATIONS ;-
/ ’ |
psi
30,000 . ;
]
. . ]
¥ 20,000 - 4
]
I
: 10,000 ]
) . 1
| ——
. = B _1
10,000 :
i i
-9
Y
20,000 ]
S o ® W ) ;
eV 2L [tr""/b \ 30 ]
LY Stbe Stuee '\'M
American Welding Society German Railways 4
1t'-Approx. Experimental Fatigue Strength 1- Base Material Unwelded .
of Structural Steel 2- Butt welds, reverse welded and
3t.Formula 3, Art. 203 not Fillet machined
§t- n s " " Fillet 3~ Same as 2, not reverse welded
gt- ¢ 8 " 204 Butt 4- Permissible princi stress given by e
_ gt~ n 9 " " Fillet ___1‘,% (sf4,4Tl) )
- Austrian Standard - A 5- Normal—a.r:d parallel-shear fillet welds o
N - unmachined .
- Swiss Federal (B Lines) 6- Same as 5, ends of fillets machined o
2 L
@ S,= Butt Welds, Compression
( Sé— n n ’ tenclon See page 57. ) ]
Sz= Fillet "

s
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Fig. 15

. permissible Deslgn Stresses in Fatigue for Welds in Low-Alloy Structural Steel
“ (74,000 psi minimum tensile strength)

Accordins to Specifications of fSermen Rellways for Plate Girder Rsilway Rridges

BN s
W pst A
30,000 -
r: 20,000 /J r
K :
i .
; 10,000 { — '
[ h } 1
’ ) 1 X
; 7| 1
- L '
5 0 H T
ii i 2[6 i
~. ' I ! - _1
fg 10,000 r ‘ : S
~ A S
<R | =
: ' 4
/N | ]
20,000 S L 4
< ' .
l -
, :
. ]
30,000 . -
¢
» 1
o1
1-Base Material, Unwelded, Heavy Traffic S§-Normal-and parallel-shear {illet ':'::t‘.-*
2-Butt welds, reverse welded and welds, unmachined 4
machined 6-Same as 5, ends of fillets machined T
> Py 3-Same as 2, not reverse welded 7-Base Material, Unwelded, Light Traffic ¥
' 4-Permissible principal stress given by:
- 2,23 T
- &= %‘*12‘ (s7r4T))? See page 57. <
J {
R
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Nurese or Rgverseo Imeacts \\‘\\) @
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Fig. 16 Wshler Curves in Reversed
Bend Impact of Welded and
Unwelded Mild Steel T's Fig. 17 VWelded Connection Tested )
Specimen 1 Machined Mild Steel in Fatigue by Kater
n 2 Bare Electrode Weld
n 5 " " n See page 78.
Concave Contour Produced
By Filing.
n 4 Covered Electrode Weld )
n 5 Bare Electrode Weld, Unequsl )
Height of Weld. o
(Thum & Tipp) S
See page 64. B
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e
az700t 157
40000 T ya
A T 8500t .7
5 34,100 {AS STEEL 28500 )/,, )
Q. 7
) WELDED \ . /)
2 28,500 o ( 14,200 Y
\ I + /
E 22,800 \QST RON ™ -~ 0 N /1 6 e v
D 7100 — - // ] § '
‘ of . 8 ¥
o o5 510 501000 “200f , *
0G CYCLES - MILLIONS f
Lo¢ ¢ 26500k |
t
Fig. 19, Wohler Curves in Alternating Bend Fig. 20 Fatigue Limits .o
for T's (Preliminsry Tests Welded T in Bending of T's
was 1ade with Bare Electrode, Unmachined) 1- Cast Steel
Thum & Lipp 2- Welded Mild Steel Unmachined o
Convex Fillet, Bare . e
See Appendix B, page 3. Electrode '
8- Cast Iron, no defects.
Thum & Lipp.
See Appendix B’ page 3.
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