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Abstract

The fatigue studies described in this report were initiated under NDRC
sesearch Project WRC-89 and are now carried on under contract with the Bureau
of Ships, U. &. Navy Department. Previous results+ are included.

The results of fatigue tests of twenty-eight specimens representing typical
ship welding problems are described. OStress range of zero-to-30,000 psi tension
was applied to 113" wide plates having a longitudinal weld in the direction of
tension and to 17" plates with central holes wnose boundary was flame cut, flame
cut and ground, flame cut and machined, and which had welded reinforcing inserts.

Variation in number of weld passes in the longitudinal weld from 1 to 3,
each side, is not belisved to affect thie fatigue behavior significantly, but
irregularities such as folds or pits in the weld surface are shown to act as
stress raisers and to initiate failure, Tests were made on welds whose sur-
faces were ground smooth and flush with those of the plate. Two specimens of
50% greater width, and two of another steel, showed no difference in fatigue
behavior from the balance of specimens of similar nature., The backstep method
of laying weld passes is shown to be superior to the continucus technique.

The results of tests of eight specimens with central holes emphasizes the
fact that discontinuities of form and stiffness require special treatment to

provide paths free of stress raisers,

1. - .4 i
OSRD Report No. 6544, Serial No, 1--606, January 17, 1946, "Fatigue Tests

of Ship Welds", S. C. Hollister and J, Garcia,



1 introductisn and Purposes.

The work reported herein is a continuation, under Contract H0Obs-31218
with Bureau of Ships, U. . Navy vepartment, of the investigation initiated
under NDRC Hesearch Project NAC-89, Contract OkElisr-1382, The testing
machines constructed for this project, and the test results obtained prior
to the termination of Contract Oiisr-1382 are described in OSHD teport
No, 6544, Serial No, 1-606, However the results of the previous WOrK are

S
)

included” in the present report in order that the endurance characteristics
of various specimens may be more casily compared,

The primary objective of the investigatign is to determine relative
fatigue behavior of typical ship welds and flame cut surfaces when subjected
to zero-to-tension loads. A nominal stress range of zero-to-30,000 psi
tension was ci.osen for all Speoimené. The type of electrode and the nominal
stress range were held éonstant thfoughout this investigation. The specimens
were made from‘B/zuzl ship plate of ABS quality and were either 12 inches or
17 inches nominal width.

The investigation may be divided into two parts as follows:

{(a) Plates with longifudinal welds subjected to repeated tensile
stress in the direétion of the weld. The following factors were varied:

1. héld surface (és—walded vs. ground smooth)
2" Numoer of weld passes (2 to 6)

3. Baémstep Vs, continuous method of welding
4. idth of Speéimeh (115" vs. 165M)

5. Type of steel

v

*ixcept for endurance studies of tensile coupons with flame cut edges.



(b) Plates with central openings having various treatments such as
flame cut, flame cut and ground, flame cut and machined, and with welded re-

inforcing insert.

IT Description of Specimens

Three general types of specimens were tested as follows. All steel
used was from the same batch of ABS steel on hand at termination of previous
work., The physical properties are given in previous report‘.l see paze 2
and Fig. 1 of that report.

A, Longitudinal weld at center of plates 3/4" x 7'11" and of two

widths, 115" and 165" respectively., See Fig. 2 of previous'reportl, and
Fig. 1 herein, These specimens are identified as: AA, AB, AC, AD, A&,
FE series, all 11:" wide; DZ series, 163" wide,

The weld surfaces were ground smootli on the specimens of the A3 ard AD

series; the remainder were in the as-welded condition,

S
i

The EE series were constructed from another steel,

B, Plates 17" wide with central hole with-various edge preparations.

The diameter of the hole (4.;") was chozen to be approximately one-fourth the
width of the plate, The dimensions are shown in Fig. 2, and are identified
as: FA, untreated manually flame cut hole; FB, flame cut hole with ground

-

surface; FC, flame cut and machined to 1/2Y greater radius.

*This series of specimens was constructed from a semi-killed shipbuilding
steel as used on Sureau of ohips Contract NObLs-31222 and there identified
as oteel "A", wvee Heports "Causes of (leavage Fracture in ship Plate:
flat Plate" oceries, OSRD No., 6452, ferial No. M-608, January 10, 1946;
~i~-92, Serial No., 8$5C-2, August 23, 1946 and S5R-92, serial Ho. SSC-8 (to
be published).,
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The procedure followed in cutting the holes is described in Appendix 3.
Evidence of high "locked-in" stress is discussed,

C. A plate 17" wide with central opening reinforced by fillet welded

ring or collar, This specimen, 2-2, was ldentical with B-1 previously tested,
see Fig. 3 of previous reportgl The procedure described previcusly for the

construction of B-1 was followed as closely as possible,

III elding Specifications and Procedure

General Uiscussion: 4ll welding was done using i-6010 electrodes with
JC current on reverse polarity as described in a previous report.l The
edges of the plates to be welded were beveled, by machine flame cutting
equipment, as shown in Fiz. 1. The "back-step" netiod of laying weld beads
was employed for all specimens except AA-1l and 2. In general, each pass on
a given specimen started at the same end. - this end is subsequently re-
ferred to as the top of the specimen.

loderately good fusion at the root of the weld, as seen by sectioning,
e.g. Figs, 37, 39 and 40, and by radiographs, Fiz., 3 and 4, obtained for
the first six or seven specimens constructed. The next group of six had
rather poor fusion and many slag inclusions, see Figs, 5 and 6, ' resulting
probably from the tendency during welding for the gap to cloce and for one
platé to climb upon the other, as discussed more fully below. [he subse-
cuent group‘of six specluens were prepared on a "hold-down" table™, and
extensive chipping of first passes was done, This resulted in nearly perfect
fusion at the root, as seen in Fig, 7, &, and 9.

Radiographs of all welds were made, but are not included in tiis report.

b

The seven prescnted here, Figs. 3-~9, inc, were chosen to represent both

*Oee Appendix 1, Section B "Restraint III" and Fig. 85.
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the extreme of poor and good fusion, smoothness of weld surface, <tc,, from
all the specimens constructed. Additional phbtographs are shown in the
previousreport;,'l
bome discussion concerning welding difficulties for individual specimens
is given in Appendix 1.

1

Distortion of the Plates: Unlike the case for large ship plates, the

laying of many weld bcads‘to join the edges of two, six-~inch wide, plates
nearly & feet long caﬁses severe Oowiﬁg, climoing of one beveled edge over
the other, and similar distortion. Such deviations from a plane surface with
a longitudinal weld are very unsatisfactory since they make uncertain the

actual stress which may exist in the specimen when placed under tension by

the fatigue testing mochine, as well as leading to poor root fusion, slag

Q.

inclusion, etc. OSerious tendency of the plates to distort, experienced in

the construction of the initial four or five specimens, was minimized by
turning the specimen betueen pesses so as to place successive passes on altei-
nate sides of the speeimen. No Jigs or other device was used to provide a
mechanical restraint cxcept at the ends of the plates, oucsequently this
technique was extended to placing bub a few beads at 2 time on alternate sides,
and to hold the two plates in the central rzgion by means of three simple
clamping bars with rollers,

Since specimens of not entirely satisfactory seometry were made by the
alternate bead method described above, it was decided, after discussion with
representatives of the Bureau of Ships and the war loetallurgy Comnittee,to
follow the conventional practice of cmploying a "hold-down" table to prevent
distortion of the specimen, This device, which permitted free motion of the

plates only in the planc parallel to their surfaces is described later in
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this section, A further objective was to return to the metnod, in accord
with industrial practice, of placing one or more complete passes on one
side at one time.

Study of the OoRD deports* on investigations of the effect cof various
welding procedures on residual stresses in ship welds lead to the conclusion
that specimens constructed under the type of restraint described above would
have residual stresses very little if any different from those of the first
two groups constructed by alternating the passes. The reference reports
state that for 6' x &' panels '"considerable restraint caused practically no
change in the magnitudes of the stresses ..,." ——-'considerable variation
in welding sequence did not produce any great difference in residual welding
stresses ,4.."

To recapitulate, in an attempt to minimize distortion specimens reported
herein were constructed by one of three methods, superficially different
but velieved sﬁfficiently identical basically to permit adequate comparison
of fatigue behavior., A brief description of cach method, and enuneration

of the specimens so constructed, is presented in Appendix 1.

IV, Test Procedure and Otress Determination

iest Procedure: The fatigue testing machines have been deccribed

1

previously.

wach specimen was subjected to a stress range as close to iero-to—
30,000 psi tension as it was possible to adjust the equipment. The actual
stress ranges are given in lable 1, "Summary of Test itesults!,

To adjust the load to the desired stress range was a moderately laborious

% '"Residual Stresses in Ship Wwelding", L, DeGarmo, J. L, leriam, F. Jonassen;
OSED Nos. 3176, 3698, 4388 and 4867, Serial Nos. 1190, 1.-266, 4-370 and
L~463 respectively, 1944-L5.



procedure requiring four. to eight hours time and resulting in a total of 600
to 1700 cycles of operation for each of the specimens reported herein.
However, the stress was usually 90 to 9 8% of its final value within the
first 200 cycles of load. OStrain measurements were taken repeatedly in
order to insure that no part of the specimen was overstressed during load
adjustments. After the load adjustment was.satisfactory the testing mechine
was operated continuously until 300,000 cycles of stress was attained*, or
fatigue fracture developed to such an extent that the stress in the plate
distant from the crack (as determined from the strain readings, see next
section) dropped rapidly’to_less than 90, of its initial value. In most
of these cases the crack had become 1-1/2 to 2 inches wide and plastic flow
was evident at its ende, A visuai examimation for cracks, employing a
strong light anﬂ thin oll, was made about every 2000 cycles, or oftener as
necessary, OStraln readings and computation of stress range were mode 2boub
every 45,000 cycles until a crecik became vieslble, abt wuich time strain
readings were laken immediabely, Hadiogrophy was done after the speclmen was
removed from the testing machine,

warorced rest periods occurred for certain specimens as described
the results of tests ancd in Table 1.,

tach specimen was oriented so that any curvature present was convex
as viewed from in front of the testing machine; this side was subsequently
identified as the "front' of the specimen.

otress pDetermination: The stress range was determined as describved

in the previous report,t A brief resume is given here for the convenience

*Une specimen, AB-3, was carried to 397,000 to test a modification in design
of the end connection. Pf mature helting of the test had been necessary in

two cases, AA-l, AC-3, because failure in the grip section made it impossidle
to maintain the dp81red lo d



of the rcader.

Strain measurements were made with a 10-inch Whittemore otrain Gage
equipped with a ten-thousandth dial, otrain could be measured corresponding
to a stress of 150 psi. Gage holes were laid out on both front and back
with a 10-inch punch bar and then drilled with a lo. 55 twulst drill at the
locations shown in Figs. 13 and 14. The location of gage holes on specimen
B-2 are shown in Fig, 7 of the previous report;l

In the case of specimens witi longitudinal weld it was possible to
compute the particular stress range at the gage location adjacent to the
fatigue crack, Tiis condition, however, does not hold for specimens of tue
8 and ¥ series, i, e., wit. holes, For the specimens in these two series
the load was adjusted, based on the average stress computed freom the strains
detersined =t the 20 positions shown in Fig. 14, so that the stress (load
divided by net <rea) on the test section, i.e., at the hole, varied nominally

from zero to 30,000 psi.

V  Description of Test iesults

& summary of information concerning each specimen having a longitudinal
weld 1s given in Table I, and .for those with a central openin, 1s given in
Table 2. An explanation of the symbols will be found adjacent to Table 1,
he stress range, as measured during the test, is shown for each
specimen, The three ranges given are defined as follows:

Average Stress Range: Average of stress values computed from
strain measurcments at all gage points,

Critical Stress hange: The stress computed from strain measure-
ment ot that gage length of the specimen
for which the strain was greatest,



-ocal Average Stress Range: Average of stress values computed from
strain measuremsnts at those gage points
nearest fatigue craclk, and on the same
face of the spécimen on which the crack
occurs.

Ho "cycles to failure' value can be assigned to the cracis discovered
from examination of radiographs taien after the test was completed. All
specimens were radiographed to search for internal cracks.

bectioning was accomplished by cutting out a small "coupon" of material
containing the crack, notching it near the crack, and pulling the coupon to
fracture in an ordinary testing machine, During this process, a few surface
cracks (identified by the surfix "I") opened up which were too smail to
detect by the ecil-strong technigue during the fatigue test, Thotographs
of each fatigue fructure are shown in Figs, 34 - 78, inc., and & description
of each is given in Appendix 4,

It should be noted that three specimens werc permitted to rest a pzsriod

of the order of 29 to 52 days during test, because of failurc of e uipmeat .

VI. analysis of Test desults

1. opecimens Containing Longitudinal .elds

A

A, Origin of Cracks: The following data do not include 7 crucks

which occurred bsyond the test length.
Table 3

sumber of Cracks vs. Origin, All specimens

Inside 22 Front 24 Upper 20
On Surface 15 Back 17 kiddle 11
Unclassified 10 Unclassified 6 Lewer 16

The distribution of cracks appears to be entircly random.



i. Urigin of Cracks (cont'd)

feble 4

fJumber of Cracks vs. Origin; .s .elded Surfaces Only.

Identity _ AA AC A4, D&, of Iotal
Inside 2 5 7 14
Surface 6 6 2 14
Unclassified 2 0 3 5

For those with ground. surfaces, similar figures are:

Surface
Inside
Unclassified

w0

sxamination of the above listed surface crack shows that pinpoints or
high porosity in the crater was present and doubtless responsible for the
fracture, see Fig. 65.
8, Variation in .ield Passes:

Table 5

Ltelative Fatigue Sehavior vs. Number of Passes

Number of Passes  Total Number of Cracks Cycles to First Crack
' , fach Specimen

1 pass 1 (1) 191,500
Group (AC) (2) 199,000

2 specimens ‘

(plus one specimen to 146,000 without any crack developing)

2 pass 8 (1) 82,500 (2 57,000
Group (.4) (3) 34,000 {4) 2

l, specimens (5) 57,9500

(vlus one specimen to 124,000 with 2 faint, non-visible cracks)

3 pass group 13 (1) 152,000 (2)189,000
(AE, D3, BE) _ (1) 181,000 (2)152,000
6 specimens ' - - (1) 189,500 (2,204,000

As seen in Tables 1 and 5, the results for the three-pass group are

remarkably consistant. Since only twe specimens of the one-pass type viere
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r -

tested, the moderately good agreement may be accidégtéi.n‘M§re observations
are required to determine if the low values shown for the two pass group are
truly related ﬁo the number of passes, At preseﬁﬁ if is belisved tl:at the
increased experience in using'the E-6010 rod resulted in‘smoother weld sur-
faces on the one and three pass groups than obtained for those first made -
the two pass group.

In the £wo psss group, (AA), the majority of cracks started at ripples
in the weld surface and at craters as, for instance in specimen AA-1, see
Figs. 34 and 36. This specimen was welded by the continuous method. It is
evidenﬁ that the "back-step! method of welding prevents the formation of
cieavage planes where one bead overlaps another, and is lherefore less likely
to result in weld regions susceptible tQ early fatigus fracture.

Poor root fusion did not alwaysvfésult in arfatigue fracture, or in
rapid failure, Althouéh rather poor root fusicn existed in specimens of the

AB and AD groups, 43-3, Pig;v5;‘paésed 397,000 cycles withouc any sign of
cracks either vy visual or radiographic exaiination, and after 300,000 cycles
AB-2 developed only 2 very faint cracxs detected by radiography. Although

one of these, see Fis., 45, was at the root, it was very small at the end of
the test. The other crack, Fig. 46, was near the surface. OSpecimens iC-1,
see Figs. A?, 51 and 52; AC-2, see Fig. 54, AD-1 also developed cracks at

the surface adjacent to slag inclusions or unfused root areas, It is believed
that the geometry of the unfused area, rather than its absolute size, governs,

2. opecimens Containing (penings

o’y

4. Unreinforced Openings. The rfatigue delavior of the individual

two specimens of =ach group was satisfyingly consistant. The difference

between the behavior of those with ground znd wita unground surface of the
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flame-cut hole illustrates the harmful effect of the as-cut surface. The
third member of this series, FC-l, was designed to eliminate geometrical
irregularities and heat-affected material as a cause of early fatigue.
However, in order to save machining time the hole in specimen FC-1 was f{lame-
cut to a one-inch smaller diameter than necessary and then machined to size.
It is known that removal of less than 1/2 inch of metal along a flame cut

free boundry removes the residual thermal stresses resulting from the flame

‘

cutting process. Hence it was at first believed tn. t the removal of 1/2
inch on specimen FC-1 might be adcogquate to leave the hole stress-free and
its fatigue behavicr would represent an vpper limit for comparison of other
types of finish of openings. The extent to which thermal stresses were set
up in the plate, as discussed in Appcndix 3, throws some doubt on the above
conclusion,

while the partly-machined hole, FC-1, offcrs considerable improvement
over the unfinished hole, F.i, nevertheless fatigue fracture occurred in these
speclziens at values many times less than for parent plate metal, It is
believed that the rather large heat input suffered by these specimens is a
significanﬁ factor in thelr poor fatipue behavior.

3. HReinforced Openings. As can be inferred from the data in

Tapnle 2, the fdtigue strengﬂh of the three Spécimehs with reinforced openings
is very greatly reduced from that for the parent pldte mbtalg and compares
unfavorably with that of tihe unreinforced hole with é grouna or machined
surface, It is believed that the difference betweea B-1 and’b—Z is charac-
teristic of the statistical spread to be expected in specimens in which the
characteristics of the fillst weld play'so Significant a part,

The location and the direction of propagationvof the fatigsue fractures

in specimen B-2, Fig. 28, were practically of the same nature as those
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found in B~-1 and described previously.l It 1s apparent that consilaerable
stress concentration occurs at the rounded corners of the reinforcement
where its excessive stiffness deces not perwuit sufficient deformation to dis-
tribute the stress over 2 large region. Furthermore, a fillet weld of the
character of that employed in the B series will always result in a notch in

its underside.

Conclusions

The conclusions set forth below must be.considered tentative in view
of the relatively few number of specimens th.t have been studied.

1. Fatigue cracks started after approximately one-third the
number éf cycles in specimens containing longitudinal welds as compared
to homogenecous plate Specimensl of the some steel. Beth types of
specimens were suvjewcted a nominal tensile stress varying from zero
to 30,000 psi,

2. in 20 specimens contarning longitudinal welds and having flame
cut edges, all fetigue cracks started in the wslds.

3. The results presented herein strengthen the conclusion made
previously; for the high stress ranie employed in these studies, stress
raisers in the form of surface folds or pits in the weld metal are
incipient points of fatigue failure,

4o The back-step method of weldirg, by insuring good fusion when
the one bead joins the one previously placed, reduces the possibility of
fatigue fallure at these points,

5.‘ In specimens containing longitudinal welds, poor root fusion

will not always result in fatigue failure., In several cases cracis
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‘started at the surface adjacent to unfused root areas, see, for
example, Figs. 47, 51, 52‘and 54. Two specimens with poor fusion as
seen by radiographs, e.g., Fig. 5, and by sectioning, Fig. 45 und 46,
but with ground weld surfaces, underwent a much greater numoer of cycles
of stress than the majority of those tested.

6. In certain cases small (1/4" to 1/2" length) fractures occur
within the weld in such a manner or in a location such that thse cracks
become arrested before they extend into the parent metal. The reason
for this is not clear. 4 crack which has extended into the original
plate metal has in no case become arrested.

7. The increase in width of plate from 115 to 17;" makes no
difference in the fatigue behavior of longitudinal welds in tension,

&, DBased on two tests the fatigue behavior of specimens con-
tuining longitudinal welds mede from another stesl of shipbuilding
quality (semi-killed) did not differ from that obtained using projcct
steel.

9. The results of tusts of longitudinal welds huving one, two
and three weld pusses on each side of the plate are not believed to
show any significant relation between number of weld passes and fatigue
behavior,

10, The results of the test of one additional specimen with a
discontinuity in cross-section, i.e., welded reinforcing ring at edge
of hole, confirms previous conclusions; that such forms of reinforcement
as constructed in tnls study need speclal treatment to prevent early
Tatigue failure.

11. If the surface of flame cut holes is not ground smooth, the

fatizue strength of the plate is greatly reduced. oy removing (grinding)
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the irregularities left by the torch, the fatigue behavior 1s improved

markedly relative toc that of specimens in the '"as-flame-cut' condit:ion.
An additicnal improvemeﬁt béyond that of the géound hole is obtained
when the hole is machined to size after flame cutting,

12. Premature fatigue failures in the end conncctions of specimens,
for thut type employing "cover plates” or increased thicxness of metal,
may be eliminated by the combination of the following factors:

(a) 'The boundary of the cover plate, where the stress
flows into the main plate, approximates one and one-half
periods of a sine wave.

(b} lhe fillet weld between the cover plale bounury
and the main plate 1s ground to a smooth contour to eiiminate
the stress raisers in this region where stress concentrations

occur.
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Appendix 1

Comments Concerning Construction of Specimens

A JIntroduction

The general welding procedures for the construction of specimens with

longitudinal welds 1s described in the main body of this report, see

vection III. <Certain detalls encountered in the constructicn of each specimen

that ray be of interest are described in the following.

B, lethod of snestraining Specimens During welding

a.

Hestraint I: (Thermal) opecimens AA~l, -2, -3, AC-1 and -2.

No mechanical restraining. jig was employed. The ends of
the plates generally were clamped to steel horses, and a weld
pass placed on the side of the specimen on which it was believed
the thermal forces would be effective in either maintaining the
plates flusi, or reducing the angle between their surfaces.,

deld beads were placed in a continuous fashion on specimen
LA-1, and the first two passes on AA-2. OSubsequent passes were
made in the bacl~step fashion, wvidence of the superiority of
the back-step method is shown in the swmary of results,
| vomplete passes were made on alternate sides of AA-3 and
AA-L without satisfactory control of distortion., The placing on
alternate sides an arbitrary number of beads (the number was
chosen to minimize distortion) rather then completing the whole
pass at one time was started on specimen AC-2, and was carried
out for a number of subsequent specimens.

Restraint II: (Thermal plus simple clamp) Specimens Aa-4, -5,

AC-3, AB and AD series.

In order to control the distortion of the plates in the
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3. lethod of iestraining “pecimens During .elding (cont'd)

bu

Restraint II: (cont'd)

central region of the specimens, three C-shaped clamps bearing

on channels separated from the specimen by rollérs,'were'applied.
Ine placing of one or more beads on alternate sides wére continued
for this group of Spebimﬁns. Ho chipping was done.

nestraint ITI1: ("Hold-down" table, see Fig. 85) opecimens AR,

DE, BE series.

A rigid table was made to which thé&two,LsiX—inch wide, plates
could be clamped while they were being weldéd. Glahps and rollers
were So arranged that the plates were free to move in the plane of
their‘surfaces, but their motion was restricted in a direction
pefpendicular to their surfaces. It waé hoped that this would
preveﬁt the distortion which previously‘hgd veen experienced in
the constiuction of specimens.

The table consisted of a steer plate 1M x 24" x 8'0" welded
to two 6" H beams 7'6” long. To increase the stiffness in the

24" directicn steel straps were welded across the lower flanges

of the beams, Three clamps wer: made 1n such a manner that they

could be shifted longitudinally on the specimen as the welding
progressed. Two rows of cold rolled steel rollers, 1/2 inch
diamcter by 3 inches long, were placed betweén the table and each
of two plates forming the specimen; the rollers were sultably
placed between each of the three clamps and the specimen. By
Judicilous spaciné and tightening the clamps it was possible to
prevent a2ll but a slight amount of distortion of the specimens

during the welding process.
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Detail Description of Specimens - .

a. Specimens Constructed Using itestraint I

‘bpecimen AC-2

(opecimens AA-1l, 2, 3, and AC~1 were described previouslyl.)

To reduce the large gap that existed at the center of the specimen
the beveled ends were ground until a uniform 5/32" gap was obtained,
Thé ends were welded in the manrner desérijed for specimen AA-5. After
elght veads were placed on alternate sides (four on each face,, the
gap at the center was reduced to 1/8", Two beads ﬁere made cn the
side required to draw the plates and two more were made on the opposite
side - the Qrder Tollowed to complete tﬁe welding of the specimen.

The root of all welds were chipped in this éaée with a diamond-point
drill whpse point was rounded to approximately 1/16M radiuso in tnis
particular speciizen the beveled edges did not aluways draw tightly
together Just aheéd of the torch és was the case in certain other

specinmens,

o. Specimens Lonstructed Using nestraint II

Specimen Ad-4
welding procedure for this specimen 1s not given since the test
1s not considered completed. Fracture in the grip section resulted

in early failure of the specimen, see Table 1,

Specimen AA-5
when the two beveled edges were placed so as to touch at their
ends, a 3/16" gap revained at the center. In preparation for welding

the eads, two clamping jigs described elsewhere were placed at the
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ends of the test length and the ends of the plates themselves were .
clamped to steel horses by € clamps., For acbout 15" in from each end
(beyond the test length) and on both sides of the specimen, the groove

was filled with one pass of 3/16" ..urex Type F electrode with the

Amperage = 240 and Voltage = 30. The welding reduced the gap at the

center to 1/16",

a4
D

Pass 1. The root beads wcre placed on alternate sides of the

6]

ecimen, Then four beads had been made cn each side, the beveled
P »

@

dges started.to climb over each othef because the cléﬁp Jigs were

not strong enough tc maintain the surfacss of the two plates flat.

The gap at the center was now entircly closed, The welder attempted
to prevent tnis distortion of the two plates by dirccting the arc
slightly toward the beveled edge of one plate inséead of directly in
the root witi the hope that the extra heat would cause that plate to
c¢xpand more than the other plate and thus lessen the tendency to cliub.
After one bead was madc, no apparent improvemcnt was n ticed. There-
fore it was decided to start Pass 1 from the other end of the specimen,
First, however, a short light bead was placed at the cnds of the last
two veads lald sc that when the last bead of Pass 1 was started at this
point thec weld metal would be shallow,

«ater, when the sccond pass would be made over this particular
point, the shallow cleavage plane would be well fused. Pass 1 was
then completed from the opposite end and the resultant distortion was
slight. The placing of each bead was controlled by the side of the

specimen which required drawing in order to maintain the specimen flat,

% In the case where cach successive bead was placed on alternate sides

of the specimen, Pass 1 denoted the root pass for both faces of the
tiest picce,



19
Pass 2°% was then mede, but the beads on each side of the
specimen weére not placed alternately. Instead all the beads were laid
on one side in hopes of drawing the plates flat, This did not prove to
be completely successful, The remainder of Pass 2 was made on the

opposite side to complete the specimen,

Upecimen AB-1

The plates were clamped and the ends welded as described for
specimen AA-5. After the ends had been welded, 1/16" gap remained at
the center of the gpecimen. Pass 1 was made on alternate sides of
the “specimen; more than one bead at a time was laid on the side re-
quiring the more arawing to produce a flat specimen, rass 2 was made
over Pass 1l and on alternate sides., However, at certain points more
than one bead would be placed in order to control the distortion of

the plates.

opeclmen AB-2

The ends were welded in the same manner as for AA-5 with l/lé”
gap remaining in the center of the specimen. Pass 1 was started by
placing bead: on alternate sides of ths specimen, but after two beads
had been maas on each side it was found that the plates were not re-
maining flat, Twc subsequent beads were placed on the side recuiring
drawing and the next bead was laid on the opposite side. Two more
beads were made on alternate sides but the plates were still distorted,
It was th:n decided to go back and start Pass 2 over 2Lass 1 on the
side that required the drawing. The five beads made in this length

flattened the plates. Now, Pass 1 was completed by placing beads on

s

""Also same pass number for each side,
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alternate sides. T[or Pass 2, five beads were made opposite the original

five besads, and from this point. on the repainder of the beads of Pass
; s -5 P

2 were made on alternate sides.,,

Specimén AB-3

In this specimen a l/A” gap between the two plates was left at
cne end and none at the other. . The closed end was clamped to a steel
horse and a clamping Jjig was applied to the other end so thuat only
leteral motion was permitted. in this case the beads in grip section
were to be similar to those in the test length.

Pass 1 wes started at the closed and top end of the speccimen by
placing beads on the alternate sides and five had been placed on =ach
side before the plates commenced to deviate from the desired plane,
After two beads were laid on the side that reouired drawing, the al-
ternste scheme wos re-introduced, but the one side had two beads ahead
of the other. As the welding progressed the gap ab the open end kept
closing Just ahead of ths bead be.ng placed, After the completion of
the root pass, the plates were not flat with respect to =ach other,

«fter placing five buads of Pass 2 on one side in @ der to

. A
straighten the plate, the alternzte laying of beads was carried on
two at a time, i.e., tuwo on one side and two on the other, until Pass

2 was complceted,

specimen AC-3
«clding procedure for this specimen is not given since the test
is not considered compicted. Fracture in the grip section resulted

in carly failure of the specimen, sce Table 1,
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Specimen AD-1
When the two plates were clamped as described for AA-5 a gap of
5/32" remained in the center of the specimen. The length of weld ét
the ends was changed from 15" for £A-5 to 8, ‘
Pass 1 was made by piécihg'each successive bead on alternate sides
for the full length of-the~5pecimen,blln this specimen difficulty was
encountered in the breaking of the weld afc and still filling the

craters, The beveled edges were drawn tightly together ahead of each

pass being placed. WNo chippihg was done.

Specimen AD-2
The twe plates were clamped in the manner described for specimen

~A=5, but in this case a 1/16" gap was left at each end which resuitzsd

¢ 1 in a gap of 3/16" at the-center. The ends-were.welded on both faces

for a length of 6" with 3/16" Vertex I~6010 in order to hold the plates

~ for the welding of the-test length.

Pass 1 constituted one bead on cach face of the specimen and made
~successively on alternate sides to complete the specimen in one con-
tinuous operation. As the welding progressed, the gap ahead of each
~becad -was entirely closcd so that no tears of weld metal resulted. Mo

~ chipping was done,

Specimen AD-3
The two plates were clamped in the manner employéd”for specimen

AA-5, and the ends were welded as described for specimen AD-2.
Pass 1 was made as in specimen AD-2 as with the same results,

§
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C. Detail Description of Specimens (cont'd)

c, opecimens Construgted Using Restraint 111

The following genéral description of the welding procedure applies
to all specimens in this category:

It was found desirable to grind the beveled edges lightly so that
they would be straight for the full length of the specimen. The root
face §aried from O to 1/16" for the full length of the plates. The
neck portion‘of each platg was also ground to reduce the stress con-
ceﬁtration that might result from the irregulari@igs of the flame cut
edge. |

Since a 5/32" gap was required between the plates when they were

tacked together, strips of 5/32" cold-rolled flat strip were inserted

every 6" between the beveled edges in order to maintain the gap while
the specimen was being tacked.

The two edges of the specimen were tack-welded together using
1" tacks placed on 6" centers. One tack was always located at the
transverse center line of the specimen, 5/32" E-6010 electrodes were
used for tacking and for the root passes. The tack-welds were cleaned
and chipped before the root pass was laid. The root pass was made using
a back-stepping procedure, chipping the starting point of each bead
to insure good fusion. Craters and porosity in the weld were chipped
out using the round nose chisel. Particular attention was paid to
minimize under cutting. Areas that might contain slag inclusions were
also chipped out.

Upon the completion of the root pass on the first side, a second

pass was made using 3/16" Vertex E-6010 electrodes,
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The specimen was allowed to cool and was then turned over and
back~chipped. The root pass (third pass) and a fourth pass were then
welded. The specimen was then turned over and the final pass (fifth)
completed on the first side, after which the specimen was turned again
and the last pass (sixth) completed on the second side.
The back-stepping procedure was used throughout. The electrode

sizes, current and voltage are given on pages 2/ .and 25 of this appendix.

Specimen AE-1

After Pass 4 was made, the surface of the two plates formed an

angle since the clamps of the table were not able to hold them perfectly

flat., Pass 5 was made on the opposite side so that the shrinkage of

the weld would tend to straighten the plates but without complete success,

Specimen DE-2

In the Pass 3, one of the beads had a very porous crater. To repair

" this condition, the entire bead was chipped out and rewelded. This

locality was:marked on the specimen, but when tested, no fatigue failure

:]vpccurred at this point.

opecimen EE-1
In this specimen in Fasses 5 and 6 several beads had to be chipped
out and rewelded because of poor craters. These beads were mar.ed but

no fatigue failure took place at such points.

Yelding

a. Opecimens with Reinforced Hole

At no rounded corner of the ring was there a crater which might

. cause fatiguc cracks.



The details of the weld passes are: .

Face of . ) - E-6010
Specimen Pass Voltage ilectrode
Back 1 150 - 5/32¢
Front 2 . 200 5/16M
Back 3 100 5/32"
Front b . 200 - 3/16n

b. Specimens Containing Iongitudinal Vields -

The amperage, voltage and electrode size employed in the con-

struction of each specimen are given in the table below.

Pass | slectrode
Specimen Number Amperage Voltage Size
AA-L, 1 160 , 26 5/32n
2 220 28 3/16"
M-S 1 165 28 " 5/32n
" AB-1,2,3 1 160 28 5/32"
2 220 28 3/16"
AC-1 1 280 30 1/4"
AC-2 RN 230 28 3/16"
AC-3 1 245 29 /4"
AD-1 1 255 30 /401
. AD-2 1 245 30 1/4n
AB-1 1 150 23 5/32"
2 190 28 3/16M
3 170 28 3/16"
L,5,6 220 28 3/16"
AB-2 i 130 28 5/32"
2 150 28 3/16
3 140 28 5/321
4,5,6 200 28 3/16"
DE~1 1 140 28 5/32"
2 200 28 3/16n
3 140 28 5/32
L,5,6 200 28 3/16M
DE-2 1 130 28 5/32"
2 200 28 3/16"
3 140 28 5/321
Ly5

,6 200 28 3/16m



D. lelding (cont'd)

b. Specimens Containing Longitudinal Jelds {cont'd;

Pass mlectrode
opecimen Number Amperage Voltage Size
aE-1 1 130 28 5/32"
2 200 28 3/16"
3 140 28 5/32n
L,5,6 200 28 3/16m
EE-2 1 130 28 5/32u
2 200 28 3/16"
3 150 28 5/32m
Ly5,6 200 . 28 3/16"
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Appendix 2
Procedure for Grinding the Longitudinal eld Surfaces

In the AB and AD group of specimens, the weld surface on both sides
was ground flush with the two plates that constituted the specimen. Since
scratches transverse to the longitudinal dircction of the specimen might
institute early fatigue fractures, the finish grinding was done so that
any very faint scratches remaining were in the direction of load application.,
Care was exercised to remove any folds from the finished surface, prin-
cipally because their presence would make it difficult to detect fatigue
cracks.

The choice of whcels and technigue for grinding the weld surfaces
smooth was determined as a raesult of experiments on specimen AB-1. A
Gaston L H.F. Disc Grinder Style No. 4110 with a Resinold Bonded %heel Alé
PHS C42 used for the rapid removal of the greater portion of the welds nad
the disadvantage of creating deep scratches transverse to the line of pull on
the specimen - undesirable stress raisers. A Black & Decker Portable 5"
Grinder ﬁith a Norton Alé - P4B5 wheel removed the transverse scratches and
created grooves in the longitudinal direction, Initial polishing was done
by a finer grit wheel (Norton ABO-PABS), and final polish by a Hubber Bonded
Grit wheel (Norton A46-D2RI).

The remaining scratchies were very fine and in the direction of load
application,and the surface finish, see Figs. 5 and 6, was such that a

fatigue failure could easily be detected,
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Appendix 3

Deseription of opecimens with Flame Cut Holes'

The general dimensions of these specimens are shown in Fig, 2.  The holes
were cut by hand as follows:

Circles of the proper diameter were scribed (FA group - 4 1/8" dia.,
FB.group - 4" dia., FC grouip - 3 1/4" dia.) at the intersection of the center
linesyof the specimen and punch marked in order that the burner could direct
the to;oh along the desired path.

' The'cut was started f}om a hele pierced with the flame torch at the center
of fhe‘oircle.

LMExoeptifof Specimen FA—l, the cueting proceeded continuously in the
dlrectlon of the longltudlnal axis or line of tension to the ‘upper edge of
tne 01rcle and then aiong the marked circle clocx—w1se to the lower p01nt re-~
sulting in a cut for one—half of the hole, The flame opt was started again
at the upper point‘and taken counter-clockwise to completenthe holec This
order of cutting offered an uninterrupted flame pass at the sideseof the
hole where the stress concentratlon is greatesn

| ’All flame cuttlnb Was done w1th the plane or the Spe01mens horizontal,
' he flame vertlcal. The side of the plate that was up 1s subsequently re-
ferred to as "front" Care was used to hold the torch as perpendlcular as
p0581ble to the surface of the pldte. '

However in the first Spec1men oflthls Sroup (rn-l) thebflame eut was
sterted at the plerced nole and carslcd to the rlght :contlnued along the
‘Clrcle 50 tnat hree—quarners 01 the 01rcle was cut The flame cut was once
Tagaln started et the rtht 51de of éﬁe c1rcie qnd taken clock-wise for the

last quarter of the bottom p01nt whlch completed the hole. oecause of the
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order taken in cutting the circle, a‘ﬁotéh was left on the inside face of
the hole on thé right side where the second flame cut was started. However,
it-was not much more severe than some of the other grooves..

The following equipment was used:

Specimens: : . - A1l except FB-2 : FB=2

Torch: : T Airco Combination. . Presto-ileld
Style 9900 C-101

Tip Size: | “ R

Acetylene Pressure: 3-4 Lbs, ‘A Lﬁs;

Oxygen Pressure: 35 Lbs. o - hb ibs.

Coarse grinding of the inner surface of the hole on sbeéimens FB»l and
2 was done with a Nofton AL - PLB5 wheel drivenlby a Biaék;ahd Decker,
portablé 5" grinder, Finish grinding was done with a Nortén:Ajé—QB wheel on
an Aro—Grinder (air)v The finished surface was quite smooth, seé Figs. 82
and 83, In this ?rocess ail the burned metal but not over 1716" depth of
metal was removed:ﬁb |

In the flfth Spec1men, FC the nole vas bored to 4 1/4" dlameter, in a
vertlcal boring mill, remov1ng the metal to a radial depth of 1/2” at the
surface of the hole, (cut to 3 1/4" diameter, machined to 4 l/A” diameter).
bpeciai attention was given to the toéi so as to leave a very smooth surface

after the last cut, as shown ianig. 84.

Flame Stress: In the photograph of the plate, Fig. &0, rédiél:“lines”
are seen where ﬁhé‘écale has been chipped away; evidencé ﬁhdﬁupiéétic flow
of the metal has extenaed some vthree to four inches from the edge of the hole.
These shear lineé occurred during the flame cutting of the hole, and indicate
that con31derable residual stress may exist in the region adJaﬂent to the

surface of the hole. No annealing or other heat treatment was glven the
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Appendix 4

Description of Fatigue Fractures
A brief comment is made in this section concerning the characteristics
of thelféfigue“fractures. Each specimen has been sectioned and each fatigue
crack‘opened upiso that its surface could be examined. Photographs of the
fractﬁred‘aréa are shown in Figs. 34 - 78, inclusive.
| The cracks discovéred in a given specimen were assignsd con-
secutive numbers; the letter following the number indicates the
metiod of discovery. (See explanation of symbols, page 49 ).
In all photographs the lower edge of the fractured area is
the front face of the specimens
The words "top and bottom" refer respectively to the upper
'aﬁd'lowef faces of the transverse fractured area of the specimen
“as it underwent test in the fatigue machine,
A photograph of the weld surface 1s shown. only for those
as-welded surfaces in which the fatigue crack was visible at the
surface. The photograph is also oriented sc that its top is toward

the top of the spacimen.
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’E'Specimen Ah-1

Location of Cracks, see Fig. 9, previous report.l

Crack No, 1-V,

Crack No. 2-V,

Crack No. 3-V,

Crack No, A—V;

82,500 cycles, back face, in upper third of test length.

The crack appeared on the surface of the weld at a re-entrant
aﬂgie where the common end of two successive beads formed a
cleavage plane. The fracture (Fig. 34) shows that the
fatigue crack started at the surface and traveled inward.

92,000 cycles, back face, lower third of test length. The

first evidence of the crack was at the juncture of two

successive beads. From the general appearance of the
fracture (Fig. 35) it was difficult to determine tne origin

of the fatigue crack. With reservation it might be stated

that it started at the surface of the weld.

95,000 cycles, front face, upper third of the test length,
The fracture (Fig. 36) showed that the' crack originated

at the surface Qf the weld and propagated-inward. This crack
can be seen at_the re-entrant angle created where a short

bead overlapped a shallow bead,

‘95,000 cycles, front face, middle third of test length. The

crack appeared at a re-entrant angle formed at the start of
a short bead made to bring that part of the weld surface flush
with the plate, From the fracture (Ffig, 37) it is seen that

the crack started at the weld surface,



Location of Crac

Crack No. 1-V,
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opecimen AA-2 and As-3

opecimen AA-2

ks, see Fig..io; previéus repqrtel

57,000 cycles, front race, upggr third of the '_tfest length.

The crack appéared at a deép fipple in the weld, %the fracture
of the weld (Fig. 38) does not indicate clearlybthe origin

of the fatigue craﬁk. 4 cém‘arison of the crystélline
appearance of the‘metal near the wéld sﬁrface with that of

the metal near fhe root, leads one to assume that the crack

started at a point of poor root fusion.

Specimen AA-3

Location of Cracks, see Fig, 11, previous report.l

Crack No. 1-V,

34,100 cycles, front face, upper third of test length. The

1

crack appeared in a deep ripple of the weld surface. The

fracture (Fig. 39) shows thai the Tatigue crack propagated

inward from its origin at the swrface of the weld. In careful
examination of the fracture, a small smooth surface could be

discerned close to the front face, (arrow). The weld metal

on the opposite side of the fracture had a rough appearance
) Mi O +

wrich would indicate a shear failure. In this case good

fusion existed at the root of the weld,

136,000 cycles, front face, middle third of the test length.

»

The crack appeared in a deep ripple at one end of a short
bead pléced to bring a shallow weld.é§en with the surface of
the plate. Trom the Iracture it is seen that the crack
started at the surface., There was good fusion at the root

of the weld.
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Specimen AA-4 and AA-5

-0 Specimen AA-A4

Fatigue failure of the specimen in thé fegion wherevreinforcing vlates
are app.iied for purpose of‘clamping in the‘téstihg machine necessitated the
premature halting of the test at 12A,OOO cycles of stress. Up to this point
no visible fatigue cracxks were detected in the test portion of the specimen.,
However, from exarmination of the'X—Rays of the Weld takeh after the test it
is suspected that two fatisue cracks exist - 194" and 5-5/16" above the
transverse center line of the specimen, respoctively. This specimen was not
se¢ctioned because it 1s planned to repair the damaged c¢nd, continue the
fatigue test, and observe the number of cycles reqguired for the suspected

fractures to appear on the surface of the weld,

Specimen AA-5

by

Location of Cracks, Fiz, 15.

rack Mo. 1-V, 57,900 cycles, back face, upper third of the test length.
The crack appeared‘along a ripple and at 82,500 cycles of
stress it extended the full width of the weld. At 146,000
cycles the crack éppaared on the froﬁt face of the specimen.
At the end of the tust (147,300 cycles) the fracture ex-
tended about 1/2" into the plates at either side of the
weld, The fracture (Fig, 41) reveal e poér fusion at the
root, Since the outér parts of she weld motal éhoﬁed
large granular structure aﬁd the centér pértion had a

smooth appearance, it is believed the crack started at or

near tne root.
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.. opecimen AB-lsand AB-2

-,4»$p§ciman AB~1

] ‘_.Ocatlofn QfCI‘aCkS, Fig.lé. : Lo S e, S

Crack 1-V, 289,000 cycles, front face, upper third of test length. :The
fracture (Fig, 42) showed poor fusinn at the base of the root
pass; this is believed responsitle for the fracture which appeared
on the front face. =

Crack 2-X, front face, bottom third of test iehgth. This crack élsé‘started
at the root and pfogressed towérd tﬂe frohtkfacé of £he ébecimen.
‘See Fig, AB;‘ S o o

Cracic 3-X, front face, middlélﬁhird of test lé;gth.‘JLikewise started in the
region of poor fusinn at the root énd pfégreésed toward, but did
not reach, the surface. See.Fig. L&l ‘ |

, suspscted from Radiograph, but not sectioned because it was within

an inch of crack 3-%.

Specimen AB-2

Location of Cracks, Fig, 17.

_ No fatigue cracks visible to the sye developed on the surfaces of this
specimgn during 300,000 cycles of stress. However, two fractures were sus-
pected from examination of Radiographs. Subsequent sectioning revealed the
cracks described below, .

rack 1-X, The upper third of test length. Figure 45 showed that the
crack started at the point of poor fusion in the root of the weld
and propagated toward the back face of the specimen. However,
thg,fatigue fragture was so small that it could barely be detected.

Crack 2-X, The lower third of.test length. Figure 46 shows the same general

characteristics as obtained. for Crack No. 1-X above,
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Specimen AB-3 and AC-1

Specimen AB-3

No fatigue cracks visible to the eye developed in this specimen dnfing

397,000 cycles of stress. ‘Radiographsbdslnot show any indication of internal

minute cracks.

opecimen AC-1

Location of Cracks, see Fig. 12, previous report,l

Crack No. 1-V,

Crack No. 2-V,

191,500 cycles, bacic face, middle third of test length. The
crack appeared at a deep ripple on the surface of the weld.
It propagated slowly; at the end of the test (275,000 cycles)
it was about equal to the width of the weld. The rracture
(sig, A?) shows definitely that the fatigue crack originated
on the surface of the weld. ‘hen the 1-V crack was sectioned
another crack (which had not been previously detected) was
found just opposite (see arrow) the first. This fatigue
craci started on the surface of the front weld at a deep
ﬁpwﬁjntmewdﬂ:mm&,amiﬁéﬁdédimwﬂh

The poor fusion at the base of the root msses ob-

viously was not the cause of these failures since neither

crack reached the root of the weld.

193,000 cycles, front face, upper'third of test lengﬁhei The
crack appeared at a'pin;hole in one of the Weld craters.

The fracture (Fig. 48) indicated very poor fusion and dis—

tortion of the plates at the root. During the laying of the

“longitudinal weld beads, distortion of the plates occurred

50 that one bevel edge climbed over the other edge. From

a stﬁdy of the fracture it was concluded that the crack



Crack No. 3-V,

C P 14
Crack Wo. 4-V,

Crack No. 5-V,

Crack No. 6-V,
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started near the root,
193;006 cycles, froﬁt faéé, Be&énd’thé test length. The
crack appeared in a small‘pih;héle at a craﬁer. At the end
oI thelﬂést; the crack was’slightly'wider £han the weld.
From the fracture (Fig. 49) it wés difficult to determine
at whiéﬁ point thevcrack started ahd in which.direction it
traveled., It is thought the crack sfarted at the root.
263,000 cycles, front face, lower third of test length,
The crack formed at a ripple in ihe weld surface but did
not grow aé the test continﬁéd. After 300,000 cycles of
stress it was not much iarger iﬁ size‘than when first de-
tected., This failure was sc close to the 6~V crack that
it could not be ssctioned. However, when the weld length
was pulied in the testing machine, the crack opened suf-
ficiently {see Fig, 50) to reveal that it had originated
ét the surface of the weld. I
264,000 cyclés, back face, upper third of the test length.
The crack appeared in a ripple that ﬁas very close to a
crater. Apparently the propagaticn of this craci was
arrested, fér when the test ended 1t was not much larger
than when diséévered. The fracture (Fig. 51) definitely
showed that a small cracs [arrows) started at the surface,
although the root was not well fused.
264,000 cycles, bacik faée,vlower third ofVLherﬁesﬁ length,
The crack appeared in a ripple of the~weld surface but

remained constant in size. From the fracture (see arrows,
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Crack Ho, 7-T,

Crack No, 8-T,

Fig. 52) it is clear that the crack originated on the

weld surface;ﬂ

Diractly‘bppoéite bfaékiNo; 1-V, * Refer to the description
of brack No. 1-V.

Approximately 1/2" below the 6=V crack. The weld length
which was puliéd in a testing machine exposed another
fissu?e on the front face at’a5deepfripple in the weld
metal. This wasvtbo ciose to the 6~V crack to section,
From examinmation of the small fracture which was opened by
the éenéile force applied to the weld, it could be seen

that the crack started at the surface. OSee Fig. 53.

opecimen AC-2

Location of Cracks, Fig. 18.

Crack No, 1-V,

Crack No. 2-V,

199,000 cycles, top front face, beyond the test length.
The crack appeéred at the edge of a crater, 4t the end
of the test (300,000 cycles) it was st11i. small. The
Tracture {Fig. 54 shoved that the crack definitely
started at the surface, and was not caused by the poor

fusion at the reot of the weid, aAlso, the cross-section

of the erater at trnis poiwt dses nch show plt-holes or

242,000 cycles, boltem front faze, beyond the teost length.
the crack startad at a point in the weld surface where
two beads juined orne another 4t this point the di-

rection of leying the last weld pass had been changed so
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that ‘it did 'ndt- involve the back~step sequence of .
welding but instead was of the continuous. type. ;ihe:
fracture (Fig. 55) shows that good fusion was achieved at
tMammtamiUmﬁfﬁéfmﬁgw crack commenced at the sur-
face of the weld,

Crack No. 3-V, 255,000 cycles, front face, lower third of. the test length.
fhe crack appeared on ‘the suriface of  the weld at a pin-hole
in a crater. At the end of the test (300,000 cycles) the
crack remained small. The fracture (Fig. 56) indicates
that the fatigue crack started at the root of the weld
because of poor fusion there and that it traveled out-
ward toward the front face of the specimen, |

Cracx lo. 4~., The fracture (Fig. 57) indicated poer fusion at the root

and also tnat a small fatigue cracx started in the weld
on the back face. .

Crack No. 5-X, The fracture (fig. 58) revealed the same characteristics
as the fallure described above,

" Crack Ho. 6-X, The fatigue crack (Fig. 59) evidently started because of

a slag inclusioen at the root. By the end of the test it

had nearly reached the surface of the front weld.

Specimen AC-=3

This specimen was subjected to 146,000 cycles of stress before the
test was discontinued because of failure in the grip portiopn of the test
piece.

Hepair and continuation of the test are under considerat.on, hence
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no sectioning has been done.’ Radiographs of ‘the weld do not show any in-

dicatioﬁ of ihtéfhal cracks.

Specimen AD-1

Location of Cracks, Fig. 19.

Crack No. 1-V,

Crack No. 2-V,

Crack No. 3=V,

Crack lic. A—V,

83,500 cycles, bottom front face, beyond the test length.
The craclk appeared at a pin-hole where a crater was formed
by the back-step sequence’ of welding. At the end of the
test (381,800 cycles) the fissure had become arrested as
verified by the fracture (Fig. 60)¢ Cnly a small pin-
point fatigue crack (arrows #1) is seen.

114,000 cycles, top back face, beyond the test length.
The crack started at a pin<hole in a crater. &t the com-
pletion of the teést the crack was 1-1/2" wice. The
fracture (Fig., 61) reveaied a large amount of porosity
in the crater - probably the cause of the failure.
307,000 cycles, front face, upper third of test length.
The crack appeared at a pincholé in a crater, and when
the test was halted was aporoximately 5/16" wide. The
fracture (Fig, 62) is difficult to analyze for not only
was there poor fusion at the root hut porosity and a
cefinite air pc;ketiiarrow} existed in the weld metal

cilose to the surface,

329,000 cycles, back face, upper third of test length.
1

After the crack anpeared at a pin-hole in a crater, it

did noet propagate noticeably. The fracture shows a slag
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inclusion at the root of the weld; it appears that the
crack started ihere and traveléd towérd the surface., See
Fig, 63. |
Crack No. 5-~V, 334,000 cycleg,’back fécé,‘upper third of test length.
| "Tgislcrack appeared ét‘éomé pin—holes iﬁ‘éAcréféf;A(gée
Fié. 64) but remained sﬁéll. Thié crack was too close
to‘the‘a—v crack to'perﬁit séctiéning.

Crack No. 6-V, 33&;000 cyéles, back face, and juét ét the end of the
lower third of the test length. The crack, visible at a
pin-hole in a crater, was aporoximately 1/4" wide at the
end of the test, The fracture shows that the pin-hole
(see arrow, Fig. 65):was deep and that the-crack started
at the surface., The poor fusion at the root evidently

did pot -ipnstitute the failure,

opecimen AD-2

Location of Cracks, Fig. 20.

Crack No. 1-V, 240,500 cycles, back face, lower third of test length.
The crack appeared at a pin-hole in'a crater and at the
end of ‘the test (332,000 cycles) it-had become approxi-
mately 1/2" long. The fracture (Fig, 66) exposed a
crater with porosity and poor fusion at the root of the
weld. It is cuestionable where the fatigue crack started.

Crack No. 2-V, 310,500 cycles, bottom front face and beyohd the tést -
length. After the crack appeared on the front face it

traveled through to: the back face, and finally became
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so large that the.test had to be discontinued. Examination
ofathe fracture showed that an air pocket in the weld was
tﬁe cause of the failure,
Crack No. 3-T, Wuhen the weld was sectioned for crack 1-V, a second fatigue
| crack was exposed (seefarrOWS,‘Fig.léé) about 1/2" lower,
énd which had nearly'reaChed“ihe“suffdcé, The poor fusion

at the root was the cause of the crack,

Specimen AD-3 and AE-1

opecimen-AD—B p

Location of Cracks, Fig. 21. |

Crack lio, 1-V, 167,000 cycles, front facé,_lower,tnird of test length.
The crack appeared at.a pin;hple‘in a crater. AU the end
of the test (BO0,000.cyciesj the crack was 3/L" long but
was not visiole'Sn thé back face of the specimen. The
fracture (Fig. 67) showed that the fatigue crack started
at a point of poor fusion in the rpqt’and propagated to
the front surface of the weld.,

Crack No. 2-X, Radiograph of the weld indicates & possible fracture which
could not be scctioned because it wes too close to the

1.-V crack.

Specimen 45 1

w~ocation of Cracks, Fig. 22.°
Crack No. 1-V, 152000 cycles, pack face, upper third of test length.
The crack appeared in a region where apparently there were

no flaws in the weld surface. At 153,000 cycles the



Crack No, 2-V,

L1
failure was across the weld, and at 159,000 cycles it
broke through to the back face, At the end of the test
(18€,0C0 cycles, the fracture was 2" to either side of
the center line of the weld, The fracture (see Fig, 68)
showed poor fusion at the root of the weld. From the
appearance of the section it is believed that the crack
started at this point and travelsd outward toward the faces
of the weld,

168,000 cycles, top buck face, berond the test length, at
a point where the weld had been ground flush. At 169,000
cycles the crack was almost the width of the weld, and

at the termination of the tust the crack had broken through

i,

to the front face, The rracture (Fig, 69) exposcd, at

>

the root of the weld, a slag inclusion which created this

fatigue crack.,

Spscimen An-2

wocation of Crack, Fig, 23.

Crack No, 1-V,

Crack No. 2-V,

189,500 cycles, front face, upper tiird of the test length,
The crack appeared at a pin~hole in a crater. at 207,000
cycles the crack broke tiurough to the back face, and at
the end of the test (234,000 cycles) was approximately

2" vilde on the front and back faces or the specimen.

fhe frocture (Fig, 70) indicates that the crack started

at the root of thce weid where poor fusicn existed.

190,500 c¢yecles, front face, middle third of test length.



The crack became visible at the surface of the weld where
there was a small pin-hole created by under-cutting, and
traveled across tha r&DPl s of the weid and not ailcng

the ripple itself, It broke turough to the back face at
218,000 cycles; at the completion of the test (23..,000
cycles) the crack was 3" wide on the front face. The
fracture (Fig., 71) shows that the fatigue crac: started

at the root,

Specimen Dol

~ocation of Cracks, Fig. 2/.

Crack Jdo, 1-V, 181,000 cycles, front face, midals third of test Length,
A very small crack was first detected in a ripple of the
weld, and traveied scross thz ripples as the toest pro-
gressed, At 19%,500 the crack was slightly wider than the
weld, at 202,500 cycles it oroke through to the weld surface
on the back face, and Zinalliy at the end of the tost
(254,000 cycles) the cracis was 7" wide. From the fracture
Fig. 72) it is concluded thst the fatigue crac originated
at the rcot of the veld, where poor fusion existed, and
travel ed outward toward the su-faczes of the weld.

Crack No. 2-X, #pvroximately 24,0 000 cycies, pac: face, upper third of
the test lengih. The cycles to faiiure for this Tatigue

ec from the dafa faken during the test,

This craci, altaough it had reached the surface, was not

detectec until redicgreghs of the specimen were examined.



Crack No. 3-X,

Crack No. 4-X,

Crack No. 5-X,

{3
The frqcture”(Fig. 73) in@icatgd poor fusion at the root
of the weld; it is believed thaﬁ the fracture traveled
from the root towardnghé\bacﬁ face of the specimen.
Approximately 230,000 cycles; back face, lower third of the

test length. Tais crack was-detected in the ‘same wanner

as the 2-{ crack, and the cycles to failure was estimated

from the data taken during the test. The fracture (rig. 7.4)
revealed poor fusion at the root where the fracture

started.

Radiographs show a fine crack butzéectiening was not
possible.,

Same conditions as number 4-X above.

Specimen DE-2

wocation of Cracks, Fig., 25,

Crack No. 1-V,

152,000 cycles, front face, uppef third of the tast length.
when ‘first seen the crac.: was in a.deeb"rippie of the

weld surface. At 167,000 cycles the crack was the full

“width of the weld; at 195,000 cycles the crack broke

through to the back face; at 209,000 cycles the crack was

approximately 3-1/2" wide, and at the end of the test
(234,000 cycles) the craci Had become 7" wide. The

fracture (Fig. 75) showed that the crack had started on

- the front surface of the weld.
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Specimen EE-1 and EBE-2

Specimen k-1

Location of Cracks, Fig. 26.

Crack No. 1-V,

189,000 cycles, front face, middle third of test length.

The crack also was first seen in a deep ripple of the weld
metal. The crack propagated rapidly; at 192,000 cycles it
was the full width of the weld Surface;> at 208,000 cycles

it was seen on the back face, and at the end of the.test
(219,000 cycles) the crack was 2" wide on the front énd back
faces. It was not possible to defermine definitely from
the fracture (Fig, 76) the point of the weld at which the

crack originated.

opacimen EE-2

Location of Cracks, Fig. 27.

Crack HNo., 1-V,

Crack No. 2-X,

204,000 cycles, bac:z face, upper third of test length.

The crack appeared across the ripples of the weld surface,
The crack was seen on the front face at 223,000 cycles

and became 2-1/2" wide at the end of the test (246,300
cycles,. The fracture (Fig, 77) shows a slag inclusion

at the root of the weld where the fatigue crack originated.
Hediographs of the weld indicated a fracture which was
verified by a sectioning of the weld (Fig, 78). The crack
cefinitely started at the front surface in a ripple of the

weld and propagated inward.
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Specimen B-2

location of Cracks, Fig. 28,

The position of all the fatigue cracks with respect to the welds are
shown in the diagram of the ring (Fig. 28). Almost all of these cracks
appeared on the surfacesvof the weld and then spreadleither to the edge of
the we;d or to the edge or the ring. Th@ prppagation of all the fatigue
cracks was very :apid for by the end of the test (30}900 cycles, most of
them Werevof the order of 1" in length. Hadiographs of the specimen do
not show the fractures clearly, OSectioning has not been cerried out.

Note: The results of previous tests on two specimens are gbstracted
below from description given in previous reportal

Specimen B-l. Construction was identicel to that of specimen B-2
above., Four fatigue cracks became visible at 10,500 cycles to 15,000
cycles and the test had to be stopped at 20,000 cycles.. In all four cases
the cracks started in the weld surface and traveled along the weld before
breaking out into the plate.

opecimen C~1. Construction was identical with B series except that
edges of the hole were beveled, see Fig., 3 of previous‘reportl. Eight
craclks appeared betueen 11,500 ard 30,000 cycles of stress. The cracks

started in discontinuitiss in the weld surface,

vpecimen Fi-1 and FA~R2

Specimen FA-1
Fatigue Crack: 10,500 cycles, on the front left edge about 1/2" above
the transverse center line of the nole, see Fig., 79. The

crack did not start in a small notch on the inside surface



of the hole resulting from the flame cutting process. The
crack treaveled aibng avripple in the flame cut surface and

was visible on the back face of. the specimen at 13,300 cycles,
At nearly the same number of cycles a second crack appeared on
the front right edge of the front face exactly on the trans--
verse center line. This crack aiso traveled along a flame
ripple (Fig. 80) to the back face of the specimen. The

fest had to be discontinued at 23,900 cycles because the
cracks had spread about 2~1/2" to either side of the hole,

The reduction in the cross-szsction caused plostic flow at

the ends of the crack (see Fig. €0 and Fig. 29).

[l

Specimen FA-2

Fatigue Crack: 14,500 cycles, on the front left edge at the transverse
center line of the hole. The crack followed a flame groove
on the inside of the hole and appeared on the back face
at 23,000 cycles, On the front right edge of the hole a
crack developed 3/8" above the transverse center line at
21,500 cycies and at 23,500 cycles appeared on the back
face. The test was stopped at 26,000 cycles because the
craclks then extended epproximately 5/8" into the metal
at the sides of the hole (see Fis, 30),

Note: Fig, 81 iliustrates the quality of surface flame

cut by hand for these two spscimens,
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Specimehs FB~1 wnd FB-2

© Specimen FB-1"

Lo [ I3

62,500 cycle;,_on the back ieft'edgé §f thé holcl(Fig:véZj géégt 5/16”
above transverse Center.lipél At 75,0QQ cyqles.Athevfractgre;hé%itraygled
along the inside of the hole and became visible Qniphe;frqpp fgcei AV the
end of the test (76,5C0 pyclgs) this crack was»approximate;y‘l;l/h"‘;épg
on the back face and 1/4" long on the front face., The crack on the opposite
side of the hole appeared at 71,500 cycles on the back right edge of the
opening about 1/16" below the outer line. It traveled through to the front
face, appeared there at 74,000 cycles, The test was stopped when Lueders'

Lines formed on all faces of the specimen at the ends of the cracks.

Location of Cracks, see Fig, 31.

Specimen F-2

77,500 cycles on thne back right edge of the hole about 3,/16" above
the transverse center line, this fracture appeared on the front face at
106,500 cycles (see Fig. 83). The crack continued to grow until at the
end of the test (115,000 cycles; it was 1-1/2" long. On the cpposite
side of the hole, a very small crack appeared on the back edge at 109,000
cycles, In this specinen, more cycles of stress were required for the
cracks to result in failure to carry load than seemed to be the case for

specimens FA-l, 2 and FB-1, Location of Craclis, see Fig. 32.

Specimen FC-1

91,000 cycles, on the front right edge of the hole about 3/16" above
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transverse center line (see Fig. 84), At 100,000 cycles it reached the
become 1-1/2" long, On the opposite side of the hole the crack first

appeared on the inside of the hole at lOu;5OO cycles, spread rapidly to
the back face and finally appéared on the front face at 112,000 cycles.:
The cracks had so reduced the not-gection that plastic flow occurred at

the ends of the crack. Figure 33 shows location of cracks.



mxplanation of Symbols used in Table 1 and 2

WH

width of specimen in inches

P - Number of weld passes each side
A4 - wWeld surfaces in the as-welded condition
7 - Weld surfaces ground smooth and flush with surfaces of spscimen

Restraint I - Ho clamps, weld passes on alternate sides

Restraint II - Beads placed on alternate sides

Restraint III - Clamped to "hold-down" table, see Text, Section IIT
5 -~ Crack started at surface

I - Crack started inside metal

V - Crack detected visualiy
£ — First seen in radiograph
T - Appeared when section subjected to tension

F - Front side of specimen, see Text
B - bacic side ol specimen

U - Upper third of test length

M - biddle third of test length

L - Zower third of test length

51~ oeyond test length, top

wo- Beyond test length, bottom

% — These results were reporbed previcusly.t

NOTE: All specimens were subjected to 300,000 cycles of stress

unless noted otherwise under '"Remarks'" in Table 1.
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SUMMARY OF TEST RESULTS
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TABLE 2

SULMARY OF TusT RasSULTS
(continued)

AVG, STitESs RANGE ON

AVG, OTRESLS RANGE AT FaCE CF FAILURE AT CYCLES

A
—

. HET CROGS~-5£CTION NET CROSS-SECTION 10 LOCATICN
SPECIMEN  DESCRIPTION  ARZA AT HOLE ARLA AT HOLE FAILURE  FIG, MO,
PLATES WITH FLAME-CUT HOLES, WITHOUT RoINFORCELENTS
FA-1 4s cut =300 +30300 ~1350 +30500 10,500 29
FA-2 As cut 2250 +29700 -1100 +33600 14,500 30
FB-1 Surface +300 +32200 - 400 +30350 62,500 31
ground
FB-2 after +8C0 +25900 +1850 +29050 77,500 32
cutting
FC~1 Machined ~300 +29700 -1275 +28900 91,000 33
after
cutting
PLATwS ITH ConTRAL OPoNINGS, WITH HRAIIFOLCELIZNTS
B--2 bee Figs, +800 +26750 - 550 +28900 23,000 28
10, 11. 0 +26500 23,000
+1700 +25000 26,000
+2100 +27600 26,500
*B-1 came as B-2 Osee previous report 10,500 Location
similar
to 3-2
-1 Similar to  See previous report 11,500 See pre~
B-2 vious
report

These results were given in C3RD Report No. 6544, Serial 1.i~606
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¥Front Face X-Ray Back Face

Figure 3 Specimen AA=D 8«16 in, From Top
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Front Face X=Ray Back Face

Figure 4 Specimen AC=2 8 -~ 16 in. From Top
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Front Face  Front Face X-Ray Back Face Back Face
Ground Ground

Figure 56 Specimen AB-3 32-40 in. From Top
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Front Face Front Face X-Ray back Face  Back Face
Ground Ground

Figure 6 Specimen AD-1 0- 8 in, From Top
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Front Face X-Ray Back race

Figure 7 Specimen AE-2 40-48 in. From Top



X-Ray Back face

Front KMace

Figure 8 Specimen Ei-1 24-32 in. From Top



Front Face X-Ray Back Face

Figure 8 Speciman DE-1 16-24 in., From Top
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Figure 10 Specimen B-2 Front Bottom



Figure 11 Specimen B=2 Back Bottom
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Figure 12

Specimen B-2 Back X~Ray
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Bottom

Fatigue Crack 1-V

Specimen AA-1l Figure 34

Fatigue Crack 2-V

Specimen AA-1 Figure 36

Back Face
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Bottom

Fatigue Crack 3~V

Specimen AA-1 Figure 36

Front Face

Bottom

Fatigue Crack 4-V

Specimen Aéd-] Figure 37

Front Face
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Bottom

Fatigue Crack 1=V
Specimen AA-2 Figure 38

Patigue Crack 1-V

Specimen AA~3 Figure 39
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Bottom

Fatigue Crack 2-V
Specimen AA-3 Figure 40

Bottom

Fatigue Crack 1-V

Specimen AA-b Figure 41



Fatigue Crack 1-V

Specimen AB-~1 Figure 42

Bottom

FYatigue Crack 2-X

Specimen AB-1 ¥Yigure 43

Bottom

Fatigue Crack 3-X

Specimen AB~1 Figure 44
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Bottonm

Fatigue Crack 1-X
Specimen AB-2 Figure 45

Top | ) Bottom

Fatigue Crack 2~X
Specimen AB«=2 Figure 46
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Face

Fatigue Crack 1-V

Spegimen AC=~1 Figure 47

Bottom

Fatigue Crack 2~V

Specimen AC-] Fighre 48
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Béck Eacé

Top Fatigue Crack 3~V Bottom

Specimen AC-1 Figure 49

Fatigue Crack 4-V

Specimen AC-1 Figure 50

Bottom

Fatigue Crack 5~V

Specimen AC-1 Figure 51



Bottom

Fatigue Crack 6-V
Specimen AC~1 Figure 52

Fatigue Crack 8-T

Specimen AC-1 Figure 63

T0p4 Fatigue Crack 1-V

Specimen AC-2 Figure 54
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Fatigue Crack 2-V

Specimen AC-2 Figure 56

Botton

Fatigue Crack 3~V

Specimen AC-2 Figure 56

Bottom

Fatigue Crack 4+X

Specimen AC-2 Figure 57



Fatigue Crack 5-X

Specimen AC-2 Figure 68

Fatigue Crack 6-X

Specimen AC-2 Figure 59

Fatigue Crack 1-V

Specimen AD-1 Figure 60
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Fatigue Crack 2~V
Specimen AD-1 Figure 61

Top " Bottom

Fatigue Crack 3~V
Specimen AD~1l Figure 62

Front Face
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Top Fatigue Crack 4-V Bottom

Specimen AD-1 Figure 63
o
. . Fatigue Crack 5=V
2 Specimen AD-1 Figure 64

Back Face

Fatigue Crack 6-V
Specimen AD-] Figure 65

Back Pace
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éottom

Fatigue Crack 1-V

Specimen AD=-2 Figure 66

Bottom

Fatigue Crack 1-V
Specimen AD-3 Figure 67

Bottom

Fatigue Crack 1=V
Specimen AE~-1l Figure 68



Fatigue Crack 2-V

Specimen AE-~1 Figure 69

Fatigue Crack 1-V

Specimen AE-2 Figure 70

Bottom

Fatigue Crack 2-V

Specimen AE~2 Figure 71



Bottom

Fatigue Crack 1-V
Specimen DE~1 Figure 72

Bottom

Fatigue Crack 2-X

Specimen DB~ Figure 73

Bottom

Fatigue Crack 3-X
Specimen DE-1 Figure 74
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Bottom

Fatigue Crack 1-V

Specimen DE-2 Figure 75

Front Face

Bottdm

Fatigue Crack 1-V
Specimen EE-1 Figure 76

Front Face
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Fatigue Crack 1=V
Specimen EE-~1 Figure 77

Fatigue Crack 2-X
Specimen EE=-2 Figure 78

Front Faée
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Figure 79 Specimen FA-1 Front Bottom
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Figure 80 Specimen FA-1 Back Bottom
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Figure 81 Specimen FA-2 Front Bottom
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Figure 82 Specimen FB-l B;ek Eofton
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Figure 84 Specimen FC-1 Front Bottom




Figure 85, The "Hold-down" Table Employed to Minimize Distortion
in the Specimen Caused by Welding. The Rollers Permit Free Lateral Motion
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