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The results of axial fatigue tests of transverse butt welded joints

i SYNOPS IS

in HY-80 steel containing internal defects are reported. The tests were con-
ducted on 3/4 in. and 1-1/2 in. thick material under stress cycles of zero-to-
tension and complete reversal. The types of weld defects studied include
porosity, slag inclusions, and artificially produced pores, and show that the
existence of weld defects measurably decreases the fatigue l1ife of a Joint at
a given stress cycle when compared to sound welded specimens (with relnforcement
removed). However, there does not appear to be a simple correlation between
type of defect or amount of defective area and fatlgue strength.

As part of the study of weld defects, radiographic and ultrasonic
techniques were employed to determine the time to initiation and propagation
of fatigue cracks in weided joints. The results iﬁdicate that the first
appearance of a macrocrack (visible on the radiographs) occurs at slightly
more than half the test life. The subsequent crack propagation progresses
slowly and erratically at first, but the rate of growth s rapidly acﬁelerated
from the time it reacnes the specimen surface unill comp

Metallurglical studies were conducted to examine the effect of restraint
during welding on the formation of internal microcracks (sulfide inclusions) In
welded joints, and the behavior of these Jolnts under conditions of fatique. e
The studies Indicate that the effects of metallurgical factors introduced by
restra; during welding are less critical than internal weld flaws (porosity,
siag, er-.) In reduclng fatigue strength. g

A praliminary study of the fatigue behavior of 3/4 in. thick HY-100
steel was completed. Tests were carried out on plain plate specimens and trans~

verse butt welded Joints In the as-welded condition using a zero-to-tension stress
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cycle. Although the results for the plain plate specimens compared favorably
with similar tests on HY-80 steel, the fatigue behavior of the welded joints

in HY~-100 was inferior to that of the HY-80 material. This ir apparently due
to a greater sensitivity of the HY-100 steel to external weld geometry and to

the presence of even very smali weld defects.
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. INTRODUCTION

1.1 Object of Study

Since the previous studies("g)* on fatigue behavior of welded joints
in HY-80 steel sometimes produced failures that initiated in the weld at
internal flaws rather than at changes in the extsrnal geometry, an extensive
study of the fatigue behavior of 3/4 in. thick defective welded joints in

HY-80 steel was undertaken in July 1962. In the present study, the effect of
internal weld flaws on the fatlgue behavior of 1-1/2 in. thick HY=-80 welded
Jjoints has been evaluated and compared to that obtained for 3/4 In. specimens.
In additlon, the study of fnltlation and propagation of fa-lgue cracks was
expanded to study the effect of defect type and stress cycle.

. The second phase of the study has been concerned with a preliminary
evaluation of the fatigue behavior of HY-100 steel. Two types of specimens were
studied: as-rolled piain plate specimens, and butt welded joints In the
as~welded conditlon. :

The thlird nhasa of the st

effect of Internal'cracks (which initiate at sulfide Inclusions), produced by

restraint during welding, on the fatigue behavior of welded jolints.

1.2 Scope of Investigation

The studies reported herein were carried out on plain plate and
transverse butt welded specimens using stress cycles of zero-to-tension and
complete reversal. The report covers tests conducted duting the period of
July 1963 to July 1964 and presents the results of a number of large scale

fatigue tests.

Numbers in parentheses refer to corresponding entries in bibliography.
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Sixteen tests of 1-1/2 in., butt welded joints having slag and/or
porosity were carried out under zero-to-tension stress cycles. In addition, a
number of tests of 3/4 in. butt welded joints were conducted to study the
effect of stress cycle (zero-to-tension and complete reversal), and type of
internal weld flaw on the fatigue behavior of welded joints. These specimens
were tested with the weld reinforcement removed.

Fatigue tests were carried out on plain plate and butt welded speci-
mens fabricated from 3/4 In. HY=-100 material. A zero~to-tension stress cycle
was used for these tests.

Fatlgue tests of butt welds fabricated under high welding restraint
were used to study the effect of restraint on the development of Internal weld
cracks and their subsequent effect on the fatigue behavior of butt welded

Jolnts In HY-80 materlal.

1.3 Acknowledgments

The tests described In this repori are the result of an investigation
conducted In the Englneering Expariment Station of the Unlversity of Illinols.
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Navy, under Contract 88058, Project Serial No. SR-007-01-01, Task 856.

The Investigation constitutes a part of the structural research
program of the Civil Engineefing Department of which Dr. N. M. Newmark is the
head. The research was conducted by A. J. Hartmann, J. B. Radziminsk!, and
J. L. Mooney, Research Assistants in Civil Engineering, under the direct super-
vision of W. H. Munse, Professor of Civil Engineering. The metallurgical
studies were conducted by R. W. Hinton, Research Assistant in Metallurgical
Engineering, under the direct supervision of W. H. Bruckner, Research Professor
of Metallurgical Engineering.

The authors wish to express their appreciation to all the people on

the Staff of the University who so ably assisted in the investigation.
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I1. DESCRIPTION OF TEST PROGRAM

2.1 Material

Two steels of different strength, HY-80 and HY-100, ware used in
this study; the HY~80 material was used in 3/4 in. and 1-1/2 In. thicknesses
while the HY-100 material was used in 3/4 in. thickness. The physical and
chemical properties of the materials are given In Tables 2.1 and 2.2, respac-
tively.

The. welding electrodes employed througpout the test program were of
MIL 11018 grade. The electrodes were conditioned sccording to the requlrements
of the Navy Speclflcatlons(s); a complete dascription of the procedure is

glven fn Ref. (2).

2.2 Fabrication of Specimens

Figure 2.1 shows the geometry of the spacimans tested in thls test
program. The specimen blanks, 9 by 48 in., were flame cut from Iafggr sections
of as+rolled HY~80 and HY-100 steel plates.  The blanks used to fabricate
transverse butt welded Joints were cut In half and the sawaed edges were
beveled at 30 degress to provide a double=V groove with a 60 degrae included
angle. The welding proceduies that were used are glven In Figs. 2.2 and 2.3
(3/4 in. thick materlal) and Fig. 2.4 (1=1/2 in. thick materlal). AL
welding was done in the flat position while the specimen blanks ware ¢lamped
to a special welding jig. A stringer bead technique was used In placing
successive passes and provides a heat treatment to ths previously placed
passes.

The holes necessary to hold the specimen in the testing machine

were drilied and then the specimen blanks were machined to the desired
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formed

configuration (Fig. 2.1). In no case was material near the test section
removed by flame cutting. After being machined, the edges of the speclimens

were ground and polished.

2.3 Description of Test Equipment

The tests were carried out using the Universlity of Illinols'
250,000 1b. lever-type fatigue machines (Fig. 2.5); one of the machines was
operated at 100 cpm while the other was operated at 160 cpm. There I8 a 15 to |
force multiplication provided batween the dynamometer and the test specimen by
the lever system.

The throw of the eccentric detsrmines the 1oad range; 1.e., the

di fference batween the maximum and minimum loads. The value of the maximum

foad I's set by means of the turnbuckle WhHich" ‘f?r'g“ff'mia"']m"BF}W”‘;-IHE"’:"W” T

dynamometer.

2.4 Jestlng' Procedure

After the load had been set and the machine started, a mlcroswltch
was set so that the machine would shut off when a crack had propagated_nartiaiiy
through the specimen. Fallure was assumed to have occurred when the micro=
swltch shut the machine aff.  The ﬁicr switch was then disconnected and the
machine restarted; this was done to compietely fracture the specimen so that

the fracture surface could be examined and photographed.

2.5 Radiographiec Studies

All specimens were subjected to radiographic examinatlon prior to
testing in order to determine the quality of the transverse butt welds. All
"'sound" weld specimens showed no weld defects to be present although a number

of the speclimens failed in the weld at minute weld flaws.
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In addition, radiographs were taken at various stages of the tests
of some 3/4 in. butt welded specimens of (HY-80) purposely provided with stag

and porosity to evaluate crack Initiation and propagation.
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I1l. FATIGUE TESTS OF 3/4 INCH HY-100 MATERIAL

3.1 Jlntroductory Remarks

Fatigue tests were carried out on plain plate and as-welded butt
Jolnt specimens of HY-100 materlal. During the past few years, the use of
HY-100 has ircreased wnd as a result a knowledge of i{ts fatigue behavior has
bacome Important.

Thg transverse butt welds were fabricated using welding procedure

P100-11018-J, which is ldentlcal to procedure P80-11018-A used for the HY=80

material; no difficulty was sncountered In the welding of the HY-100 material.
The weldor and the welding procedure were qualified In accordance with
requlrements glvan In Ref. (8) for HY=-80 material. The joint vias. ahle to
undergo a 180° guided side bend test without crackinmg. Figurss 3.1 and 3.2
show typlcal micrographs for the HY-80 and HY-100 materials, respectively;

the microstructures of these materials are very similar.

The results of the fatigue tests of plain plate specimens on a

zaro-to-tension stress cycle are tabulated In Table 3.1 and plotted in Fig. 3.3.

The S$=N curve shown in this flgure for HY-100 material was cbtalned using the
procedure outlined in Ref. (2). In addition, Fig. 3.3 contains the S-N curve

for 3/4 In. HY-80 plain plates ™

. Comparing the curves it is noted that the
slope for the HY-100 material Is greater than that for the HY-80 materlal.
However, only a limited number of tests were included In the study.

In a number of tests, failure initiated at the mill scale surface

near the radius of the test section rather than at the radius of the test

section. These failures initiated about 1/8 to 1/4 in. from the machined edge;
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Fig. 3.4 shows this type of failure. The results tabulated in Table 3.1
indicate that the test lives were not influenced by the mode of fallure. One
of the specimens, HY-5, failed due to fretting in the upper pullhead after
396,500 cycles. The fretting cracks Initiated at the drilled holes in the
pul lheads; examination of the area around the holes showed that the edges of
the holes were very rough. A new pullhead was walded to the'speclmen and a
total life of 546,300 cycles was obtalned before failure occurred.

Comparing the average S-N curves for the HY=100 and HY~80 material,
one may note.that although the fatigue strength of HY-100 Is greater than the
fatigue strength of HY-80 for 1lves of less than 150,000 cycles, the sltuation

1s reversed at longer llves.

The (e:u‘ts of the fatigue tests of as-welded butt joints on a
zero-to-tenslog stress cycle are tabulated In Table 3.2 and plotted in Fig. 3.5.
Filgure 3.5 aiso contains tha S-N curve for 3/4 In. HY-80 as-welded butt
Jeints™ . Aithough therﬁfé in. HY~80 specimens aii failed due to the stress
concentratlon.bf the external weld geometry, this was not true for the HY=100
material. In a number of cases, fallure occurred In the weld rather than at
the edge of the weldrreinforcement because of very small defects which were

present in the root ares of the weld. These defects (Fig. 3.6) were not visible

;on the radlographs taken of the as-welded specimens prior to testing. Even on

the fracture surface, it was difficult to locate the defects because of their
smal lness. |

It can be seen on Fig. 3.5 that there was a large amount of scatter
in the test results when failure occurred in the weld. In addition the failures

propagated rapidly when they originated in the weld. When failure occurred in
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the weld, the fatigue lives were less than those for HY-80 material! by a
factor of about 8.

Fven when failure was due to the external weld geometry, the fatigue
behavior of the HY-100 material was Inferior to that of the HY-80 material.
Setween 40,000 and 400,000 cycles the llves of the two materials, at a given
stress level, varied by a factor of 2 to 3. The difference increased with

Increasing 1ife.

3.4 Data Analysis

Table 3.3 lists the fatlgue strengths and slopes of the S-N curves
for 1=1/2 and 3/4 in. HY-éO and 3/4 in. HY=100 materials.

Although the fatlgue strength of the HY=-100 plain plate specimens Is
slightly greater than that of the HY-80 for short 1lves (less than 100,000
cycles), 1t Is §l|gHt1y less than that of tha HYs80 for longar llves. In the
case of transverse butt welds, the behavior of the HY-100 Joints !s inferior
to that of the HY=-BO joints and the slopes of the S<N curves for HY-100 material
are largér than the corresponding slopes of the HY=-80 materlal, Indlcating
that the HY=100 steal [s more notch sensitive In fatigue than HY-80.

Figure 3.7 shows the reduction in fatigue strength resulting from
the Inclusion of the weided joints as a function of 11fe for the HY-80 and
HY-100 stesls. The decrease In fatigue strength due to welding HY-100 is
35 percent at N = 50,000 cycles and 43 percent at N = 200,000 cycles. For
3/4 in. HY-80 material, the reduction was 8 percent at N = 50,000 cycles and
19 percent at N = 200,000 cycles, again showing the increased fatigue notch
sensitivity of the HY=100 steel.

The HY-100 butt welded joints were very sensitive to the presence of
internal defects. No tests were conducted with the weld reinforcement removed
since most welds would contain minute weld defects and 1ittle or no increase in

1ife could be expected.
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4.2 Porosity in 1=1/2 |n. HY-80 Specimens

IV. FATIGUE TESTS OF TRANSVERSE BUTT WELDS IN HY-80 MATERIAL
HAVING [NTERNAL DEFECTS

4.1 Introductory Remarks

Fatigue tests were carrled out on a number of defective butt welded
specimens in two thicknesses of HY-80 stesl (3/4 In. and 1-1/2 in.) using two
stress cycles (complete reversal and zero=to=tension). The weld reinforcement
was removed on all specimens to improve defect definition on the radlographs
taken of each specimen and to remove any effect of the weld reinforcement on
the fatigue behavior. |

The porosity and slag defects In the 3/4 in. thick specimans were
produced as described In Ref.(4). However, some experimentation wes necessary i
to prodiuce the larger amounts of slgg“and“porbsftdeGQTTGd‘ln the'1‘172“ln-
specimens. This was necessary bacause the fncreased thickness required larger
defect areas to provide dafects of the maximum size psrmitted by Navy :
Speclflcatlons(s).

In addition, saveral 3/4 In. thlck transverse butt welded specimens
ware fabricated with artificlal defects (steel balls) In the root area of the

weld. The procedure had been reported pravfous!y(4).

The results of fatigue tests of 1-1/2 In. defective butt welds are

tabulated in Table 4.1 and plotted in Fig. 4.1. Since the tests were carrled
out using two stress cycles, 0 to +70.0 ks| and 0 to +50.0 ksi, it was possible
to draw the 5=N curve which Is shown in Fig. 4.1. The slope, k=" 1, is
larger than that for sound butt welds with weld reinforcement removed but Is
less than that for butt welds tested in the as-welded condition. The $=N

curves for sound butt welds with and without weld reinforcement are alse given
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in Fig. 4.1 Comparing the three curves one may see that although the curve
for defective welds lies entirely below that for welds with reinforcement
removed, it is below the curve for as-welded joints for lives less than
150,000 cycles but above the curve for higher lives. This indicates that at
long lives the external geometry Is more critical, with respect to fatigue,
than internal defects when the defects are of a size permitted by the code;
at the shorter lives the internal defects produce greater effects than the
external geometry.

fhe geometry of the porosity In the 1~1/2 In. thick material was
similar to that of the 3/4 In. thick material which was discussed extensively

(4)

in a previous report' ’. The majority of natural defects were roughly spherlical

- Qf_el‘1P55[E§5."F'§¥”4?2&7"“Tﬁé’iﬂﬁTﬁﬁhmHT§EEBEE"?}bh'iﬁé'éﬁjfg;g of the wald

to the porosity ranged from 7/16 in. to 8/16 In. for the 1=1/2 In. thick
material and 7/32 In. to 5/16 in. for thg 3/4 In. thick plate. All specimens
in the present test serles with natural porosity were fabricated to produce a
singla cluster of porosity. Speclimens G=-81 and (=88 cach had fatlgue cracks
that grew from the main cluster of porosity as well ag from other small defects

located some distance from the cluster. Specimean G=81 had the lowast 1ife

and specimen G~88 had the longest |ife of the specimens tasted at 0 to +50.0 ksi.

The pore diamaters In most of the test welds ranged from 1/64 in. to
3/64 In. The effective defect dlameter*, de' was determined for the largest
flaw In any cluster that propagated to failure and Is tabulated in Table 4.2.
Figure 4.3 shows a plot of the percent of FlOO,OOO for a sound weld with the

reinforcement removed vs. the effective defect dlamster; over the small range

Effective defect diamater de =-Jd] dz, where d‘ and d2 = dimensions of major

and minor axes of pore. The maximum value of de is listed in Table 4.2
for all specimens.

FIVRT? . W P
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of values studied there does not appéar to be any consistent variation in
fatigue strength with the defect parameter, de. This is in contrast to the
results obtained for 3/4 in. material where an increase in effective defect
diameter produced a daCfease In FIOO,OOO' Nevertheless, it may be seen that
the welds with maximum defects ranging from 0.035 to 0.067 in. in diameter
had fat{gue strengths at 100,000 cycles of approximately 65 percent of that
for a sound weld.

Another parameter that has been used to specify the amount of porosity
is the percentage of defective area in the gross area of the specimen, Ared.'
The defective area Is defined as the area of porasity In the group or groups

propagating to failure as measured on the fracture surf.ce or as measured from

‘the radlograph assuming that the poresity ls wnifermly dlstributed In a

spheric¢al manner. The Ared. for a specimen was usually somewhat greater when
based on the fracture surface than when based on radlographs because of the
difflcul ty of Interpreting the radiographs.
The average Ared. fo} the 1-1/2 iIn. thick speclimens was approximately

equal to 0.16 percent; this is approximately the same as that obtalned for

the 3/4 in. thick specimens tested previously. The parameter, Ared.' (based

on the radiographs) is plotted vs. FIOO,OOO in Flg. 4.4, There is a little
scatter In the test results, and no consistent decrease in fatigue strength

< 0.25 percent. This is

with Increéslng A is evident for 0.02 < A
re re

d. d.
unl ike the case for 3/4 in. material for which a trend of decreasing fatigue

strength with increasing defective aree was eviderit.

Table 4.2 also indicates whether welds satisfy Naval Speclficatlons(s).

Only two of the members failed to meet the Specification requirements but all
of the members exhibited fatigue strengths considerably below that of a

sound weld.

P
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4.3 Slag in 1-1/2 In. HY-80 Specimens

The results of fatigue tests of transverse butt welds having slag
inclusions in the weld are tabulated in Table 4.3. Since the tests were
carrled out using two stress cycles, it was again possible to obtain an S-N
curve for the test results. The test results are shown In Fig. 4.5. In
additlion to the S<N curve for the defective welds, Fig. 4.5 contains the 5-N
curves for sound transverse butt welds In the as-welded condlition and with
the weld reinforcement removed. It |s notable that the slope of the S=N curve
for welds with siag Inclusions Is the same as that for porosity specimens
(k = 0.21). (One of the specimens, G=90, failed due to the presence of a
small slag deposit although the radiograph indicated only porosity.)

_,w.”EigureHAIB,shows,the.Fatlgue,étrength at 100,000 cyslas as & fungtion
of the percentage of defective area, Ared. (based on radlographs). The values

of A based on radiographs and on fracture surfaces are tabulated in

red.’
Table 4.4; this table also indicates whethar the welded joints satlsfy Navy .

(s)

Specificatlons Unlike the case for 3/4 In. thick materlial where an
Increase In defect area was accompanfad by a decrease in fatigue strength,
there does not anpear ﬁo be a similar trend for 1-1/2 in. materlal. As shown
in Flg. 4.8 the zero-fo-tenslon fatigue strength at 100,000 cycles varies

between +37 ksi and +50 ksi, independent of the value of A , while the

red.
average fatigue strength for as=-welded transverse butt welded Joints Is +46 ksi
and for sound welded joints with the reinforcement removed is +64 ksi. The
scatter for as-welded joints 1s +38 ksl to +48 ksi, which is essentially the
same as for welds with internal defects. In some cases, welded joints not
meeting the weld quality requirements of the Navy Specifications had higher
fatigue strengths than those which did meet the requirements (see specimens

G-91 vs. G=92 and G-=93 in Table 4.3, and specimens Z«96 and 2-94 vs. 1-56, Z1-74

and Z-95 in Table 4.5).
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When the fatigue strength at 20,000 cycles Is considered, Fig. 4.7,
the effect of internal geometry on the fatigue 1ife becomes more important.
At this life, the upper bound of the results for defective welds is about 6 ksi

lower than the average fatigue strength of the sound as-welded jolints.

4.4 Fatigue Tests of Defective Welds in 3/4 In. HY-BO Material
Three transverse butt welded specimens, Z=100, Z=101, Z~102, containing
artificial porosity (drilled holes filled with steel balls), were tested to
study the effect of the spacing and number of defects in a line on the fatlgue
Iife. However, it was not possible to obtaln fully the desired Information
since 2-100 failed due to lack of fusion in the root area rather than at
drilled holes. The lives for these three spacimens are given In Table 5.1 of
the propagation study. | o o
Spacimen 2-102, which had eleven 1/16 In. dlamster balls spaced at
approximately 3 hole diameters, had a reletively long fatigue 1ife for a

specimen with A equal to 1.2 percent. This can be attributed to the widely

red

P praey o
uraer v

bited defect arsa and to the shape ©
balls were included In the initlial fatigue portion of the crack whléh propagated
to fallure (Flg. 4.8).

l A number of 3/4 In. butt welded joints having Internal weld défacts
were tested using a £50.0 ksi stress cycle. The test results are tabulated In
Table 4.5; some of the complete reversal tests previously réported In Ref. (4)
are also included. The fatigue strength at 50,000 cycles has been plotted as
a function of the percentage of defective area, Ared.’ in Fig. 4.9. |t does
not appear that the fatigue strength is a function of the defect area.

Furthermore, the upper bound of the scatter band for defective welds is about

12 ksi below the average fatigue strength for sound as-welded butt joints.
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4.5 Discussion of Results

The fatigue strengths at 100,000 cycles vs. A for 1=1/2 In.

red.
transverse butt welds shown In Figs. 4.4 and 4.6 have been summarized in
Fig. 4.10. The graph Indicates that, for the range of intentional defects
studled, the effect on the fatigue strength is Independent of the type of
defect and the amount of defective area. It is evident also that at 100,000
cycles the fatigue strength of the members wlth Intentlonal flaws s about
the same as that of the as-welded jolnts with thea relnforcement in place (no
Intentional defects).

From the study reported above, |t appéars that the Intentional internal

weld defects In specimens with the weld reinforcement removed ars of more

Importance than tha external geometry of sound as-weided joints at shorter lives, =~

less than 100,000 cycles, while the sxternsl weld geomatry appsars to ba mora
Important at the longer llves. It Is also avidant th;t the present code
raqulrements for porosity and slag wiil not guarantee a fatigue behavior for
1-1/2 In. thick butt Jolnts comparabie to that of & sound joint. Ne!ther does
there appear tb be any-correlation, within the specifications, between fatigue
strangth and the defect size cr area visible on radiographs. '

| Unl fke the results obtained for zero=to-tension tests of defective
3/4 In. butt welded jolints, there does nmot appear to be any change In the
fatigue strength at a given life with an increase In the percentage of defective

area, Aréd , for complete reversal tests.

|
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V. CRACK INITIATION AND PROPAGATION

5.1 Introductory Remarks

The fatigue 1ife of metals may be divided Into two general categories:

the number of cycles required to initlate a fatlgue crack* or cracks at a
given stress level, and the cycles of crack propagation from Initiation to
fallure. As part of the present study, nine 3/4 In. thick HY-80 transverse
butt welded specimens, Z-94 through Z-102 inclusive, were examined during
‘testing by using both radiographic and ultresonlic technlques to determine the
time ﬁo crack Inltiation and subsequent propagation. Five specimens were
tested at 50.0 ksi1 while the remaining four were tested at 0 to +50.0 ks!.

Each of the spec/mans centalned weld defects, the defacts varying In typa and

5178 as shown In Table 5.1, The d4ata for three spacimens from an earller
study(4), 2-70, Z=79, and Z=80, are also included In the results.

5.2 Jest Equipment and Testing Procedure

All apacimans In thie sarlas wers tastad In tha Uniuereity of

i11inois' 250,000 1b. fatigue machine described earller. To study crack
Initiation and propagation, two separate techniques were followad. The flrst
employed the use of the p.rtable radiographic equipment siown In Figs. 5.1a
and 5.1b. The second method, used primarily for a qualitative comparison with
the radiographic technique, utilized tha ultrasonic flaw detectlion equipment
shown in Figs. 5.2a and 5.2b. '

Each of the specimens was x-rayed prior to testing to determine the

size and location of internal weld defects. The specimen was next secured in

Crack initiation - estimated herein as one-half the number of cycles
batween last radiographic observation showing no crack and firdt radio=
graph showing crack.
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the fatigue machine and subjected to repeated loadings (the number of cycles
depending on stress cycle) at which time the machine was shut off with the
specimen heing held at maximum tensile load. With the specimen in this
position, a radiograph was then taken of the test section. Following thls,
the uI;rasonlc-Flaw detector, employlng both a normal prcobe and a 45° angle
probe, was used to scan the specimen through the region in which the weld was
sltuated. For each of elght consecutive locations along the surface of the
test section, the amplitude of the peak response as indicated on the detector -
scope for a constant pulse snergy was racorded. No attempt was made to

correlate these readings with actual flaw sizes; the method was used simply to

detectlion study are pressnted and briefly discussed in Appendix A. :
If the radiograph showed no fatlgue crack in the tast section the

procedure above was then repaated. Thls process continued unt!l such time as

a crack hecame evident, after which radlographs and ultrasonic readlqg;ﬁyere,

repeated at evary 500 to 1000 cycles until the specimen failed.

5.3 tion of Fatl rack

This phase of the Investigation consisted of a study, using radio-
graphic detectio: of the Initlation of fatigue grécks In the 3/4 iIn. thick
HY=-80 butt welded specimens. The test specimens containgd various types of
weld defects; these defects were generally placed In the second weld pass and
were located approximately midway between the specimen faces. The objectives
of the Investigation were twofold: (1) to determine whether, at a given stress
level, some direct correlation exists between the type or size of weld defect

and the initiation of a fatigue crack; and (2) to determine if there Is some

|
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simple relationship between the cycles to initiation &and the specimen ''test
life“-* It should be clearly understood that, for the purposes of this study,
initiation is taken as the first appearance of a vislble crack (macrocrack)
as shown by the radlogfaphs using the procedure outlined above. The signlficance
of correlating initlation with test 1ife rather than cycles ta fgllure will be
discussed in the section on crack propagation. j .

For the flve spacimens tested at £50.0 ksi, the llfe.{gr fatigue
crack Initiation varled from a low of 1,400 cycles for speclmgn;Z-QQ to a
ﬁgklmum of 9,000 cycles for Z-94. A similar wldervarlatlon In gycles to Inlit-

latlon was exhibited by the specimens tested at O to +50.0 ksl. The life for

Initlatlon rangsd from 2,500 cycles for 2-100 (an admittedly very poor spaciman

i
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&1] the specimsns sppears In Table B.1.

The large amount of scatter at both stress levals Indicates that th;
existence of weld defacts has a pronounced effect on the resistance of a
spacimen to crack Initlation. It Is assumed that the geometrlc conflgurations
of these defects create high stress concentratlons that produce pldstic
deformations In the vicinity of the flaws, thereby leading to the sventual
Inttiation of fatigue cracks. That suchﬁiﬁwfhé.sffﬁ;ffsﬁ‘Wés>eﬁfd;5fvffom an

examination of the seaquence of radlographs taken of each specimen. 'VIsIBIe

- fatlgue cracks would almost Invarlably originate at the extremitles of a wald

idefect, al though not necessarily at the largest defect. This was In marked

contrast to 3/4 In. thick sound weld specimens (wlth reinforcement removed)

where fatigue cracks frequently had their origins outside the test section.

Test 1ife - defined herein as the number of cycles necessary for a crack
to propagate to the surface of the test specimen.
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The type and size of weld flaw leading to fatigue crack initiation
for each specimen s compared with cyclies to initiation in Fig. 5.3. For
those specimens tested at O to +50;0 ksi, the general behavior sppears to be
toward decreased cycles to Initlation as size (length) of weld defect
increases. At £50.0 ks, however, this tendency Is not evident. It was not
possible to determine.the geometry at the extremity of the weld defects from
the single radiograph takeh at each [l1e.

From these tests, it appears that no single weld defect parameter
In itself controls the fatigue crack inltlation. Rather, It Is probably the
combined effect of a numbar of factors that creaies the condition necesﬁary

to inftlate cracking under a glven stress cycle. These factors include:

,

weld area;—(3) -locationof défacts In spaciman (i.a., proximity to other flaws

or specimen surface); (4) orlentation of defects with respect to direction of

Ioading; and (5) the residual stresses ln the weld metal. Wlthout more data,

the Inter-ralatlonshlps betwean the critical varlablas defias analytlcal

description, thus polntlhg QEAEEEHEEEEEQTty bf continued extenslve study of
all factors uslng a statistical approach. The problem is further complicated
by tﬁe dtff!culty encountered In trylng to create isolated defects of various
types, shapes, and sizes In a specimen.

As might be anticipated from the wide range of cycles to crack
Initlation In specimens at both stress levels, there was no consis'ent relation-
ship between the cycles to initlatlon and the test life. At £50.0 ks!, the
ratio of cycles to initiation to test life varied from 0.264 for specimen
299, to 0.833 for Z-94 (Table 5.1). For the specimens tested at 0 to

+50.0 ksi, the variation in this ratio ranged from 0.462 for specimen Z-80

to 0.922 for Z~102. The cracks in the majority of specimens, however,
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initiated at more than half the test life, with the average for all specimens
being 0.69. Thus, on the basis of these tests and the crack detection procedure
used, the number of cycles necessary to propagate the fatigue cracks to the

specimen surface was found to be less than 50 percent of the test life..

5.4 Crack Propagation

The process of propagation of a crack Initlating at an internal weld |
defect In the 3/4 in. thick plate specimens can be divided Into two regsonably
distinct raglons. The flrst stage .begins with the Inltietlon of theic}ack
and contlnues unitl] the crack approaches or actually Intersects the spéclh@g‘d

surface (test~llfe) It 1s-during this perlod that the specimen experiences

_true “fatlgue crack” prqpagatlon, wlth the crack growlng radlally from the

- dafect anJ’Tn ry plane normafito fhe direct!on oF load(ng

mode of propagatlan ln»theaJolnts.changes to one In whch the-crack ppcgresses
along planes obliqus to the loadlhg directlon, exhibliting the so called _
"shear=~type'' crack growth behavior Mustrated 'n detall lﬁ a'earllgr report(4).
The rate of propagation is rapidly accelerated during this latter stage and
end; with complete Frécturé-hfthln-a felgtlvéfy faw cyciés. TH?s lﬁcreased
rate of growth Is due In large part to the higher stresses»createdmasmthglii'--
remaining net specimen section required to resist the ldad,ls_décreased. Thé
extent of both modes of crack probagation can be easily distinguishad by
vlsuﬁl observation of a specimen fracture surface, such aé that shown in
Fig. 4.8. | |

The importance of test life rather than cycles to complete failure

as a measure of fatligue behavior now becomes apparent. It is the test 1ife

that most accurately represents the 1Imit of extension of a true fatligue

crack in & plate specimen of the type used in this study, thus providing a
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consistent bound for evaluating the radiographic data regarding such crack
growth. |t was the purpose of thls phase of the project to Investligate both
the fatigue and shear-type crack g-owth mechanisms and to cor.elate dqretion
ard-rate of propagation wlth'test-stress conditions. A discussion of the
observations is prasented bslow.

The number of cycles of propagation from initiation to test llfe,

for the specimens tested at £50.0 ksl, varfed from 1000 cycles for specimen

e

B
2-97, to a maximum of 4,500 cycles for 2-86. There wss an apparent general

b e _[E ,._‘tr_ee,nd___b,u,t‘,-,np‘. clearly defined conslstent’ratio betwaen duration of fatigus-arack - b
) E ‘growth end speclmen life, Rather, Flg. 5.4 shows. that the ngmhgn;gﬁ_gxglgg R

. N E iEd‘-““A_‘ of propagatlon falls wlthin a falrly narrow band regardless of the totel 1 1fe e

- f I? 7 -as shown- n Flg: 5. 5, the cycles of fatligue craék propegetlon For the current ' g%

: series of tests ranged from 2,700 for specimen Z=100-to 14,000- for 2-98, and j

show an Increase in duration of crack propagation with an Increase In test

l:nm:i

he spscimens from the previous

tests had greater durations of propegatlon even though thelr total llves were

., 53
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That the duration of fetlghe crack propagation should be approxi-
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mately. constant at a glven stress level meybbe reasoned by a closer observa=-
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tion of the crack appearance. Hlthdugh the geomatric conflgurations of
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internal weld defects do vary considerably (thus affecting Initiation), once

a fatigue crack forms and begins to extend radially outward from the defect,

P Y

the geometry at the tip of the crack becomes similar In most cases. The

specimans then continue to undergo essentially constant fatigue crack growth

[}

up to the point of intersection with the specimen surface, when the mode

piey




oo

aphanty &

v M-r-j' lrm:—::,

-21-

changes to the shear-type mentioned above. Since the crack-initiating defects
were located near the center of the weld in the specimen and all ::ecimens in
the group tested were 3/4 in. thick, it appears reasonable that they should
exhibit simllar propagation times as, Indeed, is substantiated by the infor-
mation presented in Figs. 5.4 and 5.5. The slight increase In duration of
propagation with test 1ife may be due to such factors as varfation In flaw
location, the residual stresses In the weld, etc.

-~ The second objective of this study on propagation was to Investigate
the actusl rate of crack propagation, durlng both the normal fatigue and shear-
typs growth stages. The results of measurements from the-radlographs are

presented fn.Figs. 5.6 and 5(7 for tests performed at +50.0 ks! and 0 to
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“¥50.0 ksl respsctively. The data are raferred to test |1fe, thus different=

© lating the twWo separate stagesof propagation: ‘Although the scattar bEnd fer

crack length prior to the test 11fe appears to Indicate a uniform rate of
growth, tracing the data for an individual specimen tends to Indlcate a

stepped pattern of propagation, especially In the tests at 0 to +50.0 ks!.

2 N - - P Ty P T Y P W Sy .
This system of slternating psiicds of girowth and doimency of nesar dormancy

has been reported in the literaturs

(6,7)

and appears to be falirly common

" bahavior In the early stages of fatlgqb crack propagation. The 1|imited number

of observations In these tests, howev;r, precludes any estimate of the number
or duration of these dormant periods.

in the zero~to-tension tests thls step-type growth pattern continued
in some specimens for a time beyond the appearance of the crack on the.speclmen
surface. Thereafter, the growth rate accelerated rapidly and failure usually
occurred within few additional cycles. Figures 5.6 and 5.7 do, however, show
a considerable range of cycles from test life to failure. Although no

conclusions have been drawn concerriing this variation In duration of crack
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propagatiun at each stress cycle, two possivilities are offered. First, the
planes that the crack follows after reaching the specimen surface are often
dictated by the location of other weld flaws in the near vicinity. The crack
will tend to grow toward these defects, especially if they, too, have
initiated fatigue cracks. |f no such additional defects exist, the crack
often passes near or into the specimen heat affected zone and follows that
line to failure. Depending upon the crack bath taken, the crack will progress
through the test sectlion at a slower or more rapid rate. A second possibility
would be fhe locatlion of the propagating crack In the specimen cross-saction.

A crack sltuated toward the edge of the specimen would tend to induce bending

as well as axial stresses [(n the remaining net section, thus Increasing the

‘wedging action at the: tip of the crack and further stimulating-the rate of

propagation.
5.5 Lonclusions

Based on the study reported herein, the following conclusions have
beeﬁ drawn regardIng the inltiatlion and propagation of fatlgue cracks in 3/4
in. thick HY=80 transQerae butt welded Speclmené containing weld defects:

1. At a glven stress éycle, there Is h@ conslstent number of cycles
for the initiation of a macroscoplc fatligue crack; nor'l§ there a constant
ratio between cycles to Iinitiation and test life (appearance of crack on
specimen surface)s The number of cycles required to Inlitiate such a crack Is
apparently strongly dependent upon several crltical parameters including:

a) type, quantity and geometry of internal weld defects$ and b) location of
defect In weld (whether In a tensile or compressive residual stress zone), and
orlentation with respect to direction of loading.

2. After the initiation of a fatigue crack at or in the vicinity

of a weld defect, the duration of its propagation to test life falls within a
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fairly narrow range of cycles for a given stress level. This period defines
a reglon of '"fatigue crack'' propagation. In the present series of tests this
crack propagation ranged from 1,000 to 4,500 cycles for specimens tested at
$50.0 ksi and from 7,000 to 14,000 cycles (excluding Z-100) for those tes ted
at 0 to +50.0 ksi. In most cases the mechanism of early crack propagation
appeared to follow a stepped pattern of Intermittent periods of growth and
dormancy rather than a constant or uniformly varying rate.

3. Beyond the point at which the crack reaches the specimen surface,
the Increased stresses near the tip of ;he crack and throughout the entire
remalning nat section cause ‘a rapid Increase In the rate of crack growth laad=

ing fo fallure within a relatively few cycles. During this period of crack

propagation, the path of the crack usually progresses along planes gblique to . .~ . .

the dirsction of loading. Thilzs pattern then continues untll complete fracture

of the sper takes place.
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V1. METALLURGICAL STUDIES OF WELDED HY-80 STEEL

6.1 lIntroductory Remarks
(4)

In the previous study on the effect of weld flaws on the fatigue
behavior of butt welded joints in HY-80 steel fatigue crack propagation was
observed. These fat!igue cracks propagated elther along the fusion line, In
ths weld metal or in the base metal. Frequently the crack propagation in

the base metal was cbserved along metal-inclusion boundaries. In a few cases,
the Inclusions were melted near the fuslon line leaving small hot cracks In

that region.

Because of the above observations the Inclusions were suspected

of causing early fatigue failures when they produced. hot cracks In the base

e,

p——
.l

matal newr tha fusion line of the weld. Thewe Inclusions wara tentatlvaly
ldentifled as sulfides bacause of their low melting point and their metallo-
graphic appearance.

The mgtallurglcal studies of weldments in HY-80 steel in thils report

(a) To develop quantitative relationships between the size of
sujfide stringer inclusions and thelr contrlbution to hot craéking In a
weﬁdment. l

: (b) To determine the separate contrivutions of the sulfides and

the stresses during weldlng on the initlation of cracks in the weld deposit
and heat affected zone of the base metal.

(¢} To determine the efficacy of changes in welding procedure on
the reduction or elimination of hot cracking in the deposited weld metal.

After reproducible hot crack production in butt welded HY-80 steel

was attained, fatigue tests were performed on these joints.
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6.2 Experimental Procedures

Restraint was applied to the HY-80 steel during butt welding in
order to develop a number of hot cracks. Welding procedure P80-11018 was
used to make the joints. The 30° double "V grooves for normal butt welded
samples were cut in 3/4 in. and 1-1/2 in. thlcerY-SO steel plates, with a
1/8 in. spacing between the plates at the root. Two 4+1/2 in. x 8 In.
plates were then placed in a 17 In. squara block of 2 In. thick plain carbon
steel as shown In the dlagram In Fig. 6.1. Both HY-80 steel plates were
then fillet welded into the plain carbon steel plate at both surfaces to
produce meximum restralint conditions during the butt welding. The

longitudinal restralnt was decreased to some extant by fillet welding the

-"HY=80 plates only In the direction parallel to the long axls of the butt

" wald. After the butt weld was completed, |t was allowad to remaln undar

restraint for a minimum of 24 hours after the butt welding. The fillet
welds ware Initlally checked by dye penetrant for possible surface cracking
but none was observed.

Since tha hot cracks could not he datermined by x-ray radlc
the samples ware examined by metallurglcal sectioning, pollishing, and

etching. The length and position of the hot cracks were recorded. The

->sémple was then repolished and the hot cracks were agaln observed in order

to check the first observation.
A diagram of the test plate positions In the original HY~-80 steel

plate is shown in Fig. 6.2. The test plates were cut into 9 in. wide strips

for test purposes. The butt weld was approximately 8 inches long In the 9 in.

"W groove, but only the middle & inches of each butt weld was examined for
hot cracks. Metallographic sections were cut from the weld as shown in

Fig. 6.3 after each butt weld was held in restraint for a minimum time of
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24 hours. The optimum observations of hot cracks were made at a magnification

of 400 diameters.

6.3 Material Description

The HY=-80 steel was received in the quenched and tempered condition
and was welded in this condition for.the metallurgical studies.

The chemical composition of each of the two HY~80 heats used In
this investigation Is listed in Table 2.2 as given by the 'M{l1 Raeport." An
analysis for manganese, phosphorus and sulfur In each plate near the 3/4 in.
plate surface and at its mid-thickness is glven in Table 6.1. An average of
the results found In Table 6.1 will be used to represent the G-67, G-68, G-69,

and Z-L7 plates. The G-69 plate was cut down from a 1=1/2 In. thick plate by

removing 3/8 in. from each-side in order to obfa}n a 3/4 In. thick plataof

a higher sulfﬁr compos{tion. The Z-87 plate had been rolled down to Its
3/4 In. thickness at the .mill,

The G plates represent a higher sulfur content and were taken from
the bottom center of the Ingot (plate A-5) as shown in Flg. 632. Since the |
main rolling direction was known, & reasonably perpendicular dross=sectlon

of the Inclusions could be ob;alned. A direct measurement ofvthe inclusion's

width and thlckness for the 6469 and Z-87 plates was made at 300x.

6.4 Distribution and Size of Sulfide Inclusions

An average size for the inclusions was recorded byrmeasurlng the
widths and thicknesses of a number of Inclusions In a section of the plate
transverse to the rolling direction at 300 diameters magnification. The
widths of the inclusions in the Z-87 plate were greater than those in the
G=69 plate on the average, but the thickness of the inclusions in the 2-87

sample was less than those of the G-69 sample. |f an average area of
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inclusion perpendicular to the rolling direction is calculated, assuming

a rectangular area, the average inclusion area in the Z2-87 plate was 165 square

microns compatad to 83 square microns for the G-69 plate inclusion area.

Table 6.2 1ists the results of this study and’shows the difference in the L
inclusions in the G«69 and Z-87 plates. Another approach taken to describe

the Inclusions was to show the size distribution of a number of inclusions :
measured within a selected area of the polished and etched sample. These
hfstogramé of size distribution are shown in Figs 6.5 and 6.6, The histogram é

in Flg. 6.5 shows two or more peaks In the width measurements because some

Inclusions were discontinuous and they were measured separately. Tha only

difference observed betwsen the width In the 2-87 and G=69 h!stograms Is that

_15.‘_ } i

. The cracks were usually In stringer bands consisting of discontinuous
inclusions. An Incluslion was usually located near the fusion line whare the

crack was formed. The cracks that are associated with Inclusions do not

i

have any characteristic size or shape. The histograms of Incluslon width
and thlikness measurements in samples G=68 and 2-87 also indicate that the
geometric sizs or shaps of the inclusions do not affect the crack fraquency

that is gliven in Table 6.3.

6.5 Dlscussion

The hot cracks referred to in this report are the small cracks
radiating from the Inclusions that have partially melted near the fusion
line on the base metal side. In some instances isolated flaws were observed
in the weld metal such as slag inciusions, porosity, cracking along fingers
of the weld metal and a few relatively large cracks not associated with
inclusions. These will be discussed later under the heading "metallographic

observations of weld flaws."
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a. Hot Crack Geometry

The hot cracks were assaciated with inclusions because they were
found either radiating from an inclusion near the fusion line or they were
in line with stringer laminations on the base metal side of the weld. Examples
of both these conditions are shown in the photomicrographs of Figs. 6.7 and
6.8. By sectioning the welds in both the transverse and longitudinal directions
the plane of the hot cracks was observed. The longitudinal section was along
the long axls of the weld and parallel to the fusion line. The hot cracks were
found. to extgnalless than 0.025 mm from the fusion line Into the base metal
In most cases. Most hot cracks extendad from 0.025 mm té 0.05 mm along the

long axis of the weld. The plane of the fractured surface of the hot crack

b. Effect of RestFeln

Unrestrained butt welds were made by welding procedure P80=-11018=D
on 1-1/2 In. thick HY=-80 steel samples and no hot cracking was observed In
metallographic sections of these welds. In an attempt'to create additional

shrinkage stresses In ghe butt walds 1=1/2 In. % 1 In. x 1 In. bhlocks wars
placed at the ends of the original é ineh long butt weld doubla "'V'' groove In
order to prevenf,transverse shrinkage. Few hot cracks were observed in this
sample. A summary of the sbove results Is listed In Table 6.3.

The butt welding during full restraint described '~ the experimental
procedure section was successful in causing numérous hot cracks in the G-69
samples. Partial restraint of the butt weld, resulting from only fillet
welding the HY-80 plates in a direction parallel to the long axis of the butt

weld, also caused hot cracks. The amount of cracking per transverse sample

surface examined can be found in Table 6.3,

.y

P
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c. Effect of Sulfur Concentration on Hot Cracking

In the above tests only the 1-1/2 in. thick G-69 plates of higher
sul fur content (0.0155% 8) were examined. The following tests were conducted
on 3/4 in. thick plates butt welded by the same procedure. One G-69 plate was
cut down from its 1-1/2 In. thickness to a 3/4 in. thick plate and welded to a
rolled 3/4 in. thick Z-87 plate with a lower sulfur content (0.0II% §). The , é
unrestrained 3/4 in. plate listed in Table 6.3 was a 1-1/2 in. thick HY-80 |
steel plata cut down from plate G=67 by machining 3/4 in. fromlonly one slide.

No restralnt was used In welding the cut down G-67 plate and only a few hot
cracks wei'e observed In the numerous samples prepared (Table 6.3). The

|

{

i

i

| | i

restrainad, 374 in. thick sample In Table 6.3 was made from a 3/4 In. thick :
—2. —hod

plate»ggﬁ down from a 1-1/2 In. 6469“pia£e-E;fﬁ;éﬁfﬁingroff 5/8 jn,';f tﬂe-;g{;;&-j R
surface from both sides. This plate was welded to a rolled down 3/4 in. thick zg
2-87 plate. .The striking result of the butt welded G-69 and Z-87 plate was EA
that almest all the hot cracking was on the high sulfur side of the fully ij
restrained 3/4 In. butt weld. -E
d. Llength of Hot Cracks |
Table 6.4 11sts the average hot crack lengths observed In the trans- 1

verse sections for all the welding conditions previously discussed for both the

1-1/2 in. and 3/4 iIn. thick samples. Most of these small hot cracks are about
0.025 mm long. Large cracks from other types of welding flaws are not included
In the values given in Tables 6.3 and 6.4. The relatively consistent hot crack
length can be related to the limited depth to which inclusions melt beyond the

fusion line during the welding.

e. Metallographic Observations of Weld Matal Flaws

Large cracks, apparently not related to inclusions, were observed in

rare instances and an example of this type of cracking is shown in Fig. 6.9.
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Cracks were also observed to initiate from the periphery of slag inclusions,
porosity (Fig. 6.10) and "fingers' of weld metal in the base metal (Fig. 6.11).
These cracks were usually larger than the hot cracks and Table 6.5 lists the
samples in which these defects were found along with thelir crack lengths.

f. J1nclusion Study

A more exact description of the inclusions was dasired because of
the association of hot cracks with inclusfons in the HY-BO-FteeI mlcrostructure .
Sulfides were assumed present from the results of a sulfunjprlnt which was
made . Methods of extraction for the incluslons resulteJ In extracted particles
wlith an Index of refraction between 1.35 and 1.63. Thlis resqlt was based on

Becke |ines observed around the edges of a large number of extracted stringers

_Immersed In 11qulds of -known Indices of refraction. Sulfides must have an Index

- ———
.

-of refragction of twoor bettar. 1t was concludsd that sulfizs 'l?T@]"i,I-‘E ISRE Were

not successfully extracted. X-ray dlffractlonupatterns of the exﬁ}acted
particles matched the ASTM pattern for iron silicate. The sulfides were probably
dissolved In the solvent:used for extracting Inclusions since they were not
observed on the rémalning sample or filtered from the solution.

g. ct of "Buttering' cy of Hot Crack

Two sectlons of the 1-1/2 in. thick G-69 plate were jolined under full
restraint by butt welding using weldIng procedure P80-110i8=D. However, before
one section was piaced In the full restraint apparatus it was '‘buttered"
(coated with E11018 weld metal by weaving the electrode over ona side of the
30° scarf.) The excess '"buttered' weld metal was machined off leaving a layer
of weld metal approximately 1/8 in. thick. The 1-1/2 in. thick sections were
then butt welded, sectioned and observed. The unbuttered side of the weld
had an average crack frequency and length similar to other 1-1/2 in. samples

welded in full restraint. The only cracks observed on the 'buttered" side of

b e —— o g




gty

-31-

the butt weld were near the root of the weld where '"'buttered' weld metal had
not been placed. This clearly demonstrated that hot cracks can be decreased
to a low level by 'buttering' the HY-80 steel before using regular-welding
procedures provided the remaining buttered layer ot weld metal Is thick enough
to prevent the melting of inclusions In the base metatl.

A microhardness survey (Fig. 6.12) in a transverse section of the
Ybhuttered'' and normal G-69 plate shows the different Diamond Pyramid Hardness
(DPH) in the Heat Affected Zone (HAZ) of the two plates and also in the
remalning '"buttered'' weld metal left after mechining. The maximum hardr~ss In
the HAZ of the 'buttered" section was lower than maximum hardness In the

unbuttered HAZ of the HY-80 steel butt weld. A hardness survey of the HAZ of

" the buttered scarf Is shown In Flg. 6.13. This hardness survey shows the

offact of the larga hesat Input caused by the extensive weaving motion of thes
electrode durfng the buttering operation.

h. Effect of Hot Cracks on Fatligue Life

A G-89 plate, 1-1/2 In. thick, was machined down to four 3/4 in. thick
plates by removing 3/8 In. from both sides qlving a thinnar plate of higher
sul fur content (0.0155% S). These plates were butt welded In full restralnt to
make two samples. The samples ware then tested in a method simllar to a
regular 3/4 in. thick fatigue test sample. These samples ware tested In 0 to
+50.0 ksl tensila stress fatigue cycles. One sample reached & fatigue 1ife of
170,000 cycles and the other 280,000 before an attachment weld at the end of
each sample broke. The fully restrained welds contalning hot cracks were not
broken. The attachment weld was repaired for the sample that reached 280,000
cycles and the test was continued. The attachment weld broke twice before a
total of 430,000 cycles was reached. The G-69 sample welded in restraint had

not broken, even after 430,000 cycles of stress of 0 to +50.0 ksi.
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The order of magnitude calculaticon given below illustrates the
probable number of hot cracks contained 'n the 4 in. wide 3/4 in. thick fatigue
sample used In the test just described. From measurements reported in Table 6.3
each transverse section uf a cut down 3/4 in. G=69 sample welded in restraint
should contain ore (1) hot crack on the average. If It is assumed that each
hot crack extended along the long axls of the weld for 20 mils. (0.020 iIn.)
and no hot cracks overlapped along the long axls of the weld, then the number
of hot cracks ls equal to 4 In./0.020 In. = 200 cracks In a 4 In. wide, 3/4 in.
thick test sample. The 430,000 cycle fatigue 11fe of the fully restrained weld
sample approaches the Fatigue_llfe of the unwelded plate. Thus, the hot cracks

along the fusion Ifne do not appear to have an effect on zero-to-tenslon fatlgue

l1lves at this stress leval.

Another 1-1/2 In. HY=80 steel sample was waelded In restraint caused
by two 15 in. long plain carbon steel bars 3 In. square that were fillet welded
along the sides of the G-68 plate. The 1-1/2 in. thick plate was fillet welded
as If It were a 3/4 in. thick plate. The restraining bars were removed after
twanty~four hours gnd the entire plate was cut down to & 3/4 in. fatigue
sample. This sample was fatigue tested at a stress level of £50.0 ksi. It
falled after 13,000 cycles compared to a good weld fatigue !ife of about
60,000 cycles at the same stress level. The sample was sectioned and polished
across the fatigue fracture reglon. Fig. 6.14 shows the fractured region after
13,000 cycles. The arrows Indicate the cut of the transverse section shown in
Fig. 6.15. The transverse section [s near the center of the fatigue fracture.
The entire crack is in the weld metal in this region. Hot cracking in the HAZ
could not be responsibie for the fatigue crack center. An investigation of
this center of the fatigue crack and centers of fatigue cracks in the weld metal

indicates that these centers are probably weld porosity.
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In a region of the same transverse section shown in Fig. 6.15 only
on the opposite side of the weld about 1/4 in. from the fracture, porosity was
observed. This pore was located near the root pass of the weld and very close
to the fusion line. This is a common location for small pores in the 3/4 in.
and 1=1/2 in. thick HY-B0 steel butt welded plates. This pore was too small
to be observed in an x-ray radlograph of the plate even with reinforcement
removed. Two small cracks were observed radlating cut from each end of the pore
as shown In the metallographic section In Fig. 6.16. The cracks were nearly
parallel, within 4°, wlth one crack direction making an anglP of 85° to the
fatlque stress direction and with the other crack making an-;ngle of 87.5° to
the stress dlirection. Further proof that these were fatlgué cracks rather than
shrinkage cracks was the fact that at a hléh magnification the cracks wers _

fine, close fitting rather -than open, smooth shrinkage separations.

6.6 Conclusions

The following conclusions are based on results obtalned from two
commercial heats of HY=80 steel:

1. Restralnt during the welding of HY-80 steel promotes hot cracks
in the HAZ of HY-80 weldments. The hot cracks are on the average 0.025 mm in
length for the two heats Investigated.

2. Higher concentrations of sulfur In HY-80 appear to promote hot
cracking. Hot cracks were observed for 0.0155% S, but practically no hot
cracks were observed for 0.0!1% S HY-80 steel weldments. However, the size
(width and thickness) of the fnclusions does not appear to be related to the
hot crack frequency from the measurements of inclusion size made in this

investigation.
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3. "Buttering' prevents hot cracking. 'Buttering' also causes a
slightly lower maximum hardness in the HAZ of the ''buttered' HY~80 steel
compared to unbuttered HAZ. i

4. Hundreds of hot cracks (micro-cracks) In the sample do not appear
to reduce the fatigue life to any great extent for weldments tested in tension
from 0 to+50.0 ks! for the 0.0155% S HY-80 steel welded in full reétralnt- The
long axls of the weld was perpendicular to the axls of tension and the hot
cracks propagated In the general direction of tenslon causing a small stress
raiser facﬁor.

5. In one case porosity was observed to be & nucleus for fatigue

cracklng In the weld metal of the HY-80 steel sa@ple 6-68 subjectec to 13,000.

N I

e e s e e gt

cycTes of a reversal stress Teval of =50.0 ksi to +50.0 ks« Porosity In tha
weld me;al was belleved to be responsible for the early fatigue fallyre of

the G-68 sample welded In restraint.
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VII. SUMMARY

The following is a brief summary of the results of the various studies

reported herein. A llmited number of tests ware conducted and many of the

'concluslons are based on a relatively small amount of data. 'vaerthc!oss. therse

are a number of observations that arﬁ conslidered to ba very significent and are

briafly summarized herein.

7.1 Fatique Behavior of HY-100 Staal
Fatigue tests carried out on plain plate and butt walded specimens

of HY=100 indicate:

1. The axlal fatlgue strangth $f :he HY-IOO stoel plate was not

iero-tu-ilnllon stress cycla.

2. Under a zero=to-~tension loading, transverse but  ‘lded jolnts In
HY=100 were found to have a lower fatigue res/stance than comparabla Jolints . X
In HY=80. Furthermors, the HY-100 joints appearsd to be mora sensitive to

the prasance of Infernal flaws.

7.2 Hald Defact Studv of HY=80 Steal
Frem the fatigue tests carried out on butt welds with Intentional
Internal defects it may be éoncluded that:

1. For tha range of intentional defects studied, the effect on the
fatigue strength Is independent of the type of defect and the amount of
defective area. |

2. At 100,000 cycles the fatigue strength of the mambars with intentional
flaws Is about the same as that of the as-welded joints with the reinforcement

in place (no intentional defects).
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3. At shorter lives (less than 100,000 cycles), It appears that the
intentional internal weld defacts in specimens with weld reinforcement removed
are more Important than the external geometry of some as=welded joints, while

the extarnal weld geometry appears to be more Important at the longar livus.

7.3 Crack Growth Sgudy

Radiographic techniques were employed to determina the numbar of
cycles to crack Inltfation and subsequent propagation of fatigua cracks In

butt welded JoInts of HY-80 steel. Bacause of the lack of sensitivity and

dlfflcd[ty of Interpretation of the radiographs, there is some uncurteinty as

to the time of Inftiation. Neverthaless, o ndmbgr of concluslions can be drawn

on the basis of the test results:

“T. Fora glvan stress cycla there appesred to be no consistent number

of cycles for the Initlation of a macroscoplc fatigue crack; rather, tha
initiation appears to be a function of the typs and geometry of the Internal
weld defects, the location of the defect with respect to the cross sactlon_of
the wald..and the residual stresses.

2. Upon Initiation of a fatigue crack., tha duration of pranagation wae
found to fall within a relatlively narrow range of cycles for a given lavel of
applied stress.

3. On the basls of the crack datectlion procedure usad in thase tests,
the number of cyclas necessary to propagats the fatigue crack to the speciman

surface was found to be less than 50 percent of the total 1ife.

7.4 Metallyrgical Studies

A number of metallurgical studies have been conducted to eveluats

the effects of inclusions and welding restraint upon the qual ity of weld metal
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In butt welds of HY-80 steel. The results qf these studies may be summar!zed
as follows:

1. The restraint during welding of HY=-80 steel producedrhot cracks in
the hoat affected zone of the weldment.

The dagree of hot cracking appeared to Increase with an lherease

in the sulphur concentration of the-stecl. P

2. "Buttering" of the baveled platas helped to prevant hot cracking In
the heat affected 2one.

3. The hot cracks (microcracks) In the waldments did not appoar to - ' et

raduce the fatigue |ife of tha membars to any great extent.

O the basls of the rasults of the various tests reported harain

savéral general observations may ba made concaining tha behavior of HY=B0 and
HY=100 stasls and waldad Jolnts in these stesls. These conclusions are as
follows: :
1. Based on the average values of fatigus strength at 100,000 cycles .§~
i

‘shown In tha fallowlng tabulatlan,

nlain plata memhare of HY=80 and HV«1NN
are-found -to-have -fatigue strengths considerably above that of mild structural N
steel. However, the Increase in fatigue strength for the butt welded joint

in HY=100 Is much smaller than that for the HY-80 steal.

Stee! Flgo.ooo' Ks! (Zero-to=tension)
Plain Plate Transverse Butt Weld*
Mild structural steel (ASTM-A7) 48.0 32.3
HY=-80 65.6 57.1
HY-100 68.6 41 .4

* As=welded, reinforcement on
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{’" The as=welded joint efficlencies under axial loading are seen to
ranga between 60 and 87 percent for the HY-100 and HY-8U materials respectively.
2. Radiographic evaluations In HY=80 demonstrate that the test joints
ware within Navy specifications 1imlts for porosity and slag.':However, when

the weld reinforcement was removed from membars having flawsrwtthln the
specification i!mits. thelr fatigue strength at 100,000 cycles was no better

than that of sound as-welded butt joints with the reinforcement In place.

ﬁi 3. Preliminary results of ultrasonlic measuremants for crack propagation
‘ and detection In HY-80 suggest that this detection methbd, {f It can ba fully
- [3 | davelopad, may proylda earllier crack detaction than radlographic axamination.
; [} : Howaver, this cen only be realized throhgh extensive develnpments in the
S el _oparational tachniques. - S R Sy,
.t 4. The mlcrocracks observed Th the Butt wetded Joints of AY=B0 had

less offect on the fatigue rasistance of ta mambars than the porosity and

slag Inclusions permitted by presant inspection specifications.
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TABLE 2.2
r
{ CHEMICAL COMPOSITION OF BASE METAL

(From Mill Report)

[
[ Chemlcal Content Heat Number
(percent) 595344 N31543 N15423
lE c 0.16 0.17 0.20
Mn 0.33 0.28 0.30
'E P 0.021 0.010 0.010
‘ S 0.0189 0.009 0.014
r S 0.26 0.27 0.21
Eé NI 2.86 2.29 3.00
, Cr 1.8l 1.31 1.67
I% B ) Mo 0.48 0.32 0:50
- . s Gy S 0.68 6.1 o

tEp 0
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TABLE 6.1

MANGANESE , SULFUR, AND PHOSPHORUS CONTENT OF

THE HY-80 STEEL PLATES

(in Percent)

Sample Sample Manganese Phosphorus Sul fur
Position’

G-89 | -~ 0.28 0.014 0.016
1 0.29 0.012 0.018

2 0.30 0.012 0.016

2 0.28 0.010 0.016
Average 0.288 0.012 0.0155

Z-87 , 1 0.26 0.008 0.011
2 0.30 0.008 0.013

2 0.28 0.008 0.010

Average 0.28 0.008 0.011

Positlon (1) was near the surface and position (2) was at

the mid=thickness of the plate.
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TABLE 6.2

AVERAGE SIZE OF SULFIDE INCLUSIONS PER
NUMBER MEASURED

(microns)
Sample Plate Average Average'
Thickness Inclusion Incluslon*
Width Thickness
G-69 1-1/2 in. 32/21 2.59/21
2-87 3/4 In. 110/25 1.5 /25

¥ gectlion cut perpendicular to the rolling
direction and across the thickness of the
plate

TABLE 6.3

NUMBER OF HOT CRACKS PER TRANSVERSE SECTION
OF HY-80 STEEL EXAMINED

Thickness of Steel Plata

Sample Test Type of
Number Plate Restraint 1=1/2 In. 1-1/4 In. 1 In, 3/4 in.
] G=67 weak 2/7 0/12 0/5 0/5
transverse
2 G-67 none 0/6 0/2 2/9
3 G-69 both transverse 21/6
and fon~itudinal
4 G-6% longitudinal 14/3
rgstraint rel axed
5 G-69 both transverse 8/7

Z-87 and longitudinal
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TABLE 6.4

AVERAGE LENGTHS OF HOT CRACKS
(Millimeters)

i Thickness of HY-80 Steel Plats
Sample
1-1/2 in. 3/4 In.
1 0.02
2 0.02
3 0.03
4

0.02 0.04

same samples as shown in Table 6.3

TABLE 6.5

LENGTHS OF HOT CRACKS NOT ASSOCIATED WITH INCLUSIONS
M1l imeters)

% Thickness of HY=80 Steal Plate

Sample
1-1/2 In. - 3/4 in.

3A13
crack a 0.08
crack b 0.1

3A1 0.20 .
4n5 0.26
2010 0.50

All samples were from the 1-1/2 in. thick
G-69 test plate. Thekl/2 in. thick
samples were cut down on one side in

2010 and on both sides 4D5.
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(a) Plain Plate
« 5“
B 7" Rod
e 80 0 N\_ © 6 © ©
— M ) s
—"“9""6“_"&‘ - e = -— o i’ —e —,o;—o--;@-*:—- B
® 699 /—ﬂ'\ 2 0 @ &
-]
' See figs. 2.2 8 2.3 for weld details,
| | i .
*!"
4
(b] Transverse Butt Weld
7" Rad
® 6 © © \ © © © o
2 4
— =@ - = e mne - 2# T - S . S . ) S
® & e @ ® & o ®
< 7 See fig.2.4 for weld details. .
| I ! I |

(c) Transverse Butt Wweld

N\

FIG.21 DETAILS OF TEST SPECIMENS.
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Root opening & in.

4" Test Section

]

[¢ ]
4

N
4

——— -J— -t A J—

14444

- € Contindous Weld Passes ,

Arrows indicate direction of welding.

Surface of plote adjacent to weld cleaned by grinding before welding.

Pass Electrode size, in. Current, amps. Rate of trovel, in /min.
| ] 130 8

2 v 140 5

3 = 230 e

4 X 220 7

5 s 210 7

6 & 210 7

Voltage . 21 Voits

Polarity . 0.C. Reversed

Preheat . 150° F

Electrode . MiL {1018

Interpass Temperature. 200°F  (Maximum)
Heat Input. 40,000 Joules/in. (Maximum)

All welding in flat position

Underside of pass | ground before placing pass 2

FIG.2.2 WELDING PROCEDURE P80-110I8-A
(Transverse Butt Welds in HY- 80)
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4" Test Sechion

| i
3 it —+
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| €" Continuous Weld Passes -l

Arrows indicate diraction of walding

Surface of pluti adjacent to weld cleanad by grinding before welding

Pass Elcctrddo size, In Current, amps. Rate of travel, n/min
! s 130 5
2 5 40 | L B
3 = 230 8
4 2 220 7
5 2 210 7
8 & 210 7
voitage . 21 Volts
Polarity . D C. Reversed
Preheat (50° F
Electrode MIL 11018
interpass Temperoture <200°F  (Maximum)
Heat Input 40,000 Joules/in {(Maximum)

All welding in fiat position

Underside of pass | ground befuce pincing pass 2

F1G.2.3

WELDING PROCEDURE PIOO-10I8-y

(Transverse Butt Welds in HY-100)



Root opening & In.

Surface of plate adjocent to weld cleaned by grinding before welding.

2%" Test Section

-
|
1

o I I .

4" Continuous Weld Passes,|.
SuJE——
Arrows indicate direction of walding.

17,18,21,23
o1 11,13,18
1,9
]
z——-,—————==—————]—‘
L ; 3
et 1
4= l
¢ T i
8,10 ;
12,14, 1efe—]
18,20,22,24 p—iy

: -Egu._;:mgtqm size, in. | Current, omps. | .ﬁéﬂ i.éf.l!'““». in./ @.‘l‘- 4
. & | w0 P
2 % 230 e
3 ] 160 4
4-~16 | * 230 6
17-24 * 200 5

Voltage . 21 Volts '
Polarity . D.C. Reversed

Preheat: 200" F

Electrode. MiL
Interpass Temperoture. 200°F  (Maximum)

Heat Input:

Al

11ot8

50,000 Joutes/in. (Maximum)

weiding in flat position,
Underside of pass | back-gouged with air ar¢c before pass 3.

FI6.2.4 WELDING PROCEDURE P80-I10I8-D
(Transverse Butt Welds in HY- 80)
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a)BASE METAL. (230X MAGNIFICATION)
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b)HEAT AFFECTED ZONE. (230X MAGNIFICATION)

F1G.3.l

TYPICAL PHOTOMICROGRAPHS OF TRANSVERSE
BUTT WELD IN 3/4IN. HY-B0O MATERIAL.
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D)HEAT AFFECTED ZONE. (230X MAGNIFICATION)

FlG.3.2

TYPICAL PHOTOMICROGRAPHS OF TRANSVERSE
BUTT WELD IN 3/4 IN. HY-100 MATERIAL.
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Fic.3.4

NOTE: FRACTURE DID NOT START AT GORNER.

FRACTURE SURFACE OF AS-ROLLED
PLAIN PLATE SPECIMEN.

HY-100
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[ ) FALURE INITIATED AT EDGE OF WELD REINFOROEMENT.

—
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HY-13 "~ FRACTURE ' |
s Life 24,100 Stress o to +50.0ksi B
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b) FAILURE INITIATED IN WELD.

| FIG.3.6 TYPICAL FRACTURES OF TRANSVERSE BUTT
{ WELDS IN 3/4 IN. HY-100 MATERIAL.
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Fic.4.2

a) POROSITY IN WELD.

b) SLAG IN WELD.

TYPICAL FRACTURES FOR I-1/2 IN.
TRANSVERSE BUTT WELDED JOINTS
CONTAINING INTENTIONAL INTERNAL
WELD DEFECTS.
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FiG.4.8

ELEVEN DRILLED HOLES _IN. A _ROW.

.7-i.: o o e e e e o et 1om

FRACTURE SURFACE OF 3/4 IN. TRANSVERSE
BUTT WELDED JOINT CONTAINING ARTIFICAL
INTERNAL WELD DEFECTS.
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b) SPECIMEN AND X-RAY FILM HOLDER.

F1G. 5.1 SETUP FOR RADIOGRAPHIC STUDY
CRACK PROPAGATION.

OF
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) EQUIPMENT SHOWING NORMAL AND 46° ANGLE PROBES.

b) EQUIPMENT IN POSITION FOR RECORDING.

F16.5.2

SETUP FOR ULTRASONIC
CRACK PROPAGATION.

STUDY OF
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TESTED AT 1 50.0 KSi.
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LONGITUDINAL AXIS OF WELD ———>

T

INSNNN
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/ A / 7 /
TOP VIEW .
DISCARD SAMPLE
4 IN. D LN

ri6 6.3 SECTIONING PLAN FOR METALLOGRAPHIC
SAMPLES OF BUTT WELDED HY-80 STEEL.

' FIG 64 TRANSVERSE SECTION OF A MULTIPASS
| BUTT ~-WELD OF HY-80 STEEL. 2X
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FIG. 6.6 HISTOGRAM OF THE THICKNESS OF INCLUSIONS IN
THE Z-87 AND G-69 SAMPLCS OF HY-80 STEEL.
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FIG6.7 PHOTOMICROGRAPH OF A LARGE CRACK IN
.THE HAZ AND WELD METAL OF BUTT- WELDED

e
% P o b

FIG6-8 PHOTOMICROGRAPH OF THE SAME CRACK

SHOWN ABOVE AFTER 0.008 IN. WAS POLISHED
’ FROM THE TRANSVERSE SECTION. 200X

P T U HY-80 $TEEL, - - AB8% -
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: FIG 6.9 PHOTOMICROGRAPH OF A LARGE CRAGK
I NOT APPARENTLY ASSOCIATED WITH

| FIG 6.10 PHOTOMIGROGRAPH OF A GRAGK ASSOCATED
| WITH POROSITY NEAR UNDERGUT REGION
OF THE WELD. 400 X.

- INGLUSIONS: - e Lk
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FIG 8.1l PHOTOMICROGRAPH OF A CRACK ALONG

A 'FINGER® OF WELD METAL THAT EXTENDS
INTO THE BASE METAL. 150 X.
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FIG 6.14 FRACTURED SECTIOL OF Hy-80 STEEL

 SAMPLE G-68 WELDED IN RESTRAINT.

FIG 6.15 TRANSVERSE SECTION OF FRACTURED
SAMPLE INDICATED BY THE ARROW

IN FIC 6.14.




FIG 6.16 PHOTOMICROGRAPH SHOWING FATIGUE CRACKS
RADIATING FROM POROSITY IN HY-80

STEEL SAMPLE G-88 AFTER 13,000 CYCLES
OF T 50,0KSI, 120X.
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APPENDIX A
Ultrasonic Crack Detection Study

The results. of the préllminary ultrasonic crack detection study
are presented In Table A.1, and plotted In Figs. A.1 and A.2 for tésts
performed at £ 50.0 ks! and 0 to + 50.0 ksi respactively. As mentloned [n the
report, ulirasonlc.readlngs were taken following each X-ray at various Intervals
during the |lfg of each specimen. The amplltude‘of the response as shown on
the oscllliscope screen was recorded for_eadh of eight gonsecutlva locations on

the spec!men surfece.w Only those responée Fdadlngs co;respbndlng to the
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749tQPh§)»hﬂyﬁgh&en:tacended.ln Table-A.l. Generally, thg-other-resding —— ————-— -~

locations thy from the point of initiation showed conslderably_less fluctuation

until the crack had progresssd for some time. |t should also ba noted that

" the amplltudes of the responses recorded correspond only to a convenient

setting of the ultrasonic equipment and are nct meant to be Interpreted as a
measure of truea crack dimensions.

hﬁgpertmposed on each plot in Flgs. A.l and A.2 aré the points where
the radiographs first showad the exlstence of a fatigue crack. The results
Indicate that the ultrasonic system 6f detection doas show promise as a future
means of determining crack initlation in weld specimens. Further experimentation
with the techniques of this detection procedure, however, Is necessary to

improve the reliability of the results.
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Ultrasonic Del ;jcif 1

|

Specimen Z-96 . ’ as

=Ail-—8pecimen

® First indication of
“tatigue crack as
shown on radiograph.

20

Cycles, In Thousands

FIG. A.l RESULTS OF ULTRASONIC CRACK DETECTION

STUDY FOR SPECIMENS TESTED AT & 50.0 KSI.
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