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ASSTRACT

This is a detafled final report on a series of investigations made to deter-

mine a basis for the evaluation of the ability of weld flaws to initiate brittle frac-

ture. The report is in four parts dealing successively with (1) brittle fracture

mechanics based on the Griffith theory and on Irwin’s strain-energy release rate

adaptations, (2) static tests on flawed butt welds, (3) static and dynamic tests

on small butt weld flaws with and without residual stress, and (4) static tests on

weid flaws in a controlled field of hjgh residual stress.

AU welding flaws in selected materials were simulated flaws, varied to

represent lack of penetration, porosity, lack of fusion, or sharp internal weld

cracks.

The major objective was to examine the effect of given flaws in various

environments, in order to determine the environment essential to initiate brittle

fracture under low static stress conditions, Low temperature was generally an

e sse.ntial part of the environment, but low static stress initiation could not be

procured below the nominal yield point unless the static stress was augmented

by either a dynamic stress or a high previously-incurred residual stress. The

res iduzd stress environment proved to be most significant. Br~ttl e fractures were

i.mitiated from short internal, cracks with as small. as 2000 psi of applied static

stress at temperatures in, the order of O”F. If total brittle fracture did not result,

anested fractures occurred from small buried, f:,aws, with the arrested crack form-

~ng a potec.t iai source of fracture initiation,

Fi.al!y this repor? emphasizes the important bearing that residual stress

has OF the brittle fracture problem and the need for extended, investigations in

britt’e fracture mechar,fcs based on strain-energy release rates to furnish a com-

plete engineering basis for flaw evaluation
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INTRODUCTION

This project has been directed toward an evaluation of weld flaws, their

severity and effect in establishing conditions for fast brittle fracture, as well as

the role of such flaws in impairing the strength of welded structures. The total

environment of these weld flaws was also studied to explain, if possible, the low-

nominal-stress fractures noted in service.

Part I of this report presents a theory based on strain-energy release rates,

and its adaptations, so that subsequent discussion of test results may include

analytical considerations .,

Part II of the report first deals with the static tension tests made on butt

welds, representing controlled but varied lack of penetration for the full length of

weld. A second phase of this section presents the results of tests on internal

flaws of variable length and penetration to represent lack of fusion, porosity, or

internal and external weld cracks. The se studies indicate that the effect of lack

of fusion or penetration on strength is predictable on the basis of available weld

area. While cleavage fractures may be initiated from such flaws by static tension,

th,e test environment was not such as to initiate brittle fracture at low-nominal-

stress values.

Part III describes extended experimentation with short full-thickness and

buried flaws in which the ~aws were subjected to a residual. stress field Initial

experimentation to determine the effect of residual stress consisted of d.eli,vering

a sledge -hammer impact to small-flawed tension specimens where the flaw was

under an induced residual stress Tests indicated that fracture initiation could

occur at low tensile stress u,nder t,hese conditions . A refinement in inducing the

Impact was then introduced by using a drop-weight device to superimpose a

~ynam]c effect on static axial tension The results of these experiments all point

toward a reduction in impact to initiate brittle fracture as the initial residual stress

svstem surrounding the flaw is increased in int.ensit.y . Although the original goal
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of obtaining interaction curves between static and dynamic stress was not obtained,

it has been shown that it is pos sibie with residual stress present to initiate a brittle

fracture at a low-static stress without external dynamic loading.

Part IV returns to a discussion of static tension tests and experimentation on

short buried flaws under controlled biaxial residual stress conditions. Brittle fracture

initiation and propagation have been established by static means alone under super-

imposed tension of as low as 2500 psi, while the internal weld flaw has been as short

as 1- 1/2 in. Static tensions of about 10, 000 psi have also fnduced initiation and

propagation from flaws 3/4 in. in length,

Theoretical comparisons have been made throughout the report with the studies

of A. A. Griffithl and G. R. Irwin 2>3
introduced in Part 1, which deal with brittle f rac -

ture from crack-like flaws. The basis of the classical Griffith theory is that a flaw

will be self-propagating when the available elastic strain energy is equal to or greater

than the work required to extend the crack.

As an introductory summary, it appears that on the basis of this investigation,

residual stress is one of the important factors fn establishing the environment con-

tributing to brittle-fracture initiation from flaws under the influence of low-applied

static stress,

Part I

CRACK AND FLAW PROPAGATION THEORY

An understanding of the factors encountered in the study of initiation and propa-

gation of brittle fracture will depend ultimately on a broad fundamental knowledge of

fracture phenomena and related theory., While much is still to be learned, including

the brittle strength of metals, the theory of brittle fracture dealing with initiation and

propagation from sharp cracks stems from the basic considerations of A. A. Griffith. 1

G. R. Irwm2’3 and others have refined and restated Griffithrs concepts, but significant
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improvements in the field have come only from elimination of some of the limiting

as sumpt ions of the original Griffith analysis. Experimental correlations and applica-

tion of these theories have been made by A. A. Wells
4, 5

and others and is continued

in this report with an extension in application to the case of buried flaws.

The basic premise of the Griffith theory is that a sharp crack or crack-like

flaw will induce and sustain a self-propagating brittle fracture when the elastic

energy from the strained elements of the plate is equal to or greater than the brittle

fracturing work rate required to fracture the material. Under this concept, two sepa-

rate cons iderat ions are involved; first, it is essential to determine or account for

the changes in strain energy thet occur as a crack extends or grows; and second,

the relevant properties of the material through whfch the crack extends must be de-

termined, This second consideration logically deals with the rate of increase of the

cracked surfaces 1 total surface energy and is associated with surface tensions. Al-

though the total concept may be oversimplify ied, it merits recognition due to its basic

fundamental energy approach.

The first consideration, the origin of the released strain energy, was demon-

strated by Griffith as follows: consider an infinitely wide plate of thickness “t”

with a central full-thickness sharp crack of length “x” oriented at right angles to the

applied tension. If the axial tension force is such as to provide a unit stress of v

(based on the gross area of plate), the crack will open to an elliptically- shaped hole
2which has a volume of ~uxt where E is Young’s Modulus. Assuming that the

pulling heads are fixed ag%nst movement an,d that a tensile stress can be applied

along the boundary of the elliptical hole, then, as this stress builds uP to a value

of u, the crack will close This means that work has been done to close the crack

equa: to m times the volume of the crack opening. It is further assumed that, if
z

t.nis is the work done in closing the crack, it is also the total strain energy released

as the crack grows from zero length to length x. Calling this strain energy W, then
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~-wvzxzt.—
4E

To determtne the strain energy dW released as the crack grows from a length

x to a length x + dx,

In order to determine when the energy released equals the work required to produce

the incremental increase in crack surface, Griffith equated dW with the unit surface

energy G times the new crack-surface area:

sTr2xtti .2&t&
2E

/=
~. 4d~

lyx

This is called the Griffith equation.
dW

G. R Irwin3 suggests that ~ , the area rate of energy release, be termed

“G“ and interpreted as the force tendency tending to produce self propagation of the

crack in the brittle mode. This can be found from the equation above for ~~ by

substitution of dA = t dx, or

It will be recalled that the testing heads applying the stress were assumed fixed;

hence, for this condition to apply, fast crack propagation is implied. It is also

implied that the value of u in effect at time of fracture is the critical stress for the

given combination of “G“ and crack length.

Irwin has expanded the se views, incorporating stress functions of

We stergaard~ to apply to a crack in a plate of finite width. The Irwin expression
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for a single central full thickness crack is given as

~ . v U2 a tan (#b)
E (~ a/b)

where a = one half of the crack length or x/Z

b = finite width of the plate

or simplified ,

In reading this section, it should be thoroughly understood that T is the unit

stress on the gross cross-section of the plate In presenting subsequent test data,

the gross stress m is given instead of the stress on the reduced or net cross-section.

This is thought to be justifiable since, in the nominal design situation, a flawless

structure is postulated and gross stress evaluated.

The energy-release rate must at least equal the fracturing-work rate for frac-

ture propagation to take place. Thus, in the redefining of the energy-release rate as

a force tendency “G, “ it is apparent that “G” can also be thought of as the resisting

force tendency of the material. If “G“ varies with the material, experimental proce-

dures may be used to determine its value, which in all probability is dependent on

SiZe as well as material Accordingly, tests were made as will be described.

To determine “G” for weld metal, cracks of various percentages of plate width

were made with a jeweler’ s hack-saw cut in butt welds joining plates 2- l/2-in. wide

by 1/2- in, thick. The tensile loading was applied when the specimen was at a tem-

perature of -80 F to insure a fast and complete brittle fracture . (The tests were also

repeated with the crack ~ing introduced in plate material instead of in a weld. )

Using the formula G . ‘~ tan ~ , “G“ was computed and is shown plotted in

Fig. 1.1. Although “G” was not constant, the average of “G” for weld metal is 100

inrlb per sq in, , and for the plate, 80 in.rlb per sq in, A second brief set of tests
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FIG. 1.1
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was made using specimens 3/4-in. wide and 1-l/2-in. thick, with the full thick-

ness crack sawed in and showing in the 3/4-in, dimension. The central cracks

used were 3/8 in. and 9/16 in. in length, representing respectively 50% and 75V0

of the 3/4-in. dimension. In the formula, b now becomes 3/4 in. The results

of tests at -80 F are shown f.n Fig. 1.1, the weld metal having an average “G“

value of 50 inrlb per sq ir,. , and the plate 40 inrlb per sq in. The variation in

“G“ between the two sets of tests may be due to size effects, which are not in-

cluded in current theory,

To investigate width effects, tests were made in three series of 1/2-in.

thick flat-plate specimens of hot-rolled steel, varying in width. The first series

was planned to make b tan ~ equal to 2.5 and, in the second and third series,
2b

this parameter, termed “K, “ was made 5 and 7 ~~5 respectively. The notch was

made with a jeweler’s hack- saw cut with notch lengths in each series represent-

ing, in consecutive specimens, a notch length 25%, 37.570, 50Yo, 62, 5% and 75%

of the plate width,, Plate widths ranged in the first series from 1 03 in. to 6 in. ,

in the second series 2.,06 in. to 12 in, , and, in the third series 3.09 in,, to 18 in. ;

however. the latter 18-in. wi,de specimen was not tested, AH tests were made

at -100 F, and all fractures were brittle with no visible evidence of yielding at the

.~otch. The average gross stress for fracture ranged from 20, 400 psi to 41, 300 psi

as plate width increased,

It may be stated further that the gross stresses to fracture for the three

series were neari y equal for equal ratios of notch width to plate width The “G“

va~ues calculated from the test data and the Irwin equation are shown in Fig. 1.2

1? js to be noted that width has a great effect on the calculated value Of “G, “

which implies either that “G“ has a changing value due to size effect, or that the

theoretical equation may require modificati on. At this time, however, this phase

has not been investigated further and must be considered as exploratory only. It

must be established that ai,l criteria associated with brittle fracture stemming from

a sharp crack have bee:rr met by the experimentation. .
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Studies by Brossman and Kies (, as well as interpretative studies on scat-

tered observations of interrupted fractures in this laboratory, indicate that “G“

(under current methods of evaluation) may have values ranging from 40 to 150 or

200 in-lb per sq in. Subsequent evaluation of interrupted fractures in this project

has also shown the possibility of “G“ obtaining a range from 40 to 150 or more.

The “G“ value may be postulated as a statistical property of the material,

and it must be assumed, under the present state of the theory, that the localized

strain rate, although out of direct laboratory control, is at a rate favorable to brit-

tle fracture initiation. Although it is easily agreed that close examination of the

initiation zone may reveal small zones of ductile action, the basic separation ap-

pears in essentially all cases to be brittle.

While propagation of a brittle running crack may be explained by the above

theory, it remains to explain the initial separation of the material that must occur be-

fore propagation Initiation is definitely a complex problem, although it has been

generally acknowledged that a separation of the material occurs when at the ends of

the crack, the molecular bonds are broken or the temperature-dependent cohesive

strength is exceeded,, Since this separation must start on a small- scale basis and

rapidly extend, it is highly probable that localized high strain rates are involved at

the ends of the crack. This probable action establishes an environment difficult to

measure physically and subject to laboratory control only by the form of the notch,

applied rate of loading, and temperature,

The major deficiency in laboratory control is the lack of measurement of the

localized high strain rates at the points of initial separation. Manjoine8 and

others have demonstrated that, under extremely high strain rates, the yield point

stress of mild steel may approach the ultimate stress. This means that brittle or

non-ductile separation may occur at a high strain rate, and also means that a high

strain rate may substitute for low temperature. Therefore, the experimenter has

only general statistical control as established by external methods over the internal

localized conditions at the most important of all points, the point of fracture initia-

tion.
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The precedirig theoretical discussion has been limited to full-plate thick-

ness cracks, whereas the latter part of this investigation has been concerned with

small or short buried weld flaws. It is recorded that Sneddon9 approached the

internal crack problem by considering a “disc-shaped” internal flaw cavity normal

to the directior. of tension. This theory led to the formulation of an equation for

force tendency “G“ for this type of fiaw, while the internal flaw cavity extended

in volume by first separati~g around the periphery of the flaw. It can be shown

that, with the same force tend.ericy “G“, this type of flaw must have a larger radius

to be as critical to a given applied stress as a full-thickness sharp crack.

Most of the internal weld flaws of this program took the form of an internal

cavity. rectangular in shape but representing an internal sharp-edged flaw or crack

of controlled length and width Visual observations lead to the belief that the se-

quence of fracture initiation and propagation from a sufficiently long buried flaw

was as follows: first, a separation occurs at the ends of an internal crack, as

seer in the thickness direction of the plate. with a consequential rapid propaga-

tion of the fracture to the faces of the plate; second, once the faces of the plate

are breached, the crack becomes a full-depth crack that rapidly opens to an

elliptical shape This rapid transformation from ar internal flaw cavity to an

open crack, characterized as a geometrical instability. is accompanied by a

rapid release of strai.- energv and a rapid ircrease in stress at the ends of the

oper crack Since the crack grows quickly, a high strain rate is established at

its e..ds. This quick e:. ergy re:ease may be like-ed to a dynamic or impact ef-

fec? a~d may represert a distmguishi, ~q feature of buried flaws that can expand

in this man.cer It 1s thought however that if a flaw is too short, this mechanism

will .?ot describe the actfon fcv that reason the shorl or small buried flaw, like

the “disc-shaped” flaw, does pot establish the necessary environmental conditions

for low-nominal stress initiation,

lnitia] experime.~t at.io~ on. butt-we] d f:aws under static load did not provide

brittle fracture from short in,ternal flaws until the flaw was deliberately subjected
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to a high residual stress. With the addition of residual stress, a low static ap-

plied- stress of from 2500 to 4000 psi could initiate a fracture that either grew

into a complete fracture or was subsequently arrested.

Part II

FLAWS IN BUTT WELDS

A. Incomplete-Penetration Butt Welds——

\
The static strength of incomplete-penetration butt welds intentionally

made from E-60 10 electrodes, with base plates of 3/4-in. thick ABS-Class B

steel, were investigated by using laboratory specimens as shown In Fig. 2.1.

It should be noted particularly that the penetration of the weld was controlled by

regulation of the throat thickness as shown for Type C. The two halves of the

specimens with machined bevels were butted tight and welded.

The degree of penetration is defined as the per cent of penetration, or

alternatively, as the penetration ratio, wherein the thickness of the 3/4-in.

base plate becomes the reference thickness. For example, if the unpenetrated

throat thickness is 3/8 in, , the weld penetration is taken as 3/8 in. or 50% of

the plate thickness For a 757’o penetration weld, an unpenetrated 3/16-in.

throat thickness is used, for a 100% penetration weld, the butt weld is fully

welded. The penetration rating of the butt weld is the same for either a butt-

welded joint ground flush or for a butt weld in which the reinforcement extends

above the plate

Specimens were fabricated and tested with per cent of penetration

scheduled to vary from 507. to 1007o. Inspection of fractured weld surfaces and

mea surement from photographs disclosed the true penetration, which may be

plus or minus 5’% from the intended penetration, except for the specimens with

10070 penetration,
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TYPE C SPECIMEN GEOMETRY

XW50-C -K3
WELD GROUND FLUSH

1

TYPE E R
8“

WELO

6 “ R ’24”
FLAME CUT

XWE-50-L4
WELD GROUND FLUSH _JJ.__!

(6” WIDE PLATE WITH (FOR ALL TESTS EXCEPT TYPC E)
STRAIGHT EDGES)

1007- WELDED PLATES

\60”+

m

MAXIMUM LOAD AT ROOM TEMPERATURE-278”
ELONGATION AT MAXIMUM Lo~-0J71N/l+lN

XWIOO-K16
NOT BACK CHIPPED
WELD GROUND FLUSH

~60”+

m

MAXIMUM LOAD AT O“F ‘313”

ELONGATION AT MAXIMUM LOAD-O.23 IN+N

XWIOO-K19-0”
BACK CHIPPED
WELD GROUND FLUSH

uNWELDED PLATES

XW-K14 MAXIMUM LOAD AT ROOM TEMPERATURE-281’

ELONGATION AT MAXIMUM LOAD-OAO lN/l~l N

X- K20-O” MAXIMUM LOAD AT O*F - 298K
ELONGATION AT MAXIMUM LOAD-O.31 IN+IN

FIG. 2.1 SPECIMEN TYPES

SWARTHMORE COLLEGE
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Specimens: The general shape of tensile specimens and the type of

incomplete-penetration butt weld used throughout the initial test program are

shown in Fig. 201. The 100% or completely penetrated butt welds that served

as control specimens are also shown in Fig. 2.1. The Type “C“ welds can be

class if ied as double-vee butt welds with variable penetration, all fabricated

with weld re enforcement; but for most specimens, the re enforcement was ground

off to exercise a better control over the throat cross-section for experimental

purposes.

In order to investigate the effects of weld eccentricity, a specimen

hereafter referred to as Type “E” or single-vee was used, as is shown in Fig. 2.1.

The base plate of all specimens was Type ABS-Clas.s B steel, and speci-

mens were flame cut to external shape with all weld-groove bevels and lips ma-

chined to required dimensions. The welding was done with an E-6010 electrode

with interpass temperatures of 80 F.

Fig. 2.1 also gives the test data for the control tests on solid plate or

100% welded plates with reinforcement removed. These results will be used later

for determining load ratios

Test Set-m and Instrumentation: Specimens were cooled to test tempera-—— .

ture by enclosing the welded specimen in an insulated box through which cooled

air was circulated. Temperatures were held relatively constant throughout the test

and were measured by means of copper-con stantan thermocouples inserted in drill-

holes in the plates. Tests were generally made at either O“F, using the above

technique, or at about 75 F, the average room temperature. A few tests were run

at -40 F and other sat 120 F, which gave results comparing favorably with the re-

sults at O“F and 75 F, respectively.

The Type E, or single-vee weld types, created a special problem in

instrumentation and analysis Since the center of gravity of the weld metal was

offset from the axis of loading at the beginning of the test, there was a definite



Fig. 2.2 - Photograph of fractured surface - Specimen C -K 12

Fig. 2.3 - Photograph of fractured surface - Specimen C-K 13
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tendency for the plate to bend during the application of the load The result of

this bending was an excessive parting of the unwelded or unpenetrated portion

of the weld section and a decrease in the deformations on the welded or beveled

side of the plate.

Since it was impossible to control weld penetration during welding, the

per cent of the welded or penetrated throat cross- section was determined from

photographs of the fracture surfaces following the test AH failures occurred

through the weld metal, leaving fractured weld metal exposed for photographing

The unwelded area was measured on the photograph, and this area, deducted

from the original full-plate thickness cross-section, gave the original cross-

section of the weld metal. It is believed that this method involved little error,

since nearly all of the deformation and reduction in cross-section at the fracture

surface occurred in the weld metal, leaving the unwelded portion in almost its

original dimensions Figs. 2.2, 2.. 3,&2 4 represent views of the fractured sur-

faces for three of the specimens listed in Table 2-I.

Test Re suits: A tabulated summary of test results may be found in

Table 2-I It was thought that a satisfactory method for summarizing the re suits

of this program would be the correlation plot shown in Fig. 2 5 Penetration

ratio is defined as the ratio of the cross-sectional root area of weld metal between

faces of the test plate to the original full-thickness area of the plate cross-section.

By this definition, the area of weld metal that forms the reinforcing in a reinforced

butt weld is not included in the computation of penetration ratio, but specimens

that had a reinforced butt weld are distinctly marked on the plot. In Table 2-I,

the load ratio has been computed on two bases: first. the maximum value of load

found for a given weld-penetration ratio was divided by the maximum load value for

an unwelded control plate at the same temperature to establish a criterion for over-

all joint efficiency; and second, the maximum load value for a given weld–penetra–

tion ratio was divided by the maximum load obtained for a 100~o butt-welded control
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Fig. Z .4 - Photograph of fractured surface - Specimen C-K 11
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TASLS 2-I

SUMMARY OF RESULTS

Incomplete-penetration butt welds

Actual Maximum Load ratio
Specimen Temp. penetration load Unwelded 1007. welded

No. F ratio kip plate plate

XW50-C-K3
XW75-C-K6
XW90-C-K8
XW50-C-K12
XW75-C-K13
XW90-C-K11
XW90-C-K25
XW75-K15

XW75-R-K24
XW90-R-K23

W1OO-R-K22
xW75-R-K28
XW90-R-K26

W1OO-R-K27

XWE-50-L4
XWE- 75-L3
XWE - 90-L1

XWE50R-L5

85
75
72

0
0
0

120
-40

75
75
75

0
0
0

77
74
74

75

“Fa]led through plate.

,~s&riptiOn of specimens

.456

.708
.880
.520
.720
.835
.9
.73

.750

.84
1.0

.77

.90
1.0

.46o

.680

.910

Weld Type “C”

162
211
235
170
207
257
243
230

Weld Type “CR”

238
273
291
270
295
315

Weld Type “EC}

104
162
212

Weld Type “ER”

108

All specimens of 3/4-in. thick ABS-Class B steel
All welding done with E-601O electrode
Specimens 24in. long and 6in. wide

Type “C”
90° double-vee, no root gap, not back chipped,
ground flush, penetration ratio as stated in
table

.577

.75

.836

.570

.695

.862
--
--

.583

.759

.845

.543

.662

.822
--
--

.85 .86

.97 .98
1.04 1.05

.93 .86
1.01 .94
1.08 1.01

.370

.577

.755

~ e ,,C*S,

Same as Type “C” except that
weld reinforcement was left on

Type “E”
Eccentrically placed weId,
welded from oneside
Sin91e-vee, no root opening,
weld ground flush

~ e Qt~Rtt

Same as Type’’E’L except weld
reinforcement left on
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plate at the same test temperature to establish a criterion for weld-metal efficiency.

Flg 2.5 is a plot of the ratios.

The correlation line is drawn at a 45” angle in Fig. 2.5 and serves as a

guide for comparing the maximum loads at two temperatures, O”F and 75 F. For ex-

amp; e it might be expected that if the penetration ratio were doubled, the maximum

sra+lc load would be doubled if the varying notch sensitivity and unavoidable weld.

variai IOTISwere neglected. The general trend of the test results parallels the ccr-

:elat]on. line as may be noted in Fig. 2. 5. The butt-weld reinforcement definitely

strenqtherea the Weld,s so that, at 90L70penetration, the butt welds had a strength

,rhic~, nearly equaled that of the unwelded plate. A comparison of the incompletely-

pe~el r.~ted welds with the 100% welded joints shows, for all but two specimens,

Thst the p,opofli~nal stre~gth was e~~eeded. While this is true for the double-vee

butt welded joints, the single-vee butt weld, with incomplete penetration and load

eccentricity at the weld throat, possessed much less than proportional strength

based o- its comparison with a fully penetrated single-vee weld.

Summary: The intentionally-controlled incomplete-penetration butt welds

Jsed r Tms test prcgram do not simulate any particular weld flaw as it occurs in

3(’’\J3 wt?lce{: C(:,r,structl m;,, They were chosen because of the s:.mplicity with

,w’( : pe-,et. ration could be co-trolled. For that reascm, the results obtained can

,,~-,t 5,..; .Tl~]zed in t heir prese:ot, form for direct. evaluation of incomplete penetration

as may be found in faulty- welded construction, . However, certain trends that are

.,. 7 albe ae Ird]cated by the test results from these si.mpli.f~ed, weakened butt

we:ds.

The static strength of an intent ionall.y_made, incompletely-penetrated butt

wed sp.pears to be predictable that is, the static strength of a welded joint of

I r!is r,at LIre Can be estimated by multiplying the penetration rat io by the expected

st re+th of :he full unwelded plate . The reinforcement of a butt weld is effective

.3,C can practica,!iy make up for ],oss in strength wher. the penetration ratlOs are
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in the order of 907’o. However, rather than count on this added strength, the re-

inforcement should be considered as a way of introducing an additional factor of

safety when joints are under static load.

The tests on the incomplete-penetration welds were made at O“F and at

75 F. However, there was no significant difference in the load-carrying capacity

at the two temperatures. The fracture appearance for the specimens at O”F ap-

peared to be of the cleavage nature, although some evidence of a small shear lip

was apparent in about 5070 of the specimens.

B. Static Strength of Flawed Butt Welds—— ——

This section reports on the static tensile tests of butt welds that had

been flawed to study the effect of internal cracks, external cracks, slag in-

clusions and porosity. The general specimen was 3/4-in. thick, 10-in. wide

and 24-in. long, of ABS-CIass B steel. The 90” double-vee welds, made with the

E-60 10 electrode as described subsequently, were all reinforced. Weld reinforce-

ments were left on for all tests. AU tests except those noted were made at O°F.

The general type of specimen employed is shown in Figs. 2.6, 2.7, and 2.8.

The flaws were varied in length from 5/8 in. to 6- 1/4 in.

For purposes of flaw classification, the depth of internal flaw is stated

as a pecentage of the original plate thickness. For example. a flaw 3/8 in. in

depth and located centrally would be termed a 50% flaw. A 100% flaw on this

basis would be a full thickness flaw, although no tests of this percentage are re-

ported in this seciion.

Creeks, Internal and External, of Varyinq Lengths. Cracks were established—

in a brittle weld made by depositing the E-60 10 weld metal into iron filings previ-

ously placed in the butt-weld groove. The length of this brittle deposit was control-

led to the length of flaw required, and the depth in the groove controlled to the
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desired depth to represent the per cent of flaw. This brittle metal was then rapidly

chilled by compressed air, which formed a crack of nearly microscopic thickness

and of the stated length and depth. The butt weld was then completed using only

the E-601O electrode. External cracks were made by the same general method with

the E-60 10 and iron-filing combination used externally. Fig. 2,9 shows the general

appearance of fractured specimens.

Tables 2-II, 2-III, and 2-IV present the test data, and Figs. 26, 2.7, and

2.8 plot the maximum load and the energy to maxfmum load, based on elongations

measured over the Z4-in. specimen length versus length of flaw. It may be noted

from plotted data that, as the crack length increased, both load and energy de-

creased for each of the three types of flawed specimens. The mode of fracture for

the majority of specimens was a fast cleavage fracture (zero per cent shear), and

the reduction in thickness rarely exceeded 2?70.

As might be expected, the internal 25% flaws were slightly better than the

50% flaw in strength and energy to maximum load. The external flaws showed re-

sults similar to the 507’0 flaw.

The flaws may also be considered in terms of the fracture stress computed

on the gross section of weld. As previously explained, u, the unit stress on the

gross sectior, of weld metal, was thought to be a better index than stress on the

ncr cross- section, i~ view of all other comp). icat!.ng factors These unit stresses,

in neari), every case, show tk.at there is a general impairment in strength caused

by the r.etch effect of the flaw These static unit stresses vary from 60, 000 psi

[or Sk.o-: flaws to a stress of about 45, 000 to 48, 000 psi for most of the long flaws.

One flaw of 3-3/4-in. length permitted fracture at 39, 000 psi, the lowest observed.

To check on the severity of the flaws or cracks described above, six tests

were made on the internal 2- l/2-in. long wel,d crack, which had been made with a

jeweler’s hack saw. The results are given in Table 2-V, and these re suits indicate

t!-:at the crack previously made is about as severe as the jeweler’s saw cut It :S
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Fig. Z .9 - Fractured specimen - Type “CR”



~LE 2-II

Butt-weld tests with internal crack

Flaw: Incomplete internal penetration of varying length (50’70 flaw) (See Fig. 2.6)

Mode of
fracture Maximum Energy to Fracture Energy to psi

Specimen Length of Temp. in % of load, max. load, load, fracture load, on gross
No. flaw, in, F She ar kip in. -kip kip in. -kip cross- section Remarks-—

N 26 5/8 o 0 525.0 1161 60, 000 Fractured through weld

N 25 1- 1/4 o 0 483.0 636 55, 200 ,! ,, ,!

o 13 1- 1/4 o 90 490.5 1010 170 1160 56, 000 ,( ,! ,,

N 24 2- 1/2 o 0 408.0 256 46, 600 ,, ,! ,,

r!J
02 3- 3/4 o 0 412.0 371 47, 200 !, !, !, y

01 5 0 0 4080 338 46, 600 ,, ,, ,,

06 6- 1/4 o 0 4345 395 49, 700 ,, ,, II

General Remarks Specimens of ASS-B steel, 3/4 in. x 10 in. x 24 in. long. Reinforced butt welds, double vee

90 “ angle, no lip or root opening, E-6010 electrode. Energy reported for 24- in. length of

specimen.



TABLE 2-111

B~-weld tests with internal crack

Flaw: Internal crack of varying length, (25% flaw) (See Fig. 2 7)

Mode of
fracture Maximum Energy to Fracture Energy to psi

Specimen Length of Temp. ~n 70 of load, max load, load fracture load, on gross
No. flaw, in F shear kip in kip kip in. -kip cross- section Remarks

. —.———

N 27 5/8 o 45 506 0 968 470 985 58, 000 Fracture through weld

o 10 2- 1/’2 o 10 472.5 844 445 870 54, 000 u ,, 1,

09 3- 3/4 o 0 480,0 954 .. 55, 000 r, ,, ,,

08 5 0 0 465.0 750 53, 200 ,, ,, ,,
A

07 6- 1/4 o 15 446.5
m

528 430 545 51, 100 ,! ,, ,! ,

General Remarks: Specimens of ASS-B steel, 3/4 in. x 10 in. x 24 in. long. Reinforced butt welds, double vee

90” angle, E-60 10 electrode ~ Energy reported for 24-ire. length of specimen.



TABLE Z-u

~utt-weld te s~with external cr~

Flaw: External cracks of varying length, leaving central

Mode of

3/8 in intact. (See Fig. 2.8)

fracture Maximum Energy to Fracture Energy to psi
Specimen Length of Temp in YOof load, max load, load fracture load, on gross

No. flaw, in. F shear kip in -kip kip in -klp cross- section Remarks
——

0 14

0 19

0 20

0 15

0 11

0 16

0 21

0 17

0 18

5/8

5/8

5/8

1- 1/4

2.1/2

33/4

3==3/4

5

6- 1/4

o

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

451.0

492,0

499.5

440.5

419.5

341 0

409.5

411,0

396.5

505

950

1050

433

372

140

280

273

263

26o

-—

.,

...

.

.

-—.

51,600

56, 300

57, 100

50, 600

48, 000

39, 000

46, 900

47, 000

45,400

Fracture through weld

,, ,! ,,

,, !! ,,

,, ,, ,,

,! ,, ,!

,! ,, !,

,, r, ,,

,, ,, ,,

General Remarks: Specimens of ABS-B steel, 3/4 im x 10 in. x 24 in. long. Reinforced butt welds, double vee— —

90” angle, E-60 10 electrode. Energy reported for 24=in. length of specimen.



TABLE 2-V

B~tt-weld tests with internal cracks

Flaw. Z- 1/2 in. long internal jeweler’s saw-cut notch over central 50~0 of weld (507’o flaw)

Mode of fracture psi
Specimen Temp. in % of Maximum load on gross

No. F shear kip cross-section Remarks
—.. ——

Ml -40 0 359 0 41’000 Fracture through weld

MZ +75 100 347,5 39, 800 ,, ,, ,,

M3 -40 0 351.5 40, zoo Disregard - fractured at
header

M4 -30 0 475.0 54, 400 Fracture through weld

M5 -40 0 476.0 54, 500 ,, ,, ,,

General Remarks: Specimens of ASS-B steel 3/4 in. x 10 in. x 24 in. long Reinforced butt welds, double vee

90” angle, E-601O electrode, l/8-in. root opening, l/16-in. lip.
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interesting to note, however, that a test at 75 F gave the lowest fracture stress

of this group, 39, 800 psi, although fracture was completely ductile Such oc-

currences as these extreme values of strength are vitally important if the factor

of safety and the probability of failure are to be considered.

One test was made with a weld flaw representing a slag inclusion and

one test with weld porosity. The results are given in Table 2-VI. For the speci-

men with slag inclusions, fracture occurred through the plate outside of the weld.

The fjaw representing porosity permitted fracture to take place through the weld

at a gross stress of 51, 500 psi No further tests with these types of weld de-

fects were made, since it was thought that they were not the most serious flaws

Furthermore, they were difficult to make and control.

It was concluded from these tests that the overall test environment was

not effective in providing a laboratory test that simulated conditions for low-

strc 5s service fracture or brittle fracture Reflection at this point in the program

led to the view that an attempt should be made to study flaws in the presence of

residual stresses. The next two parts of the report deal with this added feature.

Part 111

WELD FLAWS WITH RESIDUAL STRESS-- STATIC AND DYNAMIC STRESS INTERACTION—.— — — —

Introduction?.

After the static tests of butt-welded specimens containing welding flaws,

it became apparent that fracture could not be initiated from flaws at nominal

~.re~~e~ below tbe static yield point, of the plate or of the welding material. Ship

fractures, however, had been reported as initiating from weiding flaws at static

aPPl i~d stress values of about one half the static yield point in magnitude Re-

producing the se low-applied-stress fractures in the laboratory seemed to require



~ABLE 2-VI

~~t~-weld tegs_yith sl~and porosity——

Flaws: Slag inclusions*
POrosity*~f

Mode of
fracture Maximum Energy to Fracture Energy to

Specimen
psi

Length of Temp, in % of load, max. load load fracture load, on gross
No. flaw, in. F shear kip in. -kip kip in. -kip cross-section Remarks

N 23 2- 1/2 o 50 533 1431 500 2010 61, OOO Plate fractured 3 in.
slag above butt weld, no

distress at weld

N 12 2- 1/2 o 100
porosity

450 545 125 638 51,500 Fractured through
weld, initiation in ~
zone of porosity $’

General Remarks: Specimens of ABS-B steel, 3/4 in x 10 in. x 24 in. 10n9. Reinforced butt welds, 90” bevels,
E-60 10 electrode. Energy reported for 24-in. length of specimen.

*Slag inclusions created by not brushing slag from several root passes deposited by E-6010
electrode before subsequent welding.

**Porosity created by mixing floor sweeping around we~dersc bench with powdered slag (screened
to pass No 20 sieve) This mixture was put in weld groove before each pass.
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a procedure which would augment the applied static tensile loading. The Series A

tests represent a search for such a procedure, as well as a qualitative examination

of the variables associated with low-stress brittle fracture initiation.

~-~ Specimens: The variables examined in this phase of the program in-

cluded combinations of cyclic loading, impact loading, flaw location, residual

stress systems surrounding the weld flaw, and lowered temperatures. The specimens

are shown in Fig. 3 1, and a brief description of their fabrication and testing tech-

niques is given in Table 3-I.

The welding flaws were prepared for specimens A-1 through A-6 by laying

beads of E-6010 weld metal over cast-iron filings. Upon examination after fracture,

it appeared that this technique gave a well defined crack-like flaw. The method

adopted for specimens A-7 through A- 16 was to lay root passes of a high-carbon

hard facing rod, and to complete the surface welding with E-60 10 welding material.

Upon the cooling and shrinking of the hard facing rod, the root passes cracked.

This gave an internal flaw of the approximate dimensions de sired. The location of

the cracked welds was varied so that a number of combinations could be considered.

The crack locations are described in Table 3-I and shown in Fig 3.1. The speci-

mer, s of this Series A were tested at temperatures ranging from -20 to -80 F These

iow temperatures were selected to give the specimen every opportunity to fracture

i,~ the brittle mode .

In an effort to encourage low static tensile-stress cleavage fracture, the

loads on specimens A-1 through A-5 were cycled in the post-yield point tensile

range The effect of t’ae load cycling on these specimens is inconclusive because

of variable lengths and locations of the flaws in the specimens. In general, it ap-

pears that load cycling, as it was performed in these experiments, had little effect

in reducing the static tensile stress required for cleavage fracture . The fracture

surfaces of specimen A-5 are shown in Fig 3.2.
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Fig. 3. Z - Photograph of fracture of Specimen A-5



TA8LE 3-I

Data summary - “A” s-s

Specimen size - 5 1/2 in wjde, 8 1/2 in long, 3/4 in DN Steel

Specimen description Test temp
Specimen (See Fig. 31) F— .-— —

Al 5070 flaw in C I filings, -63
9/16 in. long on edge
of specimen at mid-
depth

A-2

A-3

A-4

As A-1 -50

100’7o flaws in C.I. filings, -50

1/2 in long on both edges

Flaw in C 1. filings
from face to 50% of plate
thickness, 1/2 in long
on one edge

’50

Static tensile
stre 55 at fracture

(gross area)
Te sting technique psi

Loaded to 100kip ~ip
‘ip 6 times,

39, 600
Load cycled from 100 to 140

2 see/cycle
Load cycled from 140

kip
tO 170kip with

cleavage fracture at 170kip on 3rd cycle

Load c~~Jed 10 times each between 80kip -- 40, 600

10 Pip l’oad increase.
and 10 cycles repeated for each

10 After 140 cycles
imen hit with 8-lb sledge at each

;;EfP
load i crement, with cleavage frac-

ture at 173kTp

Load cycled 5 times between 100 ‘ip 36, 800‘ip p~l 120

;~~r~a~c~~;~~~$te~~~~~~~ ~~uck ~-d
peatedly with sledge as load slowly ad-
vanced. Cleavage fracture at 154kip

Load cycled from 100 to 120
klp

k?pt~1;;d5
31, 700

cycles repeate~~~ each 10

&oTN’ ‘0 140 ‘ Load 10wered ‘0
and advanced slowly while speci-

g;twr:a;ty’$r’th 8-lb ‘ledge “ cleavage



TABLE 3-1 - Data summary - “A” series (continued)

Static tensile
stre ss at fracture

Specimen description Test temp. (gross area)
Spe cimen—~~l&.~~11—.-__- F Te sting techniaue psi

A-5

A-6

A-7

A-10

Flaw 1 in. long. 50y0 of
plate thickness at mid-
width and mid-depth of
plate in C, I. filings

Vertical crack, 1/2 in. long,
from face to 5070 of thick-
ness in C.I. filings

sp’=:;oy;o~;;:f!pi” ;;::W;_

thickness flaw, 50’%, 1 in.
long, prepared with hard
facing rod. Welding com-
pleted with E-601O

As specimen A-7

-6o Load advanced slowly to 118
kip

where flaw be- 53, 500

~~~iJ,O~~w~r~~i~~~~tip ,L~~~na~~~~~dtO

i
slowly whi eipspecimen was struck with 8-lb

::e::}r$ 5 ‘nterva’s “ cleavage ‘racture

31,600

w
w

15,400 ‘

A-11 Prepared as specimen A-7 ex- -38 Loaded slowly, struck with sledge at 8
k ip

cept no compressive preload intervals. Cleavage fracture at 133. 6kip
was used

31,600



TABLE 3-1 - Data summ~-. “A” series (continued)-.... —..—

Static stress
stress at fracture

Specimen description Test temp. (gross area)
Specimen (See Fig. 3-1 } .____—F—._—_. Te sting ~nique psi——

A-8

A-9

A-12

A-13

A-14

A-15

A16

50’70 edge flaws at mid-
thickness of plate
1/2 in. long in hard
facing rod

As specimen A-4

Prepared as specimen A-7

:;t:l:RT/’es’i”e 10ad

Vertical 50% flaw at mid-
depth of plate, 1 in. long
in hard facing rod with
E-60 10 for remainder.

~:::s:’$;:::ylr:>ip

As specimen A-13

As specimen A-13

Prepared as specimen A-13,
except no compressive load
was used

-28 Struck with 8-lb sledge at \Oi~p load increments,
Cleavage fracture at 170

-50
kip

Struck with 8-lb sledge at ~Oip load increments.
Cleavage fracture at 112

-6o lowly loaded statically to fractureSpe:;;;:k~p

80 Struck with sledge at 8
kip

intervals to 114.5,
when partial cleavage fracture occurred in
a vertical direction above and below weld
flaw and partially curving into direction

::%;jvol~~~~tem~ i1~3~i~ngitudinal stress.

-34 As speci~p_n A- 13. Partial cleavage fracture at
122.4K1P

38 Loaded slowly to cleavage fracture
transverse across end of flaw

-22 Loaded slowly to cleavage fracture
transverse across end of flaw

at 238kip

kip
at 250

41, 600

28, 800

48, 800

I
w
m

28, 400

31,700

57, 700

60, 600
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In a further effort to bring about low static- stress brittle fracture, a com-

bination of cyclic tensile loading and shock effects was employed. The shock

was applied by striking the specimen on the face with an 8-lb sledge hammer.

If the results from tests on specimens A-1 (without shock) and A-2 (with shock)

are compared, it can be seen that the sledge-hammer shocks as applied were not

effective in, reducing the static tensile stress required for specimen fracture.

At this point in the investigation, measures were adopted to introduce a

high residual tensile stress at the flaw, The first attempt was made with speci-

men A-7 to develop full yield-point residual stress, such as might be expected

in full- scale welded fabrication. After a groove was cut in the plate, it was

compressed axially in a testing machine to shorten the groove opening. While

the axial load was maintained, the flaw was prepared by laying root beads of

hard high-carbon facing rod in the one-inch long groove Upon chilling with an

air biast, the root beads cracked and exhibited a well defined f],aw in the m,id-

thick.ness of the plate. Welding was completed with the E-60 10 electrode.

After the specimen had cooled to room temperature, the compressive load was

removed. As a result of this preparation, the tensile stress at the welding fiaw

was of yield-stress magnitude, as measured on other specimens with SR-4 gages.

The first specimen of this type, A-7, was loaded to 15, 000 psi, and

struck on the face with a single blow of the 8-lb sledge hammer; i.t exhibited a

“~rlttle f~acture This was the first of the Series A specimens to fracture at a

‘:e:-,sii e St .e ss significantly below the yield point of the “base material . A second

test was made on A-8, fabricated in the idenlical manner of specimen A-? This

spec!mer was struck repeatedly with the 8-Jb sledge hammer as the static load

was increased: witlh brittte fracture occurring at 13, 700 psi applied stress . To

o“bta].”,a mea sure of the effect of the sledge-hammer Mows, specimen A- 12,

idc.oi]ca! to specimen A-7, was fabricated wit”h residual stresses arid loaded

statically to fracture,, This specimen fractured at the post-yield point stress of



-38-

48, 800 psi. This indicated the importance of the dynamic load applied by the

sledge hammer.

The magnitude of the residual stress seemed a factor to be considered.

To obtain a lower residual stress, specimen A- 11 was prepared in the same man-

ner as A-7, except that no compressive pre-load was used. As the static tensile

stress was increa seal, the specimen was repeatedly struck with the sledge. The

lowered residual stress was reflected in the higher static stress required for brit-

tle fracture, 31, 600 psi.

As a part of this phase of the investigation, specimens A-13 through A-15

were prepared with welding flaws that were parallel to the axis of loading. These

were loaded slowly and struck repeatedly on the face with the 8-lb sledge as the

load increased. The first specimen of this type, A-13, exhibited an arrested brit-

tle fracture, which after initiation at the ends of the vertical flaw, ran in a vertical

direction until it curved toward a transverse orientation before stopping. Speci-

mens A- 14, 15 and 16 fractured brittlely in a transverse orientation from an end of

the vertical flaw.

Summary, X-A Specimen T-: The objective of this series Of tests On

‘1’ype-A Specimens was to establish a testing technique by which brittle fractures

could be initiated in the laboratory at static applied stresses of approximately the

sam,? ,maqrritude as reported for the ship fractures that originated from welding flaws

T?is ser:es demonstrated qualitatively that low-static applied stress systems could

superpose on high residual stress systems under certain conditions to bring about

.3, .:?, : fracture!. On the basis of these tests, the conditions believed to be required

ICI: specimens containing welding flaws in the presence of yield-point residual stresses

are ( 1! sufficiently low temperatures and (2) sufficiently high strain rates , The test-

mq temperatures for the specimens of this series were all in the sub-zero range, as

low as -.50 F.
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These preliminary tests suggested that the next phase of study should

incorporate welding flaws in a natural environment of residual stress to deter-

mine the relative magnitudes of static and dynamic stresses required for brit-

tle fracture.

~e-B Specimens. To accomplish the study of the effect of dynamic

loading on specimens containing welding flaws, the drop-weight testing de-

vice pictured in Fig. 3, 3 was fabricated. With this arrangement, it was Pos-

sibl e to apply tensile impact loading to the specimens with or without additional

static loading. The maximum height of the drop of the hammer was 12- 1/2 ft,

and the hammer weight varied from 175 lb to 475 lb The data from the Series B

tests are shown in Table 3-11 and plotted in Fig. 3.5 and 3 6.

The Type-B specimen design is shown in Fig. 3.4 The flaws were l-in.

long and 50% of the p~ate thickness at the mid sections. They were prepared by

Laying root passes of hard facing rod and the welding was completed with an

E-60 10 The welding reinforcement was ground flush.

The first group of Type-B specimens considered in this discussion are

those that were fractured by a drop-weight of 308 lb, without superposition of

applied static stress. These specimens contained residual stresses in the

region of the weld flaw of approximately yield-point magnitude The data plot

of Fig, 3 5 indicates that a hammer drop between 3 and 4 ft was sufficient to

(;3: se b,ltt]e fracture at O“F. To determine the effectiveness of this high

rcsidw~l stress in promoting cleavage fracture, several additional specimens

w-re ?t,ess relieved for one hour at 1100 F and furnace cooled The data for

thes~ specimens are a!so shown in Fig 3, 5, with the notation ‘1S. R, “ None of

~he sues s-relieved specimens fractured on the first blow, although they did

frac~ure on subsequent higher blows. It Is apparent that the normal residual

s..’ess J+.s~lting from weld-metal shrinkage is sufficient, when combined with

~, n.anx.c !oadl.ng. to cause brlttie fracture. A photograph of a typical fracture of

s Type-F3 specimen ~s give,-: in Fig, 3, 7
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Fig . 3.7 - Photograph of fracture of Specimen B-44
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The next group of Type-B specimens with residual stress were those that

had dynamic effects superposed on various static stress levels. These data are

plotted in Fig 3.6. It is interesting to note that none of these specimens frac-

tured, even when the hammer weight was increased from 308 to 460 lb. It is

believed that the energy losses incurred in the system while applying the static

and dynamic loads were so great that insufficient dynamic energy reached the

specimen The loading beams that were used to apply the static loads were in

place for all of the tests indicated in Fig. 3.6, whereas they were not used in

the tests of Fig. 3.5.

Dynamic Stress Studies--~e-_B Specimens: To measure the dynamic.—

stresses that resulted from the tensile impact of the falling weight, specimens

3-in. wide and 7-in. wide (representative of the Series C tests, a discussion of

which follows, were prepared without weld flaws and instrumented with SR-4

strain gages The dynamic strains were mea sured with the aid of a Brush-type

recording oscillograph. The dynamic stresses were calculated from the recorder

data and are shown graphically in Fig 3 8. Pronounced permanent set was ob-

served a? the 4-ft drop of a 316-lb hammer on the 3-in wide specimen, and at

a 6-ft drop on the 7-in. wide specimen.

Strain rates were also estimated from the recorder data and appear to be

a“oout CJ 20 in. /in ,/sec in magnitude for the 3-in. wide specimens with a 3-ft

dro~ cf The hammer The calculated strain rate values for this specimen are

;~c’(n ,r 1,0 3 ;

Summary, Type-B Specimen Tests. The Series B specimens led to several

mtt?:estnq observations and suggestions for further experimentation

Co. ]sideri,ng Fig . 3 5, the minimum height of drop required to cause brit-

I I,; fra~tur~ !S approximately 3- 1/2 ft, From Fig. 3.8, a 3- l/Z-ft drop On a 4-in.

f :ae sp~c~men would corre spona to a dynamic stress of approximately 22, 500 psi



TABLE 311

Data summary - Type B specimens

Specimen size: 4 in x8 in x 3/4 in : weld flaw: 1 in long buried crack in double-V slot All tests at O“F,

Static 1st blow lst. biow Ht. of Hammer
stress drop height fracture Total last blow Fracture weight

--.l.2L--——&___ &e.&._–Bo b~ows ft__.—_—___ yes no lb Remarkss)fxc~~~~

B-4
B-?
B-8
B-10
B-9
B-6

B-5

B-13
B-l]
B-12

B-14
B-15
B-16
B-17
B-18

o

0

0

0

0

0

2
2
4
4
6
1

x
x

x
x
x
x

2
3

4
4
4

x
x
x
x
x
x

308
308
308
308
308
308

308

308
308
308

308
308
308
308
308

x 308
x 460

Tested at -50 F

4
5
7

Stress relieved at 1100 F.
,, ,, ,, ),10

ye’J“;$%P’’P-O”
o 2 3 6x x

o

0

0

3
7
5

2
1
1

4x
x
x

x
x
x

I

%
Welded und

load 7of!pc0mpressi0n ,
5

0

0

0

0

0

3
3
6
6
2

3 5
3

10

8
3

x
x

x
x
x

x
x
x
x
x

4
2
2

Stress relieved at 1100 F.
,! ,, ,, ,,

1 in. vert. flaw intersecting
trans. flaw

Solid weld metal--no flaw
Tested with 290-lb hammer:

rete steal with 460-lb ham-
mer. Flaw detai~ B.

B-22(a) o 4 x
(b) o 6 x

5
4

13
12

Notes: All weld reinforcements ground flush, un~ess noted.
Loading beams not in place for specimens B-4--B-28
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~r@_~L_.3::_I~1,cent inue d}

Data summdr’i ~~Type B specimens

Static Ist blow 1st blow Ht of Hammer
stress drop IIeight fracture Total last blow Fracture

SF\ecime]n
weight

.. _ Psi . ..1!...._ ._. ._ .J.__X3_. -b!W:____._ft.__ –._yS3 ‘0ye 5 —_.____Qe_~arkslb

B-37
B-3 6

B-44ia)

(b)

(c)

B-45

B-35(a)

(b)

(c)

10,.000 5
15000 10

15.000 3

20.000 5

25, 000 10

50,000 0

25, 000 5

30, 000 5

38000 8

x 2
x 2

x 2

x 1

1

0

x 1

x 2

x 2

8
13

4

5

10

0

5

8

12

x

x 460
x 460

x 460

x 460

460

x 460

x 460

x 460

Reinforcing not ground flush.
,, ,, ,, r,

Tested at 15, 000 psi,, No
fracture

Retested at 20, 000 psi.
No fracture

Retested at 25, 000 psi.
Fracture

Static tensile test. A
z

Stress relieved at 1100 F. !
No fracture at 25, 000 psi

Retest at 30, 000 psi. No
fracture

Retest at 38, 000 psi. Frac–
ture

Notes: All weld reinforcements ground flush, unless noted.
Loading beams not in place for specimens B-4--B-28.
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at the flaw. The longitudinal residual stress measured at the center of a 4-in.

wide specimen was 44, 500 psi. The sum of these two values is 67, 000 psi.

One specimen of Type B was tested to fracture in static tension at O°F to deter-

mine the stress required for brittie fracture without the addition of a dynamic

effect This specimen fractured at a static stress of 50, 000 psi. This stress

Ieve] would suggest that there was perhaps partial, but not complete, super-

PositIon Of static stress and mid-width residual stress of 44, 500 psi.

The strain rates as estimated from the recorder data are low in com-

parison with the strajr? rates required to give appreciable increases in the yield-

pcir? at room temperature. according to published research data. However, it

is fe!T that W]th the lowered temperatures of testin9 in this Pro9ram. increased

resistance to slip could come about at these strain rates This effect is dis-

cussed further in the summary of Part III

The beneficial effect. of stress relief in providing resista~ce to dynamic

fract ~re was demcrcstrated by the data shown in Fig. 3.5. These specimens

were struck repeatedly with the 308-]b drop hammer at drop heights of from 8 to

10 f? ard plastically deformed before exhiblti.ng cleavage fractures.

The resu!ts of the leste as shown ic. Fig, 3.6 are inconclusive Only

O’C spec]me~. frac?c,, ed CT th,e first blow of either a 308- ;b hammer or a 460-ib

h,am,me,? The specimen design for th]s WO).P was the same as tha? fcr those

spec, mevs whcse \,a!ues are plotted ir F]g. 3. 5 The testlnq technique was

rr-doub[ed~y affected bv tbe addition. to the testing svst.em of the beams used to

ark , ~~stat:c tensile load It ]s believed thal less dy~amjc energv reached the

sl)ec~rne: because addit. en,a! energy was dissipated ir the loading mechanism;

‘ ~L.S fracl~:e could ~iot be produced

kQQsj> Qf T~E-,~ S~mers by Princi&q Q St,rain Ener~ Re!ease Rate.——-_ - ——= —..—. -—. —- ——

At the 5UgQeStlo>. of G R ]rv.rir, specimen. s of Series B were tested +.o determine

typca] “G” va!ues for E-601O weld metal and ABS-Class B plate.
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The “G“ value determined for a 507’o mid-thickness flaw in E-6010 weld

metal was about 100 in. -lb per sq in. in magnitude.

It is assumed that fractures from buried flaws take place in two stages.

The first stage constitutes the “crash through, “ when a buried flaw of a given

length suddenly breaks completely through the plate thickness without appre-

ciable change of flaw length. The second stage of the fracture is the trans-

verse fracture across the plate width.

Irwin3 has shown that the value of strafn-energy release rate for crack
~2 ~

propagation in a finite width of plate is given by the expression G = ~ tan

(~) , where “G” iS strain-energy release rate, u is stress on gross area, b

is the width of plate, and C is the crack length. This relationship may be ap-

plied to a Type B specimen, where b is now interpreted as plate thickness and

C = 3/8 in. , with the assumption of a strain-energy release rate value of

100 in. -lb per sq in. Considering the “crash through” or first stage of fracture,

the stress on the gross area is calculated to be 63, 400 psi, which closely ap-

proximates the estimated superposed residual and dynamic stress of 67, 000 psi.

According to the theoretical expression, if a strain-energy release rate of

100 in -lb per sq in. , as determined by specimens of Series B, is used, the

second stage of the fracture should proceed at a stress level of 42, 500 psi. It

is to be expected then that the fracture would continue in its transverse propa-

gation following the “crash through” at a 63, 400 psi stress level.

Strain-energy release rates for specimens containing buried welding

flaws are discussed at greater length in Part IV of this report

IWS-42 sPeCimens--Discussi0n: specimens of Type-C were 3-in. wide,

8-in. long, and of 3/4-in. thick ABS-Class B steel, as shown in Fig. 3. 10 and

in the photograph, Fig. 3. 11. A later modification of the Type-C specimen was

7-in. wide at the test section, as shown in Fig 3 12 and in the photograph,

Fig 3.13. The purpose of introducing the Type-C specimens into the program
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Fig. 3.11 - Photograph of 3-in. wide Type “C” specimen
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,,,.,.,.

Fig. 3.13 - Photograph of 7-in. wide Type “C” specimen
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was to make a specimen with a reproducible flaw in a field of residual stress, in

order 10 have a suitable testing technique for determining the inter-relationships

between applled static dynamic. and residual stresses.

The first group of Type-C specimens consisted of specimens C- 1 through

C- 19, each with a central full-thickness double-vee slot, 3/4-in. lon9 at the

mid- section Root passes of hard-facing welding electrode were laid in the grooves

from e]ther side; these root passes cracked during cooling. The welds were com-

p!eled with ac E-601O electrode, and the reinforcement was ground flush The

stresses locked In the weld metal after cooling were of yield-point magnitude.

The specimens were tested at approximately O“F in the 460-lb drop-weight

aPParatus pictured in Fig. 3.3, The data for this test series are given in Table

3-1;1 and shown graphically in Fig 3. 14 Only the results of the first blow are

plctted si-ce it is quite possible that subsequent plastic deformation partially

rei:e~~es The residual stress, As a probable result of the lack of contlol over the

we.c!inq fiaw, the data from these initial tests were quite erratic A typical frac-

ture cf a 3-iv w]de Type-C specimen is shown in Fig, 3 15,

The secocd group of Type-C specimens, specimens C-21 through C-4 1,

was ar experime,-tai groLp in which the type of controlled stress raiser and the

methc; G’ inducing res]duai stresses were icvcs?iqated as variables The t-rpes

C? stress ra]sers tested experime-,tally included jewe~er s hack saw retches

!3 01-]n wide a-d O! varicus length s.. drilled holes of varicus diameters, a~d

;ewe; e: s “nack saw cctches te:rnira.1 ‘“rig in holes of various diameters These

data are s~mmarized ~n Table 3-!’J

A: other ~ijject)ve ;5 ~t,.d.zjfiq this second group of specimens was to es-

tablish a reproducible methcd cf ]rtroducir. g residual stresses Some of the

rnethc,ds explcred included 1 sojid E- 6010 weld meta~ i.n a double-vee groove.

3,/’4- 1-, 1!3-; ‘~rc~.jnd fYu6h and retched i 2) spot heat ir.g by an oxvac<.;tyle.ne

torch a:. d : “i’ spot t,ei!]-7 by electrical irductior The method that appeared tc
10

ix rncst sat: sfactorv was ‘he? ci:cu; ar-patch method devised by Levy and Ke-nedy
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Fig 3.15 - Phot~graph of fracture of Specimen C-19
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The patch method consists of cutting out a circular patch at the mid- section of

the specimen and fabricating the stress raiser in this patch. The patch is then

welded back into the plate so that a biaxial residual stress field is created in

the patch The weld reinforcement around the patch is then ground flush,, The

proportions of a 2-in. diameter patch in a 7-fn. wide test section permitted

biaxtal tensfle stresses of app,-oximately 35, 000 psi, as determined from meas-

uremer.t of the strain released during removal of a l-in,. square patch at the cen-

te~ of the specimen,

A third group of Type-C specimens, all incorporating the welded patch,

is represented by specimens C-43 through C- 53. The data for these specimens

are summarized in Table 3-V. The primary objective in investigating this ex-

perimer,tal group was to determine a suitable hammer weight for the 7-in. wide

specimen that contained a 2-in. diameter patch. The stress raiser consisted of

a l/4-m. diameter drilled. hole with radial jeweler’s hack- saw notches 1/32 in.

m length A hammer weight of 175 lb was selected as being suitable for testing

~Peclmells over the range of static stress desfred, in the program .

in testing a fourrh g~oup of Type-C specimens, C-54 through c-81, use

was made of the data established by the preceding group. The specimen design

was the same as that shown in F)g 3 12 and in the photograph, Flq. 3 13, hav-

,.ng e i~~l Sec!ior. 7-]. n. wise, a residual stress field in a 2-ir. diameter patch,

dn,cl ?. 5.: C+?.S !-a’se: c sting of a i/4-in driiled hole with two jeweler’s hack-

.e.v nm.ches l/32-IT ‘~s The 175-.i5 hammer was selected for the drop-weight

a~)pc.-at,.~s.. TtIe da.?a :his series of tests are summarized in Table 3-VT and

GPow,l are Pr,ics.ly :r. Fig 3.i6 It can be seen that these data, with some scat-

tsr, ind.ica!e a general trenc oi lowered dynamic effect with increased static

t+nsiie stress required to produce fracture,, It ;S interesting to note that at 15, 000

~:.. , st5::~- Stress, C was impossible IG obtain fracture even at the maximum height

0: ::lk UTOUJ: llle hammer. 1P. this respect, the behavior of this series of speci-

,;Izns w;s sin-,i;ar to i~,e fur,na,.;e stress-relieved specimen, s c-80 and C-81, which



TABLE 3-III

Data summary - Type C specimens

Specimen size: 3 j.n x 8 in x 3/4 in. ; Weld flaw: 3/4-in. long 50% buried crack in double-V slot. All tests at O“F.

Static Ist blow 1st blow Ht. of Hammer
stress, drop height fracture Total last blow Fracture weight

Specimen ksi ft yes no blows ft yes no lb——— Remarks.——.— —— ———

c-1

c-2
c-3
c-4
c-5
C-6
c-7
C-8
c-9
c-lo
C-11
C-12
C-13
C-14
C-15
c-16
C-17
C-18
C-19

o
0
0
5
5
5

10

7.5
7.5

10

5
15

0

5
5
5
5
5
5

3
3
2.5
1.5
1.5
2
1
1
1.5
2
5
2
3
1.75
2
3
4
3
4

x 2
x 1

x 3
x 2
x 2
x 8
x 6
x 5
x 4
x 5

x 1
x 1
x 1

x 8
x 3
x 2
x 6
x 5
x 2

4 x
3 x
35 x
2 x
2 x
9 x
4 x
3 x
3 x
7 x
5 x
2 x
3 x

10 x
5 x
4 x
9 x
9 x
5 x

460
460
460
460
460
460
460
46o 1
460 :
460 1

460 Stress relieved at 1150 F
460
460
46o
460
460
460
460
46o



‘CAOIE 3-W

Data summary - Type C specimens

Specimen size 3 in. x22 in, x3/4 In Te sting temperature as noted

Static
stre ss

1st blow 1st blow Ht. of Hammer
drop ht fracture Total last blow, Fracture weight Temp.

ft yes no blows ft yes no lb F Type of flaw—Specimen ksi.—

C-21
C-22
C-23
C-26

G-27

C-28

G-29

C-30

C-31
C-32
C-33
C-34

C-35
C-36

C-37

C-38

C-39

c-40

C-41

o
0
5
0

0

0

0

0

0
0
0
0

0
0

0

0

0

0

0

3
2
1/2
2

b

3

4

6

8
8
8
8

10
8

8

8

8

6

13

3
2
2
3

x

x

x

x

x

x

x

x

x

x

x

x

x

x
x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

460
460
460
460

-lo
-lo

-5
-6

3/4 in JHC Notch
,1 ,, ,, ,,
,, ,, ,, ,,
,! ,, ,, ,, term. in

3/64 in. holes
3/4 in JHC Notch term, in

1/8 in. holes
3/4 in. JHC Notch term. in

3/64 in holes
3/4 in. JHC Notch term. in

3/64 in. holes c!.
0

3/4 in. JHC Notch term. in I
3/16 in. holes

1/8 in. hole only
5/16 in. JHC

,, ,, ,,

2- 1/16 in holes, 1/4 in.
c. to c,

3/64 in. hole
7/32 in. hole + 2- .040 in.

holes
1/8 in. hole + 2- 3/32 in.

side holes
2- 1/8 in. holes (Residual

stress by spot heating)
2- 1/8 in. holes (No resid.

stress)
2- 1/8 in. holes (2 in. dia

welded patch)

3
2

2 8 460 -4

2 5

5

9

316 -6

2 316 0

3 316 t6

3
1
1
3

13

8
8

13

x 316
316
316

x 316

0
-10
-lo

0

2
1

13
8

x 316
316

0
-10

1 8 316 -10

1 8

13

13

316 -10

2 x 316 0

3 x 316 0

13 x 3161 -10 2- 1/8 in. holes”(2 in, dia
welded patch)
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would not fracture at the maxfmum hammer drop. This was discussed in the Sum-

mary of Type-B specimen tests and wtll also be discussed in the Summary of

Part 111.

At the suggestion of the Advisory Committee, specimens C-82, 85 and

86, were tested The orientation of the notch fn C-82 and C-85 was parallel to

the axis of loading, rather than transverse as it had been in the precedfng speci-

mens. These specimens did not fracture at the maxfmum drop height of the 175-lb

hammer. nor did specimen C-86, which had the notch oriented at 45” to the axis

of loading

The final group of specimens in the Type-C program, C-88 to C-98, were

those having a notch l/2-in. long, which was made by cutting two jeweler’s hack-

saw notches l/8-in. long from a l/4-in, diameter hole. The hammer weight re-

,mained at 175 lb. The data for these specimens are presented in Table 3-VII and

are sho-.vn graphically in Fig. 3.17. A photograph of the fracture surface of a

specimer, of this group is shown in Fig. 3.18.

Summary, T~e-~ Specimens: The testing program for the Type-C speci-

mens was an extension of the program described for the Type-i3 specimens It

represents an exploratory program designed to find the combmatioris of residual

st; e SS, In i.act stress, and static applied stress that would most likely super-

PCJSUon s 9iven flaw to produce low-nominal-stress brittle fractures at O“F

The data of Fig . 3.17 illustrate the fact that superposition of these

s:,ssses can take plsce under appropriate conditions. These specimens coP.-

t:, inca 1 ‘2-; n ,, lomg, iOO% fuli-thickness flaws in a field of residual stress. The

deta mcilcate that these Type-C specimer,s would fracture at drop heights of 4 ft

witn no static stress, at 3 ft with 5000 psi static stress, and with no dynamic

~ffect necessary, at 10, 000 psi static stress The fol~owing tabulation indicates

:F,c es Limated stress levels at fracture for these specimens:



TABLE 3-V

Data summary - Type C specimens

Specimen size: 7 in x 19 in. x 3/4 im with Z-in. dia. welded patch. Testing temperatures as noted.

Static Ist blow 1st blow Ht.. of Hammer
stress, drop ht. fracture Total last blow Fracture weight Temp.

Specimen ksi ft yes no blows ft yes no lb F Type of flaw————————. —

C-43
G-44
C-45

C-46
C-49
C-50
C-51
c-5 2
c-53

o

0

0

0

0

0

0

0

0

6 x 1
7 x 3
6 x 3

6 x 1
9 x 1
9 x 2
9 x 2

10 x 1
8 x 1

6
13
13

6

9
13
13
10

8

x 316 -lo
x 468 0
x 468 0

x 316 -lo
x 203 -lo

x 164 -lo
x 182.5 -lo

x 182.5 -lo
x 182.5 -12

1/4 in. hole, two - 1/32 in. JHC
Two - 1/8 im holes
1/4 in. hole, two - 1/32 irL JHC,

stress relieved
1/4 in, hole, two - 1/32 in. JHC
1/4 im hole, two - 1/32 in. JHC
,! ,, ,, ,, ,, ,, ,,
,!. ,,”0, !!,,

,! 1! !, ,, II ,! ,’

,! ,, 1, ,, ,, ,, ,, &
w



TABLE 3-VI

Dat3 .ummary - Type C spec~mens

Specimel\ size: 7 in. x 1’? in. x 3/4 im with 2-in. dia. welded patch. Test temperatures as noted

Static 1st blow 1st blow Ht. of Hammer
stress drop ht. fracture Total last blow Fracture weight Temp.

.3gecimen ksi ft yes no blows ft yes no lb F“.,—.— —— .——__—. —_——.-z ——— .—— —

C-54
C-55
C-56
C-57
C-58
C-59
c-60
C-61
C-62
C-63
C-64
C-65
C-66
C-67
C-68

C-69
C-70
C-71
C-72
C-73
C-74
C-75
C-76
C-77
C-78
C-79

0

0

5
10

10

10

10

10

5
5
5

15
15
15

2,5
2.5
2.5
2.5
2.5
7.5
7.5
7.5
7.5

15
15
15

10

12.5
9
9
7
5
3
4

10
8
7
2
3
6

10
8
7
6
5
5
6
7
6
6
8

12.5

x

x
x
x

x
x
x
x

x
x
x
x

x

x

x

x

x
x
x

x
x
x

x
x
x
x

3
1
3
1
1
1
4
1
1
1
1
4
2
2
1
1
1
1
2
2
2
1
2
2
1
1

12.5
12.5
12.5

9
7
5
9
4

10

8
7
6
5
8

10
8
7
6
7
8

10

7
12
12

8
12.5

x

x
x
x

x
x
x
x

x
x
x
x

x

x

x

x

x
x
x

x
x
x

x
x
x
x

175
175
175
175
175
175
175
175
175
175

175
175
175
175
175
175
175
175
175
175
175
175

175
175
175
175

0

-10

0

-10

-10

-10

0

-12
-12
-12

0
0

-5
-5
-8

-10
10
-10

-6
-6
-8

-10
-5
-5

-10
-10

Type of flaw

1/4 in. hole, two - 1/32 im JHC
,, ,,
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T_ABLE3VT (continued)

Data summary , Type C specimens

Specimen s~ze: 7 in x 19 in. x 3/4 in w~th 2 -in. dia welded patch. Test temRer,atures as noted

Static 1st blow 1st blow Ht. of Hammer
stress drop ht fracture Total last blow Fracture weight Temp.

Spec~men ksi ft yes no blows ft yes no lb F Type of flaw
—____ ...”...-————_.———— ..——--- —-— ————-————

C 80 5 12 5 x 1 125 x 175 -10 1/4 in, hole, two - 1/32 in. JHC
(Stress relieved)

c-8 1 10 12.5 x 1 12:5 x 175 -10 1/4 in, hole, two - 1/32 im JHC

G82

C-85

c-86

C-87

(Stress relieved)
o 125 x 1 12.5 x 175 -lo 1/4 im hole, two - 1/32 im JHC

(Longitudinal orientation)
o 12.5 x 1 125 x 175 -lo 1/4 im hole, two - 1/32 in. JHC

(Longitudinal orientation)
o 12,5 x 1 12.5 x 175 -lo 1/4 im hole, two - 1/32 in. JHC

(45 0 orientation)
o

&
12.5 x 1 12.5 x 175 -lo 1/4 in. hole, two - 1/4 in. JHC ~

(45” orientation)



TABLE 3 WI

Data summary - Type C specimens

Specimen size 7 In x 13 in x 3/4 in with 2-in dia welded patch Test temperatures as noted

Static 1st blow 1st blow Ht. of Hammer
stress, drop ht. fractwe Tots 1 last blow Fracture weight Temp.

Specimen ksi ft yes no blows ft yes no lb F Type of flaw

c-88

C-89

C-90

C-91

C-92

c-93

C-94

5 6 x 1 6

0 0 --

5 2 x 1 2

8 1 x .3 12.5

8 3 x 3 10

0 8 x 1 8

0 6 x 1 6

c 95 0 4 x 1 4

C 96 15 1 x 4 10

C97 o 2 x 3 4

C-98 5 3 1 3x

x 175

x

x 175

x 175

x 175

x 175

x 175

x 175

x 175

x 175

x 175

-lo

-16

-8

0

0

-lo

-lo

-lo

0

-5

-lo

1/4 in hole, two - 1/8 in.
JHC

1/4 in. hole, two - 1/8 in.
JHC

1/4 in. hole, two - 1/8 in
JHC

1/4 in. hole, two - 1/8 im
JHc

1/4 in hole, two - 1/8 in
JHC A

1/4 in. hole, two - 1/8 in. ~
JHc

1/4 in hole, two - 1/8 in.
JHc

1/4 in. hole, two - 1/8 in.
JHc

1/4 in. hole, two - 1/8 in
JHc

1/4 in. hole, two - 1/8 in.
JHc

1/4 in. hole, two - 1/8 in
JHc
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Ree.idual stress, ksi 35 35 35

Static stress, ksi o 5 10

Dynamic stre SS, ksi 12 10.7 0—— .

Total estimated stress
on gross area at frac-
ture, ksi 47 50.7 45

The Griffith crack theory, with the strain-energy release rate nomencla-

ture used by Irwin, would predict for these specimens having a l/2-in. 100%

full-depth, flaw, for an assumed “G“ value of 100 in. -lb per sq in. , a fracture

stress of 60, 500 psi based on the gross area at fracture. Since it is also likely

that strain-energy release rates may be as low as 40 in. -lb per sq in. , the stress

might be found to be as low as 38, 400 psi.

The specimens represented by the data of Figs. 3.14, 3.16, and 3.17

all indicate the cliff iculties of superposing a dynamic stress on a residual stress

field in specimens that were loaded to a high level by an external static stress.

This is the same difficulty that was observed in testing the Type-B specimens.

Again, it probably holds true that the combination of the residual stress and the

static stress is sufficient to cause significant plastic action in the mid-section

of the plate. The hammer blow, then, rather than raising the stress level, pro-

vides plastic strain and some local increase of strain rate.

As further evidence of the plastic flow at the plate mid-section and the

consequent relief of residual stress, the data in the tabular summaries of the

Series C specimens indicate that, in most instances, the specimens that didnot

fracture under the first blow did not fracture under subsequent blows. In this

respect, their behavior was similar to specimens that had been stress-relieved

by anneal ing.,

The greater severity under impact of short 100% flaws in comparison with

short buried 50% flaws can be seen by comparing the data from Fig. 3.14, which
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Fig. 3.18 - Photograph of fracture of Specimen C -91
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represents 3/4 -in. long, 5070 flaws at the mid-thickness of a 3-in. wide plate,

with the data from Figs. 3.16 and 3.17. For the former group of specimens, a

460-lb hammer was used. Subsequent testing of the Series D specimens of

Part IV indicated that buried 50% flaws would not initiate low-stress fracture by

static means alone, until they reached a length of approximately 1-1/2 in.

This length limit for the shorter buried flaws is probably due to the restraint of-

fered by the surrounding plate material, which prohibited the first break-through

to the faces of the plate.

Also included in this investigation were 100Y’ flaws, 5/16-in. long,

which were either parallel to or at 45” to the axis of the static and impulsive

loadings (Specimens 82, 85, and 86, Table 3-VI). In each instance, these

specimens did not fracture at the maximum drop height of the hammer

Summary of Part III

It is believed that the explanation for the behavior of the impact test

specimens of Series A, B, and C, lies in the following hypothesis, proposed by

Ludwik and summarized by Salmon:

Material in which the resistance to shear is relatively
large, fails when the stress exceeds the cohesive force between
the grains, there is little or no deformation, and the material is
said to be brittle. In a ductile material resistance to shear is
relatively small. deformation due to slip occurs when the shear
exceeds that resistance The resistance to slip increases with
the rate of deformation; further, the relative values of cohesive
and shear resistance can be modified by heat treatment, and de -
penal on the temperature of the test

In a notched-bar test a small volume of highly
stressed material near t.h,e notch has to absorb the
energy., This volume is surrounded by less highly
stressed materia!. which prevents plastic flow, i .e
it prevents the lateral, distortion which accompanies
the longitudinal strain. and, in consequence, a state
of three-dimensional stress is set up. In one-
d.imensional stress the maximum shear stress is
one-half the direct stress. but in three -dimensional
stress the maximum shear stress is one-half the
difference between the greatest and least principal
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stresses. These stresses may therefore have large values be-
fore the resistance to shear is reached, andere that the co-
he sion may be overcome. Not only so, but since the highly
stressed volume which absorbs the energy is small, the rate
of deformation will be large, even at relatively low impact ve-
locities; this will raise the resistance to shear, enhancing the
tendency to cohesion failure. Apparently brittle fractures in
ductile materials are thus explained.

The type of fracture depends therefore on (1) the amount
of restriction to plastic flow, (2) the rate of deformation, and
(3) the temperature of the test. 11

The fractures under impact loading, as well as the non-fractures under

impact loading, can be explained on the basis of the foregoing reasoning.

Specimens that did not exhibit first-blow fractures can be placed in two

groups: (1) those for which the impact loading was too moderate to provide a

high enough rate of deformation, and (2) those specimens for which the combina-

tion of residual and static stresses had provided gross plasticity prior to the im-

pact, so that the rate of deformation at the notch was insufficient at impact.

Specimens that did exhibit fracture were those in which residual, static,

and dynamic stresses were present with a sufficiently high rate of deformation.

The dynamic energy in these cases was absorbed in small, plastically strained

regions at the ends of the notches, so that the strain rate was sufficient to allow

the stress to increase to the level required for fracture. Specimens that fractured

under a single blow of the drop hammer exhibited no general plastic deformation.

The thickness reductions at the fractured surfaces were too small to be measured;

this was often the case with welded ship fractures.

The length of the notch is a factor in the dynamic stress required for brit-

tle fracture ( see Fig. 3. 19), as can be seen by an examination of the In91is rela-

tionship for maximum stress at the apex of the major semi-axis of an elliptic hole:

w -r (l+:)
max -
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where a is the major semi-axis, perpendicular to the direction of tension IS, ad

b is t~ minor semi-axfs. The radius of curvature at the apex of an ellipse is

P=~. It follows that the maximum stress fn a very flat ellipse or a crack

having a length of 2C and radius~ is approximately given by

r
max = 2C

v- ?

Thus it can be seen that the maximum stress (or plastic strain) at the apex of a

crack would be a function of the length and sharpness of the crack. The Griffith

theory for sharp cracks, as demonstrated in the summary of the TYPe-C sPec imens>

also indicates that fracture stress decreases with an increase in crack length.

MI indication of the amount of plastic straining at the apex of a notch has

been shown by Wells’ measurement of strain over a O. 038-in, gage length at the

root of a saw-cut edge notch, which was O. 004-in. wide in l/8-in. steel plate.
12

This measured strain was approximately 200 times greater than the average strain

on the specimen cross section. The stress concentration factor, as calculated

from the Inglis relationship, for a l/2-in. long, 100’% flaw in a Type-C specimen

is 21. 3; however, the plastic strain would be expected to be many times that value

according to the measurements made by Dr. Wells.

As a part of the testing program on impact specimens, “strain rates were

estimated for various drop heights of the hammer. These strain rates, plotted

e.gamst height of drop, are shown in Fig. 3.9, They were determined at the mid-

section of un-notched specimens, and have a range of O. 154 in ~~/in. sec .to

O,.20 in. ,/in. sec,, It i.s not diff!.cult to imagine that this strain rate at the apex

of a sharp notch of molecular or even jeweler’s saw-cut sharpness would be magni-

fied to a critical value at the low temperature of the tests, 00 F. This effect, com-

bined with the restriction to plastic flow at the root of the notch, probably results

in cleavage failure before slip can take place.
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— ——

DEFORMATION

1. STATE OF STRESS AND

—— —

DEFORMAT ION AT APEX OF

A NOTCH IN A FIELD OF RESIDUAL STRESS.

2. STRESS LEVEL AFTER THE ADDITION OF A SMALL

EXTERNAL STATIC STRESS (STRAIN HARDENING

HAS INCREASED THE YIELD POINT.)

3. FRACTURE STRESS RESULTING FROM DYNAMIC

STRESS OF SUFFICIENTLY HIGH STRAIN RATE.

4. ADDITIONAL PLASTIC DEFORMATION IF THE STRAIN

RATE WAS OF INSUFFICIENT MAGNITUDE TO REACH

FRACTURE STRESS.

SCHEMATIC REPRESENTATION

OF STRESS SUPERPOSITION

IN IMPACT TESTS

FIG. 3.20
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Another factor that could aid in the initiation of brittle fracture is the in-

fluence of a certain amount of strain hardening. When the patch welds were

made tn the specimens, or when the grooves were welded, high nominal residual

stresses re suited. At the apex of the notches, plastic strains re suiting from con-

centrations would occur to produce a significant amount of strain hardening. The

yield-point stress at the notches would then be raised to the stress level required

for brittle separation.

A graphical interpretation of these principles as applied to the specimens

subjected to impact is shown in Fig. 3.20.

Part IV

WELD FLAWS IN RESIDUAL AND STATIC STRESS FIELDS—— —

Introduction

This study of weld flaws has indicated the importance of residual stresses

in the initiation and propagation of brittle fracture. Although it has been demon-

strated that residual stress may not have an effect i.n a flawless system, this is

not the case when weld cracks or submerged flaws exist,, The energy reservoir

created by the residual stress field has been shown to be sufficient to initiate spon-

taneous brittle fracture, without superimposed external load, if a flaw of critical

s]ze is present Furthermore, if the fracture is not spontaneous, it has been found

that an additional ~uperimposed static tension as low as 4CI(I(Ipsi Cou]d initiate the

fracture. Fiaws similar to those that have been critical under residual stress con-

ditmns were stress relieved and found not to be critical,,

The flaws used in this phase of the program were@ both the buried and full-

r~iate-thickness types simulating weld cracks. To provide laboratory control, the

simulated cracks wiane@l made with a jeweler’s hack-saw cut O. 010-iII. wide. A



-75-
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Fig. 4.1

1.
2.

3.

4.

5.

6.

7.

- Fabrication of ‘~D,,specimen

Layout of circular patch
circular patch cut o“t
Unprepared circular patch of plate material
Patch grooved for welding of test weld
Groove welded 50% and saw cut made to represent flaw
Test weld fully made
Final “D” Specimen with patch containing test weld

welded into test plate.
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flaw is classtiied by its length and its total depth in the plate-thickness direction.

A 100% flaw indicates a flaw of full plate thickness, a 75% flaw is a buried flaw

with the crack occupying the center 75% of the plate thickness, and a 50% flaw is

a burled flaw occupying the mid-half of the plate thickness.

The weld flaws were always tested with the length of the flaw normal to the

applied external statfc tension. A majority of weld flaws investigated were in weld

metal placed in double-vee grooves; therefore initiation occurred in the weld metal

of the butt weld and not in the plate. This examination of weld flaws was later ex-

tended to cover the case of weld flaws transverse to the butt weld, the flaw termi-

nating in the heat-affected zone (HI@ of the plate. Only limited data, however,

are available at present for this type of flaw.

~ ~f Specimen: Fig. 4.1 is a photograph of a 3/4-in. thick ABS-Class

B steel specimen, of the type used throughout Series D. The methods of fabrica-

tion can be noted fn the photograph of Fig. 4.1. In the Type-D specimen, use

was made of the shrinkage in the double-vee groove weld, which had been placed

around the circular patch to induce a residual stress field. This use of the c frcular

patch for the control of residual stress follows from the suggestions of Levy and

Kennedy. 10 The circular patch was generally sawed from the 3/4-in. thick plate

to a given diameter, with a 3-in. diameter patch in a 10- l/2-in. wide plate most

frequently used ~ The residual stress magnitude can be varied by varying the ratio

of patch diameter to plate width. The periphery of the patch and the adjoining

plate were then machined to form a 900 double-vee groove.. Similarly, the patch

was grooved across a diameter to prepare for the placing of the test weld that con-

tained the flaw The test weid with its flaw was made in the unrestrained patch

and ground flush, after which the circular patch was replaced in the test plate and

the circumferential welds made and ground flush.

The residual stress field was measured across a transverse section by means

oi SR-4 gages and a relaxation method, as shown in Fig. 4.2. Fig. 4.3 represents
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a..:.’ . “—.. . ....

Fig. 4.2 - Residual stress measurements
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the residual stress distribution for a 10- l/2-in. wide specimen with a 3-in. di-

ameter patch. When the patch was a solid disc, the residual stress field in the

center was biaxial and 35, 000 psi in intensity.

The authors are aware of the controversy that has existed in naming such

internal stress patterns.
13

They have been termed residual stresses here to avoid

an ufiprof itable academic discussion of the various terms and distinctions that

have arisen, such as “Iocked-in”or “reaction” stresses.

In general each flaw was made to simulate a sharp weld crack in E-6010

weld metal and is classified by the length of the crack and the per cent. of the

central thickness the crack occupies. For example, a crack entirely through the

weld throat is termed a 100% flaw, whereas a 50% flaw cccupies only the mid

one-half of the weld throat and is spoken of as a buried flaw. These induceiflaws

were always tested so that length of flaw was transverse to the static tensile loadi-

ng. A 50~0 buried flaw (see Fig. 4. 1) was made by (1) making a weld in the mid

50% thickness of the plate, (2) drilling a pilot hole and ( 3), cutting the weld, with

a jeweler’s hack saw to the required length of flaw. The pilot hole was then plugged

with a split plug and the remaining 25q0 thickness on each side of the plate was

welded. Accompanying photographs (Figs. 4. 4--4.6) show these rectangular f.awed

areas in fractured specimens.

No difficulty was encountered in fabrication other than with the 7570 flaws.

Here the residual stresses were often large enough to cause premature fuil-dept?

cracking. In that event, the fiaws became examples of the 1007o flaw and ‘vere

tested. as such.

In one of the few specimens made to date to study the effect of weld crack

exten s.ion into the heat-affected zone of the plate, a one-inch long, 10070 crack

extended spontaneously to a crack 10- l/2-in. long in a 14-in. wide plate weile

being cooled to -17 F. This is the most dramatic example experienced at this l.abo-

‘story of the effect of residual stress, as the specimen was unloaded and e.ntirej.y
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Fig. 4.4 - Specimen D-22 - 50% flaw - z 1/4 in. long
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unrestrained at the time. Other simflar specimens had spontaneous cracks 4 in.

in length produced at room temperature.

The flaws to be discussed are thus seen to be highly idealized sharp

notches, selected because of their reproducibility for research purposes,

Test Results--~0 Buried Flaw: The test results for the 50% buried flaw—— ——

or crack are given in Table 4-I. The size of specimen, length of weld flaw, and

the test temperatures are recorded. Essentially all fractures were of the brittle

type without the thumb-nail (ductile ) start so characteristic of many of the notched

plate tests. Photographs of typical fractured specimens are shown in Figs. 4.4--

4,6. The average unit stress reported is the average static tension stress com-

puted over the gross sectional area of the plate, with no deduction for material

removed by the flaw. This practice in reporting unit stresses was adhered to even

in the event that a partial or arre steal fracture occurred before final fracture. In

this way, observed data could be compared with the brittle crack propagation

theory of Griffith and the energy release rate concept of Irwin It should be pointed

out, however, that once an arrested fracture occurs, the unit stress (on the net re-

maining cross section) required to complete the fracture approaches or generally

exceeds the yield stress of the material.

These major points of interest may be easily seen in Fig. 4.7 where the re-

sults of the 50’70 submerged flaw are plotted: first, flaws of less than 1 in. in

length did not act as initiators of low-stress brittle fractures, for in these cases,

unit stresses of from 45, 000 to 62J300 psi were required for fracture; and second,

flaws of 1 in. to 2- 1/2 in. in length initiated fracture at both high and low levels

of stress. Although initiation was obtained for static applied stresses ranging

from 4500 psi to 20, 000 psi, fracture at high stress levels also occurred The

1–1/2 in, 50’70 buried flaw is thus capable of initiating fracture under low stress.

High stress was always necessary to fracture stress-relieved specimens. It may

be stated further that, for many specimens, flaws 1-1/2 in in length or longer
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TAME 4-I
D-Series

!Z!.KHM

Internal flaw simulated by jeweler’s hack saw

Description

Specimen Temp. Dia. of weld- Original crack
No. F Width, h. ed patch in. length, in. Fracture initiation stress on gross area, Psi

D-II
D-32
D-50
D-14
D-18
D-17
D-27
D-31
D-33
D-37

D-41

D-51
D-35
D-36
D-19

D-22

D-34

D-21
D-26
D-20
D-24
D-29
D-28

-6o
-80
-80
-80
-40
-30
-30
-80
-30
-85

0
-80
-70
-30

-1oo

0

-80

-30
+30
-95
-40
–40
-30

7
10-1/2
10- 1/2

7
7
7
7

10-1/2
10-1/2
10- 1/2

10-1/2
10-1/2
10-1/2
10- 1/2
10- 1/2

10- 1/2

10- 1/2

10- 1/2

2
3
3
2- 1/2
2- 1/2
2- 1/2
2- 1/2
3
3
3

3
3
3
3
3

3

3

3

5/8
3/4
3/4

1- 1/2
1- 1/2
1- 1/2
1- 1/2
1- 1/2
1- 1/2
1- 1/2

1- 1/2
1- 1/2
1- 1/8
1- 7/8
2- 1/4

2- 1/4

2- 1/4

2- 1/4

52, 600
52, 500
46, 600 (stress relieved)
15, 200
Incomplete test - failed at headers

,, M ,, ,, “

16, 500
7, 300

53, 300

[

4, 000 5 in. crack formed (bare rod)
15, 900 5 in. crack - 100% (bare rod)
47, 200 (bare rod)
47, 400 (stress relieved)
Incomplete, failed at headers
46, 200

{
4, 500 6 in. crack formed
6, 200 6 in. crack - 100%

f4, 300 4 in. crack formed
21,400 4 in. crack - 100%

[

5, 800 6-1/2 in. crack formed
15, 000 6-1/2 in. crack - 100%
10, 000

10- 1/2 3 2- 1/4 Incomplete, failed at headers
14 4 3 13, 300
14 4 3 20, 000
14 4 3 Incomplete, failed at headers
14 4 3 49, 800

A
w
*



Specimen
No.

Te mp
F

TABU 4-I D-Series, 50% Flaw (continued)

Des cription,

Dia. of weld- Original crack
Width, in. ed patch in, length, in, Fracture initiation stress on gross area, psi

D-25
D-39
D-93
D-85
D-83
D-77
D-78
D-76
D-79
D-68
D-73
D-105

D-104
D-103
D-102
D-1OI

o

-80
+30
-30
-30

0
0

-80
-80
-90
-80
+5o

-50

-15
-15
-50

14
10- 1/2
10-1/2
10-1/2
10- 1/2
10-1/2
10-1/2
10- 1/2
10- 1/2
21
21
10-1/2

10-1/2
10- 1/2
10-1/2
10- 1/2

4
4
3
3
3
3
3
3
3
6
5
3

3
3
3
3

3
3
2- 1/4
1
1
1- 1/2
1- 1/2
1
1- 1/2
4
3- 1/2
1- 1/2

1- 1/2
1- 1/2
1- 1/2
1- 1/2

4, 800 7 in. crack formed
8, 100 7 in. crack - 100~o

46, 600
61, 500
Fracture outside of flaw at 55, 900
54, 000
44, 800
13, 700

7, 100
21, 800

4,600
I

~
56, 000 (Note: Flaw opened, ductile through i

patch weld, then brittle)
11,400
56,400
10, 200
13, 300
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initiated fracture in the weld at stresses of about 4000 psi, with the crack spon-

taneously extending upward to 6- 1/2 in. in length before being arrested. After

this primary initiation in weld metal; test ing continued with the fracture progres -

sing into the plate material. Figs. 4.4 and 4.5 are selected examples of arrested

fracture.

The specimen behavior for the arre steal brittle fractures noted above is one

of the most interesting and valuable results of these tests. Because the initial

fracture was arrested, an opportunity was provided for energy release studies (dis-

cussed below). For specimens completely severed without arrest, the opportunity

to account for all strain energy is lost, since a surplus of energy (over that re-

quired for fracture) has been furnished,

The specimen with 50% flaw also provides an opportunity to speculate on

the matter of the mechanics of initiation, particularly since it appears that length

of the buried initial flaw beyond 1-1/2 in. may not be an important parameter.

That is, 507’0 flaws shorter than 1-1/2 in. did not initiate low-stress fracture, but

50~o flaws longer than 1-1/2 in, could initiate fracture at a low applied stress

level,, This suggests that initiation maybe independent of flaw length greater than

1-1/2 in. This hypothesis appears to be further justified by the fact that a short

buried flaw can expand in size only by fracturing all around its periphery, while a

long buried flaw fractures along a preferential initial path to the faces of the plate.

The exercise of this preference causes the submerged weld-flaw cavity to expand

rapidly and extend to the surfaces of the plate, creating a complete 100% full-plate

depth flaw. With t.he flaw expanding to a shape to fit this new, completely cracked-

through situation, strain energy is further released with a total fracture or with frac-

ture extending until arrested. This may be an oversimplified view of this mechanism,

since it is also likely that the flaw in individual specimens may open up by progres-

sive transverse fracture of the outer metal until the 100% crack exists. In any event,

a rapid change i.n form exists. (This mechanism is more fully described in Part I of

this report. )



-86-

It should be recognized that the rapid transformation from the buried flaw

to an open crack is accompanied by a small but quick release of strain energy

and a rapid increase in the stress at the tips of the crack. This creates a highly

localized strain rate which results in a brittle separation. This mechanism may

be likened to an internal self-induced impact and may be a feature distinguishing

buried flaws from full-depth flaws. Calculations of this quick energy release for

a 1- 1/2 in. long buried flaw indicate that approximately 50 in. -lb of strain energy

is released.

The one disappointing aspect of the tests, from the point of view of their

bearing on structural failure, has been the fact that temperatures of about -30 F

have been necessary for low-stress initiation from 5070 buried flaws. To insure

low-stress initiation with the critical flaw, temperatures as low as -80 F were re-

quired. In only one instance, specimen D-22, did the low-stress initiation occur

at O“F Statistically speaking, fracture can occur at O“F, but with less probability

than at -30 F.

In the graphical representation of Fig. 4.7, the theoretical line for the 1007o

cracks formed by the arrested fractures is based on the energy-release concept as

devised by Irwin, This theory relates the gross stress on cross-section and the

crack length to an energy release rate,, The data in this report are in close agree-

ment with theory when the energy release rate is taken as 150 in. -lb per sq in.

Comparisons between theory and laboratory observations of the buried flaw

may be made from the Irwin equation for force tendency ( see Part I for definition of

symbols):

Considering that the 507. flaw is represented by a 3/’8-in. crack in the thickness

direction, and letting G = 40 in. -lb per sq in., as determined from tests reported

in Part 1,
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U2 ( 3/4)
40=—

30 x lof’ “n w

r = 40,000 psj

On Fig. 4.7, this value for m is shown as the lower limit of the theoretical

range of static stress for fracture initiation. Assuming superposition to apply, u

may also be accounted for by combining the residual stress with a static stress,,

If the residual stress is 35, 000 psi, the static stress would be 5000 psi. Fig. 4.7

shows this as the lower limit of the theoretical range of static stress when residual

stress is effective. The uPPer limits of these two theoretical ranges may be com-

puted by assuming that “G“ may approach a value of 80 in. -lb per sq in. Although

“G“ is certainly affected by material, notch, and size factors, substantial agree-

ment of the “G“ values with the observed data can be seen. It should be particularly

noted that the observed data also group into a high and a low static stress range

with no intervening observations. This agreement between theory and observed data

indicates the probability that the mechanism of fracture from a buried flaw is subject

to theoretical analysis

An examination of the results of static stress versus temperature for the 5070

flaw can best be made by referring to Fig. 4.8, which Plots all Of the tests listed

in Table 4-1. The ordinate is u, the unit stress on the gross cross section. The

numerals opposite a plotted point refer to the length of the flaw. The heavy dotted

1ines partition the data into three zones in accordance with the stress and tempera-

ture ranges required to initiate and propagate fracture.

Zone A, extending from -100 to -30 F, is a zone in which flaws 1 in. , 1-1/2

in.. , or longer are conducive to the initiation and propagation of complete brittle

fractures at average static stress levels ranging from 7000 to 22, 000 psi. It is also

the zone in which arrested fractures were initiated at stress levels of 4000 psi.

Flaws shorter than 1 in. do not fall in Zone A. In this zone, the total environment

of the flaw is favorable for Iow-stre ss fracture, as indicated by the temperature,
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superposition of static and residual stre SS, stress concentration,, and the mecha-

nism of quick energy release from the expanding internal flaw. The crack retains

its sharpness and its influence on stress concentrate ion in this zone in spite of

small deformations. At these lower temperatures, plastlc wnstraint factors re-

main high, and brittle strength is reached.

Zone B, from -30 to O‘F, is a zone of uncertainty concermng total environ-

ment,, It is to be noted that although low-stress fracture Qccurrqd, as well as one

arre steal fracture, over half of the specimens fractured at stress levels above the

yield stress. It might be said, therefore, that it is an $nherent proPertY Qf a sPeci-

men that determines the stress level for fracture or arrest. The envtronmevt of Zone

A must hold for the lower Ieveis of stress, but is likely to @ altered for the higher

levels of stress because of the loss in the residual stress effects with increasing

deformation. The stress concentrations are also limited by the changed acgity of

the flaw produced by deformation. This is no doubt due to ‘the h$gher temperature,.
and the consequential lower yield-point stress which permit the $pec~men to yield.

Zone C, from O” up in temperature, with stress ranging from 44, 000 to

62, 000 psi, is a zone of certainty in which none of the essentiai environment of
,.

Zone A is pre sent. Fractures in this zone are still classified as fast and brittle,

aithc,ugh evidence of local yielding is apparent through reduction in thickness

and s cal in,g. This action greatly modifies the stress concentrations at the flaw

It can be stated, therefore, that the potential of a flaw to initiate a low-

stress fracture is great ~y influenced by temperature through its control of I.ocai

deformation at the flaw tip and through the temperature-dependence of the “co-

hes]ve strength. ” In a sense, the range of temperature for Zone B may be likened

tc a transition-temperature range. Wh]le the term “t?arisi.ti.on temperature” has

~fren been used to indicate a trans.$tion point between cleavage and ductile frac-

~u.re appearance for a given type of specimen, no such interpretation is possible

here sjr,ce the fracttires were essentially all b~ittle. H would be best to interpret
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Fig. 4.9 - X-rays of Specimens D-62 and D-63



-91-

Fig. 4.10 - X-rays of Specimens D-64 and D-65
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Fig. 4.11 - X-rays of Specimens D-66 and D-67
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Zone B as a critical temperature zone in which the combined effects of notch and

internally high strain rates are in a transient state.

T. S. Robertson has pointed out that a mintmum critical stress level exists

for brittle crack propagation.
14

In the Robertson tests, the fracture was initiated

by external static means alone. The range of average static stress in Zone A (low

temperature and nil ducfflity) is apparently such that the higher values of stress

produce continuous propagation and total fracture. The low- static-stress fractures

(4000 psi) are generaLly arrested beca~se the running crack encountam a low tension

or compression stress field and the energy release rate decreases. The fact that

the fractures are arrested in a low tension field agrees with the Robertson concept

that critical stress maintains fracture propagation at a given temperature.

Additional tests and test results were obtained from stx specimens contain-

ing weld flaws prepared at New York Naval Shipyard under the dfrection of Noah

Kahn. This laboratory prepared a 3-in. diameter circular patch circumscribing

these flaws. After the weld reinforcement was removed, the patch was welded

into 10- l/2-in. wide by 3/4-in. thick plates to make the Type-D specimens. The

prepared specimens were then tested under static tension at -8o F.

Figs. 4.9--4.11 are prints of the X-ray negatives furnished by the New

York Naval Shipyard, which show the flaws with weld re,+’iforcement. Figs. 4.12

and 4.13 are photographs of the brittle fracture surfaces of the four specimens

that fractured through the se flaws. Representative of the 1- l/2-in. long flaws

of over 5070 of the plate thickness, these flaws may be roughly classified as

repre sentirrg lack of root penetration in a double-vee butt weld. The two speci-

mens that fractured through the test plate instead of the flaw were representative

of lack of side-wall fusion in a single-vee butt weld over a length of about 1- 1/2

in. The se two specimens (D-66 and D-67) eventually broke through the flaw after

they were edge-notched. The lack of side-wall fusion was barely detectable.

The test re suits are given in the following table. The specimen numbers

are designated by this laboratory’s code as well as by the code of the New York

Naval Shipyard.
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Fig. 4.12 - Fracture and flaw, Specimens D-62 and D-63
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Fig. 4.13- Fracture and flaw, Specimens D-64 and D-65



-!f6-

Specimen No.
Our Laboratory New York Naval Static fracture stress

~~ ~ Shipyard No. on crross section, psi

D-62 MF 51,400
D-63 CF 7,900
D-64 SWM 10, 700
D-65 CP 48,600
D-66 MSWF Fractured outside of flawed zone
D-67 CSWF at 60, 000 PSi

The results from the most severe of these internal flaws are similar to the

re suits obtained using f~aws made by the jeweler’s hack-saw cut, which indicates

that this general laboratory flaw is about as severe as the interml flaw.

The test results for the 75% buried flawTest Result s--~0 Buried Flaw:

and a description of the test specimens are given in Table 4-11. Configuration of

the specimen with its welded patch to create the residual stress field has been

described previously. A 75% flaw occupies the middle three fourths of the plate

thickness and is made with a jeweler’s hack-saw cut. The photographs of Fig. 4.14

s’imw typical fractures through flaw. Specimen D-6 1 had reinforcement left on;

Specimen D-8 7 is an example of an arre steal fracture,

The results of these tests are shown pIotted La Fig. 4.15, with. the stresses

ag aic representing the average static and externally applied stress on. the g?oss-

cress--sect.icn. With a flaw length of 3/4 in. and temperatures of -30 F and -80 F,

t.v:al fracture occurred whev the gross stress was 16, 000 psi and 13, 000 psi, re-

spectively., at temperatures of O“F, fracture occurred at approximately 52, 000 psi.

A change in behavior was noted when the crack lenqth was 1- 1/2 in. and

Lo-,gec the majority of the low-stress fractures created a 1007, crack which. was

ar~ested after extendina from 3- 1/2 in,, to 6 in., k. length It is also significant to

note that this occurred at temperatures of +15 F anti +30 F, instead of at the low



Fig. 4.14 - Fracture and flaw, Specimens D-61 and D-87
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TABLE 4-II
D-Series—.

75~0 Flaw

Internal flaw simulated by jeweler’s hack saw

Description

Specimen Temp. Dia. of wel.d- Original crack
No. F Width, in. ed patch in. length, in. Fracture initiation stress on gross area, psi

D-81
D-57
D-91
D-108

D-109

D-42
D-43

D-58
D-44

D-60
D-11O

D_~ll

D-47
D-84
D-82
D-86

D–90

D-61
D-87

-80

-80
-80
-55

-55

-30
-30

-30
–30

-30
-15

-15

0
0
0
0

0

0
+15

10- 1/2
10- 1/2
10-1/2
10-1/2

10- 1/2

10-1/2
10-1/2

10-1/2
10- 1/2

10- 1/2
10-1/2

10-1/2

10-1/2
10-1/2
10-1/2
10-1/2

10-1/2

10-1/2
10--1/2

3
3
3
3

3

3
3

3
3

3
3

3

3
3
3
3

3

3
3

3/4
1- 1/2
1- 1/2
1- 1/2

1- 1/2

3/4
1- 1/2

1- 1/2
2- 1/4

2- 1/4
1- 1/2

1- 1/2

3/4
3/4

1- 1/2
1- 1/2

1-1/2

12, 900
8, 900

16, 200 Representing incomplete fusion

[

3, 200 5-1/2 in. crack formed
17,600 5-1/2 in. crack- 100% flaw

[

“3, 900 5-3/4 in. crack formed
14,300 5-3/4 in. crack- 100% flaw
15, 700

f4,100 6 in. crack formed
~9,700 6in crack -100% flaw
57,600 Reinforcement over flaw

[

5, 600 7 in. crack formed
16, 900 7 in. crack - 1007o flaw
21, 000 Reinforcement over flaw

[

2, 500 5-1/2 in. crack formed
20, 000 5-1/2 in. crack - 100% flaw

[

“2, 900 6 in. crack formed
18, 000 6 in. crack - 100VOflaw

1, 400
51.700
1.2:900

J 7, 800 6 in. crack formed
[18, 800 6 in. crack - 100% flaw

c‘4, 800 2 in. crack formed
30, 400 2 in. crack - 1007o flaw

5, 600 Reinforcement over flaw

[

5, 500 5 in. crack formed
24, 400 5 in. crack - 100% flaw



.Descrlptio~~

Specimen Temp. Dia of weld--- @rigfn.al crack
No. F W:dt.h, 1!’ ed patch i.o length, IP

D-113 +15 10-1/2 3 1- 1/2

Dll? +15 10-1./2 3 1- 1/2

D 88 +30 10-1,/’2 3 1 1/2

D-116 +30 lg-1/2 3 1- 1/2
D-99 +50 10- 1/2 3 1 1/2

Ftacture inttiatj Qn. stress on gross a.rea$ psi
—.—.—. ———

[

3, 800 5- 1/2 in., crack formed
21, 400 51/2. in: crack ~~100’70 flaw

“ 3, 400 5 1/4 i.n. crack formed

1

26, 600 5- 1/4 in crack - 1007. flaw
12, 500 3- 1/2 irJ. crack formed
28, 200 3- 1/2 in. crack ~~~100’% flaw
42, 500
46, 400 Ductile

!!.
0
0
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temperatures re qutred for the 509’0 flaw, For complete and unarre steal fracture,

temperatures of -30 F and -80 F were required. However, in one test of a 1-1/2

in. flaw at 50 F, ductfle shear fracture occurred at a high stress level. This is

one of the few specimens to show fully ducttle action, In a single test, a 2- 1/4

in. long flaw initiated fracture at a low stress value of 5500 psi. It is not possi-

ble to state that this ductile action is entirely independent of flaw length, since

sufficient test results were not available It is apparent, however, that the same

Ln.itiating mechanism that was discussed with reference to the 50% flaw applies

here,

Fig 4 15 also shows the theoretical curves for fracture initiation from

1OO$Larrested cracks, based upon strain energy release rates of 100 and 150 in. -lb

Per sq in It should be noted that the higher value furnishes the best agreement

with observed data for these flaws, in contrast to the cIose approximation obtained

by letting G = 100 for the 50% flaws Applying the theory in a reamer similar to

that demonstrated in the discussion of fracture initiation from a 5(l~o buried flaw,

the two theoretical ranges shown in Fig. 4, 15 are determined. The values of “G“

are 100 and 150 for the upper and lower bounds of these ranges, while fcr the 50%

flaw the values of “G“ are 40 and 80. Con siderirrg our present knowledge, these

d.~fferen.ces may be attributed to size effect,

An examination of the results of static stress versus temperature for the 75%

flaw can be made by referring to Fig 4 16 The o:rdinate is the unit stress on the

grc,ss cross-section. The r.umerals opposite a ploted point refer t.o the lewgth of

f~aw, The heavy dotted lines part]tioa the data :.ntc :.hree zoaes ir accordance with

“.m st~e ss and temperature ranges requwed to :r,.~.tiate ac,d propagate fracture

tine A. extending from -80 F to O’F., is a zcme iz which flaws 3/4 in or

c v.ge: ars co.nduc ive to the inuiat],on ar.d propaqat~or? of complete brittle fractures,

wtilt. ilaws 1- 1/2 in or ].or,ger in,lt,iated, axf propagated arrested brittle fractures

T“he SZ:::$ ;-ange of Zo~e A is from about zOO(! psi tc 21, 000 psi.. In Zcne B, from

O“F to +31) ,F, the fractures were predominantly arrested fractures at .1OWstress
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levels but a few brittle fractures occurred at a high level of stress. This may be

referred to as a transition range, since in Zone C, for temperatures +30 F and

above, a high stres= is requfred to fracture with probable shear or ductile action.

A comparison of the results of the 51)% and 75~o flaws indicates that low-

stress fracture can be initiated from a 75~o flaw that is shorter than the minimum

required 5070 flaw, It is also apparent that dangerous brittle fracture will occur

with 7570 flaws at a temperature +30 F higher than that necessary for the 50yo flaw.

Test Results--100% (Full Thickness)~w: Test results for the 100~o flaw— ——

(a full thickness crack made in a butt weld with a jeweler’s hack saw) are given

in Table 4-III and plotted in Fig. 4.17, These specimens were all of Type-D, in-

corporating a circular patch to induce residual stress; however, unless the flaw was

short, a high level of res]dual stress could not be developed because of the open-

ing of the crack. Hence, for flaws 1- 1/2 in. or longer, negligible residual stress

resulted.

Although the 100~0 flaw results are presented last in this section of the re-

port, the y were among the first flaws investigated In the Type-D specimen. The

first few specimens listed in Table 4-III were of value in determining the degree of

superposition of static and residual stress, It is to be noted that as the ratio of

the diameter of the welded patch to the width of plate increases, the residual stress

decreases . Th]s provided a device for varying the residual stress ~~One specimen

(D-6) was sub]ected to h]gh-temperature stress relieving~” to check the efficacy of

‘his treatment. The following tabulation compares the re suits of superposition for

four specimens tested at a temperature of -80 F and having a l/2–in. long jeweler’s

hack saw notch. All fractures were of the fast. brittle type ~~

Although certainly of limited nature, these tests do indicate that it is prac-

ticable at these low test temperatures to superimpose static and residual stress

fields for short flaws in the absence of yielding influences

~,speclmen held at 1150 F fOr one hour and then furnace cooled.



TABLE 4.,(11——.—.
D.Series..—

100% Flaw

Original crack length induced by jeweler’s hack saw
Test crack length due to premature cracking from
cut of original per cent shown, becoming 1OO$J.

Description

Dia. of Original Test
Specimen Te mp welded OriginaI crack crack

No. F Width, in patch, in. crack 70 length, h length, in. Fracture initiation stress engross area, psi

E-601O welding electrode
Cracks ~onger than 3 in. end

in ABS-Grade B base plate

D 1
D-3
D-4
D-5
D-6
D-10
D-1 2
D-13
D-45
D-46
D-52
D-48
D-49
D-94
D-95
D-89

D-19
D-22
D-34
D-37
D-39

-80
-80

0
~~~80
-80
-80
-6o
-70
-30

,-30

0

0

0

+5 o

+30

-30

7
7
7
7
7
7
7
7

10- 1/2
10- 1/2
10-.1/2
10-1/’2
10- 1/2
10-1/2
10.1/2
10 1/2

2
2
2
4
2
3
2
2
3
3
3
3
3
3
3
3

100
100
100
100
100
100
100
100
100
100
100

75
75
75
75
75

1/2
3/4
1/2
1/2
1/2
1/2
1/2

1-1/2
1- 1/2
2- 1/4
1- 1/2
1- 1/2
2- 1/4
1- 1/2
1- 1/2
1- 1/2

1/2
3/4
1/2
1/2
1/2
1/2
1/2

1 1/2
1- 1/2
2 1/4
1- 1/2
2- 1/2
2- 1/4
2 1/2
2- 1/2
2 1/4

11, 600
11, 600
39, 000
45,600
41,500 Stress relieved
21, 100
42,600
30, 000
10} 100
40, 600
39, 900
40, 400
40, 000
42,800 Ductile
44, 000 Ductile in patch welds
43, 700

The following are specimens of 507. or 75% type flaws that had an arrested fracture in plate,
Arre steal fracture length shown as ~ crack length.
Stress recorded as gross stress on total cross-section

-1oo 10- 1/2
10- 1/2

8: 10- 1/2
-85 10-1/2
-80 10- 1/2

3
4

50 2- 1/4 .6
2- 1/4 4

;: 2-=1/4 6- 1/2
50 1- 1/2
50 3 2

16,200
21.400
15; 000
15, 900
8, 100



~A13LE4-111 D- SeI ies 100% Flaw (continued)

Description

Dia. of Original Test
Specimen Temp welded Original crack crack

No. F Width, im patch, irL crack % length, in. length, im Fracture initiation stress on gross area, psi

D-108
D-109
D-4 .3
D-44
D-11O
D-111
D-85
D-8 7
D-11;
D-11 7
D-88

-55
-55
-30
-30
-15
-15

0
+15
+15
+15
+30

10- 1/2
10-1/2
lo-1/z
10- 1/2
10- 1/2
10- 1/2
10- 1/2
10-1/2
10 1/2
10- 1/2
10-1/2

3
3
.3
3
3
3
3
3
3
3
3

75
75
75
75
75
75
75
75
75
75
75

1- 1/2
1- 1,/2
1- 1/2
2- 1/4
1- 1/2
1- 1/”2
1- 1/2
1- 1/2
1- 1/2
1- 1/2
1- 1/2

5- 1/2
5- 3/4
6
7
5- 1/2
6
6
5
5- 1/2
5- 1/4
3- 1/’2

17,600
14, 300
19, 700
16, 900
20, 000
18,000
18, 800
24, 400
21,400
26,600
28, 200
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Specimen

~ D-10 D-5 D-6

Residual stress, psi 35, 000 22, 000 negligible stress relieved

Static stress,, psi,
gross section 11,600 21,100 45,700 41,500

Sum by direct super-
position. psi 46, 600 43.100 45, 700 41,500

Because of the importance of residual stress to the evaluation of flaws

and the difficulty of developing it in longer flaws, only a few of the 1007’, 1-1/2

in long cracks were specially fabricated Additional 100’7o flaw specimens were

obtained from two different sources:

1) Cooling a specimen containing a 75% flaw would often cause a

premature cracking through to the surfaces of the plate and often

extend the crack length.

2) Testing a specimen that originally represented a 50% or 757, flaw

would sometimes produce an arre steal full-thickness fracture

Therefore the series of tests used random crack lengths ending in the plate

material and the results are plotted in Fig. 4, 17 with an identifying symbol

As shown previously, the l/2-in, long flaws under high residua ?ress

in]tiated britt~e fracture at a static stress of about 12, 000 psi at –80 F a

test on the same flaw at O“F initiated brittle fracture at a static stress of

3q 000 psi, Although not conclusive, this is an indication of the effect of tem-

perature. which was also noticed with other flaws. With a l–1/2-in. long flaw

three specimens tested at –70 F, -“30 F , and O“F fractured at static stress levels
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of 30, 000, 10, 100, and 39, 900 psi, respectively Thus it would appear that a

large scatter of test results can be expected, as has been the case in other tests

on notched specimens. Enough tests were not performed to permit a statistical

study of the temperature effects.

Tests with the flaw length at 2-1/4 in. or 2-1/2 inall indicated that yield-

point stresses or higher were necessary for brittle fracture, while one specimen

failed in shear mode at +50 F

In Fig 4 17, two theoretical curves are drawn with “G” values of 100 and

150 in. -lb per sq in. These curves encompass the general trend of the plotted data,

except that for the extremely short cracks, a “G” value equal to either 50 or 200

in. -lb per sq in. would provide better agreement. The important point is, however,

that the strength impairment and potential for initiating brittle fracture caused by

full-thickness sharp cracks in plates of the widths tested appears to be subject to

theoretical prediction.

Determination of Force Tendency--Slotted Plate: AType-D specimen 3/4 in..— —.

thick, 10–1/’2 in. wide, with a 3 in. diameter welded patch was used to determine

experimentally the force tendency (“G”) discussed in Parl I The plate was succes-

sively slotted with full-thickness central slots of 1 in. , 1-1/2 in , 2 in. , 2-1/2 in. ,

3 in. , 4 in. 5in,6in, and7in After each slot length was sawed by a jeweler’s

hack saw its opening was determined by using a series of l-in strain-gage readings

over the slot The totai slot openings represented the elastic opening for different

lengths,, owing to relaxation of residual stress. This specimen is shown in Fig. 4 18

Following the basic Griffith development outlined in Part I, the rate of strain-

energ;v release. “ G“ , was determined This was accomplished by first finding the

area of the elastic opening of the slot and the volume of this opening These data

were then incorporated with the residual stress data of Fig 4. 3, assuming that these

stresses would, if applied to the open slot, close it The volume of the opening

times the average values of such stress was taken to represent the total strain energy
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Fig. 4.18 - Slot opening study
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released in the slotting operation Each individual slot length was treated as a

separate calculation, and proper finite summations of partial volumes times ap-

propriate average unit stresses were used, The difference in computed strain en-

ergy released for any two successive crack or slot lengths was conceived to be

the energy required to extend the slot over the incremental cross-sectional area.

For example, for slot lengths of 1 in. and 1-1/2 in., the incremental area was

(1- 1/2 - 1) ~~3/4 = 3/8 sq in. The difference in energy released divided by this

area was then taken to equal the strain-energy release rate for crack or flaw ex-

ter.sion. This is “G, “ and its value was considered to hold for the average slot

length of 1- 1/4 in.

A repetition of the above methods enables the lower curve of Fig. 4 ~~19

to be plotted. It is to be noted that “G“ rises to a maxfmum of 210 in. -lb per sq

ifi. and then it falls to a low of 20 in.. -lb per sq in at a crack length of 7 in.

This fact will be useful in interpreting arrested fractures.

To complete Fig 4.19, the “G“ values were also determined for external

static tensions representing 5000 and 10, 000 psi over the gross section and

superimposed upon the residual stresses This necessitated the adjustment of

the stress pattern of Fig 4 3 to agree with static equilibrium and the assumption

that the yield point stress was 40, 000 psi. A calculation was also made for the

arfrfitlonal opening of the slot under the influence of the static load Following

pre,,$,ous methods. the strain energy released was computed and “G“ calculated.

The resuits giverr by the two upper curves of Fig, 4.19 disclose that, while only

small changes in “G” take place for the short slot lengths. the differences become

qreater as the crack progressively extends If the static stresses had been in-

creased beyond 10.000 psi, there would be only small increases in the value of

“G” for crack lengths up to 3 in. , but beyond this length, the increases would be

Larger Successively increasing the external load would force the high point on

the “G” curve to rise and move to the right.
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The curves of Fig. 4.19 permit an examination of the arrested fractures

noted for the 50% and 75% flaws The arrested length of the crack is taken as

the abscissa and is plotted by interpolation to agree with the static stress level

that initiated the original fracture. It may be noted that except for two cases,

the fractures were arre steal in zones where the fracturing work rate (t’ G“ ) varied

from 40 to 120 in -lb per sq in. The two excepted fractures were arrested in the

weld zone around the patch with fracture terminating in a shear zone. On this

basis, these values may be excluded from theoretical comparison, because the

criterion that a sharp crack be accompanied by brittle action is violated. These

values provide some degree of check on the values of “G“ previously determined

and reported in Part I for weld metal and plate ranging from 40 to 100 in. -lb per

sq in. It is also to be recalled that such arrested fractures were again tested to

complete fracture as 1007, cracks, and the theoretical comparison indicated a

“G” value of about 100 to 150 in. -lb per sq in. for plate material. It would thus

aPPear that the energy release rate theory holds on a broad basis

OVERALL SUMMARY STATEMENTS

The following statements summarize the findings from this investigation

on simulated butt weld flaws, in which the welding was done with the E-601O

electrode in double-vee grooves in 3/4-in. thick ABS-Class B plate.

(1) Butt welds with less than a full-plate-thickness throat, made with an

intent ional lack of penetration by welding in specially prepared machined grooves,

have a tensile load resistance at O“F nearly proportional to the actual area of weld

metal in the throat. The magnitude of the load is apparently predictable from normal

strength properties of the weld metal.

(2) Butt welds in which no attempt was made to introduce high residual stress

fractured irl the cleavage mode at O”F these welds had a full thickness throat and
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normal reinforcement but contained flaws representing internal and external cracks

ranging from 5/8 in to 6- 1/4 in. long, of 10 in in test width and between 25 and

50% of the throat thickness, The unit gross stress at fracture, calculated on the

basis of full throat welds, ranged from 39, 000 psi to 60, 000 psi, with a general

average low value of 45, 000 psi. The short flaw required the higher stress for frac-

ture, but flaw le~gth beyond 3 in. was not a considerable factor.

The impairment ir? static strength is evident, and it can be broadly stated

that these flawed welds can initiate a cleavage fracture at unit stress values

close to the yield-point stress of the weld metal. However, such impairment is

ir suff icier.? to explain the low- stress brittle fractures met in service structures.

(3) In view of limited tests, a positive statement can not be made at this

time about the effect of butt weld flaws that represent slag inclusions and porosity.

Such flaws do not appear to impair static strength to the same degree that crack-

like flaws do.

(4 I The preliminary tests that combined static and dynamic stress effects

or! specimens having a short buried flaw, and a high induced hi-axial residual

stress indicated that the initiation of brittle fracture was greatly affected by re-

sidual stress and the local strain rates due to dynamic effect. It was particularly

demo.nst~ated that without the presence of residual stress, continued applications

of dyr.amic blows to produce yielding at the flaw were necessary to effect a frac -

u,: in~t]a: o.: from these short buried flaws.

(5 Butt ~,:c!ds,,, i~corporating sharp internal or buried cracks, 1 to 1- 1/2 m

f{; 1e n.gth were .P aced ir a concentrated field of high bj-axial residual stress

i~.!:laied b:itt~e f,ac?u,e under an additional superimposed influence of static stress

as low as 4000 PSI at temperatures ranging from -80 to +30 F Sharp internal flaws

~’lo,-ter iha,., I ID, a~thouqh Impairing static strength, did not generally initiate

br-ttie i:~:~ure et static stresses lower than 40, 000 psi. While the incidence of

jf~ ,.,...SIr~SS l>ritrle {rat, ure i.n.iriatioin is more likely at low temperatures, suffic~enl

loi.r-str ss arrested fractu~es have occurred at temperatures of O“F. +15 F, and
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+30 F, indicating that the probability of occurrence is high.

Arre steal fractures frequently resulted from low-static-stress fracttue

initiation, the arre steal length of the fracture being closely associated with the

rate of strain-energy release in the zone of arrest.

A further finding was that the length of the internal weld crack, in the

preserce of high residual stress, had little or no effect on the amount of static

stress required for fracture initiation of cracks 1- 1/2 in. to 3 in. in length, the

maximum length investigated

(6: lrr the presence of biaxial residual stress, full-thickness cracks in

butt welds will not consistently initiate fracture at the low stress values re-

potied for the buried flaws, unless the length of the flaw is as short as 1/2 in.

a~d ]n the presence of a relatively high residual stress field In general, a

s?atic stress of about 40, 000 psi is required, although one full thickness crack

( 1- 1/2 ir long) did initiate fracture at a static stress of 10, 000 psi This dif-

ference ]- action is mainly attributed to the difficulty of developing high re-

sidue! stress because of the elastic separation of the longer full-thickness crack

during fabrication

Test re suits are not yet complete in cracks ending in the heat affected

zone but there is an early ifidication that l-in. cracks will be of sufficient

ie.~gth IO produce low-stress fracture initiation

‘ Comparisons of the re suits obtained from the laboratory specimens

..:l.h ?I,C brlttie crack, propagation theory as originally conceived by Griffith, and

m7it11 tl-, c e.nerqy release rate concept of Irwin, have been quite satisfactory. From

~.?esf correflatlons, it tentatively appears that the potential of full-plate–thickness

s ha~p cracks as sources of brittle fracture initiation may be evaluated, whether or

POTS!JC5 flaws are subject to residual stress

The theory is also tentatively applicable as a basis for evacuating the po-

I.[<~tia~ cf buried flaws to serve as sources of brittle fracture initiation under static

ST IeSS with or without biaxial residual stress The theoretical view of brittle
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fracture initiation from a buried flaw involves a two- stage mechanism: (1) the

rapid expansion of the internal flaw cavity as the fracture proceeds from the

flaw to the faces of the plate; and (2) the continuous expansion of the full-depth

crack opening created by the first stage. Owing to the extremely short time de-

lay in the change from the buried flaw to a full-thickness crack opening, the ma-

terial at the tip of the crack undergoes a high strain rate which causes material

separation at the crack tip, This implies that the geometrical instability, asso-

ciated with the mechanism of cavity expansion, creates a quick energy release

or a self-induced impact,, Considering this, and the fact that the buried flaw is

ideal for the establishment of a full biaxial residual stress field, these short

buried flaws appear to be potentially greater sources of low- static- stress fracture

initiation than short full-thickness cracks The foregoing discussion applies to

50% and 757, internal flaws, the percentage indicating the ratio of the depth of

internal flaw to the thickness of the plate,

(8) The se investigations point out that while any flaw is potentially dan-

gerous and in general impairs strength, certain environments increase the poten-

tial for brittle fracture. A singularly important factor in this environment is the

presence of residual stress. Temperature contributes strongly to the environment,

as do strain rate and dynamic effects.

(9) In the interest of fundamental approach, the majority of flaws of this

program were simulated, controlled flaws. Future work should further examine

t’ne natural fiaws that occur by chance Or by malpractice Welds in thicker plates

should be included
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