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ABSTRACT

This investigation was undertaken to study low-velocity
brittle fracture in wide steel plates. The detailedresults of two
tests of 6-ft-wide prestressed steel plates are presented along
with pertinent observations from tests of similar specimens con-
ducted as one of the last phases of Project SR-137. Also, results
of nineteentests of 2-ft-wide centrallynotched plates, a majority
of which had a longitudinal butt weld are presented.

In 6-ft-wide prestressed plates, the residual stress field
(longitudinal tensile stresses at the edges of the plate balanced
by compressive stresses throughout the central portion) made ini-
tiation possible with no external applied stress, and had a sig-
nificant effect onthe fracture propagation. Fracture speeds were
high (4000-6000 fps) near the edges of the plates and decreased
rapidly to as low as 165 fps as the fracture propagated into the
region of compressive stresses. In the low-speed regions the
magnitude and extent of the dynamic strain field associated with
the crack tip was considerably less than had been recorded in
earlier tests (Project SR-137) of high-speed fractures in plain
plates.

For the 2-ft-wide centrally notched and welded plates
in which the fractures were initiated statically, fracture speeds
as high as 5000 fps were recorded in the zone of high residual
tensile stresses near the weld; the speed apparently stabilized
at about 1800 fps after the fractures had propagated out of the
high tensile stress field. The dynamic strain field associated
with the intermediate-speed fractures (1800 fps) were roughly
commensurate with that whichwould be expectedfor this fracture-
velocity level. The fracture initiation observations indicated
that the tensile residual stress alone was not sufficient to insure
low~-applied-stress fracture initiation; also, metallurgical effects
associated with high-heat input during welding are not necessary
in all cases for low-siress initiation. Indications arethat strain
cycling of the material in the notch region arising from welding
may play an important role in the initiation of brittle fractures.
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NOMENCLATURE

Tne following terms are commonly used
throughout the text:

Dynamijc Strain Gage - Strain gage whose sig-
nal 1s monitored with respect to time on an
oscilloscope during the fracture test; this same
gage also may be used for static monitoring be-
fore and after the test.

Statac Strain Gage - Strain gage used only to
monitor the static strain level.

Component Strain Gage - One of the three
individual strain gages of the rectangular
strain rosette.

Crack Detector - A single wire strain gage
located on the plate surface perpendicular to
the expected fracture path and intended to be
broken by the fracture. A measure of the
fracture speed and crack tip location may be
obtained from a knowledge of the distance bhe-
tween detectors and the time interval cor-
responding to the hreaking of adjacent de-
tectors.

Initiation Edge - In Part A, the edge of the
specimen at which the brittle fracture 1s ini-
tiated., In Part B, fracture was initiated from
a central-notch.

Notch Line - In Part A, an imaginary straight

line connecting the fracture initiation notches
on opposite edges of the plate specimen. In

Part B, an imaginary transverse line passing

through the initiation notch.

Base Strain - For any gage, the strain cor-
responding to the applied test load plus the
1matial residual strain, with due regard for

sign.

Zero Sirain Level - In Part A, the reference
condition of zero strain corresponding to the
as-rolled, slotted, but prewelded state. In
Part B, the reference condition of zero strain
level corresponding to the as-rolled, notched,
beveled but preweldsad state.

PART A. LOW-VELOCITY-FRACTURE STUDIES
IN WIDE STEEL PTATES

INTRODUCTION

Object and Background

The geries of tests describad in this part of
the report wag conducted to evaluate the pa-
rameters associated with low-velocity brittle-
fracture propagation in 6-ft-wide steel plates.
The study consisted of running the fracture
through a field of compressive residual stress
and making measurements of surface strains
and fracture speeds during the crack propaga-
tion.

The earlier pilot studies of low-velocity
fracture propagation made asg a part of Project
8R-137 have been reported in References 1 and
2+ Other recent work at the University of
Illinois leading up to the present investigation
15 reported in Referencesg 3 through 7. Although
the preliminary studies® provided consider-
able strain and speed data, measurements
which would permit the determination of prin-
cipal strains near the propagating fracture
front were lacking. The results from two plate
tests undertaken to supply the desired infor-
mation are presented herein. In addition, the
salient observations from the earlier 6-ft-wide
prestressed plate tegts are incorporated in
order to provide as complete an analysis as
possible. At the time this study was under-
taken, to the authors' knowledge, there had
been no wide-plate investigations devoted to
study of the effect of a residual stress field
on fracture propagation. There had been sev-
eral studies involving fracture toughness of
welded plates (involving residual siress as
one of the variables) in Great Britain, Japan,
and the United States, and a summary of much
of this work is presented in Reference 8. Other
work concerning studies of regidual stress and
iracture have appsared recently.g_lo 1 Por
the most part the work reported in the latter
papers are "go" or "'no go" iests but in Refer-
ence 10 the authors reported that the fracture
path more or less traversed the plate at right
angles to the direction of principal stresses
ariging from the residual stress system prior
to the time the fracture started--an observa-
tion which also was made in the early stages
of the present investigation. However, in the
referenced work no measuréements were made
of the change in the residual siress system or
other fracture characteristics during the time
the fracture was propagating.

Scope

The study was undertaken to determine the



effect of residual tensile stregs on imtiation
and propagation and at the same time allow a
study of the behavior of the propagating frac-
ture through both tensgile and compressive re=
sidual stress regions. Earlier work on 2-fi-
wide s}:)ec:lmens5 indicated that welding of
tapered slots cut in each edge of the speci-
men was tha most satisfactory method for ob-
taining the desired residual stressg pattern.
This procedure, described briefly in a later
section of this report, was adopted 1n prepa-
ration of all specimens in this investigation.

Two brittle-fracture tests of 6-ft-wide
plates containing a residual stress field were
conducted as a part of tles particular study.
For i1dentification purposes the specimens are
hereafter designatedas Tests 49 and 50 to con-
form to the numbering of tests conducted as a
part of the recent brittle-fracture mechanics
program at the University of Illinois (88C
Projects SR-137 and SR-155). The plates were
instrumented with strain gages and crack
speed detectors to provide information about
their bshavior during propagation. The de-
tailed results on Tests 49 and 50 are presented
herein; for purposes of completensss, the
analysis and discussion are based not only on
the results of Tests 49 and 50 but also on
pertinent observations from the earlier Tesis
47 through 48,172

DESCRIPTION OF SPECIMENS, INSTRUMENTA-
TION AND TEST PROCEDURE

Material Proparties

The plate specimens used in thig investi-
gation were prepared from 3/4-in. semikilled
asteel plate. The mechanical, chemical and
Charpy V-notch data for this material were
obtained during the course of an earlier in~
vestigation and the average values are pre-
sented in Fig. 1.

Fabrication and Procedure

The plate spacimens used in this investi-
gation were 72-1n. wide, 3/4-in. thick and
54-in. long. The net wid:h of each specimen
along the notch line was approximately 2 1/4
in. less than the gross width as a result of
the notches cut in each edge of the specimen.
The ze notches were used for the notch-wedge-
impact method of fracture initiation which has
been described previously.®

TENSILE TEST DATA
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FIG. 1. MATERIAL PROPERTIES.

The general preparation of each test speci-~
men was similar and consisted of sawing taper-
ed slots to the degired dimensions, welding
these slots to produce the residual stress pat-
tern in the plate, and finally cutting the edge
notcheg uged 1n crack initiation.

Four tapered glots, two per edge, were cut
in each plate, The location and dimensions of
the slots were ldentical for Tests 49 and 50 as
shown in the sketches of thegse specimens 1n
Fig. 2 and 3. The depth of all four slots was
the same and their locations were symmetrical
with respect to the longitudinal center line and
the transverse notch line.

The welding procedure employed was simi-
lar for both specimens and the typical sequence
wag as follows. Welding initially began at a
point 4-in. from the tip of one slot and pro-
ceeded to the tip. This 4-in. length was weld-
ed with alternating passes on opposite faces of
the plate. For the particular dimensions of the
slot and specimen, a total of six passes was
required to completely cloge the slot. Thig
same procedure was then followed on similarly
located 4-in. segments of the remaining three
slots. Four-inch lengths were chosen so that
one electrode would last for a complete pass;
E7016 electrodes were used throughoui. All



four slots were then welded again in the same resulting from the prestress

manner, this fime beginning at a point 8-in.

from the tap of the slot and proceeding to the gages and were checked in

previously completed

the slot length was welded following the same

ing procedure, were

measured by meang of Baldwin SR-4 strain

some cases by a

weld. The remainder of 6-1n. Berry mechanical gage. SR-4 gages were

procedure. This particular welding technique tudinal and transverse strai
was planned to keep bending to a minimum by madea across the notch line

the symmetrical placing of the weld metal and
vet to produce maximum contraction at the

edges of the plate.

Measurements_of Residual Strains

shown in Fig. 2 and 3.

placed back-to-back at selected points. Iongi-

n measurements were
as well as at se-

lected points above the notch line. The in-
strumentation layout for Tests 49 and 50 1s

Initial strain readings from all gages were

taken afte- the tapered slots had been sawed

The residual strains in the plate specimens.
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and with the specimen in an unrestrained con-
dition. These strain readings esiabligshed the
zero strain level, and all other strains were
referenced to this prewelded state. After the
gpecimen had been pregtressed by welding the
tapered slots, the final static strain readings
were taken at room temperature.

Dynamic Instrumentation

Thirty-four channels of cathode-ray oscil-
loscope recording instrumentation were used
for recording dynamic strains; Baldwin SR-4
Type A7 strain gages and Type AR7 strain ro-
settes (both types 1/4-in.gage length) were
used to measure the dynami¢ strains.

Crack gspeeds were measured by using a
gystem of surface crack detectorsg which broke
as the fracture traversed the plate; these
crack detectors congisted of Baldwin SR-4
Type A9 strain gages (b-in. gage length). The
breaking of a crack detector opened an elec~
trical circuit and fed a step change in voltage
to the recording channel. From a knowledge
of the distance measured along the. crack be-
tween detectors and the elapsed time between
successive interruptions of the circuit, the
average fracture speed could be computed.
The fracture speed alsgo could he obtained by
noting the elapsed time between peaking of
successive SR-4 strain gages at a fixed dis-
tance from the fracture path.

Data Raduction

Reduction of the strain data recorded on
35mm strip film was facilitated by the utiliza-
tion of a decimal converter and the University
of Illinois high-speed digital computer, the
ILLIAC. A brief summary of the data reduction
procedure 13 given below.

The 35mm film strips were enlarged and
timing marks were scaled on the enlargements.
Each individual irace had timing interruptionsg
to insure timing synchronization of all traces.
With the aid of the decimal converter, values
of gage strain versus time were simultaneously
plotted on an X-Y plotter and typed 1n tabular
form. In Tests 49 and 50, in which strain
rosettes were used, the strain-time data alzo
were punched on IBM cards; these data were
subsequently transferred from the IBM cards
to punched paper tape and processed through
the ILLIAC which computed values of the
principal strains. The ILLIAC results con-

sisted of tabulated principal sirain data, as
well as scaled ogcilloscope digplays of com-
ponent gage and principal strain traces which
were photographed for later enlargement and
procesgsing.

Test Procedure

The test procedure used for these tests
congisted of cooling the specimen (with
crushed dry ice) to the degired test tempera-
ture, applying the test load 1f an external
stress was to be employed, and initiating the
fracture by means of an impact produced by
driving a wedge into a notch 1n the edge of the
plate. A more detailed description of the cool-
ing technique and the notch~-wedge-impact
method of initiation may be found in earlier
publications,®™*

BRITTLE-FRACTURE TESTS AND RESULTS

General

Brittle-fracture tests were conducted on
two specimens containing a residual strain
field produced by the welding of the tapered
slots.

Although the magnitude of the measured
residual straing varied slightly for the speci-
mens, the overall patterns were similar for
both plates. The highest residual strains
were produced at the edges of the plates and
reached yield magnitude for a distance of a few
incheg in from each edge. As a result of these
high tensile sirains at the edges of the speci-
mens, it has been demonstrated® "2 that it was
possible to initiate fractures with no external-
ly applied load.

A nominal stress of 3000 psi was applied
in Tests 49 and 50 to keep the plates taut in
the machine and to obtain a fracture that would
traverse the entire plate or at least a major
portion of the plate before arresting; this load-
ing also reduced bhasnding to a limited extent.

Fractures were successiully initated in
Tests 49 and 50. In Test 50 the fracture prop-
agated across the entire width of the plate and
n Test 49, the fracture arrested in the com-
presgsive strain region after traversing a major
portion of the plate width. The results of
Tests 49 and 50 are presented in detail herein,
A tabulated summary of the test conditions and
fracture details for these tests and Tests 43-48



are presented in Table 1.
Test 49

Tests 49 and 50 were desgigned primarily to
provide information regarding the principal
strain behavior in the specimens during frac-
ture propagation, and to provide additional
information akout the type of residual strain
pattern resulting {rom welding of the tapered
slots. The major portion of the instrumenta-
fion, including all gages used for dynamic
recording, was located on the west face of the
specimoen, and in all subsequent discusgion
regarding the residual strain field and the dy-
namic strain records, it should be kept in mind
that these readings were taken from one gide
of the plate only.

The average longitudinal residual strain
across the notch line at the tesgt load is pre-

TABLE 1.

sented in Fig. 4 (2). As may be noted from
this plot, the average residual compressive
strain (back-to-hack strain gage readingg)
across the central 24 in. of the specimen was
approximately ~300 microin./in. The longi-
tudinal and transverse residual strain distri-
butions at selected points on the west plate
face are shown in Fig. 4 (b) and 4 (c). It will
be observed from these plots that both the
longitudinal and trangverse strains along and
away from the notch line are quite umiform
throughout the central portion ol the specimen.
Thug, it appears that the residual compressive
strain field through which the fracture propa-
gated wasg of fawrly constant magnitude.

This specimen was tested at an applied
stress of 3000 psi, at a temperature of =10 F
using the standard notch-wedge-impact in1-
tfiation technique. An external applied stress
wag utilized in an attempt to obtain a fracture

SUMMARY OF SIX-FOOT-WIDE PRESTRESSED PLATE TEST.

All specimens were 3/4 in. thick by 6-ft wide, semikilled steel plates,

Average Net g’ il Average Speeds
Teat Applled Siress oD High - Low
Ro. (ps1) (°r) Specimen Descriptica %;pﬂ) Remarke

L3 0 -12 48 in. plate length; 18 in. tapered not Procture propageted approxi-
slote, 6 in. above and belov notch measured mately 56 in. before
line; welded and tested in vertical arresting
position on laboratory floor, with
enda of plate unrestrained

by 0 -12 36 in. plate length; plain plate - not First shot, no fracture;
no velding; tested in vertical measured gecond shot, fracture
position on laboratory floor, with propagated approximately
ends of plate unrestralned 19 in. into plate

ks 000 -20 60 in. plate length; 18 in. tapersd 5500 - 100 Fracture propagated com-
slots, 6 in. above and below notch pletely across specimen
line; apecimen velded to pull plates
in machine before slots were welded

46 00 0 48 in. plate length; 20 1in, tapered 4500 - 50 Fracture propagated com-
slots, 6 in. above and below notch pletely across specimen
line; specimen welded to pull plates
in machine before slots vere welded

7 0 -8 60 in, plate length; 20 in. tapered 3800 - 250 Fracture propagsted spproxi-
alots, 6 in. above and below notch mately 25 in. befors
1line; specimen clemped 0 pull plates arresting
in machine before slots vere weldsd

18 4] 0 60 in. plate length; 20 in. tapered asoe - 50 rracture propegabed syproxi-
slots, & in, above and below ncbch mately 36 in. before
lire; apecimen clamped o pull plates arresting
in wachine before slote were welded

49 000 -10 5k in, piete length; 18 in. tepered 5850 - 150 Fracture propagated sppeoxi-
slotg, 10 im. above snd below notch mately 32 ip. before
line; specinpen weldad to sull plases arreating
in machine before ‘slots were welded

%0 3000 «10 S5k iu. plate lemgth; 18 ip. tapered 6430 - 330 Fracture propegated com-

slots, 10 ip. above and below mobch
line; speeirmen clamped to pull plate
in machine Lefore clots were welded

pletely across plete
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that would propagate through the region of the
specimen where the dynamic strain readings
were to be taken. On the basis of previous
tests, 1t wasg felt that 3000 psi would be suf-
ficient to 1nsure complete fracture. The frac-
ture, did not completely traverse the plate,
but did travel through the ingtrumented region,
arresting approximately 52 in. from the ini-
tiation edge. A photograph of the fracture and
a close-up of the area of arrest are shown in
Fig. 5. Note that the fracture curved sharply
upward before arresting, apparently traveling
normal to the direction of maximum principal
stress.
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FIG. 5b., FRACTURE PATH - TEST 49.

{Closeup of Arrest Area)

The instrumentation layout and crack path
are shown in the sketch in Fig. 2 and the
strain-time records obtained from ten of the
rosette gages are shown in Fig. 6. Also in-
cluded 1in the latter plots are the computed
principal strains and maximum shear strains
for each gage point during fracture propagation.
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Thig was the first time satisfactory and com-
plete records were obtained from a specimen
in which the fracture arrested. The direction
of maximum principal strain also was computed
from the strain information and representative
directions for various crack lengths are de-
picted 1n Fig., 7. The significance of these
results is discussed in the next section of
this report.

Fracture speed information as determined
from the dynamic crack detector records ig
presented in Fig. 8. Even though the frac-
ture arrested in this test, the pattern of frac-
ture speeds shows no marked change from
those obtained 1n tests where fracture wasg
complete. The maximum average recorded
speed was approximately 5650 fps and the
lowest average speed was approximately 160
ips. From Fig. 8, it may be noted that, as in
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all earlier tests, the highest speeds occurred
near the initiation edge and the lower gpseds
occurred in the central compressive strain
region. The general shape of the detector
location versus breaking time plot is approxi-
mately the same as was observed in earlier
tests.

Test 50

This test wag a duplication of Test 49 with
two minor exceptions; the location of instru-
mentation was changed slightly and the tapered
slots were welded before the specimen insert
had been welded to the pull plates, rather than
after. Because the ends were free duringweld-
ing of the slots, the resulting magmtude of the
residual strain field was considerably less
than that obtained 1n Test 49, The average
residual compressive strain across the central
portion of the plate was only about ~100
microin./in. as shown in Fig. 9 (a). Again,
these readings represent average values, and
in thas test, the major portion of instrumenta-
t1on was located on the side of the specimen
on which the lower compressive strain values
were recordad. The distribution of longitudinal
and transverse strains at selected points on
the plate surface are plotted in Fig. 9 (b) and

9 (¢). It can be noted from this plot that the
distribution of strain in the central portion of

the plate 1s reasonably uniform.

This specimen was tested at an apphed
stress of 3000 psy and a temperature of =10 F
using the same impact initiation procedure.
Under these conditions, a britile fracture
propagated completely across the specimen.
It is felt that cc;rr_lplete_@ac_ture in this test

1500
= - —— Tefore Test Load Applied

Artar Tesi Lopd Applied

Bost Face /

NP avs
g “\%/

T ~o

e

A
‘X&\X
WY
/

ALl $traing
Dotermined Frow
SE-b Gagex

0 10 ) FY T =
Distance From Initintion Ddge - in.
(2) ILongitudinal Stredn Along Notch Line
FIG, 9a. RESIDUAL STRAIN DISTRIBUTION -
TEST 50,
Strain Readings From
18! Wept Face at Tost Lond }, 100 \ 200 230
K] Stroing 1o Microin./in. ! i |
T {80 0 o
H | | §
3 1% l,m 30! hoo !
5 ! i !
PR !0 09 550 ! o {do
! i : /
PR I T S B0 fso! {200 1
1 A ! i ol
I A -10d i=00 o |l
: / ' | ! | H i
[i} Y iho 2 2% ! 3o 1240 ! 200 -}
12 ﬁlﬂ E 0 5 lE 5
Dlatance From Initiation Bdge - in,
(b) Longitudinal Strain at Selccted
Pointa on Plate Surface
FIG, S9b. RESIDUAL STRAIN DISTRIBUTION -~
TEST 50,
&
' Strains From West
-] Face at Teat Load
o9 Straine in ~hho k0] ;m.oJ 1
= Microin./in. ! i i
‘_‘5-_.1 1 } !
i \ -
26 - 520 i-h50 1 1-iko 4o+ 270
i
g \\ ', f yl t\
) i
2 3 g -200 Mot -k L3t -180|
“ ' ' | | r 1
Q \ \ 1 \ \ \
8 o bl -1z0) =320 110 ta]  -150!
= 1 2h 50 36 13 B
a Distance Fram Initiaticn Edge - in.

(e¢) Transverse Strain st Selected
Points on Plate Surface

FIG. 9c. RESIDUAL STRAIN DISTRIBUTION -

TEST 50.



and only a partial fracture 1n Test 49 can he
attributed to the different residual stress pat-
terns in the plate since all other test condi-
tions for these two tests were identical, A
photograph of the fracture path 1s shown in
Fig. 10, The particular shape of the crack

PIG. 10.

FRACTURE PATH - TEST 50,

path is similar to the fracture paths obhserved
in Tests 45 and 46 in which complete fractures
also occurred. As may b2 noted from the pho-
tograph, the fracture always remained above
the notch line during propagation, showing
definite changes in direction at the points of
maximum strain gradient.

A sketch of the instrumentation layout and
crack path for this specimen 1s presented in
Fig. 3. In this test the fracture propagated
through the middle of the dynamically instru-
mented region and excellent strain response
records were obtained for this low-velocity
fracture. The strain-time records, including
the computed principal strain information, are
presented in Fig. 11. From the recorded
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strain information the directions as well as the
magnitudes of the maximum principal strains
were computed; this information for selected
crack lengths is pregsented in Fig. 12. -
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Although the fracture propagated completely
across the specimen, incomplete fracture
speed information was obtained because the
fracture passed above some of the crack de-
tectors; only four of the twelve crack detec-
tors were broken by the fracture. The speed
information, as obtained from the crack detec-
tors and also peaking of the strain gages, is
presented in Fig. 13. Although the speed in-
formation is not as complete as that from
earlier tests, the data are sufficient to show
that the speeds are similar to previougly ob~
tained fracture speeds both in magnmtude and
pattern. The highest average recorded gpeed
was approximately 6400 fps and the lowest
speed, averaged over a distance of 24 in. in
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the central region of the plate, was approxi-
mately 330 fps. Since this average speed was
measured over a considerable distance, it
seems reasonable to assume that the actual

lowest speed occurring during fracture was
quite likely less than 330 fps.

Photographs of the fracture surface for Test

50 are shown in Fig. 14 along_wwlth the arrest
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region of Test 48 which is discussed later. As
in all previous tests in this series, the rougher
texture was observed to occur adjacent to the
initiation edge with a much smoother texture
occurring in the central portion of the speci-
men. The location of each photograph with
respect to the initiation edge may be deter-
mined from the folding rule included. In the
rougher texture near the imtiation edge, the
chevron markings of the fracture surface are
easily visible, while their presence in the
smoother region is extremely difficult to dis-

cern,

ANALYSIS AND DISCUSSION OF TEST RESULTS

The analysis and discussion which follows
18 based on the results of Tests 49 and 50 as
well as the pertinent observationsg from the
earlier Tests 43-48. All of the tests were con-
ducted on é-ft-wide plate specimens which had
been prestressed by welding tapered slots cut
1n each plate edge. Even though manual weld-
ing was used, and the location and dimensgions
of the tapered slots varied slightly, the pat-
tern of residual siraing resulting from this
particular prestressing techmque was, in gen-
eral, similar for all specimens and consisted
of high tension near the edges and moderate
to low strain fields which throughout the cen-
tral portion of the specimen could be attrib-
uted largely to the restraint present at the time
the tapered slots were welded. TFor the two
specimens (Tests 43 and 50) in which no end
fixaty wasg provided during welding of the slots,
the magnitudes of the residual compressive
straing across the central section were much
less than for the remaining specimens in which
the ends were either welded or clamped to the
pull plates (see Table 1 for details) prior to
the welding of the slots.

The presence of high residual tensile
stresses in the vicinity of the inmitiation notch
made 1t possible to consistently initiate brittle
fractures using the notch-wedge-impact meth-
od, even without external applied stress. By
way of comparison, in the earlier 6-ft-wide
plain plate specimens, where no residual
strain field had been induced, an average ap-
plied stress i1n excess of 15,000 psi was nec-
egsary to insure initiation under similar test
conditions. Apparently, the presence of these
residual tensile stresses has the same effect
on initiation and to some extent, on propaga-
tion, as an externally applied load of the same
magnitude., Although the impact effect of the

wedge was a necessary factor for successful
initiation under the test conditions employed,
the fact that brittle fractures occurred in every
prestressed specimen indicates that a large
field of residual tensile stress 15 an important
factor 1n the initiation process.

While the residual tension served as an
aid to initiation and propagation, the presence
of residual compression in the central region
of the specimens had just the opposite effect
on the fracture characteristics. It not only
caused a reduction in the magnitude and extent
of the dynamic strain field and resulted in
greatly reduced speeds throughout the com-
pressive region, but also was capable of pro-
ducing arrest.

In the prestressed plates, the fracture
speeds in the compressive gtrain region were
considerably lower than those recorded in the
6—ft=wide plain plate tests conducted asz a
part of Project S8R-137. A plot of detector
location versus detector breaking time for a
typical prestressed plate tegt is presented in
Fig. 15; for purposes of comparison, a similar
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plot is pregented for a typical plain plate test
from Project 8R-137. In this plot, the slope of
the curve is a measure of the fracture speed at
any particular time. As may be seen, the
fracture speeds for the two tests are almost
identical for approximately the first 20 in. of
crack travel. This high speed continued
throughout the fracture travel in the plain plate
specimen, whereas the fracture speed in the
prestressed specimen decreased sharply and
continued for the remainder of fracture travel
at a greatly reduced value. The same general
trend in fracture speeds was observed in all
prestressed specimens.

The high initial speeds and the sudden de-
crease to a much lower value are probably the
result of two factors, namely, the residual
stress pattern in the specimen and the initia-
tion procedure employed. High fracture speeds
would be expected near the initiation edge
where residual tension was present and also a
decrease in speed would be expected as the
fracture propagated into a zone of residual
compression. The effect of the initiation pro-

cedure on initiation was illustrated by the
results of Tegt 44, in which, after the notch

root area had been highly strained by one im-
pact, the initiation technique was sufficient
to drive a fracture approximately 19 in. into
the specimen.

Because about the same impact energy was
used in initiating fractures in all 6—-ft-wide
specimens, any variation in fracture velocities
for the different tests can probably be attrib-
uted largely to the particular residual strain
pattern present in each specimen., In Fig. 16
are shown plots of both the average residual
longitudinal strain across the notch line at
test load and the fracture speed across the
plate width for Tests 46 and 49; these plots
are typical of similar plots for all prestressed
specimens. Exact comparisons between the
residual straing across the notch line and
fracture speeds at corresponding points are not
possible because the residual strain shown 1n
Fig. 16 changed somewhat during fracture
propagation as a result of redistribution, par-
ticularly near the far edge of the plate; how-
ever, certain relationships can be observed
from the information available. From Fig. 16
it may be noted that the highest fracture speeds
oceurred where the highest residual tensile
strains were present; also, the sudden de-
crease in speed corresponded to the point
where the fracture encountered the maximum
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residual compresgive strain region. Also it
was noted that the fracture speed at times in-
creased even though the residual strain was
decreasging; this was probably a result of the
high energy level present in the plate at that
point.

As a result of the apparent cormrelation be-
tween residual strain and fracture speed near
the initiation edge, it was felt that perhaps a
batter indicator of the residual strain versus
fracture speed relationship could be obtained
by considering only the speed and strainvalues



recorded closest to the point of initiation
where effects of load redistribution are elim-
inated. Although the effect of wedging action
was present, it wasg ideniical for all tests and
thus would not affect a study of other param-
eters. In Fig. 17 is presented a plot of the
average fracture speed occurring 6 in. from the
inmtiation edge versus the average longitudinal
residual strain at the same location for gix of
the prestressed plates. 8ix in. was chosen
because this was the closest point to the
initiation edge at which average speeds could
be determined. From this plot it appears that
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the relationship between these parameters is
almost linear, which indicates that the frac-
ture speed is at least partially a function of
the residual strains (or better, energy level)
present in a specimen. This one set of ob-
servations should be interpreted with care,
because the relationship is apparently some-
what different at other locations; some differ-
ences would be expected by virtue of load re-
distribution alone.

From the results discussed thus far, it can
be seen that fracture speeds were high in ten-
sile strain regions and low in compressive
strain regions, generally showing a continued
decrease as long as the fracture remained in
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the compressive zone. It is likely that the
magnitude and extent of the initial residual
compressive strain fields were sufficient for
arrest in every casge after the fracture had
propagated well into the compressive strain
field; however, the elapsed time from the be-
ginning of fracture was apparently long enough
to allow redistribution of both residual siresses
and any applied stresses to provide sufficient
energy for propagation to continue. The re-
sults of the various tests in which the speci-
men fractured completely show that in every
cagze, the fracture speed was extremely low in
the compressive strain region and, except for
the effects of stress redistribution, all frac-
tures probably would have been arrested.

In the prestressed plate tests the Ifracture
texture in the compressive strain region was
considerably smoother than that observed in
any previous tests of plain plate specimens.
Near the initiation edge where high regidual
tensile strains were present, and where the
highest fracture speeds occurred, the fracture
texture was fairly rough showing the familiar
herring-bone pattern evident in the plain plate
tests. This difference in texture in regions
of residual tension and compression may be
observed in the photographs of the fracture
surface of Test 50 in Fig. 14. Also shown in
Fig. 14 is the arrest region of Test 48; it is
evident that the fracture texture at the point
of arrest also is extremely smooth.

Initially it was felt that the difference in
fracture texture noted above was a result of
the difference in fracture speed across the
plate, since the rougher texture always was
present 1n regions of high fracture speed and
the smeother texture in regions of much lower
speed. An attempt was made to relate the
texture roughness with corresponding fraccure
speed but no conclusive results could be ob-
tained. Since that time, further study has in-
dicated that the roughness of the surface tex-
ture appears to be related not to fracture speed,
but to the stress or energy level present in the
specimen. This fact was first observed 1n
fracture tests of centrally notched and welded
specimens which are described in Part B of
this report. The aforementioned test data plus
data from the wide plain plate tests suggests
strongly that fracture texture is indicative of
the stress or energy level, and that it is not
related directly to fracture speed.

Examination of the fracture surfaces for all



prestressed plate tests show a rough testture
in the vicanmity of the initiation edge. Previous
tests, including Test 44 in this series, have
indicated this region closge to the 1nitiation
edge is affected by the i1nitiation technique.
Thus, the additional energy supplied to the
region of the plate near the point of impact,
along with the high residual tensile stress,

18 felt to be responsible for the rough texture
in that region. Elsewhere, where the energy
or stress level was relatively low, including
the far edge of the plate, the fracture textures
are observed to be much smoother.

The dynamic strain records from the various
" tests give an indication of the marked effect
that the residual compression had on the strain
field associated with the moving crack. For
example, in these testgs the peak dynamic
strains recorded from component gages 1/2
to 1 in. from the fracture were on the order of
1000 to 1500 microin./in. and gages located
more than 6 in. from the fracture showed
practically no response. On the other hand,
in the earlier plain plate tests in which no
residual siresses were present, peak dynamic
gtraing on the order of 2000 to 4000 microin./
in. were recorded by gages 1/2 to 1 in. away
from the fracture, and gages 6 in. from the
fracture still showed a noticeable response.
An examination of the dynamic strain records
from this series of tests also indicates that
in every case the peak strain magnitudes
decreased as the fracture entered the com-
pressive strain region. Thus, asz the fracture
speed decreased, the strain field associated
with the fracture also diminished in magnitude
and extent; Fig. 18 illustrates this observa-
tion extremely well.

Another interesting feature, not recognized
in earlier plain plate tests, was the fact that
the strain field quite near the tip of the propa-
gating fracture seemed to be approaching a
state where tensile strains were recorded for
both vertical and horizontal component gages.
This phenomenon could be observed only in
data taken from gages in the immediate vicin~
ity of the fracture and hence only limited in-
formation 1s available. This phenomenon may
be seen by comparing strain-time records of
rosette gages 1 and 5 from Test 50 shown in
Fig. 11 (a) and 11 (e). It will be noted that
the response of the vertical gage of Rosette 1
peaks in tension at the same time the horizon-
tal gage peaks in compression. Thig is the
usual behavior for almost all strain time rec-
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ords obsgserved to date, The records from Ro-
gette 5, however, show both vertical and
horizontal gages peaking in tension, although
the magnitude of the peak from the horizontal
gage is smaller. An examination of previous
strain-time records from thig and earlier in-
vegtigations revealed the same phenomenon
but apparently strain records show tension
peaks on horizontal component gages only if
the monitored gages are located less than
about 1 1n. from the fracture. From the limited
information available it also seemed that a
higher fracture speed caused this condition to
be detected further from the fracture than for a
lower fracture speed. This may be noted by
examining the record of Rosette 1 of Test 49
(Fig. 6 (a)) where the fracture speed was ap-
proximately 2000 {ps and the record of Roseite
5 of Test 50 (Fig. 11 (e)) where the fracture
speed was less than 1000 fps. Although Ro-
sette 1 of Test 49 was located at a greater
distance from the fracture, a much higher
strain peak was noted for the horizontal gage
than for the horizontal gage of Rosette 5 of
Test 50, Comparison of other records indi-
cates the same trend.



In addition to the component strain gage
records obtained, corresponding principal
strains and their directions were also computed
- in the tests where rosette gages were used.

As may be noted from Fig. 7 and 12, the weld-
ing of the slots in Tests 49 and 50 resulted in
a completely different pattern of direction of
maximum principal strains. In Test 49 the
directions of maximum principal strains in the
central portion of the plate are all horizontal
while in Test 50, the directions are vertical.
Also from Fig. 7 and 12, the effect of the ap-
proaching fracture on the maximum principal
strain and its direction may be noted. Although
a zone of residual compression existed through-
out the central portion of the test specimens,
during propagation maximum principal strains
were always tensile in the vicinity of the crack
tip. In these figures, the heavy solid lines
represent the fracture position corresponding

to the depicted strain magnitudes and direc-
tions; the extended dashed lines represent the
final path of the fracture. On the basis of the
data obtained, it seemed that, in general, the
path of the fracture in Tests 49 and 50 was
normal to the direction of maximum principal
gtrain. This effect of principal strain direc-
tion on the path of the fracture also would seem
to explain the noticeable changes in the direc-
tion of the fracture as it passed through the
regions of maximum residual compregsive
strain.

SBUMMARY

The purpose of this investigation was to
study the low-velocity propagation of a brittle
fracture in 6-ft-wide steel plates in which
tensile and compresgsive residual stresseswere
present, and to determine from the results of
these tests, the effect of residual strezs on
fracture behavior. As a part of the Project
SR~-155 1nvestigation two specimens of semi-
killed steel were prestressed by welding
tapered slots in the edges of the plate. The
residual stress field consisted of high tensgile
stresses at the edges and compressive stresses
throughout the central portion of the plate,

The two specimens were subjected to an
applied load of 3000 psi and were cooled to
about =10 F prior to testing. The fracture was
initiated by the notch-wedge-impact method.
Instrumentation was provided to determine the
crack speed and the strain response.

The results of fracture studies of 6-ft~wide
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prestressed steel specimens as conducted as
a part of this program and the latter phases of
Project 8R-137 may be summarized as follows:

1) Brittle fractures were initiated in all of the
specimens containing a residual stress field;
no external load was applied in three of the
tests while four specimens were tested at an
applied stress of only 3000 psi. By compari-
son, in the 6-ft~wide plain plate specimensg
tested under similar conditions (3R-137) an
applied stress in excess of 15, 000 psi had
bezen found necessary to insure fracture initia-
tion. Thus, the high residual tension in the
vicinity of the initiation edge appears to have
the same effect on initiation as an externally
applied stress.

2) That residual tengile stress is a definite
aid to initiation was confirmed by the test of a
plain plate specimen (Test 44). This specimen,
containing no residual stress, was tested on
the laboratory floor and required two impacts
to drive a fracture approximately 19 in. No
fracture occurred on the first impact but ap-
parently the material at the root of the notch
was damaged sufficiently to facilitate fracture
upon application of the second impact.

3) The strain field associated with the tip of
the propagating fracture and the fracture speed
are considerably influenced by the residual
strain field present in the specimen. The
fracture speed decreased and the magnitude
and extent of the strain field around the tip of
the crack was considerably reduced as the
fracture traversed the region of residual com-
pressive stress.

4) Within about 1 in. of the crack tension
peak strains were recorded by both vertical
and horizontal gages ag the crack passed the
gage; generally the effect was more pronounced
for the higher c¢rack speeds. Thig is in con-
trast to the usual strain behavior noted for
gages located further from the crack in plain
plate tests where the sirain response from the
horizontal gage normally showed a compres-
sive peak,

5) A brittle fracture apparently tends to follow
a path normal to the direction of the maximum
principal strain existing immediately ahead

of the crack tip.

6) Fracture speeds varied from as high as
6000 fps near the initiation edge to as low as



50 fps in the compregsive sirain region. The
residual compression in the central portion of
the plate caused a large reduction in speed.
A nearly linear relationship between residual
strain and crack speed appeared to exist 6 in.
from the initiation edge in these tests.

7) Comparison of test results makes it appear
as though the residual compression in the
central portion of the plates tested was suf-
ficient in extent and maghitude to cause ar-
rest had there been no redistribution of stress.

8) The texture of the fracture surface was
rough near the initiation edge and quite smooth
in the central porition of the plates. It is felt
that the texture of the fracture is dependent up-
on the stress or energy level in the material
and not upon the speed. Thig observation is
substantiated by results of other tests de~-
scribad in Part B of this report.

PART B. FRACTURE PROPAGATION IN CENTRAL-
LY NOTCHED AND WELDED STEEL
PLATES

INTRODUCTION

Background

The studies of the effect of residual stress
on fracture propagation conducted thus far on
Projects SR-137 and SR-155 had employed the
notch-wedge-impact method of fracture initia-
tion. TFrom time to time research workers have
raised questions as to the effects of this arti-
ficial crack-starting process on the recorded
speeds and strains,

During the past several vears work inGreat
Britain,® Japan,®® and the United States™ has
shown that brittle fractures can be initiated
from c¢entrally notched and welded wide plate
specimens at low average applied stresses.
Although the initiation process is not complete-
ly understood as yet, the stress concentration
resulting from the notch, the residual tensile
stresses resulting from the welding procedure,
and perhaps metallurgical changes resulting
from the welding process, make it possible for
fractures to initiate in these specimens at low
applied stresses. Specimens generally frac-
ture either by a short arrested fracture at a low-
stress level followed by complete fracture after
the specimen has undergone general vielding or,
in cases where the stress level ig high enough
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at the time of fracture initiation, it is possible
for the specimen to undergo complete single-
stage fracture. Quite obviously, the tempera-
ture of the test has considerable influence on
the fracture mechanism noted. Resulis of
recent studies conducted at the University of
Illinois as a part of the Welding Research
Council Program utilizing centrally notched and
welded plates indicated that this type of speci-
men might be desirable for use in propagation
studies as a part of this brittle fracture me-
chanics study. By emploving this type of
specimen it would be possible to obtain low-
stress brittle fractures which could be stati-
cally initiated thereby eliminating any external
initiation device. BSince these fractures would
be expected to initiate and propagate at a
fairly low-stress level it would be expected
that the resulting fracture speeds would be in
the low to intermediate range which is the pri-
mary area of interest in this phase of the in-
vestigation.

Object and Scope

The purpose of the tests described in this
part of the report was to study the parameters
assoclated with the initiation and propagation
of brittle fractures in centrally notched and
welded steel plates; more specifically, to
evaluate and assess the parameters directly
affecting fracture speed. Consideration also
necessarily was given to certain aspects of
fracture 1mitiation in these specimens and this
phase of the fracture process is discussed in
some detail in this report.

A total of nineteen specimens was tested
as a part of this phase of the program. The
tests were all conducted on either 3/4~in. or
5/8~in, steel plate specimens which contained
a central precut notch; the majority of the
specimens contained either a complete or in-
terrupted longitudinal butt weld to produce the
rezidual tensile stress necessary for low-
stress static fracture initiation. Other fabri-
cation procedures were used in a limited
number of specimens to facilitate the study of
the various parameters under investigation.
The specimens are designated as Tests 51
through 69 to conform to the designation of
tests conducted as a part of the Brittle Fracture
Mechanics Program.

DESCRIPTION OF SPECIMENS, INSTRUMENTA~
TION AND TEST PROCEDURE
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Material Properties 7°

The specimens employed in this invegtiga-
tion were fabricated from 3/4~-in. and 5/8-in.
thick semikilled steel plates. The chemical,

mechanical, and Charpy V-notch data for this
material are shown in Fig. 19,

. 3/% or 5/8 1q.
FPabrication Procedure

et

Vee-Notch

Of the nineteen specimens tested as a part
of this phase of the program, seventeen were
fabricated of 3/4-in. plate and two of 5/8-1in.
plate, With the exception of Test 64 which
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was a l-ft-wide plate, the specimens were two

feet in width, and three feet long. All of the —_— —_—
specimens contained a central notch which was r
cut with either a straight jeweler's saw or a ]
circular cutting wheel, both 0.006 in. thick. e’ ‘
A double-Vee notch cross section was employ- _ . 36 1n.
ed in all specimens except Test 62 which had e
a straight notch. The notch geometry for the e
two types of notches is shown in Fig. 20, and
sketches of the various types of specimens
are shown in Fig. 21. L s | PP
Teat 61 Test 63
TXFE D TYPE E
The general preparation of all specimens, FIG. 21. SPECIMEN LAYOUT,

except for Tests 61 and 63, consisted of cut—



ting the specimen along its longatudinal center
line, beveling and notching the adjacent edges
of the resulting two halves, and rejoining the
two halves by various methods. In joining the
two halves of the notched and beveled speci-
mens, three fabrication mrocedures (used for
Specimen Types A, B and C in Fig. 21) were
employed. The Type A specimens were joined
with a continuous double-Vee butt weld; the
Type B specimens were joined with an inter-
rupted double-Vee butt weld in which a 3 in.
section at the notch was left unwelded; in the
Type C specimens the two halves of each
specimen were merely welded to the pull plates
of the testing machine leaving the adjacent
notched and beveled edges unwelded. Test 61
(Type D) was prepared by first cutting the
central double~Vee notch in a plain plate after
which two 6-in.-long transverse slots were
cut 5 in. above and below the notch and weld-
ed to produce a residual stress field, Test 63
(Type E) was a plain plate specimen in which
a central double-Vee notch was cut. All of the
specimens were fabricated such that the longi-
tudinal axis was parallel to the direction of
rolling of the plate material and parallel to the
direction of testing.

A total of six welding passes with 5/32 in.
and 3/16 in. diameter E7018 electrodes were
required for all of the gspecimens which con-
tained longitudinal welds, with the 5/32 in.
diameter electrodes being used for the first and
gsecond passes. In welding, subsequent
passes were made on opposite surfaces of the
gspecimen and the maximum interpass tempara-
ture was limited to 100 F. The welding pro-
cedure followed was slightly different for the
Type A and Type B specimens. In the former,
each weld pass proceeded from one end of the
specimen to the other, whereas the Type B
specimens were joined such that each weld
pass was placed in two-stages each of which
began at the end of the plate and terminated
approximately 1 1/2 in. from the notch.

Instrumentation and Measurement Techniques

Instrumentation for this geries of tests was
provided for the measurement of cyclic strains
during welding, longitudinal residual strains,
static strains and elongations during loading,
and dynamic strains and speeds during frac-
ture propagation. All of the above variables
however were not meagured for every speci-
men.

Instrumentation included both electrical
and mechanical strain gages. The electrical
strain gages emploved in this investigation
were either Baldwin SR-4 Type A7 (1/4 in.
gage length) or Budd Metalfilm Types Cé-
141B and C6-1X1 32 A (1/4 in. and 1/32 in.
gage lengths respectively) strain gages. Budd
Metalfilm Type C6-121-~R3A sirain roseties
were used for the measurement of dynamic
straing in two tests. Crack speed detectors
were Baldwin SR-4 Type A9 gages (6 in. gage
length). Mechanical gages employed in the
measurement of residual strains were a Z-in.
and a 6-in. Berry gage.

Reaidual Strain Measurements—~~The resid-
ual strains in the specimens resulting from
welding were measured by both elecirical and
mechanical strain gages. The gages were
gselected in order to provide a wide range in
gage lengths which served as a check on the
uniformity of strains. Algso, the high tempera-
tures induced during welding made it neces-
gary to use mechanical gages at locations
near the weld. In determining the longitudinal
residual strain pattern, sirains were measured
only across the notch line.

Tnitial strain readings were taken prior to
welding with the plate in an unrestrained
position. The initial strain readings estab-
lished the "zero" strain level and all other
strains were referenced 1o this prewelded
state. After welding had been completed, an-
other get of strain readings were taken at room
temperature from which the residual strain
pattern was obtained.

Measurement of Cyclic Strains and Tem-—
peratures During Welding~-Strain and tempera-
ture readings within approximately 1/8 in. of
the notch root on the plate surface were re-
corded during welding on selected specimens.

Continuous records of both temperature and
strain as a function of time were obtained during
welding by connecting the strain gage and
thermocouple leads through bridge circuits to
two millivolt strip chart recorders, one of which
recorded strain and the other temperature. The
particular strain gages used were temperature
compensated to 250 F.

Measgurement of Static Strain and Elonga-
tion--Static stress-strain records were ob-
tained for selected specimens during loading
Strain records from eight gages could be ob-
tained by connecting the leads from the strain




gages to an eight-point motor driven sampling
switch which 1n turn was connected through a
bridge circuit to a millivolt strip chart recorder.

In addition to recording statie strains during
loading, several specimens were instrumented
with a 36 in. extensometer. The extensometer
provided a continuous record of the specimen
elongation during loading.

Dyvnamic Instrumentation-- Nine channels of
cathode ray ogcilloscope recording instrumentar
tion for recording the dynamic strains and frac-
ture speeds were utilized in some of the tests
described herein. The method of recording
dynamic gtrains and speeds consisted of photo-
graphing the strain response and detector
breaking times as they appeared on the oscil-
loscopes during fracture propagation and was
identical to the technique used in previous
tests on Projects SR-137 and SR-155. The
system employed in triggering the oscilloscope
sweeps, however, was somewhat different.
Because fractures were statically initiated in
this series of tests and the strain level at the
time of fracture was unknown, it was neceg-~
sary to trigger the sweeps with a signal pro-
portional to strain rate, independent of the
strain magnitude. The triggering was ac-
complished by connecting the trigger gages
through & bridge to & differentiating circuit
which produced a signal roughly proportional to
the strain rate at the trigger gages. The sgignal
from the differentiating circuit after being am-
plified by a high~gain amplifier was fed into a
sweep generator which triggered the horizontal
sweeps of all nine oscillogcope channels.

et

Two trigger gages were mounted on the
notch line of each specimen about 1/4 1n. and
3/4 in, from the notch tip where high strain
rates would occur with the onset of rapid frac-
ture propagation. The trigger gages were

connected in a bridge circuit as shown in Fig.
22, By winng the trigger gages 1n this way, a
sweep would be imitiated by a high strain rate
at either of the trigger gages.

Test Procedure

Two testing machines of 600, 000-1b and
3,000, 000-1b capacity were employed 1n this
study. The specimens were installed in the
appropriate testing machine (depending upon
the anticipated fracture load), cooled, and
loaded statically to failure.

The specimens were cooled by a mixture of
solvent and dry ice placed in cooling tanks; a
total of four tanks were used, two on either
side of the specimen above and below the
notch, This cooling technigue resulted in a
uniform temperature distribution along the
notch line,

When the desired test temperature had been
attained, loading began and the recording
equipment was started. Because the fracture
load in these specimens could not be predict-
ed, the film used to record dynamic strains and
speeds had to run continuously throughout the
test. This recording procedure resulted in
satisfactory test records in most cases but oc-
casionally records were lost because of mal-
function of the trigger, a short arrested frac-
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ture occurred, or because of excessive speci-
men loading time and the film supply was ex-
pended.

PRESENTATION AND DISCUSSION OF TEST
RESULTS

General

Brittle-fracture tests were conducted on
nineteen centrally notched specimens in which
fractures were initiated statically. Nine of
these specimens contained a continuous longi-
tudinal weld (Type A), six contained an inter-
rupted longitudinal weld with a 3 in. gap at the
notch left unwelded (Type B), one contained
two trangverse welds above and below the
notch (Type D) and three were unwelded (two
of Type C and one of Type E). In these tests
consideration was given to both initiation and
propagation aspects and in the process a
number of items, including thermal strain
cycling during welding, residual strains re-
sulting from welding, load, strain and deform-

ation at fracture, and dyvnamic strains and
fracture speeds were studied. Table 2 con-

tains a summary of the results of these tests.

Residual Strains

The residual strain field was similar in all
of the longitudinally welded specimens (Type
A and B) regardless of whether the weld was
continuous or interrupted. With reference to a
trangverse section, the central one-third of
these specimens had a residual longitudinal
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tensile strain, balanced by residual compres-
sive strains in the outer two-thirds of the
plate. The residual strain decreased rapidly
from a maximum value of 1000 to 2000 microin./
in. near the weld to a fairly uniform compres-
sive strain of —300 to -500 microin./in. toward
the edges of the plate as shown in the typical
residual strain plots presented in Fig. 23. The
mechanical and electrical residual strainread-
ings were in general agreement with some dif-
ferences noted, most likely arising from dif-
ferent gage lengths and inherent difficulties in
making the measurements in highly distorted
regions.

Unlike the longitudinally welded speci-
meng, the residual strain field in the central
portion of Test 61, which contained two trans-
verse welds above and below the notch was
fairly uniform except near the notch where a
high strain concentration occurred. As shown
in Fig. 23 (c) the residual strain was extreme-
ly high (approximately 6000 microin./in.) near
the notch tip, decreased rapidly a small dis-
tance from the notch tip to a residual tensile
strain of about 800 microin./in. and then de-
creased less rapidly until a fairly uniform re-
sidual compressive strain of about -500
microin./in. was attained 8-in. from the cen-
ter line of the specimen. It should be pointed
out that the gage used to measure the strain
near the tip of the notch was located closer
to the notch in this specimen than similar
gages in the other specimens, a fact which
may account, in part at least, for the extreme-
ly high residual strain observed at this point.
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SUMMARY OF CENTRALLY NOTCHED AND WELDED PLATE TESTS.

All specimens were 3/4 x 24 x 36 in, and contained double -Vee notches with the following excep-
tions: Tests 51 and 52 were 5/8 x 24 x 36 in.; Test 64 was 3/4 x 12 x 36 in.; Test 62 contained
a straight notch, All tests conducted at -40 F.

Fracture Stress Realdual Average Speeds
Test on Net Area Specimen Strain High - Low
No. (ksi) Type# (Microin. /in.) {fps) Remarka
51 k0,0 A not not 5/8 in. thick; misaligned motch;
meagured measured general yielding occurred; rough
texture.
52 18.0 A not not 5/8 in, thick; fairly smooth texture
measured meagured
53 10.0 A not 5500 - 3100 Smooth texture,
measured
54 9.2 A not 6000 - 1800 Good dynanic strain records; smooth
measured texture.
33 10,2 A 500 not Smooth texture.
1/4 in. fram motch measured
56 9.0 B 2000 — - 1800 Good dynamic strain records; smooth
1/8 in. fram notch texture.
57 5.0 Initial fracture B 1800 not Initial fracture was 11.5 in. long;
3.6 Final fracture 1/8 in. from notch meagured maooth texture observed for initial
fracture and rough for Tinal
fracture.
58 17.h Initial fracture B 1200 not Misaligned notch; Initial fracture
31.8 Final fracture 1/8 in. fram potch measured was 1 in. long on one side of
spacimen; rough texture.
59 31.0 ¢/ 0 not General yielding occurred; O.45 in.
measured elongation in 3 in. gage length;
rough texture.
60 2.0 B 1500 not Longer gap in weld than other Type
1/8 in. from motch messured specimens, therefore less cycling;
rough texture.
61 35.9 D 6000 not General yielding occurred; 0.2 in.
0.04 in. from notch meaaured elongation in 36 in. gage length;
rough texture.
&2 35.7 B 1700 not Straight notch inetead of Vee-notch
1/8 in. from notch measured specimen fractured at yleld atrass
but without general ylelding; rough
texture.
63 3.0 b ] 0 not Misaligned notch; general yielding
meagured occurred; rough texture.
64 13.9 B 2800 not 12 in. vide specimeén; mmooth texture
1/16 in. from notch measured
65 3k o] 0 not General yielding occurred; 0.27 in.
measured elongation in 36 in. gage length;
rough texturs.
66 9.7 A not not Smootn vexture,
measured measured
a7 8.5 A not 5000 - 1800 Good dynamic strain records; emooth
measured texture.
& 1.6 A not not Smooth texture.
measurad measured
69 9.0 A not; not Good dynsmic strain records; smootl
measured meagured texture.

* See Fig. 21.



Thermal Strain Cycling

Among the most interesting observations
made during this series of tests were measure-
ments of the thermally induced strains during
fabrication of four Type B specimens, and the
specimen containing the transverse welds
(Test 61). In all of these specimens it was
possible to obtain strain records during welding
from electrical strain gages mounted near the
notch on the surface of the plate since the
tempearature of the material in this region rare-
ly exceeded 200 F. The strain and tempera-
ture records obtained during welding of the
Type B and D specimens are plotted in Fig.

24. In presenting these records, portions of
the strain data recorded between weld passes
where the strain was approximately constant
have bzen omitted; by way of illustration of
one complete cycle, the record for one welding
pass is shown in Fig. 25,
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Note that in Pig. 24 (a) through 24 (d) there
are two complete strain cycles for each weld~-
ing pass; this arises from the particular weld-
ing procedure employed in which one weld
pass was placed in two stages, namely, from
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one end of the specimen to within 1 1/2 in. of
the notch followed by an identical second half
pass from the other end on the same gide of the
plate. Consequently, the recording strain
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gage was approached twice by the welding
electrode for each welding pass, thus pro-
ducing two strain pulses for each pass as may
be seen in Fig. 24 or 25.

Another 1ntéresting observation is that dur-
ing welding a total strain range of over 2000
microin./in. was recorded for a single pass
and as much as 3600 microin./in. for the com-
plete welding sequence. This range is no
doubt quite dependent upon gage location with
respect to the notch root and therefore 1t 15
difficult to predict the amount of cyclic sirain
experlence by the volume of material at the
notch root.

Welding of the iransverse slots in Test 61
produced litile cycling as shown in Fig. 24 (e).
There was a slight variation in strain during
welding of this specimen but compared to the
records obtained from the Type B specimens
it was negligible, especially when considered
in light of the fact that the gage for Test 61
was closer to the notch than those on the Tybe
B specimens.

Static Stresgs-Strain Records

Typical plots of average applied stress
versug strain obtained from static gages during
loading of several specimens are shown in
Fig. 26. The locations of the gages are in-
dicated on each plot. Where possible, the
strain values for zero stress correspond to the
residual strain existing in the plate before
loading . For the specimens in which fractures
initiated at about 10 ksi average applied stress,
the static stress-—strain plots were nearly linear
up to fracture. For specimens in which frac-
tures occurred alb or above vield, the strain

records indicated a definite yielding of the
material with the load at which a particular
gage vielded depending upon the location of
the gage. Note particularly Fig. 26 (a) which
is the gtatic record obtained during loading of
Test 51. As shown in this plot, four of the
gages which were located three or more inches
away from the weld yielded at approximately
38 ksi (approximately vield stress at the -40 F
temperature), whereas one gage located on the
weld indicated vielding at an applied siress of
about 16 ksi.

In Test 57 the static strain gages with the
exception of gage 9 were located above the
notch line ag shown in Fig. 26 (c). Fracture
in this specimen coccurred in two stages; the
first fracture propagated about 6 in. from the
center line of the specimen before arresting.

In the same figure it can be seen that gages

1 and 2 experienced greater compressive strains
after the initial fracture than bzfore loading
began. These measurements would seem to in-
dicate that a considerable residual strainfield
continued to exist throughout the plate, even
in the semirelaxed material directly above the
fracture. As is usually the case with two-
stage fracturing, complete fracture occurred
after general vielding of the remaining portions
of the specimen,

In Fig. 26 (d), the static strain records for
Test 61 are presented. This specimen (Type D)
was prepared by welding 6 in. long transverse
slots 5 in. above and below the notch. The
transverse section through the welded slots
was shightly thinner than the thickness of the
plate, being about 5/8 in. thick at the weld as
opposed to an overall plate thickness of 3/4 in,
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With this fact in mind, 1t ¢an be observed that
the rate of straining of gages 2, 3 and 4 be-
tween the slots was slightly less than that of
the other gages in the pre-yield range, probably
because this section wag not resisting as much
of the applied load as the edge areas of the
plate. Although not described here, 1t ig 1n~
teresting to note in Fig. 26 (d) the effect of the
specimen geometry and relaxation on the sirain
hehavior acrogss the cross section at the notch
with the onset of general vielding.

In Fig. 27 are presented load-deformation
curves for the three specimens (Types C and E)

which did not have induced residual stress
fields. It will be noted that general vielding
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and considerable inelastic deformation occurred’

prior to fracture at -40 F.

Fracture Stresses

The fracture stress data for all specimens
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FIG. 27. LOAD DEFORMATION CURVES.

1g gummarized in Table 2, The Type A speci~
meng with continuous welds contained high
residual tensile stresses at the notch and the
material near the notch had been subjected to
thermal strain cycling and high temperatures
during welding. All seven 3/4-in. specimens
fractured consistently at an applied tensile
stress of about 10 ks1, Tests 51 and 52 were
5/8 in. thick and fractured at stresses of 18
and 40 kgi; the latter high stregs quite lhikely
can be attributed to & misaligned notch which
was observed after fracture.

In properly Vee-notched specimens con-
taining interrupted welds (Type B), complete
or partial brittle fractures occurred at con-—
sistently low applied siresses (5 - 13 ksi1) as
was the case for the previous specimeng con-
taiming complete welds. In the three remain-
ing Type B specimens, one contained a mis-
aligned notch and a first stage fracture occur-
red at approximately 17 ksi; in the remaimng
two specimens, complete fractures occurred at
32 and 35.7 ksi. This abnormally high stress
level required for fracture may be attributed to
the straight notch used 1n one specimen and to
a larger gap, resulting in reduced strain cy-
cling, 1n the second gspecimen. Offhand, the
strain cycling record in Fig. 24 (c) does not
substantiate this conclusion; however, the
gage from which this record was obtained was
clozer to the notch than similar gages in other
specimens, and thus in a region of higher
girain concentration.

While the properly notched and longitudinal
butt-welded specimens (with the exception of
Test 51) failed at low stresses well below



vield, the unwelded specimens and the notched
specimens containing transverse welds all
fractured after general vielding. Test 61, as
previously noted, contained extremely high
residual tensile stresses near the notch tip

but had not been subjected to thermal cycling
or high temperatures. This specimen fractured
at a stress above yield after 0.20 in. of elon-
gation in a 36 in. gage length, indicating that
regsidual stress in itself was not sufficient to
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cause fracture at a low applied stress.

Dvnamic Strains and Speeds

Dynamic strain records from longitudinally .
oriented component gages were obtained from
Tests 54 and 56, and from strain roseties in
Tests 67 and 69. These records ars plotted 1n
Fig. 28. Because of the various difficulties
involved with certain aspects of the dynamic
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recording, 1t was not possible to obtain the
complete strain history for each of the dynamic
gagesg from the beginning of loading until frac-
ture initiation. In other words, it was possible
to monitor the strain history from the time of
welding up to the time of testing; however, be-
cause of the recording techniques employed 1t
was not possible to obtain the strain corre-
sponding to the exact test load level, For thig
reason all strain records are plotted waith the
zero strain level corresponding to the strain
level of the measuring gage at the time of
fracture irutiation. This limitation does not
affect the validity of the strain records nor
does it restrict 1n any way the interpretation of
these strain pulses when compared to similar
pulges obtained on other tests. However, in
the case of rosette gages it does prohibit cal-
culation of principal strains in the sense that
principal straing calculated from the observed
component straing have little meaning. Be-
cauge this gituation wag recognized quite
early for those gpecimens instrumentated with
strain rogettes, for convenience, the gages
were placed on the specimens after the speci~
mens had been fabricated.

Ag far as the dynamic strain records them-
selves are concerned, a study of Fig. 28 wall
show that the component gage traces arising
from tests in which only longitudinally oriented
gages were employed, or tests in which ro-
sette gages were employed, all show about the
same trend. At first glance examination of the

traces in Fig. 28 suggest a difference between
thege dynamic records and those of earlier
tests, especially for the strain traces for hori-
zontal and diagonal component gages. How-
ever, 1f one estimateg the actual sirain level
corresponding to the time of initiation, all the
traces appear to fall more in proper perspec-
tive; any interpretation of the strain iraces, as
for example studying trends across the plate
width, must include consideration of the prob-
able base strain level, In general, the strain
gage traces are similar in nature to thosewhich

have been found in earlier tests involving the
notch-wedge-1mpact method of rmtiation.

Several observations can be made about
these strain records. For the vertical compo-
nent gages 1t was found that the peak verfical
straing ranged from 300 to 1000 microin./in.,
but apparently the peak strains were not as
dependent upon the distance from the fracture
as had been found in earlier wide plate tests
as indicated in Fig. 29. However, it will be
noted in Fig. 28 (c) that for gages located 1/2
in. from the crack the peak strain was about
700 microin./in. This is in line with obgerva-
tions made for the 6-ft-wide prestressed
plates. There are some anomalies in the rec-
ords; for example, in Fig. 28 (c) Gage 4 shows
a trace which 1s not consistent with whatwould
be expected from the large number of other
records and probably this iz caused by a me-
chanical malfunction, such as stretching of
wires or some other phenomenon during the
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testing operation, Algo, Gage 1 which is
quite close to the initiation source does not
show an extremely high peak which one might
expect 1n the region of high speeds as oh-
served in a large number of previous tests.
However, for another specimen for which the
records are shown in Fig., 28 (d) a vertical
gage 3 1/2 1n. from the source of imtiation
shows a strain peak which 1s more in hne with
what one would expect in this region,

With regard to the response of the compo-
nenl gages of the rosettes, the traces were
quite similar to those observed in other tests
made as a part of this program. The horizontal
gage of Rosette 2 in Tests 67 and 69 (Fig.

28 (e) and 28 {g)) peaked in tension as had
bzen observed 1n earlier tests for rosettes
located close to the fracture. The behavior of
the other component strains was quite typical
of those recorded in earlier tests on Projects
SR-137 and SR-155.

Average fracture speeds were determined
from the peaking times of the longitudinally
oriented gages and 1 Test 53 from the detec~
tor breaking times. The strain gage peaking
times and detector breaking times are plotted
ag a function of the distance of the particular
strain gage or detector from the trigger gage
location in Fig. 30. The slopes of these
curves are an indication of the average frac-
ture speeds.
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FIG. 30, FRACTURE SPEEDS.

The fracture speeds as indicated by Fig.
30 appear to have decreased when the fracture
propagated into the region of low residual
strain. In general, speeds ranged [rom 5000
to 6000 fps near the 1mtiation source 1o about
1800 fps after the fracture had propagated a few
inches. This variation in fracture speed also
is reflected in the dynamic strain records in
which it can be observed that the length of
time required for peaking was longer for strain
gages located near the edges of the specimens
than for those located near the center.

Although the recorded data 1s average in
nature, one extremely important observation
arises from these estimations of fracture
speeds. It will be noted 1n Fig. 30 that the
fracture speed attains a high value, i1n the
range of 5000 fps within a distance of approxi-
mately 1 to 2 in. of the fracture source. It may
be recalled that 1n tests involving the notch-
wedge~impact method of 1rutiation, 1t had not
been possible to measure gpeedsg at distances
closer than about six inches to the initiation
gource. Thus, we now have evidence that
even in the case of a gratically imtiated frac-
ture the speed can become very high within a
short distance from the source of 1rutiation.

Another indication of the relevant magnitude
of the speeds involved in thege tests is given
by the width of the strain pulses. It has been
observed previougly in plain plate tests that in
the high-speed region the tensile pulses for
vertically oriented gages can be as short as
100 microsec. or less. On the other hand, in
the presiressed 6-ft-wide plate tests, where
the speeds were as low as 50 fps, some of the



girain pulses were observed to be as long as

2 to 5 millisec., In the present series of tests
the comparable ftraces in the compressive
strain region were observed to have base pulse
widths on the order of 100 microsec. or more
which would tend to indicate that these pulses
were associated with an intermediate speed
range.

TEMR
TESTED 2-/7-6f
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Fracture Appearance

In general the fracture texture became
rougher and the fracture path tended to wander
slightly as the fracture stregs increased.
Figure 31 (a) which is a photograph of the frac-
ture surface of Test 53 which failed at 10 ksi,
shows the smooth texture typical of all of the
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specimens which fractured at quite low aver-
age applied stresses. The chevron markings

of this fracture are barely visible and only a
slight shear lip can be cbserved near the
surfaces of thas plate. Low-stress fractures,
in addition to having a smooth texture, dis-
played a uriform texture across the entire
plate width. The fracture texture of Tegt 52
(Fig. 31 (b)) which failed at 18 ksi1, when com-
pared with that of the low-stress fractures just
noted, is slightly rougher with a wider shear
lip and more discernable chevron markings.
The typical high~stress fractures (yield point
and above) are characterized by a very rough
texture and clearly vigible shear lips and
chevron markings as can be seen in Fig, 31 (c).

The fracture paths in the various specimens
also apparently were influenced by the frac-
fure stress as shown in Fig. 32. The low-
stress fractures generally followed a fairly
straight path whereas those fractures occurring
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near the vield point of the material were likely
to wander slightly as may be seen in the fig-
ure.

Figure 33 shows the fracture surface of
Test 57 in which a partial length fracture oc-
curred at 5.0 ksi. Note the extremely smooth
texture of the initial fracture as compared to
that of the final stage which occurred at a net
stregg of 33.6 ksi. The zone of arrest noted
by the arrow and the thumbnail also is inter-
esting to observe because the tip of the ar-
rested crack was not symmetrical with regpect
to the thickness. Reinitiation of this fracture
appears to have originated at mid depth of the
plate even though the geometry of the crack
tip was not symmeftrical.

SUMMARY

In this particular study considerable in-
formation relating to the propagation and

(a)

FIG. 32a. FRACTURE PATH.

R el

A TEST Ao wes s oo
NOps 570 T
STRFSS = s As |

TEns-

TESED jz-A 6o |

= .
we .

32b. FRACTURE PATH.

Low Stress Fracture — Test 53

(b) High Stress Fracture - Test 51



TEMP = -40"F
8 -16-Gl

(a)

ST s e
T b hh Rl ¢
T

Fracture Appearance

FIGz, 33a FRACTURE APPEARANCE FOR TWQO STAGE PRACTURE -TEST 57.

lnhh

(b) Arrest Region

FIG. 33b FRACTURE APPEARANCE FOR TWQ STAGE FRACTURE ~ TEST 57.

initiation agpects of brittle fractures was ob~
tained. For convenience of presentation, this
summary is subdivided into two sections,
namely, propagation and initiation.

Propagation Studies

In the following discussion, it should be
kept in mind that all dynamic measurements
were obtained from specimens which fractured
at a low average applied stress (8 to 12 ksi).

The recorded iracture speeds in these tests
ranged from about 5000 fps in the central por-
tiong of the specimens, where residual tensile
stresses were high, to approximately 1800 fps
throughout the remaining portion of the plate.

This decrease in speed as the fracture propa-
gated into the region of residual compressive
strains was similar to the behavior of the
fractures digcussed in Part A of this report

and gserveg to verify the point of view that
changes 1n speed are dependent to some extent
on the stress level existing in the plate. An-
other interesting observation about the frac-
ture speeds ig that in these tests high fracture
speedg on the order of 5000 fps were recorded
at distances as close as 2 in. from the initi~
ation source, This ig the first time that an
indication of the fracture speeds this near a
gource of initiation, particularly in the case of
a statically initiated fracture, has been ob-
tained in the work of Projects SR-137 and
3R-155,



From the strain traces recorded from the
individual vertically oriented strain gages and
from the component gages of strain rosettes,
it was observed that the traces from the com-
ponent gages were similar to those recorded
in the earlier plain and prestressed plate tests
involving the notch-wedge-impact method of
initiation. In the case of vertical component
gages, the peak strain magnitude recorded was
on the order of 700 to 800 micrein./in. In
comparing these peak values with the results
from other tests for gages at about the same
location with respect to the fracture path, it
is concluded that the peak strain values are of
about the same order of magnitude for the ap-
plied strain field conditions encountered. For
the horizontal and diagonal component gages,
the resulting strain-time records were some-
what different than would have been expected
on the basis of previous tests. It should be
kept in mind, however, that any interpretation
or comparison of thig dynamic strain data must
include a consideration of the base strain
level at the time of fracture.

The effect of residual compression on the
strain field surrounding the tip of the propa-
gating fracture, could not be fully identified
in these tests because the dynamic strainsg
were recorded after the fracture had propagated
into the zone of residual compression and con-~
sequently no strain records, recorded in a
region of high residual tension, were available
for comparison.

The fracture texture observed from the
specimens appeared to be dependent upon the
stress or energy level present in the plate
prior to fracture. The texture became rougher
with more easgily identifiable chevron markings
as the stress at the time of fracture increased.
The fracture path also appeared to depend upon
the stress level; the path was quite straight
for the low stress fractures and had a tendency
to wander slightly for the high~stress frac-
tures.,

Initiation Studies

The fabrication procedures employed in this
investigation resulted in various conditions of
residual strain in the several specimens, as
well as different strain and temperature his-
tories for the material in the vicinity of the
notches.

The following statements apply in general
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to the 3/4-in.-thick specimens which com-
prised the majority of the tests. The results
from the two 5/8-in. specimens fall in line,
as discussed in the text, when the peculiar-
ities of the particular specimens are con-
sidered.

In Type A specimens the fabrication pro-
cedure employed (continuous longitudinal weld)
resulted in high residual tensile strains in the
viecinity of the welds as well as high tempera-
tures and high strain cycling at the notch., The
fractures always initiated at an average ap-
plied stress of between 8 and 12 ksi when
tested at -40 F. This consistency of fracture
stress at initiation is indeed remarkable con-
sidering all the variableg involved.

In the Type B specimens, which were

fabricated with an interrupted longitudinal weld

leaving a gap of about 3 in. in the vicinity of
the notch, low stress, high stress, and some
two~stage fractures occurred. In all of these
specimens the gap in the weld resulted in
temperatures not exceeding about 200 F in the
vicinity of the notch; it was observed that the
residual tensile strain field in the vicinity of
the notch was almost identical to that induced
in the Type A specimens. Low stress and two-
stage fractures were observed in the properly
notched specimens which had been subjected
to high strain cycling in the vicinity of the
notch., Of the two Type B specimens exhibit-
ing high-stress fractures, the strain cycling
during welding quite likely was less in one
because the weld gap was longer, and the
other contained a straight notch of different
geometry.

Type D specimensg, which consisted of a
Vee-notch in the center of the plate, had a
residual strain field induced by the welding of
transverse slotg 5 in. above and below the
notch. This welding of the slots induced ex-
tremely high residual tensile stresses at the
tips of the notch. The temperature rise at the
notch associated with the welding of these
slots was negligible. Also, it was observed
that the strain cycling at the tips of the notch
was much less than any of the strain cycling
observed in the other types of welded speci-
mens. The one gpecimen made by this method
failed at a high stress.

The Type C specimens consisted of two
plate halves containing the central Vee-notch
but without any welding; the ends of the plates
were welded to the pull plates prior to testing.



The Type E specimen wag a plain plate with a
Vee-notch in the center. In these plates, ob~
viously, there was no effect arising from weld-
ing to create residual stresses, temperature
effects, or strain cycling effects. In all cases
these plates failed at high stresses afterunder-
going considerable plastic deformation.

A study of the results of these limited
initiation studies leads one to conclude that
the residual tensile strain field alone is not
gufficient to initiate low average stress brittle
fractures. From the studies made as a part of
this investigation and other related studies it
appears that the notch geometry, and strain
cycling in the vicinity of the notch play a sig-
nificant role in the initiation process.
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