
.- -—..
s

~“., —

Ii..

1-,-
, ;.

II....

I—.
‘1

,—

[..

,.

[.”
; .—

1,.-.
I $,

1

I .

I
IL

I
—

I I
_-

I
. ..-

,—...

I,>

Ssc-130

STUDIES OF BRITTLE-FRACTURE PROPAGATION

IN SIX-FOOT-WIDE STEEL PLATES

WITH A RESIDUAL STRAIN FIELD

by

F. W. Barton

and

W. J. Hall

SHIP STRUCTURE COMMITTEE

‘.- ...O

-.——.—- ..—



\

SHIP STRUCTURE COMMITTEE

MEMBER AGENCIES: ADDRESS CORRESPONDENCE

BUREAU OF SHIPS, DEPT, OF NAVY SECRETARY

MILITARY SEA TRANSPORTATION SERVICE. DEPT. OF NAVY SHIP STRUCTURE COMMITTEE

UNITED STATES COAST GUARD, TREASURY DEPT. U. S. COAST GUARD HEADQUARTERS

MARITIME ADMINISTRATION, DEPT, OF COMMERCE WASHINGTON 25, D. C.

AM ERicAM 13uREAu OF SHjpPING

April 3, 1961

Dear Sir:

As part of its research program related to the improvement
of hull structures of ships, the Ship Structure Committee is sponsor-
ing an inve stigation of Brittle Fracture Mechanics at the University
of Illinois. Herewith is a copy of the Sixth Progress Report, SSC-
130, Studies of Brittle-Fracture Propagation in Six-Foot-Wide Steel.— —— —— —
Plates with a Residual Strain Field by F. W. Barton and W. J. Hall.—— — ——

This project is being conducted under the advisory guidance
of the Committee on SMp Structural Design of the National Academy
of Sciences-National Research CouncU.

This report is being distributed to individuals and groups
associated with or intere steal in the work of the Ship Structure Com-
mittee. Comments concerning this report are solicited.

Sincerely yours,

E. H. Thiele
Rear Admiral, U. S. Coast Guard
Chairman, Ship Structure Committee

—— —.—-.-——-—- .——.—. . .... ... ...- —.. -—— —-

To:
—

.-

.-

-.

-.

. -. I

.= I

—. -- - ———--



Serial No. SSG-130

—

.-.

Sixth Progress Report
of

Project SR-137

to the

SHIP STRUCTURE COMMITTEE

on

STUDIES OF BRITTLE-FRACTURE PROPAGATION
IN SIX-FOOT-WIDE STEEL PLATES

WITH A RESIDUAL STRAIN FIELD

by

F. W. Barton and W. J. Hall

University of Illinois
Urbana, Illinois

under

Department of the Navy
Bureau of Ships Contract NObs-65790

BuShips Index No. NS-731-034

transmitted through

Committee on Ship Structural Design
Division of Engineering and Industrial Research

National Academy of Sciences-National Research Council

under

Department of the Navy
Bureau of Ships. Contract NObs-72046

BuShips Index No. NS-731-036

Washington, D. C.
National Academy of Sciences-National Research Council

April 3, 1961



ABSTRACT

This investigation was undertaken to study the propagation of

brittie fracture in six-foot-wide steel plates containing a residual strain

field with primary emphasis placed on a determination of the fracture

speeds and strains associated, with a moving crack.

Five plates were prepared and tested in which there siduai strain

field was produced by welding tapered slots cut in the edges of the

specimen. The test re suits clearly showed that the high residual ten-

sile strain at the initiation edge aided the fracture initiation. For

specimens. with no external applied load, the fractures arrested before

completely crossing the specimens; for specimens with external ap-

plied loads, even though low in magnitude, the fractures propagated

completely acress the plates.

The recorded fracture speeds were much lower than any previ-

ously noted in tests of six-foot–wide plates, ranging from about 4000

fps near the initiation edge to as low as 50 fps in the compressive

strain region. The strain response as measured by gaqes located at

various points across the plate showed that the magnimd,e of peak

strain and the si.za of the strain field as sociated’with the moving crack

tip diminished as the. fracture propagated through the compressive strain

field at reduced speeds.
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Qk@Q@ SWQS
With the increasing use of welding in shop and field fabrication, the

effect of residual stresses in brittle fracture is, receiving increasing attention.

Little is known presently about either the effect of residual stresses on the irii-

tiation and propagation of a brittle fracture or the behavior of a propagating brittle

fracture in a material containing residual stresses. Thus far, investigations have

failed to conclusively determine what effect, if any, a residual stress field might

have j.n regard to brittle fracture.

The purpose of this limited investigation was to study the effects of are-

s id,ual strain field on the propagation of a brittle fracture in six-f oot–wide steel

plates . Primary emphasis was placed on a determination of the fracture speeds

and strains associated with a propagating crack. Previous studies in connection
1-4with this same program on wide plates. with no prestrain and two-foot–wide

plates containing a residual strain f ield5 were valuable in providing an indication

of the strain magnitudes and fracture speeds that could be expected and the type

of strain fields that would be produced in two–foot-wide plates as a re suit of

various methods of prestraining.

The initial phase of this investigation consisted of determining the most

satisfactory method of producing a residual strain field in a six–foot-wide plate.

The previous work on two-foot-wide plates had shown that the welding of tapered

slots cut in, each edge was the most satisfactory method for that particular size

of specimen. After consideration of several other methods, it was felt that the

same method would probably be the most satisfactory procedure for producing the

desired residual strain field in six-foot-wide plates. This procedure, described

in detail in the next section of this, report, resulted in a high longitudinal tensile

strain at both edges of the plate and a region of compressive strain in the central,

portion.

Six brittle-fracture tests were conducted as a part of this study. The first

test, in which only static i.nstrumentation was employed, was designed as a pre-

liminary study in order to determine the strain pattern and corresponding magnitudes
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that would result from the adopted pre straining procedure and to determine

whether or not a brittle fracture would initiate and propagate under such

conditions. The second test was conducted on a rmninstrumented, plain

plate specimen containing no prestrain in order to determine the effect of

the initiation technique on the initiation and propagation of a fracture.

The remaining four tests were instrumented with strain gages and crack

speed detectors, and in this way information was obtained about the be–

havior of the plate as a crack propagated through the residual strain field.

This report consists of a description of the instrumentation, test procedure,

and test results, as well as a discussion of the test results. A more de–

tailed description of certain portions of the investigation is given else-
6

where.
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The following terms are commonly used throughout the text:

Dynamic Strain Gage – SR-4 Type A7’, AM’, or AR7-2 ( l/4-in. gage length)

strain gage whcse signal is monitored with respect to time on an
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oscilloscope during the fracture test; it is also used for static rnonitor–

ing before and after the test.

Static Strain Gage - SR-4 Type Al ( l-in. gage length) or A7 ( l/4-in. gage length)

strain gage used only to monitor the static strain level.

Component Strain Gage – One of the three individual strain gages of the rect.zngu-

lar strain rosette.

(kick Detector - A single wir~ SR-4 Type A9 ( 6–in. gage length) strain gage io-

cated, on the plate surface perpendicular to the expected fracture path and

intended to be broken by the fracture. A rough measure of the fracture

speed and crack tip location may be obtained from a knowledge of the dis–

tance between detectors and the time interval corre spending to the break-

ing of adjacent detectors.

Initiation Edge - The edge of the specimen at which the brittle fracture is initiated.

Notch Line – An imaginary straight line connecting the fracture in iti,ation notches

on opposite edges of the plate specimen.

Base. Strain - For any gage, the strain corresponding to the applied test load plus

the initial residual strain, with due regard for sign.

Zero Strain Level - The reference condition of zero strain corresponding to the as-

rolled, slotted, but pre-welded state.

Over-strain - The maximum value {in the tensile direction) of strain recorded at

any gage poifit during fracture propagation.

DESCRIPTION ANll l?RIX’ARATION OF PLATE SPECIMENS

General——

The initial studies. were concerned with investigating various methods for

producing a residual strain field across the en-tire wi,dth of a six-foot-wide steel

plate and selecting the method most suitable for use in this series of tests. (3n

the basis of previous studies of two–foot–w-ide plates, it appeared that the most

desirable strain field would be one that consisted of high tension at the initiation

edge of the plate and a reasonably uniform compression throughout a portion of

the central region. This particular s-train pattern would make it possible to study
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the effect of a residual tensile strain cn the initiation of a brittle fracture while

at the same time allowing a study of the he”havior of a propagating fracture

through both a tensile and compressive strain field.

The several methods considered for producing a variable strain distribu-

tion included {a) flame heating portions of the plate specimen, (b) introducing a

high-temperature differential acress the width of the plate, (c) compressing a

portion of the plate by the use of prestre ssing rods, and (d) welding tapered slots

cut perpendicular to the edges of the plate. It was decided that the method of

welding tapered slots would be the most satisfactory procedure for obtaining the

desired strain field; all tesi: specimens containing a residual strain field were

prepared using this method. The material properties of the plate specimens, the

instrumentation procedure used to determine the. residual strain distribution, the

method of plate preparation, and the resulting residual strain distributions are

described in this section of the report.

Specimens and Material Properties

The plate material from which ali six specimens were prepared was a 3/4-

in. -thick semiskilled steel, USS Heat No. 64 M487. The mechanical, chemical,

and Charpy V-notch data for the steel used in these tests were obtained earlier
1

in connection with tests w+ith plates from the same heat, and the average values
—

are presented in Fig. 1.

AU specimens. were 72 in. wide, with the lengths varying from 36 in. to

60 in. ; the net width of each specimen along the notch line was approximately

2-1/4 in. less than the gross width because of the notches cut in each edge. The

notches were used far the notch-wedge- impact method of initiating fractures. This
4

technique is described, in detail in a published paper.

For identification purposes, the specimens are hereafter designated as

Tests 43 through 48 to maintain a consecutive numbering of tests conducted as a

part of the Brittle Fracture Mechanics program. of the six specimens tested, only

the last four were tes-ted in the 3, 000, 000-ib testing machine. A line diagram of

a typical specimen and pull plates and two views of a test setup in the 3, 000, 000-

Ib hydraulic testing machine are shown in Fig. 2.

—



-5-

.-

TENSILE TEST DATA.—
Per cent Per cent

Yield Maximum Elongation Reduction
L* T* L T L T L T

33.8 34.0 61.8 61.8 40.7 39.1 66.9 61. o

*L . Longitudinal
T = Transverse

CHECK ANALYSIS

c Mn P s s c Ni Al
i u

0.”19 0.74 0.019 0,028 0.055 0.02 Trace 0.03

—

-..

Temperature (F)

C harpy V-Notch Curves

FIG. 1. MATERIAL PROPERTIES

Plate Preparation

The general preparation of each test specimen, with the exception of

Test 44, was similar and consisted of sawing the tapered slots to the desired

dimensions, welding these slots to produce the residual strain fidd in the

plate, and f inally$ cutting the edge notches used in the crack initiation. The

specimen for Test 44 was a noninstrumented, plain plate specimen and required
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Riil
F&d

Pull
Plate

Spec hen

Pull
__’lLte

Pull
Head

?

Specimen Ready for Testing in Line Diagram of Specimen
3, 000, 000–lb Testing Machine

FIG . 2. TYPICAL TEST SETUP

no preparation other

The location

than the cutting of the initiation notches.

of the tapered slots was the same for all specimens, the

dimensions being the only variable. The width of the slot at the edge varied

and is given in the specimen description; the width of the slot at the tip was

1/8 in. in all cases. Four slots, two per edge, were cut in each plate as

shown in Fig. 3; the vertical distance between the two slots on each edge of

the plate was 12 in. , 6 in. on either side of the notch line. The depth of all

four slots for any one specimen was the same. A typical pair of tapered slots

may be seen in Fig. 3.

The welding procedure used was similar for all specimens and the typi-

cal sequence was as follows. Welding initially began at a point 4 in. from the

tip of one slot and proceeded to the tip of the slot. This 4-in. length was

welded using alternating passes on opposite faces of the plate. For the par-

ticular dimensions of the slot and specimen , a total of six passes was required

to completely close the slot. This same procedure was then followed on simi-
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prior to Welding

,,
i,.

FIG . 3. TAPERED SLOTS

larly 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 elec–

trodes were used throughout. All four slots were then welded again in the same

manner, this time beginning at a point 8 in. from the tip of the slot and pro-

ceeding to the previously

was welded following the

ing technique would keep

the weld metal and would

completed weld. The remainder of the slot length

same procedure. It was felt that this particular weld-

bending to a minimum by the symmetrical placing of

produce maximum contraction at the edges of the plate.

Specific comments pertinent to each specimen follow.

—
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Test 43. The dimensions of the specimen were 3/4 in. x 72 in. x 48 in.

Two tapered slots, each 18 in. long and 3{06 in. wide at the edge, were cut in

each edge of the plate. The welding procedure was carried out

a vertical position on the 1aboratory f] oor; the en,ds of the plat~

unrestrained.

Test 44. The dimensions of the specimen we:re 3,/4 in. x 72 in. x 36 in.

NO tapered slots were cut and no in strummnta,tion was used. ?%e only preparation

consisted of sawing the I -1/8 in. deep notc~n h each edge of the plate for fracture

initiation purposes.

Test 45. The dimensions of this specimen were 3/4 in. x 72 in. x 60 in. ;—.

the width of the tapered slots at the edge was increased from 3/16 in. to 1/4 in.

to allow for more contraction during welding. Before the tapered. slots were welded,

the specimen. was weided to the pull heads of the testing machine to provide a con-

dition of end fixity before the slots were welded; thj.s appeared to be helpful in in-

creasing the amount of residual compressive strain in, the central portion of the plate.

Strain readings taken before and after the specimen. was welded to the pull–plates in

the machine indicated a negligible change in strain along the notch line.

Test 46. A specimen of essentially the same geometry as those of Tests 43—.

and 45 wa,s prepared using tapered slots which were 20 in.

at the edge. The dimensions of the specimen were 3/4 in.

spechnen also was welded. to the pull-heads of the testing

ed slots. were welded.

deep and 5/16 in. wide

x 72 in. x 48 in. This

machine before the taper-

Tests 47 and 48 The dimensions of these specimens were 3/4 in. x 72 in.— —.. —“

x 60 i~. ; the tapered slots were 20 i,n. deep and 5/16 in. wide at the edges of the

plates. The welding procedure was carried out with tl-m specimens clamped to the

pull-heads of the testing machine. This was done to minimize warping and also

to facilitate the mounti]lg of the instrumentation; after final strain readings were

taken, the specimens were weided to the pull-heads.

INSTRUMENTATIQN AND TEST PF!OX”DURE

Method for Measurinq Residual Strains Resulting From. W“elding—.. — .—. —— .

The resicjual strains produced in the plate specimens were measured by
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rrieans of both Baldwin SR-4 strain gages and. a 6-in. Berry mechanical 9a9@ *

The use of the Berry gage in addition to the SR-4 gages made it possible to

obtain readings at intermediate points between the SR-4 gages and also served

as a check on the longitudinal uniformity of the strain distribution. SR-4

gages were placed back-to-back on all specimens except in Test 43. Their lo-

cations are shown in the instrumentation layout for each test (Figs. 4–8). Berry

gage holes, drilled on both faces of the specimen along the notch line, were

placed every 2 in. across the width of the plate in the first test, while in the

later instrumented tests, they were placed every 2 in. across a 14-in. width

from either edge and a 20-in. width in the center of the plate and every 1 in.

for the remaining plate width.

Initiai strain readings of SR-4 and Berry gages were taken after the taper-

ed slots had been sawed and with the specimen in an unrestrained condition.

The se strain readings established the zero strain level, and ail other strains

were referenced to this prewelded condition. After the specimen had been

welded, the final static strain readings were taken at room temperature.

After the residual strain pattern had been established, all subsequent

strain readings were obtained from the SR-4 strain gages.

Dynamic Instrumentation

In the brittle-fracture tests, thirty-four charmels of cathode-ray oscil–

ioscope recording instrumentation were available; the full 34 channels were

utilized only on the last two tests. Baldwin SR-4 Type A7 strain gages and

Type AR7 and AR7-2 strain rosettes ( 1/4 in. gage length) were used to measure

the dynamic strains.

Crack speeds were measured in the four final tests using a system of

twelve surface crack detectors which broke as the fracture traversed the plate;

the se crack detectors consisted of Baldwin, SR-4 Type A9 strain gages. The

failure of a crack detector opened an electrical circuit and fed a step change

in voltage to the recording channei. From a knowledge of the distance between

detectors and the elapsed time between successive interruptions of the circuit,

the average fracture speed could be computed.

—
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A complete description of the recording equipment, including a discus-

sion of the sensitivity of the various units, may be found in reports and papers
2-6

previously issued as part of this program.

Data Reduction

Reduction of the strain data recorded on 35-mm strip film was facilitated

with a decimal converter and the University of Illinois high speed digital com-

puter, the ILLIAC. A brief summary of the data reduction procedure is presented

below.

The 35 mm-film strips were enlarged and timing marks scaled on the
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enlargements. It should be noted th~t in addition to the common timing

each individual trace had timing interruptions to insure synchronization

marks,

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 in tabular form.

For Tests 47 and 48, in which strain rosettes .were used, the strain-time data

also were punched on IBM cards; these data were subsequently

the IBM cards to punched paper tape and processed through the

pute values of the principal strains. For many of the rosettes,

transferred from

ILLIAC to COm–

the response of

:) the component gages was so slight that computation of principal strains from
1

:1 the component gage readings was considered impractical and therefore was not

carried out. .The ILLI.AC results consisted of tabulated principal strain data,

as well as scaled oscilloscope displays of component gage and principal strain

traces which were photographed for later enlargement and processing.

General Test Procedure

In most respects, the apparatus and test procedure used for these tests

were airnilar to that used in earlier tests made as a part of this program. The

general test procedure consisted of cooling the specimen to the desired tempera-

ture, applying the test load if an external

tiating the fracture by means of an impact

the edge of the piate; a nominal impact of

Iiaticm.

BRITTLE-FRACTURE

General

stress was to be ernpl~yed, and ini–

that drives a wedge j..i?to a notch in

1200 ft-lb wa.s used for fracture ini-

TESTS AND RESULTS

Brittle-fracture tests were conducted on all six specimens described in

an earlier section. With the exception of the specimen for Test 44, every plate

contained a residual strain field produced by welding tapered slots cut in the

edges of the specimen.

Although the magnitude of the residual s-trains varied slightly for the dif-

ferent tests, the over–all patterns were similar for all test specimens. The high-

est residuai strains were produced at the edges of the piates and in every case

.-
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reached yield point magnitude for a distance of several inches in from each

edge of the plate (Figs. 9-13). As a result of these high tensile strains at the

edges of the specimen, it was possible to initiate fractures with no externally

applied load; a nominal load of 150, 000 lb (corresponding to a net applied

stress of 3000 psi) was applied in Tests 45 and 46 primarily to reduce bending,

Fractures were successfully initiated in all specimens with a residual
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strain field. In Tests 45 and 46, in which a small external load was applied,

the fracture propagated across the entire width of the plate. In the remaining

specimens, the fracture arre steal in the compressive strain region. A summary

of the tests is presented in Table 1.

Test Results

Test 43. As the first specimen prepared in this series of tests, Test 43—.
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was designed to determine the general pattern of residual strains that could be

expected in a six-foot-wide plate with welded tapered slots. In addition, a

brittle-fracture test of this specimen would indicate the probable behavior of a

fracture propagating through the residual strain field. The residual strain pat-

tern in this specimen consisted of high tension at the edges, moderately high

compression in the vicinity of the tip of the slots, and low tension in the cen-

tral portion. Initial strain readings were taken with the plate in position for

welding to establish the zero strain level. Final strain readings were taken

after the plate had cooled to room temperature. The strain distribution as de-

termined from the SR-4 gages and the Berry gage is shown in Fig. 9. AU strains

were plotted assuming that the zero strain level corresponded to the as-rolled,

pre-welded condition. After the residual strains re suiting from the welding had

been recorded, the standard 1- 1/8 in. deep notch used in the notch-wedge-

impact method of initiation was sawed in both edges of the plate midway be-

tween the welded slots. Subsequent strain readings indicated negligible re-

laxation in strain throughout the width of the plate as a result of sawing the

initiation notches. The same observation was true for all subsequent speci-

mens as well.



TABLE 1. SUMMARY OF 13RITTLE-FFWCTURE TESTS AND RESULTS

Te w Avg. External Test Support Avg. Speeds
No. Applied Stress Temperature

(psi) (F)
Conditions High

Low
(fps)

Results

43 0 -12 Plate simply supported cn
Laboratory floor

44 0

45 -3000

-12

-20

Plain plate spec. ; plate
simply supported on lab.
floor

Welded to pullheads of
testing machine

46 -3000 0 Welded to pullheads of
testing machine

47 0 -8 Welded to pullheads of
testing machine

48 0 0 Welded to pullheads of
testing machine

not.
measured

not
measured

5500
100

4500

50

3800
250

4150

50

B, F. prop. approx.
56 in, across plate
before arresting

First shot: no effect;
second shot: B. F.
prop= approx. 19 in.
across plate

I
B. F. prop. completely +

o
across specimen I

B. F. prop. completely
across specimen

B,F. prop. approx. 25
in. before arresting

B.F. prop. approx. 36
in. before arresting
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Theoretical.ly, the tensile and compressive areas of Fig. 9 should bal-

ance from the standpoint of equilibrium. It will be observed that in this case

the residual strain distribution shows a tensile unbalance that cannot be

readi.iy explained on the basis of the measurements made. For all subsequent

specimens, the residual strain distributions will be noted to be approximately

in balance. It should be noted, however, that in. every specimen bending was

present to some extent as a result of the welding, and hence exact agreement

would not be expected between SR-4 readings and the Berry gage readings be-

cause of the difference in gage length.

This particular specimen, was tested .with no external applied load at

a temperature of -12 F using the notch-wed. ge-irnpact method of fracture initia–

tlon .

AS shown in Fig. 14, Ih.e test specimen was in a vertical position in a

special jig on, the floor of the laboratory. By this arrangement, only the bot-

tom of the plate was simply supported, the top and. edges being free from re-

straint. The cooling tanks and impact gun with associated equipment were

suspended from an overheacl#rarne in the normal manner. After the test tempera-

ture of -12 F had been reached, the fracture was initiated and propagated ap-

proximately 56 in. acress the plate.

No dynamic instrumentation was used on this pilot test. Photographs of

the crack path and the arrest region are shown in Fig. 15, and photographs of

the fracture surface are shown in Fig. 16. As may be noted from the strain dis-

tribution curve of Fig. 9, the fracture propagated through successive regions of

residual tension, compression, and tension, respectively, before finally being

arrested in the last compressive region. The path of the fracture was relatively

flat except for the final 6 in., where it curved sharply upward before stopping.

This is shown in the enlarged picture in Fig. 15. The curvature of the fracture

path is most likely a result of the strain field present in the plate,

Immediately after testing, it was noticed that the wedge used for initia-

tion had come to rest approximately 2 in. into the open fracture as is shown in

Fig. 17. Whether this had any effect on the propagation of the fracture could

not be determined. It is, possible that the wedge merely rebounded into the
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FIG. 14. SPECIMEN IN A SPECIAL JIG
ON THE FLOOR OF THE LABORATORY
READY FOR TESTING - TEST 43

FIG. 15. FRACTURE PATH -
TEST 43

. .. ... . ...) ,), --”’~ ,

FIG. 16. FRACTURE SURFACE -
TEST 43

FIG. 17. POSITION OF WEDGE IN
OPEN FRACTURE - TEST 43
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already open fracture and thus had no effect on propagation. However, it is

also conceivable that the forcing action of the wedge contributed to the length

of the propagated fracture.

Test 44. This test was designed specifically to determine whether a—.

fracture could be initiated in a six-foot-wide steel plate that contained no re-

sidual strain field and that was under no externally applied load; the initiation

wouid be dependent primarily on the initiation technique used. The specimen

was similar in geometry and preparation to that of Test 43 except that no slots

were cut, and hence no residual strains resulting from welding were present

in the plate. The specimen was tested in the same jig used in Test 43 and at

approximately the same temperature. After the first impact, investigation of

the notch region revealed no evidence of any cracks. After this first attempt

to initiate the fracture, it was decided to subject the wedge to a second blow

identicai in magnitude to the first, with the specimen at the same temperature.

This time a fracture was initiated and propagated .approximateiy 19 in. into the

plate. A photograph of the crack path is presented in Fig. 18. It is feit that

the successful fracture initiation after the second attempt resulted from the

fact that the materia~ at the root of the notch had already been considerably

strained by the first impact Ioading.

Test 45. The welding of the slots for this plate re suited in an average—.

compressive strain of –O. 00030 in. /in. across the central 30 in. of the piate

and high tension reaching yieid point magnitude in the vicinity of the edges.

The welding of the specimen in the testing machine, along with the

welding of the tapered slots, re suited in a slight bending of the plate, which

caused strain readings at a given location cm opposite sides of the plate to

differ. The residual strain distribution along the notch line is s hewn in Fig. 10.

The specimen was tested at an average net applied stress of 3000 psi,

a temperature of –20 F, and with the standard method of initiation. The ap-

plied load was arbitrarily selected to be 1503000 lb, which was felt to be suf-

f icient to. reduce bending in the plate while being low enough to have a negligi-

ble effect on the average strain distribution. Figure 19 shows the residual
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strain pattern on both faces of the specimen before and after application of the

lodd, thus illustrating the reduction in bending effected by the load. From

Fig. 19 it may be seen that the average strain level was not markedly changed.

Under these conditions, a brittle fracture initiated

entire width of the plate. Changes in direction of

in the vicinity of the compressive regions and may

The instrumentation layout and a sketch of

in Fig. 5. The strain gages were located so as tQ

and propagated across the

the fracture were apparent

be seen clearly in Fig. 20.

the crack path are presented

obtain strain response, in

both the tensile and compressive region with gages being concentrated in the

transition region. This was done to determine the dynamic strain response in

a gage as the fracture passed from a region of high tension to a region of high

compression.

The strain-time traces of the dynamic gages recorded during the frac -

ture process are presented in Figs. 21-24. In order to facilitate interpretation

of the strain-time records, a sketch of the location of the gages corresponding

to the plotted traces is included with the figures. All strain-time traces in this

test and subsequent tests were plotted with the strain at zero time equal to the

algebraic sum of the residual strain and the strain corresponding to the applied

test load. Zero time is the estimated time at which the wedg~ strikes the plate.

The strain-time records for those gages in the tensile and low compressive
1

regions are similar in appearance to those obtained from non-prestrained plates.

For

the

the

example, the strain trace of gage 4.( shown in Fig. 22) relaxed slightly as

fracture initiated, peaked sharply in tension as the fracture propagated past

gage, and then relaxed immediately to a fairly constant strain level as the

fracture propagated acress the remainder of the plate.

The traces of gages 6 to 10 (Figs. 21-24), located in the central region

of relatively low residual compre ssionj behaved in a similar manner, showing a

slight relaxation before peaking into tension. The width of the strain peak had

increased noticeably in these gages, averaging approximately 1.5 millisec as

compared to the O. l-millisec width of the peak of gage 4. As may be noted in

“Pigs, 21-24, the width of the strain peaks became progressively wider for the.



-22-

Time (millism)

FIG. 21. STMIN-TIME RECORDS FOR
GAGES 3, 7, AND 11 - TEST 45
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gages toward the far edge of the plate. For example, the width of the strain

peak of gage 14 was approximately 5.0 miilisec.

From the strain–time traces it may be noted that the value of over–

strain generally decreased across the plate width, although it always had a

positive value. Thus the maximum value of the tensile strain associated

with the strain field of the propagating fracture was in each case greater

than the residual compressive strain of the region through which the frac-

ture passed.

The fracture speed as determined by the crack speed detectors and

strain gage peaks was lower than that recorded on any previous six-foot–

wide plate tests. Figure 25 includes a table showing the time interval be-

tween breaking of the detectors and the corresponding average speeds be–

tween each set of detectors. As can be noted from this table, the highest

average speed recorded was approximately 5500 fps, while the lowest was

100 fps. A better indication of speeds can be abtabed by plotting the de-

tector location on the plate, which is measured alqrig the notch line, versus

the detector breaking time, as noted in Fig. 25. Since the fracture mecha-.

nism is a more or less continuous process, the slope of a curve through

these plotted points gives an average value of the fracture speed at any po-

sition along the crack path. Since there was very little difference between

the total length of crack path and the width of the plate along the notch

line, the latter was used for convenience. The estimated time at which

the fracture passed each strain gage also was plotted on the curve of Fig.

25. It can be seen that the fracture speed for the first 20 in. of plate width

remained relatively constant at a value of about 4200 fps. The speed then

reduced sharply to approximately 200-2.50 fps, and this speed was maintain–

ed through most of the compressive region. At a point about two-thirds of

the distance from the initiation edge, which corresponds to the second re-

sidual compressive strain peak, the fracture appeared to approach zero ve–

locity and then accelerated to about 2000 fps for a few inches. The speed

subsequently returned to about 300 fps acress the remainder of the plate

width.
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The fracture surface

rna,rk&dly different from that
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may be seen in Fig. 26. The appearance was not
1

observed. in plain plate tests. In general, the

fracture texture was fairly smooth, although the texture was coarser in the vi-

cinity of the initiation edge.

Test 46. This test was essentially a duplication of Test 45, emept

that the length of the tapered slots was increased from 18 in. to 20 in. in an

attempt to obtain a still larger magriitude of residual compressive strain. The

results were very similar to those of Test 45, Welding of the slots produced

a residual compressive strain region extending acress the central 36 in. of the

plate with an average compressive strain of approximately -0.0005 in. /in.

across the central 24 in. of the specimen. The residual tensile strain varied

from zero at appr~ximately the quarter points to yield point magnitude at the

edges of the plate. A plot of the residual strain distribution across the notch

line is shown in Fig. 11; the warping of the plate that occurred .as a re suit of

welding is apparent.

The specimen. was tested with a load of 150, 000 lb, corresponding to

a net applied stress of approximately 3000 psi, at a temperature of 00 F, and

with the same initiation technique. The application of the test load reduced

the average compress ive strain in the central portion of the plate to approxi-

rna.tely -0.00040 in. /in. as may be seen in Fig. 27. Again the brittle fracture

propagated across the width of the plate. The fracture path, shown in Fig. 28,

was similar to that of Test 45, although the fracture remained slightly closer

to the notch line. A sketch of the fracture path and the instrumentation layout

are shown in Fig. 6.

The strain-time records for this test are presented in Figs. 29-32.

Gages 3, 4, and 5, located in the first tensile region, exhibited the usual r~-

sponse of vertical gages, i. e, , a sharp tensiie strain peak as. the fracture

propagated by the gage followed by an immediate return to the zero level of

the gage. The response of gage 7 was similar to that of gages 3, 4, and 5,

but the peak magnitude was considerably less. A,relaxation in strain is ap-

parent to some degree in most of the gages before peaking, particularly the

gages in the “sensitive region” on the far side of the specimen. The fact
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that the farthest gages showed the biggest relaxation indicates that there was

a marked bending relamtion in the plane of the plate ass~ciated with the slow

speed fractutes. From Figs. 30 and 31, an abrupt change in strain can be seen

after an elapsed time of about 17 rnillisec for gages 12 and 13. Although sud-

den changes are also present in the traces of one or two ~ther gages, the strain

behavior that occurs at 17 rnillisec corresponds to a sudden increase in speed

as noted below.

A general pattern of decreasing overtrain was again evident across

the plate width; the absolute values of the peak strain magnitudes were all posi-

tive, slightly higher than those recorded in the previous test. The maximum

value of overstrain recorded was approximately O. 00181 in. /in. near the initia-

tion edge, while the lowest value was about. O. 0045 in,. /in. near th~ far edge.

The range of fracture speeds, as determined from crack detector records

and strain gage peaks, was very similar to that observed in Test 45. The de-

tector breaking times and the corresponding computed average speeds are listed

~..in Fig. 33. The highest average speed between detectors was found to be ap-

proximately 4500 fps occurring between detectors C and D, while the lowest

average speed was found to be approximately 50 fps between detectors K and L

at the far edge of the plate. A piot of detector breaking time and time of e sti-

mated strain gage peaking versus detector and gage location on the notch line

of the plate surface is also presented in Fig. 33. The fracture speed was rela-

tively constant at approximately 3700 fps for the first 20 to 22 in. of crack

travel, decreased abruptly for a few inches, and then showed a slight increase,

after which the speed again returned to a low value until the fracture had propa–

gated to cross approximately two-thirds of the plate width. At this point, as

was also noted in the last test, a sudden increase in speed occurred, lasting

less than a. millisec, over abwt 6 or 7 in. of crack travel, The speed then re-

duced sharply and continued to decrease slightly for the remainder of the frac-

ture. ‘

—

--

—

.

A photograph of the fracture surface is shown in Fig. 34. As may be

noted, the texture Qf smoothest appearance occurred in the last two-thirds of
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FIG . 34. FRACTURE SURFACE - TEST 46

the fracture, while the region near the initiation edge was rather coarse.

Test 47 was the first of two tests in which all 34 channels ofTest 47.

dynamic recording equipment were utilized. With the information obtained from

the additional instrumentation, principal strains could be calculated at several

points across the plate. on the basis of the previous four tests, it seemed

probable that a small externally applied load, in conjunction with a residual

strain field, would be sufficient to ensure complete fracture of the plate using

the standard initiation technique. However, the presence of residual strains

alone would probably restrict the fracture length to some portion of the plate

width. From the results of Test 43, it seemed reasonable to assume that this

partial fracture would propagate acress approximately two-thirds of the plate

width before arresting. For this reason, the specimen used in this test, and

also the specimen used in Test 48, were tested under conditions of zero applied

load (except for the dead load of the pull-plates and pullhead) to obtain data orI

propagating fractures that would be expected to arrest.

A plot of the vertical residual strains along the notch line resulting from

the welding procedure is shown in Fig. 12; it may be noted that warping was
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FIG . 35. LONGITUDINAL RESIDUAL STRAIN DISTIUBUTION IN VERTICAL
DIRECTION - TEST 47

evident after welding. Although the average of the strain readings obtained by

the Berry gage indicates a fairly uniform compressive strain region in the cen-

tral portion of the plate, there is quite a discrepancy between these values

and the corresponding values obtained from the SR-4 strain gages. It was felt

that this could have been the result of the different gage lengths involved. As

may be seen from Fig. 35, the vertical strain in the longitudinal direction exh-

ibits quite a steep gradient at relatively small distances from the notch line,

which quite likely accounts for the difference in strain values for different gage

lengths. Unfortunately, on this specimen the welding of the slots was inter-

rupted; this may help to account for the lack of agreement noted between the

Berry and SR-4 strain readings.

The average compressive strain across the central portion of the plate

was approximately –O. 0005 in. /in. The specimen was tested in the 3, 000, 000-

lb testing machine with zero applied load, at a temperature of -8 F, and with

the standard initiation technique. A brittle fracture propagated approximately

25 in. across the plate before arresting in the compressive strain region. At

the point of arrest, the initial residual compressive strain was approximately

—
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-0.00065 in. [in. A photograph of the fracture path is shown in Fig. 36.

The instrumentation layout and a sketch of the crack path are presented

in Fig. 7. In Figs. 37–47 are presented the strain-time records for these gages

as well as the computed values of the principal strains, direction of maximum

principal strain, and the maximum shear strain. The final plotted values repre-

sent the final strain level at any gage point. Since the fracture propagated

past only four rosettes before arresting, the information available from the

strain-time records is somewhat limited.

As may be noted from Figs. 37 and 38, the response of the component

gages of rosettes 1 and 2 was similar, first relaxing slightly to a lower strain

value, peaking sharply into tension, and then returning to their final strain

value. The component gages of rosettes 3 and 4 showed a similar behavior ex-

cept that after peaking into tens ion the y did not immediately return to a lower

strain value but continued to increase slowly in magnitude. It should be noted,

however, that these two rosettes were situated very close to the point of arrest

of the crack, and therefore they would not be expected to show a response iden-

tical to that of the gages of rosettes 1 and 2, since the crack and its associated

strain field did not propagate past these gages. The response of the remaining
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component gages showed only the relaxation of the re.sid-~ai strains as a result

of the fracture.

As may he seen from Figs. 3’?, 39, 41 aud, 43, T.hs values of overs~rain,

as determined from the cornpcment gaqes of the rosettes along the notch line and.

from, the computed Tmlue of the maximum principal strain for these rosettes$ ‘were

positive for rosettes 1 and 3 and negative for rosettes 5 and 7. This same Pak-

tern is evident along a line 3 in. above the nQtch line and parallel to it, with

rosettes 2 and. 4 showing a positive overtrain and rosettes 6 and 8 a negative

value.

forany

The ~i~ectiop Of the ma,ximum principal strain CM n,d change appreciably

of the rosettes tihrcmqhoul the test.

..—

interior fracture e.xtencled. only a frac -

duplication of Test 47 except for the

—

— —
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FIG. 49. FRACTURE SURFACE - TEST 47
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SR-4 strain gage readings and those obtained from the Berry gage agree closelv,

Thus, as is evidenced by Fig. 50, the vertical strain gradient in the Icmgitudinal

direction is not as steep as that noted for Test 47, rig. 35.

The specime”n was tested with zero applied load, at a temperature of O“F,

and used the standard initiation procedure. A brittle fracture propagated approxi-

maiiely 36 in. across the plate width, as is shown in the photograph of the frac-

ture path in Fig. 36.

The instrumentation layout and a sketch of the crack path are presented

in Fig. 8. The information obtained from the dynamic records was agaio limited

since the major portiorl of instrumentation was Iocate.d beyond the poin,t of awe st

Qf the fm cture. Only the strain records from gages 3]. and 32 and rosett~s 1. ar.d

2 were reduced; the remaining gages showed negligible strain response. T“fie

stra.in-tirne records for t“his test are presented in Figs. 51 through 53; included in,

Figs. 51 and 52 are the computed principal strains, direction of maximum prin.ci–

pal strain, and maximum shear strain as determined from rosettes 1 and. 2.

As may be noted fr~m these strain-time records, the traces of gages 31

and 32 showed very little response to the propagating fracture, as did. tt~e c:Qm-

ponent gages of rosette l; the component gage traces of rosette 2, howeve~,

showed a sharp peak increase in strain as the fracture propagated by tb.ese gayes

(Fig. 52). This is probably a result of the fact that the fracture passed ~,~iithi.:.

1/2, in. ~f rosette 2, while it was between 2 and 3 in. away from the other qages.

The value of overtrain for gages 31 and 32 was positive, <olh.i~ethe overstra. in

fro.-tune component gages of rosettes 1 and 2 was negative. The direction of the

principal strains as determined from. the two rosettes remained relatively constant

thr~ughoui the ies~ .

Fracture speed information as determined from the crack detector data is

presented in Fig. 54. As in the previous test} the speed for the first ?,5 ir, of

crack travel was fairly constan”[ at about 36OO fps, after which it red~~ced sharp] y

10 a much lower value. A slight increase in speed foilowed by an, immediate de-

.:rease was evident just prior tc arrest.

This specimen was puiled apart after completion of tb,e test

examination of the fracture surface and arrest region. Photographs

to allow an

of the fracture
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surface and the arrest region are shown in Fig. 55. As may be noted from the

lower photograph, the tip of the interior fracture apparently preceded the sur-

face fracture by only 3\8 in. at the time of arrest. It is also interesting to

note the appreciable deformation resulting from the shear-type fracture when

the plate was puiled apart.

rnation associated with the

The purpose of this

This contrasts sharply with the negligible defor–

brittle fracture.

131SCUSS10N OF TEST RESULTS

limited series of tests was to investigate the be-

havior of a brittle fracture propagating through a six-foot-wide steel. plate

that contained a residual strain field. A previous investigation conducted as

a part of this same program was concerned with a similar study of six-foot-

wide steel piates in which no prestrain was present but in which an external

load was applied. 1 The results from the present series of tests are markedly

different from those obtained, in earlier brittle-fracture tests of six-foot-wide

plates in several respects.

The primary difference between the specimens used in this investiga-

tion and those of earlier studies of six-foot–wide plates was the presence of

a residual strain field in those now under consideration. The pre straining

procedure of welding tapered slots produced high residual tensile strains in

the vicinity of the plate edges and, in general, a compressive strain field

throughout the central portion of the plate. As may be noted from the test re-

sults in this report, no difficulty was experienced in initiating fractures in

plates that were prestrained in the manner described. Apparently, the presence

of a high residual tensile strain in the initiation region has the same effect on

initiation, and to some extent, on, propagation, as an externally applied load

of comparable magnitude. Certainly, the impact effect of the wedge striking

the plate was also a necessary factor for successful initiation under the test

conditions employed in this investigation. Nonethelesss, the fact that brittle

fractures resuited in every test in which a prestrained specimen was used,

even those in which no external load was applied, seems to indicate that re–
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Q I
k 8 32 16 m 24

Time (millisec )

FIG. 56. FWCTURX SPEEDS ACROSS PLATE WIDTHS -
TESTS 37 AND 46

sidual tensile strains can be an important factor in the mechanics of initiation

and propagation. The compressive strain field in the central portion of the test

specimens had just the opp~site effect on the fracture characteristics; in addi–

lion to causing greatly reduced speeds throughout the central portion of the plate,

the compressive strain field acted as an arrestor, causing complete arrest of the

fracture in Tests 47 and 48 and, as discussed later in this section, almost caus -

ing arrest in Tests 45 and 46.

The fracture speeds as determined from the test records are considerably

lower than any previously recorded on tests of six-foot-wide plate specimens

conducted as a part of this same program. In Fig. 56 is presented a plot of de-
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tector lcmation versus detector lweakl,ng time for a typical prestrained plate test

and, for comparison purposes, for a typical non-pre stra ined plain plats test.

In this graph, the slope of the cw-ve is a rough measure of the fracture speed at

any particular time. As my k seen. from the flgurej the fracture speeds for

the two tests are almost identiial im approximately the first 20 in. of crack

travel. This distance varied slightly in the different, tests, always falling with–

in a r~nge of from 1.5 to 25 in. from the initiation edge. It can be seen that this

high sp~ed continued throughout the fracture travel a,cross the plain plate speci-

men; decreasing only slightly across the plate width, whereas the fracture

speed, ~.nthe prestrai,ned specimen decreased sharply arid continued for the re–

rnainder of fracture t~-avel at a greatly reduced vaj ue. 1P genera~, a brittle frac-

ture propagated across the entire width of a plain plate in approximately 3

miilisec, while a complete ~raci:ure of a prestrained specimen required as much

as 30 rnillisec.

The very high initial speeds and the sudden. decrease to a much lower

value are probably the result of UAWfactors, namely, the residual strains present

in the plate and the initiaticm procedure ~~l~~o~~ed.. 1.17.general, the res ~.d~ml

sirs,ins for tha first qmrter of the pl,ate wl,dth wer,a ter~sile and for the central

half of the plate were compr~ssi,ve,, Higher speeds would therefma k Expected

in the tensile regiori$ while lower speecls wm~.d. be exjpectec! h~ th(: comp~-essiw

regioil. The efiect of tha initiation proc e du.re on ~nitiation was il].ustrai.ed @

‘Test 44+ Re sud.ts ~f this test indicated that after the area at the r~ot of the

notch had bee:n highly strained, the in it.iation procedure was sufficient, in itself

to initiate and propagate a IMttk fracture approximately 19 in,. Froml this it may

be assumed that the ir]itiatim procedure cmtrlhuted significantly tc the fractur-

ing process but mly during the i.nitial stages.

From the results of fracture te,sts of prestrair~ed. specimens> it can be

seen that the fracture speeds tri the cornpre ssive strain region were in gmeral

between 50 and 500 fps and showed a co~~,tinual decrease as long as the fracture

remained in the cornpressive region. It is likeiy that the efi.ent and magnitude

of the initial re sid,ua~ compressive strain field were sufficien.~ far arrest in every
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Region of High Speed

Region of Low Speed

FIG. 57. TYPICAL CRACK TEXTURES

sidered to be a criterion for continued propagation or arrest. The overtrain

values obtained from tests in which the fracture did riot arrest were always

positive, approaching zero as the speed decreased. The results from the two

tests in which arrest occurred showed negative values of overstrain at gage lo-

cations in the vicinity of the arrest point.

The texture of the fracture surface was noticeably different in regions

of fast and slow speeds as noted in the previous section. In every test, the

surface texture had a much coarser appearance in the vicinity of the initiation

edge where the highest speeds were recorded. Throughout the compressive

strain portion, the texture was considerably smoother, as may be seen from the

photographs in Fig. 57. Based on the results of this series of tests, the

smoother crack textures are apparently always associated with the slower speeds,

and the rougher textures are associated with the regions of higher speed.

SUMMARY

The purpose of these tests was to study the propagation of a brittle frac-

ture in six-foot-wide steel plates containing a residual strain field; primary
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ernphasis was placed on a determination of the fracture speeds and strains as-

sociated with a moving crack.

Six specimens were prepared for brittle fracture tests. One was a plain

steel plate specimen; the remaining five contained a residual strain field PrO-

duced by welding tapered slots cut in the edge of the specimen. This pre strain-

ing procedure resulted in high residual tension at the ed,ges of the plate arid re–

sidual compression throughout the central portion.

Brittle–fracture tests. were conducted on all six plates; two plates were

tested with unrestrained ends, two plates with a small applied load, and two

with no applied load but with the ends of the plates rigidly attached to the

heads of the testing machine. The specimens were cooled prior to testing and

the fractures initiated with the notch–wedge–impact method of fracture initia-

tion. Instrumentation provided a record of strain response and crack speed,

The results of the six brittle-fracture tests may be summarized as

fOllows :

1) Initiation of a brittle fracture occurred in every specimen that con–

tained. a residual strain field, even when no external load was applied. Ap–

parently, a high residual tensile strain at the initiation edge has the same ef-

fect on initiation and, to some extent, on propaga-~ion as the strain correspond-

ing to an external applied load.

2) In the plain plate specimen the first attempt at initiation resulted in

no fracture; however, when the plate was subjected to a second blow, identi–

cal in magnitude to the first, a brittle fracture propagated approximately 19 in.

in-to the plate. The successful initiation on the second attempt probably re-

sulted from the fact that the region at the root of the notch had already been

highly strained. by the first impact.

3) The recorded fracture speeds were much lower than any previously

noted orI tests of six-foot-wide plates, ranging from about 4000 fps near the

initiation edge to as low as 50 fps in the compressive strain region.

4) The strain, response as measured by gages located at various points

across the plate showed that the peak strain magnitudes decreased as the frac–
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ture propagated through the cornpre ssive strain region.

-that as the fracture speed decreases the extent of the

with the moving crack tip also diminishes.

Studies of the data show

strain field associated

5) The values of overtrain remained positive as long as the fracture

continued to propagate; for fractures th,at arrested, the values of overtrain be-

yond the point of arrest were always negative.

6) On the basis of this series of tests, it appears that a rough surface

texture is associated with hi,gh fracture speeds, while a srnooth.er texture results

in, regions of low fracture speed.

1.

2.

30

4.

5.

6.
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