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This is a final report

tended series of tests made

ti=~uc

presenting the results of an ex-

mainly-to determine the effects

of temperature upon strength, energy absorption and transition

temperature of ship plate steels in tension specimens of %ide

plate” type with standardized Internal notches.

Ths report is presented In three parts, the first part

dealing with 12” wide by 3/4” thick specimens. Most of the

steels used were the so-called pedigreed steels.

The second part of the report deals with geometrically . .

similar internally notched steel plates of variable width and

thickness. The objective of these tests was to separately

determine the metallurgical ani geometrical effects of plate

thickness. All plates were tested in ‘as rolledttthickness.

The third part of the report concerns detailed studies

to determine the energy distribution in 12’1wide internally

notched plates. Unit strain energy was computed using surface

strains obtained by grid measurements.

The program reported in this paper was sponsored by the

Ship Structure Committee ard was conducted through a Bureau

of Ships Contract and

Steel of the National

coordinated by the Cammittee on Ship

Rfsearch Council.

.
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EuiALlumrl

GENERAL INTRODUCTION

This is a summary report basedan earlier Progress Reports (l),

(2), (3)! (4)* (ShiP stru~t~re Co~lttee reports SSC-21, 5-35,

SSC-4k, SX-’+8) bearing on the general subject of the effect of

temperature on the plastic behavior of ship plate steel.

This final report is presented in three parts to clarify and

summarize the objectives and the findings of the separate phases of

the project wl~ichfollowed different approaches. The observations

of the separate phases are presented in three parts as follows:” ,..

Part I Tensile tests of 12 inch wide internally notched
flat plate specimens, 3/k inch thick.

Part II Aspect Ratio Program. Tensile tests of internally
notched plates of varyin~ width and thickness.

Part 111 Studies of Energy Distribution in 12 Inch wide
plates.

Part I and Report No. SS2-21(1) were concerned with the “Pedl-

greed Steels” previously studied by the University of California

arxithe University of Illinois(6). The “Pedigreed Steels’lhas also

been used in many other investigations, and for correlation ’purposes

it was desirable to extend the original data by additioml tests

under identical conditions.

The research presented in this paper was sponsored by the Ship
Structure Committee and was conducted throu&h Bureau of Ships Con-
tract li~bs45521 and coordinated by the Cor@ittee on Ship Steel of
the National Research Council.

*Superscripts refer to references llst~ in Bibliography.
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Tests on 12”

of samples termed

certain chemical>

wide notched plates were also made on a series

the ltS’tSteels, intended to show the effect of

metallurgical a.@ rolling mill practices. l!hiS

laboratory has Investigated three steels from this series, and

the David Taylor Model Bssln(7) has reported on five of the 1!s11

Steels. In addition, this laboratory investigated ‘lW”Steel.

These results were presented in Report NO, SW-35(2).

Part II describes the investigations of metallurgical and

geometrical effects on strength, energy absorption and transition

temperature. This part o: the project has been termed the ‘jAspect

Ratio Program.” Plates-rolled from one heat of steel in thick-

nesses of 1/2”, 3/b”, 1?’and 1-$”were used in preparing geometri-

cally similar internally notched tensile specimens. This approach

to the problem contemplated a segregation of the metallurgical

effects and geometrical effects. This part of the investigation

has been reported in detail in Report No. SSC-kk.(~)

Part 111 deals with an exploratory study of the atraln energy

absorption patterns In 12n wide internally notched specimens.

Strain energy was computed from strains obtained by grid measure.

ments. Specimens were strained at two temperatures, at which frac-

ture occurred in the shear ad cleavage mcdes. The purpose of

the study was to determine the difference by which plates ab-

sorbed energy in the two modes of fracturing. A second purpose

of the study was to explore the possibility of an extrapolation

-—.. —
...-~--’ ““”-””““-””-
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of the results obtained from mrrow specimens to wide specimens.

The details of this study were reported in Report No. SEC-38.(4)
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PART I

by

S. T. Carpenter and W. P. Roop

..

TWELVE IMH WIDE FuT PLATE TESTS

~NTRODUCTIO~

The test.s(l)~‘2) reported herein were made on internally

notched 12’]wide by 2411long steel plates In their as-rolled

thicknesses, (nominally 3/4” thick). The steels tested bore

the code symbols l!A1!,IIC’I.,‘fBnlt,llBr!~,~mn!l,~~~?],jwtf,&9,

S-12 and S-22. The first SIX steels have been commonly referred ‘

to as ItpedigreedSteelstfand have been used in manY other inves-

tigations. The “S” Steels were part of a program involving steels

%1 to S-23 Inclusive, with David Taylor Model Basin(7) testing

and reporting on S-1 to S-5 inclusive.

The primary objective of testing the ‘tpedigre@ Steels’Nwas

to supplement the data previously obtaind by the University of

California(5) and the University of Illinois(6) on these steels.

These had come to be regarded as steels upon which certain iapor-

tant correlation studies could be based. Another objective was

to ascertain the effect of distance of the spcimen from the edge

of the rolled plate upon transition temperature and energy absorp-

tion. The “S“ Steels were introduced into the program mainly to

determine the difference with respect to cold brittleness between

fine grained and coarse grain.sdsteels.

—.. —._ .——. .—

.—. ...—-——
.
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are

‘l’he

MATERIALS

The chemical analyses and physical properties of the plates

given in Tables 1 and 2.* ..

The “S-9” steel had a mill designation of Type ASTM A7-46.

“S-12” and “S-22” steels were both from the same heat where

!&12tland NS-22!!steels were both from the same heat where “S-12”

was

and

hzd

fine grained since aluminum had been added in both the ladle

the mold, while “S-22’!vas coarse grained in that aluminum

been added in the ladle only.

= SPECIMENS 4.NOThSTING TECHNIQUES ,’

Test Specimens.—

Figure 1 represents a 12” wide x 24’;long internally notched

plate specimen, with the 24” dimension in the direction of rolling

and of the applied tensile loading. Tne length of the central

slot is 3’!(one-quarter of the width) and terminates with a

jeweler!s hacksaw cut, about O.O1O!(wide.

The test specimens were flame cut from larger

machined t“oexact width. The plate

of the specimens is given in Figure

in Figure 3.forthe 6! x 6’ plates.

layout showing

2 for the 6t x

Test specimens

plates and then

the position

10! plates and

are identified .

by the code letter of the steely followed by a laboratory serial

number, and the last number gives the location of the specimen

within the plate according to the layouts shown in Flgur=2 and 3.

! For example, A-18-13 Identifies a specimen of “A” steel, but from

*A1l tables at end of report, beginning on page

1

I .
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plate Number 18, specimen location being No. 13.

All specimens were butt-welded to l~trthick pulling heads,
..

which were gripped by the jaws of a 600,000 lb. testing machine.

Preparation of the test specimens is fully described in previous

reports (l), (2)*

Mzasurex?~t of Elfin~ation

Elongations were measured over a gage length of 9“ (three

quarters of the width of the plate), symmetrical with the notch,

at five stations on each face of the plate, and o=e on each eiige.

12 slip gages were used wfth bakelite-bondeclSR-k pick-ups. The

mounting of each gage was such as to permit lndjTidual elongation

readings.

Figure 4 shows the corn>lete

and further details m~.ybe found

Temperature COntrOl

setup of gages on a test specimen

In a previous report(1),

A transparent temperature control chamber surrounded the

sp?cimen. The chamber was either cooled by air blown over dry

ice, or warmed by heating with electric strip heaters. The tem-

perature of the specimen was obtained by using thermocouples >

placed near the ends of the notch.. See previous report(l) for

full details.

Testin~ Procedure

The tensile loading of the specimen was applied in successive

-._. . . . . . . . . . . . ..-
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incrernentssufficient to produce approximately equal steps of

elongation. At each reading the pump loading was stopped and

the load value drifted downward a’little. The value plotted

was that prior to drift. Extremely low strain rates were in-

volved; approximately 45 minutes elapsed from the zero load to

the maximum load for all specimens.

TEST FUISLILTS

~

Tables 3 to 12 inclus?.velist the basic data~ while Figures

5 to 14 inclusive give a graphical summary cfthe data for each
‘,

steel. The important quantities In the tables for each specimen

are the testing temperatu?e~ the loads, energy input, and char-
i

acter of the fracture, as defined by the percent of shear failure

in the fracture. Significant values of load recorded in the

tables are: (a) Load to produce the visible crack at the base

of the notchY (b) the maximum load, ami (c) the last observable

load, noted as the failure load, at the moment of complete se-

paration of the specimen. The energy inputs to these three

separate load stages were computed by taking areas under the

plotted load-elongation curve and are denoted in this report as

E - Energy to visible crack loading

E - Energy to maximum load
1

E2- Energy to failure load
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In the case of a complete cleavage failure El = ‘2* Figures
/

15 and 16 show the typical form of the load-elongation curves for a

shear and cleavage failure respectively for !jBn)]steel. Load -

elongation diagrams for all specimens tested in the Part I pro-

gram have been given in Progress Reports (l), (2).

DISCUSSION ~ = RESULTS

~i= characteristica

During all tests the first visible crack at the root of the

notch was observed at mid-thickness o? the plate. ~is init~al

crack grew IR depth and extended to the faces of the plate with .

greater annlieclload. X-ray studies made of the progress of the

ciatikfront with Incres.singload indicate that the crack had

penetrated about 1/2” in degth at the plata mid-thickness before

the crack front reach~d the surfaces of the plate. The crack

front, after extending to the surfaces, became bell shaped.

Through plastic flow of the

acuity of the jewslerts hack saw

acuity was created.

metal in this stage the initial

cut was destroyed ami a new

The main features ofthis preliminary stage were the same

whether the final rupture was by shear or cleavage. In a speci- ‘

men failing in cleavage the visible crack occurred at approximately

the same load as for a duct%le specimen but perhaps did not ex-

tend as far in depth before failure, It has been impossible to

ascertain whether this initial crack is the result of a cleavage



or shear failure.

definitely present

-L>-

However, a new notch (the crack front) was

in all specimens before fracture. The acuity

at the moment of choice between advance to rupture by shear or

by cleavage was alw&ys that of a natural c~ack.

45°

was

the

specimens failing in shear fractured ei~her along a single

shearing pla~a or along tuo such planes. The former case

more grevalent but the latter type cccurred mcst often in

transition zone. Specimens failing In cleavage would generally

separate completely upon reaching the maximum load; but the

(1), (2)photographs of the fractures indtcate that varia~ions .,

of this occurred. One variation was an initial failure b~

cleavage after which the ,!rackhalted at s~ms distance from the

notch. (See Figure 23 of’Ref, (1)). Further loading might then

either produce a second cleavage jump cr the mode of rupture might

change into shear.

The character of the fracture surfaces could usually be rated

‘igranular’[or IIfibrous!!for all pedigreed steels except “Br and

fiEZ1.”An exception is noted for a number of ‘tBr”specimens where

the fracture surface had a sandwich appearance as shown in Figure

17 with approximately three equal and distinct zones (striation)

the center zone having the coarser texture.

Of the steels testedv the fracture surfaces of steels “C” and

!lE!!~er~.the most variabl.eYexhibiting a mixture of Cleavage and

shear fracture surfaces over a wide range of temperature. Specimen
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E-36-2, Figure 18, IS of interest because the specimen appeared

to fail “instantaneously” in cleavage, although examination of
..-

the fracture shows that the crack front paused and then continued

to fracture.

The cleavage fractures of US-1211and T3-22N steels differed

In appearance; the fractures for Ms_12!twere extremely rough and

ragged in comparisons to the fracture surfaces of the ‘IS-22!*steels.

Also the energy to maxim~ load for S-12 did not fall away at low

temperature, and this may possibly be related to the unusual

appearance Of the fracture.

Several specimens of “Bn’!and “E’tsteels, (see previous

ReDorts(1;!(2)) exhibited what may be termed a first and second

maximum load. This secoti maximum load occurred after an initial

partial cleavage fracture a:;the fi~st maximum load. In some

instances considerable elongation was noted in reaching the second

maximum load after which fracture might be completed either by

cleavsge or shear.

cleavage ati shear is shown

E22s&t QI !@k LX Fracture m ?@@>

A comparison of maximum loads in

in Table 13. The ratio of loads for the two modes is quite con-

sistent but maximum loads do not correlate with the tensile pro-

perties of the steels as determined by A.S.T.M. unnotched tensile

tests. Maximum stress

varies from 47,000 psi

over net initial area in the shear mode

to 56:000 psi, and in the cleavage mode
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Fig. 17. Fracture Surface of a “BrltSpecimen

.

Fig. l?. Fracture Surfs.e of Specimen E-36-2
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frm 40jO00 psi to 49,000 psi, Thus shear and cleavage failures

were induced by average stresses somewhat above yield stresses

but below ultimate values, as determined from standard tensile

tests, indicating that even in a relatively simple structure such

as the present notched specimen, the strsngth of the specimens

bears no clear cut relation to the tensile properties of the

material as found in urootched specimens,

As the crack slowly advances in a ductlla specimen, the

applied loads do not fall off with the net cross-sectional area.

As an example of this! for specimen A-18-9, a load of 286,ooo lbs. . ;

initiated the tearing cf specimen at the notch, with an average

longitudinal tensile stress of k3,109 psi. At the maximum load .-:

of 31k350C l“bsi$ the tearing at the notch left a ret width of

7 11/16”, giving an a:erage tensile stress oa the net area of “

52,000 psi. Additional stretching of the specimen increassd th~

length of crack until at a load of 198,000 lbs. the average unit

stress was 75$400 psi. The last observable load for this speci-

n.enwas 133,500 lbs. with only 7/8’1 of the original width intact~

giving an average tensile strsss of 237,1oQ psi. This action is

common for all ductile specimens and may be explained by the

strain hardening action Induced by the large strains in the frac-

ture zone of the plate prior to failure. High local stress values

at the apex of ths advancifigcrack are accompanied by high rates

of energy absorption there (See Part III).
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Effect@ Mode of Fracture on .Ener~y—...

A comparison of euergy absorbed to maxim-umload for the

cleavageand shear modes of failur&-is shown in Table 14. The

ratios of the energies at maximum load in the shear mode to thosa

in cleavage mode are much more variable than the maximum load

ratios. If it should be supposed that the energy in the cleavage

rncdeis important to a designer~ then steel ‘lA{!would appear to

be inferior. However, such a conclusion wculd be difficult to

accept. The role of ca~acity for energy abs~rption in deciding

the suitability of a steel for structural use can be evaluated

onlyafter a more complete analysis of the data.

‘Transition~em~erature

The transition temperature for 2 given stesl depends upon

theform of the test specimen and th~ quantity whose variation

with temperature is observed. Various quantities such as loss

of thickness, bend-angl?~ en$rgy’$fracture appearance, and strength,

as they have varied with temperature have been used to define

the transition temperature. It has been the usual practice to

m.mea single valu~ of transition temperature notwithstandifigthe

Scatteringof data in the transition zone. This laboratory pre-

ferSto state the transition temperature In terms cfa tempera-

turerange rather than of a single valuev where the upper limit

Of the range indi~ate~ that temperature below which one can not

be sure of fully ductile action. The lower litiit of the tempera-

turerang= indicates that temperature below which.it is expected
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that no mixed fractures of shear and clezvage will occur. For

correlation pu?poses~ howevez, this report gives both a range

and a single value considered suitable for comparison with

transition temperatures based on half-value, as determined by

other investigators.

Transition temperatures of this report are based on energy

to maximum load as well.as on

use has been made of the data

lozd. Transition temperature

tion of the data to ascertain

appearance of the fracture. No

on energy absorbed beyond maximum

range is determined by an inspec-

the rznge of t*nFerature thTcagh” .

which .theabsorbed energyor the fracture appearance indicates

z chance of embrlttlemer,t! A single transition temperature bzsed

either on energy or appeara~icehas been selected by drawing an

average curve representative of the data and selecting the tem-

perature at which the energy or percent of shear is midway between

their respective maximum and minimum values. This latter method

could give the same results for two steels even though the upper

limit of the transition zone for one might be much higher than

for the other.* It Is

range better expresses

the upper limit of the

to the steelsi initial

believed that the transition temperature

the difference between such steels, and ~

stated range provides an important index

susceptibility to embrittlement.

*In a few cases it led to the anomaly of a single value lying
outside the range of values.
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Table 15 s~arizes the transition temperature ranges, and

the single values of transition tempera~~re for all steels tested,

along with the values determined by the Navy Tear Test.

The results obtaiped at the University of California(5) and the

Univel’sityof Illinois(6) are also given. Energy to maximum load

and appearance indicate the same temperature range with only two

exceptions, steels C ari S-12. The single temperature values

based on energy to maximum load and on appearance are also quite

close to each other.

For “Br” and ‘1S.12!!reduction of thickness at the base of

the notch seems to diminish at the transition temperature as

determined from energy and appearance (See Figurec 19, 20.)

A diagram of correlation of the present results with those

of the Navy Tear Test is glvsn in Figure 21. ‘fh=correlation

based on transition range in~icates that6_r , the transition

temperaturedifferential between results obtained by the Tear

Test a~d by the 12” wide plate test, may be between +10° and

+52%?w%th a median value of +31%. The Tear Test value is

always higher. Thts may be compared with a ATOf +%%? fourmi

by MacCutcheon, Pittiglio and Raring(7~ for other mild steels.

Th? California and Illinois trsnsitlo> temperatures correlate

reasonablywell with the Swarttiore values. The Swarthmore

data place thetransitionof “A” steel 17° higher end of the

lfBnl!steel IIO higher than these previously rePOrted values*

. . .. ...’..
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The other steels agree more closely. It appears that by incre~s-

irz the number

determ~ned.

~m w

The tests

tests a narrower range of transition has been

i~I
&ocatiog M ~ SDecimen withiq fit z ~t *

i

were planned in part to bring out differences
I

due to location within tne rolled plate. On an ene?gy basis it

is common for specimens from the oatside zones at the rolled

edges of the plate, when compared with spe?imers fwm the center

zone (a$ approximately the same tempsrature)yto S11OWless varia-

tion than that betwesn specimens

this, the results do not warrant

ments.

in the center

the making of

zone. Asiflefrom

any general state-

Effect o~ Mancanese-Carbon RatiQ

High ratio of rnanganesato carbon has been salcito be a cure

for cold-brittleness. In the present data the agreement of the.

transition temperature with the order of the Mn/C ratio, where

cqrbon content is essentially constant, is shown in Table 16.

u&2211 has a transition temperature 300 to @o higher than for

“S-12” with identical Nn/C ratio; the coarse grain in “~22”

compared with the fine grain of “S-12” was the controlling inf-

luence. It appears that the data of this report are too

limited to warrant any conclusions being drawn concerning the

Mn/C ratio znd grain size effect. Normalizing in the cas= of
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of “Bn” compared with “Br” dld not materially change the transi-

tiontemperature, tlBnllhaving transition higher than “Br” by a

smallmargin. ..

CONCLUSIONS -pART I—.

1.) The internally notched flat plate specimens taken as

representing a shipts deck platingv show temperattire

effects similar to those occurring in service.

2.) Before direct infer~nce can be made about safety of a

given steel ~.nservice, the clifferencebetween the

laboratory specimen ad tl?eservice structure must be “

more completely understood.

3.) The results of these tests confirm those of earlier

work with the same type of specimen, particularly as

to high transition temperature for “C” and “E” steels.

h.) The 12” wide by 3/4” thick internally notched flat

plate tests determine thb transition temperature

at about 3C!OPlower then the Navy Tear Test..

—.
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by

S. T. Carpenter and W. P. Roop

ASPECT RATIO PROGRAM

INTR UNJCTIO~

This is an exploratory investigation of the effects of

specimen geometry (width and thickness) on strength, energy

absorption and transition temperature, using internally notched

plate specimens tested In tension. The width ard thickness

of specimens were combined in a single parameter, the ratio of

gross width of specimen to thickness of the plate, called the

Aspect Ratio (AR). Specimens of equal AR were initially geome-

trically similar, si~c!enotch length and acuity were also held

in strict similitude.

The intent of this study was to obtain a separation of

geometrical from metallurgical effects in plates from the same

heat having variable ‘Iasrolled!!thicknesses. Since specimens

geometrically similar to each other differ only with respect “

to their absolute scale or size, and since absolute size in it- ‘

self alone can not affect a dimensionless quantity like transition

temperature, differences In behavior of specimens of equal aspect .’

ratio can be attributed only to metallurgical causes, as, for ex-

ample, relative grain size. A systematic variation in AR In
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each of the various plate thicknesses wa~ made, and each of two

different .sCeels. Assuming for a given thickness of a given

steel, that chemical and metallurgical properties reinainconstant,

any varying effects nored cov.ldbe attributed to geom~try In the

form of variable aspect ratio or] In this case, width. By using

specimens of different thicknesses, but with equal AR~ a de-

terminationwss nade of ths effects of metallurgical changes due

to rolling.

MATERIALS

The saaples used in the aspect ratj.oprogram have been given .

the cede designation T-l, T-2, and T-2R. ‘I’heT-1* steel was

fllrnishedin 1/2”? 3/4”t 1“ and 1-1/2” thicknesses, with all

platesrolled from the same heat. The T-2 steel was received

in 3/b’!,1“ and 1-1/2” thicknesses, all rolled from the same

heat. T-2R desigmtes the 3/k” thick plates obtained by re-rolling

a portion of the 1-1/211thick T-2 steel.

The cheuical analysis for these steels is as follows:

Steel Cod5 ~ ~ E ~ ~

T-1 .16 .93 .013 .034 ●02

T-2 .18 .72 .024 .026 .26

T-1 steel is a semi-killed steel of the ABS-B type and the

T-2 steel is a silicon-aluminumkilled, fine grained steel.

*’IheT-1 steel was given the plate code letter ‘ICI!in the report
“~rther Study ~ Navy Tear Test” by N. A. Kahn a d L. A. Imbembo
Publishedin the ileldingJournal, February 1950. ?9)
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Th~ T-2R steel was produced by re-rolling 2 pieces of T-2

steel 1-1/21!thick x 481’ wide x 60” long. A reduction to 3h”

thickness was made without cross rolling in 3 passes while main-

taining the 48” wide dimensicm. The 1-1/211thick plates were in

the soaking pit prior to rolling for one hour and fifteen m%nutes

at a temperature of 22k00F. The finishing temperature xas 1650%.

The surfaces of the re-rolled plates were excellent and relatively

free frcm scale,

The grain size for these steels has been reported to this

laboratory by N. A. Kahn* of the New York Naval Shipyard, as

follows:

Steel Cede ~~ Thicknesq McOuaid-Eh~ Grain Size

T-1 1/2“ ltob

T-1 3/4” ltoj

T-1 1“ lto3

T-1 1-1/2“ 8

T-2R 3/k” 7t08

It has been further reported for the T-1 steel that a pro-

gressive decrease in the fsrrite grain size was observed, with

a decrease in plate thickness. The ferrite graia size for the

T-2 steel has been reported as 5 tp 7 and for the T-2R steel es

6 to 8.

*By letter.

‘

I
I
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The values of yield stress and ultimate stress are given iu

Table 17.

Figure 22 represents

meters of the drill holes

are directly proportional

diameter of 1/32 inch for

the

AND TEST .%,H~ULR

type of specimen used, The dia-

at the ends of the internal notches

to plate thickness, starting with a

a plate 1/2 inch thick. The sizes

of the drill holes for various thicknesses of plate are indicated

in Figure 22,

The aspect ratios tested in the different thicknesses for -the .’

various st{cls are given in the table 18.

Neasurenent of Elongations and Temperature Control

The elongations of test speciaens under load were measured

in the direction of tensile loading over a gage length equal to

3/4 the wic?thof any individual specimen. The same cllp gage

instrumentationas described in Report No. SSC-21(1) was adapted

to longer or shorter gage lengths by using an adapter.

Temperature control was obtained as described in Part I of

this report>

TEST RESULTS

u
All data are given in Report

subject. The present report only

data, in the form of maximum unit

No. SSC-k4(3) covering this

gives summaries of the basic

stress, unit energy, and
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transition temperature as reduced from data on all the specimens

in each group.

Avera~e MaXimLILUunit StreS5

Unit stress at maximum load is summarized in Tables 19 and

20; it is determined by dividing the maximum load by the net

cross-sectionalarea of the specimen at the notch. The values

given in TabLes 19 and 20 are separately given for all specimens

exhibitingeither a shear failure or a zero shear failure.

,.

Unit Ener~y

The Energy absorbing capacities of a given steel in different

aspectratios may be compared by considering single values as

averagedfor all specimens tested under eq~al conditions. This

unit energy is designated by the symbol u. For each of the speci-

~ens contributing to the average it is

tegratingthe load-elongation curve to

and dividing by l% whole “~olumeof the

with

this

Thus

EO allowance for the notch. If W

volume is

wx3/4wxt

the result obtained by in-

the point of maximum load

plate between gage lines,

is width and t thickness,

u = Energy + 3/b W2t inch.pouridsper cubic inch.

Table 19 summarizes unit energies to maxim~ load for the

variousspecimens of T-1 steel. These values are given only for

specimensfailing in 100% shear or zero percent shear, but in each
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case the averages were extendet to all relevant specimens.

Table 20 summarizes results for T-2 and T-2R steels in a similar

way. Energy absorbed beyond maximum load has not been considered

in the present znalysis, though Its v&lues are recorde$ in Rr%-

vious reports,(1),(2),(3)

I)ZWUJWION OF TEST RWW,TS..-.-—— — — . — ..-—

Throughout this project the aim has been to evold any sort

of comm?.t.ment$especially of an

set of ideas; to report factual

the way open for free, -possibly

Thus, among the plotted data on

have been drawn. Of course the

implicit mtur~p to any specific

data in full, and thus to leave..

for conflictiugj interpretations. “ ‘

temperature effects, no curves

very natlu.’sof’t%e test bears an

implication that temperature has a prime hflumce on the be-

havior of the steel; the tests are intended to provide unprejudiced

data as to the nature of this influenck. In following these aims

a standard procedure has been used throughout and it has “oeen

described in detail

a

a

One might hope

convincing way in

question is this:

in the progress reports.

for data that would speak for themselves in

ariawerto certain specific questions. Such

what is the highest temperature at which cold’

brittleness of a given sample of steel might impair its usefulness

in ship hull construction? Eut to this question neither these

nor any other tests give a clear-cut answer. Any one may view

these data against his own background of experience and judgment

in =aching his own conclusions.

*L___ .
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‘i%isdoes

elusionsmight

Ratherwe have

not. mean that ve have had no Idea as to what con-

withstand critique ard finally be fourr3valid.

had two different ideas. Instead of presenting

simply the conclusion on which we finally agree, or framing Con-

clusions so vaguely as to make them useless for further thought

on this subdect, we prefer to describe the

thoughtas it developed during work on the

The guiding thought In choice of this

course of our own

project.

type of specimen, nw

as ten years ago, la that It is a compromise between two extremes.

On one hand, specimens so mall and in form so different from fuLl
‘.

scalestructure as to bear to it no resemblance at all are widely

used. The validity of results of tests with such specimens depends

on the Idea that features of the behavior of a sample of metal as

demonstratedin such sE@l specimens will persist in a full scale

structuremade of

differences,and,

At the o“ther

the metal thus sampled, regardless of geometrical

particularly, regardless of size.

extreme is the idea that both geometrical form

ard size affect cold brittleness; strictly. therefore, only the

full scale structure can speak for itself, and the Only sOUrCe

Of info~tion lies in the study of service casualties.

The compromise offered by the wide plate specimens 1s based

On the idea that the effects of geometrical form and of size Cab

be ascertained. It is a laboratory specimen which reduces dlf-

ferencesfrom full-scale structure in form

wherethe allowance which must be made for

be reduc~ to a moderate amount.

asxlsize to the point

these differences Sfan
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With respect to form, the specimen differs from the till-

scale deck plating of a ship mainly In two particulars: (a) in

use of a standardizednotch, ad (b).in width. Standardization

of the notch is necessary in order to obtain systematic data.
I

The actual spread in severity of service notching, the relative

severity of the standard notch, and the influence of notch severity

on behavior -- all these are subjects lying outside the limits

of the purpose of these teats.
I

The Role of s~

With respect to size,

full-scale deck plating in

the wide plate specimen is equal to

thickness. A primary ob~ect of the

project IS to study the effect of width on cold-brittleness umier 1

the cotiltlon of constant thickness as rolled. Shipsr decks, how-

ever, are not all 3/~ Inch thick.

In study of cold brittleness in different thicknesses, each

different thickness could be regarded as a different case, unre-

lated to other thicknesses. Since rolling down to reduced thick-

ness alters’the metallurgical nature of a sample of steel, there

is ground for regarding plates of different thickness as being

quite simply different sample of steel. Our data permit any one

who so wishes to follow such an interpretation.

But It ought to be possible to do better than that. A pro-

gressive Chsnge1A thickness produces like progressive changes In

all medium steels; rolling down to reduced thickness favors
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ductility. But when we proceed to evaluate this effect we must

answer this question: How are samples of different thickness

to be compared with each other? Are the specimens to be of equal

width, or should all the conditions of

be applied?

It is possible that this question

the wide-plate

ately for each

the systematic

full geometric slmiltude

could be by-passed “for

specimens by simply evaluating width-effect separ-

thicknass. But If any broad conclusions about

influence of thickness on bahavior are to be

drauaj this question cannot ba evaded. Thus between the wide

plates an3 small test specimens tha obvious and primary differences

are those of form ad size. Before the results of tests with

small specimens can be translateciinto terms of wide plates,

and thence to-full-scale structure, the effect of these differences

must be understood. Otherwise the use of such spedmens Implies

that they give information as to the inherent quallties of the

steel, which Is equivalent to the assertion th~t the differences

in

of

we

of

form ani size are without any effect on the essantlal behavior

the metal. No one can assert that this has been proved, and

do not balieve that it is true.

Aside from this practical need for a batter understanding

the role of similitude, It has a more general interest. Re-

peated attempts have been made to determine whether data from

specimens in strict similitude, and differing only in scale-factor,
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actually conform to the laws of similitude, without “size-

effect”, that is without effects which can be attributed to

differences in size alone. A series of eleven tests of this

nature have been described by Earl Parker(lO); special effort

was made to obtain identity of material and the initial dimen-

sions were In strict geometrical similitude, yet at equal tem-

peratures tt~ethicker specimens were less ductile. The author

explains this by the presence of an incipient crack at an early

stage in deformation. More extensive tests are reported from the

University of North Carolina(11) ending with the conclusion the .

Usize effects in plastic flow are small- Prominent effects are

associated with the initiation and propagation of cracks.tt

An extensive review of this matter, with special reference
,.-.

.-.

to the notched bar Impact test, was made by Fettweis In 1929[12). /,

He points out that F. Kick, in 1885, stated the Law of Similitude
“1

for plastic deformation as follows: t!Iftwo geometrically similar

bodies of identical material (gleicher Beschaffenheit) are de- “i

formed by external forces similarly applied in such a way that ‘1

the geometrical similitude continues to be maintained, then energy

absorbed is in the ratio of the volulnae of metal and forces are i

In the ratiw of the areas.
{
J

N~en these co~itlons are satisfied the ratios are as

statsd, not only for the bcdy as a whole, but also for its in? [

finltesimal parts. The corresponding stresses in the two bodies

are thus equal.11
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A.lthoughin numerous r.otch~dbar tmsts by nany investiga-

te equality of the ratios mentioned by Kick is no% main-

tained when scale factor is varied~ yet this can be a,$cribea

to failure to satisfy the necessary co&-itions. Tt can hardly

be doubted that if the conditions could be m~t the requirements

of similit-~dewould be satisfied<

In the present static tests deviations from

with similitude occur mainly with resPect ~~ two

(a) metallurgical constitution of the materialj

a~ce of similitude in the details of the strain

perature, being withmt geometrical dimensions,

behavior in accord

park.lculars:

and (b) mainten-

patterns,> Tem-

would have no . .

geometrical influence and actual temperature.+effe:,t:wouLd have

to be attributed to inherent qualities In the metal. So far as

~ini~itude is ccn~ern:d$ sanples of the sams metal at differe~.t

temperatures are! in effect$ of different rse”kals.

If the two deviations from stiilitude as &eiLtionedcozld

be controlled, it wollldbe necessary only to 6uplicate, on a

rsduced scale and iriidentical material, a segment of full-

scale structure~ load it correctly in the laboratory, and from

the results infer what plastic behavior might be expected of the

full-scale prototype.

In planning the present tests we were also concerned with

these more distant considerations. But in any case, whatever use

of the data might later be made, It was clear that the different
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wldths for sach thickness should be chosen so as to give homo-

logous series of values of the dimensionless ra:io of width

t.othickness, the “aspect ratio!!.

Nominal Stress at Maximum Load

The unit stress values from

specimens failing in 100$ shear,

Table 19$ as averaged for all

are plotted on aspect ratio

in Figure 23. ‘l’heplot shows that strength In each thickness

gr~du.allybut consistently decreases with increasing aspect

ratio. This gradual reduction can only be due to increased

width since both acuity-and metallurgy

given.thickness.

Considered with reference to then

are constant for

ultimate tensile

any

strength

$n an un-notched specimen (UTS) as given in Table 17* these data

indicate a complex situation. It has long been accepted that

U“TSin an v.n-notchedbar is not much affected by width but the

presence of the notch has the strange effect of introducing a

regular decrease In strength w~th increasing w~dth at constant

thickness. One might expect that adding metal at a distance

from the notch would diminish the overall influence of the notch,

but the actual effect has a contrary sense. It is the narrower ‘

specimens, in which the average distance of metal from the notch

in the net section is less, thfitare the stronger.

both 1/2 and 3/4 inch thicknesses, In the narrowest

notching actually ra~.sesthe tensiie strength above

value.

Indeed, in

specimens,

the un-notched
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Comparing the different thickr,essesof T-1 steel (in 3

of the 4 cases) at any given aspect ratio, strength of the

notched specimens runs parallel to that of the un-notched bars.

The l-inch bcr iF Table 17 shows an anomaly not seen in tilenotchd

specimens. Aside from this anomaly, the curves in Figure 23 for

the different thicknesses would be ’nearly superposed if strength

were plotted as a fraction of UTS.

At one stage in the analysis of these data It was thoupht

possible to sift out evidence thzt might indicata a deviation

from the conditions of strict similitude such

differing only in scale factort might yet not

other in strength. ticept for the anomaly of

no such deviation appears. But it happended,

that two specimans, ,.

be equal to each

the l-inch bar?

in the search for

geometrical effects, that strength was plotted on gross widthj

regardless of thickness, instead of on aspect ratio. The result,

as seen in Figure 24, is th~t the curves for the four thicknesses

are nearly superposwl. A hastiJconclusion was sug~ested, that

strengthmight be affected only by width and not at all by

thickness. The loss of strength as width

but at any one width all thicknesses Fiave

Further study reveals, however, that

cancellationof two

equal. Mhen plates

equal aspect ratios

increases is well marked,

ne~rly the same strengtn. -:

this is a case of mutual

opposite effects which happen to be nearly

geometrically similar are compared (as at

in Figure 23) the thicker plate has a lower

-
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sLr~ngtil;it is, however, wider as well as thicker. If its

widtklis cut down to match that of the thinner plate, its

strength is increased. These oppositi.effects come near to

canceling each ether when aspect ratio Is multiplied by thick-

ness and comparison is madej as in Figure 24, at equal width.

The differences between thicknesses at equal aspect ratios

in F~.gure23 are metallurgical differences. No reason is seen

for doubting that if these metallurgical differences couid be

elimixat:d~ notched specimens of all scale-factor values, b-~t

at the same aspect ratio, would have the same nominal strength

at maximum load.

Unit Energv Absorption

In Figure 25 the unit ener~y to maximum load for specimens

failing in 1002 shear is plotted against aspect ratio for plates

of T-1 steel. For equal aspect ratios the 1/2 inch thick plate

absorbs more energy per cubic inch than the thicker plates though

the differences due to thickness are less In thehigher as~ect

ratios. In all thicknesses without exception the energy value

rises as aspect ratio diminishes, and this rise is sharpest

at the smallest values of aspect ratio.

Unit energy for specimens failing in zero percent shear shows

the same tr~nd with diminishing aspect ratio as specimens failing

in 1OO$ shear, and the same effects of thickness, as is seen in

Table 19. The values of unit energy are lower for zero pzrcent
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shear failures than for 100$ shear failures at aspect ratios

of 8 and greater, but at aspect ratio k the two values are

equal within the limits of precision of the tests. Additional

energy data are given in Table 20 for T-2 and T-2R steels. They

follow the same trends noted for T-1 steel but the energy values

at equal thickness and aspect ratio values are smaller than in

T-1 steel.

At the moment when Figure 24 seemed to show that strength

depended m width only, data on unit energy we~e also plotted

on width as in Figure 26. The result, however, is now different ‘

from that in Figure 24 in that the curves for different thick-

nesses, as plotted on width, are displaced so Sar from their ..

positions in Figure 25 as to reverse their order and make it

aPPear that the thicker plates have the greater capacity for

absorbing energy. In ord~ to bring the curves together, the

necessary adjustment of the abscissa is less drastic than be- ,

fore, and instead of multiplying aspect ratio by the thick-

ness it is found to be enough to multiply it by the square

root of the thickness, as in Figure 27.

We conclude that the metallurgical gain with respect to

energy absorption In thinner plates is more than offset by th~

loss incurred in comparing them with thicker plates at equal

widths rather than by giving the thinner plate a smaller width’

by equating aspect ratios.
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In Figure 26 as in Figure 2b, the inequality of unit energy

values at equal aspectratios is again seen to be reducible by an

adjustment of tttescale of abscissae a’s”in Figure 24. But com-

parison of FiFure 23 with Table 17 shows that when allowance is

m%de for the differencein strength as measured in un-notched

bars, the curves for different thicknesses are superposed about

as well as by shifting the scale of abscissae. In Figure 25 the

metallurgical differences in ductility would serve equally well

to explain the inequalities without resorting to the device used

in Figure 27. ..

As for a numerical check form the actual data, it is regretted

that no data on ductility in the un-notched bars were available.

It is well known, however, that reduction in area becomes smaller

as thickness increases; since such measurements are subject to

scatter it is as much as could perhaps in any case be said if we

note that energies in equal aspect ratios in the notched specimens

are affected In a like way as thickness increases.

In addition to simple differences inductllity, as measured

by reduction in area, there is also the other respect In which

the conditions of similitude may not be completely satisfied,

namely, thht of similitude in strain patterns. The stage of

deformationat which comparisons are made In Figure 25 is that

of maximum load. On the interesting question as to strain

Patternsat this stage, in two specimens differing only In scale
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factor, we have no direct information. Such data might be take.1

by making photographic records at a series of stages and on

different scales, of grids ruled on the specimens. Such a

project was cons~dered but its difficulty aridcost barred it

from the program of work.

This point is worth emphasis by restatement. The conditions

of geometrical similitude in the present tests refer only to the

?nitial state of the specimens before placiticflow has altered

their configurations,whereas the energy values refer to a stage

of deformation (that of maximum load) in which large local

strains have occurred, even to the point of fracture near the

apex of the notch. These geometrical changes due to plastic

flow are beyond control and the ouestion as to whether or not

they follow the laws of similitude is one of fact which could

be an~wered only by observations more detailed than those that

were made during the tests. Close study of surface grids on

different scales after deformation might have served to determine

whether the pattern of deformation in the large zpecimens could

be derived from that in the small ones by atrsnsforrnationlike

that of photographic enlargement, as would be the case if simili-

tude continued to be effective throughout the successive stages

of deformation, but this work lay beyond the scope of the actual

project.

For inferences about similitude in deformation patterns we

must therefore rely on indirect evidence. Some such evidence
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drawn from work of other investigators has been rq~iew%d In

Reference 13. A study of the details of load-elongation cu?ves

is now being undertaken for the wide plates, somewhat as has

been done by Richard Raring for notched bars in slow bending.(14)

Even the presence of an incipient crack may not greatly disturb

ttieoverall strain pattern, and on this matter observed elonga-

tions may tiirowsome light.

TiiusIf, zs there is some reason to believe, a stage exists

at which the crack, though partly developed, has nevertheless

not yet advanced far enough to affedt the broad outline of the

strain pattern, then even at thts stage the conditions of simili-

tude may be nearly satisfied. The main question w%ll refer

to the stage at vhi.chthe deviations from similitude become too

great to be Ignored, and particularly how far before maximum

load this may occur.

We again note that, even in different steels, if stress

patterns at a given stage of deformation share in the condition

Of similitude; loads are necessarily In the ratio cf the squares

of the scale factor. If strain patterns at a given stage of de-

formation ahare in the cordition of similitude, overall elonga-

tions at that stage are necessarily In the ratio of the first

powers of the scale factor. Gross energies, therefore, must be

in the ratio of the cubes of the scale factor. Temperature,

being itself without geometrical dimensions, has no effect pre-

dictable by reference to scale factor.
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Tr~nsi.tion!L’emDerature

Evaluations were made as described in Part I ondiagrams like

Figure 28 of which, however, only”-thelowest part, relating to

appearance of fracture surface, was found to be needed. Figure

28 is typical of the test results of the entire program except

that in the narrow specimens the energy to maximum load is not

significantly different as between 100$ shear and full cleavage

fractures, whereas in greater widths a

pears in Figure 28 in total energy may

maxiv~~r..load, and at approximately the

fact is important, and will bear

In the higher aspect ratios

of capacity for absorbing energy

shift like that which ap-

also be seen in energy to

same tem~erature. This .

repetition.

used in the preseat tests a loss ..

occurs at about the same tempera-

ture range as that in wkich the appearance of fracture shifts

from 100,%shear to zero percent shear. Energy beyond maximum

load drops off to zero, as in Figure 28; energy up to maximum

load shows a partial reduction; the total energy (as measured In

an i~.pacttest) is a simple summation of these two contributions.

If there is a difference between the temperature of energy transi-

tion and that of fracture transition in this case, It is not great

enough to be revealed by the experimental method used.

b;ithrespect to the energy to maximum load, Figure 28 Is

typical of narrow specimens. At the temperature at which the.

shift occurs in appearance of fracture and in energy beyond

maxiumm load, no similar shift occurs in the energy up to maximum
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load. It is possible that tests at lower temperatures a loss

of energy to maximum load would occur. All that cm be concluded

from the present data is that in the narrow specimens no loss

of energy to maxj.mumload occurs in the temperature range In

which fracture shifts from 100$ shear to zero percent shear

and energy beyond maximum load drops to zero.

Transition temperatures based on appearance of fracture

are given in Table 21 for T-1 steel and in Table 22 for T-2

and T-2R steels, These temperatures are given both as ranges

and as single values, as described in Part 1.

Figure 29 is a plot of the single values of the temperature

of transition against aspect ratio$ for T-1 steel in four thick-

nesses, At any given aspect ratio, transition temperature is

higher in thicker plates~ with a single exception. For a given

thickness of platey the effect of aspect ratio on transition

temps~ature shows a clearly n!arkedtrend toward higher values

as aspect ratio rises.

Figures 30 is a repetition of Figure 29 with a second para-

meter added: width of the specimen. In order to complete this

diagram, an extrapolation of the test results in 3/2 inch thick- ‘

ness was made to widths of k and of 10 inches. Figure 30 shows

that thicker plates have notably higher transition temperatures

than thinner plates, regardless of whether aspect ratio or width

is considered to be constant.
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‘Thequestion now arises: what part of this increase in

transition temperature with thickness may be due to geometrical

differences and what part to metallurgical differences?

The effects of geometrical differences can be identified

directly in the absence of metallurgical differences and we

have data of this kind in the variations with width at constant

thickness. The fact of a moderate rise in transition tempera-

ture with width, though somewhat obscured in Figure 29, is

recognizable and in accordwith other data. But this leaves the

question as to the effect of thickness still open.

Conversely, the effects of metallurgical differences could

be directly determined only in the absence of geometrical effects;

this condition will be realized in equality of as?ect ratios ifj

in fact, there is no ‘#sizeeffect’!.

It was at one moment suspected that dimensional similitude

might not completely eliminate geometrical effects, and the

question was raised whether isolation of metallurgical effects

xight not require comparison of the various thicknesses on some

basis other then equality of aspect ratios. The fact is that the

rise in transition temperature with thickness is so great that

no replotting on variablesother than aspect ratio could obscure

it, and no width effect can offset it. From this we conclude

that the effect of thickness on transition temperature is mainly

or wholly metallurgical, and to assume it to be wholly so is a

close approximation to the truth. While the proof stops just

short of being complete because of uncertainty about strain
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patterns, we may be sure that the present data contain no evidence

adverse to this conclusion.

%nnaq

The facts about

metallurgical and of

offsetting or compensating

geometrical conditions, as

the present data, may be summarized as follows:

effects of

they appear in

(a) Figur=s23 and 2k show that metallurgical

notch tensile strength due to a reduction from 3/2

increass in

to 1/2 inch

thickness is about the same as the loss of strength due to the

higher aspect ratio in thinner specimens of equal width.

(b) Figures 25 and 26 show that metallurgical increase in

unit energy to maximum load due to rolling down from 3/2 to 1/2

inch thickness is smaller than the loss due to the higher aspect

ratio in thinner specimens of eq~al width.

(c) Figure 27 shows that in order to compensate for metal-

lurgical increase in energy value in thinner specimens, width

must be reduced only in the ratio of the square root of thick-

ness rather than in the ratio of the first power of thiclcness.

(d) Figures 29 and 30 show that the metallurgical reduction

in transitiontemperature due to rolling down from 3/2 to 1/2

inch thickness is greater than the loss in such improvement due

to the higher aspect ratio in thinner specimens of equal width.

(e) The decrease in transition temperature noted in (cl)

is too great to be offset by any geometrical effect of thickness.
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N9 chmge in scale on the width axis would serva to superpose

the curvesln Figure 29 for the various thicknesses.

(f) Of the three variablesi-strength$ energy, aridtransi-

tion temperature, no two show the same relation between offsetting

metallurgical and geometrical effects. No single systematic ad-

justment of geometrical conditions can harmonize the observed dis-

parities=

CONCLUSIONS - PART II

It is concluded that:

(1) Figures 23, 25, and 29, in which the three variables

are plotted against the dimensionless ratio of width to thick-

ness, represent the procedure beet adaptzd to ar~alysis of these

data.

(2) Transition temperature remains unaffected by changes

in scale factor so long assimilitude extends to the deformation

patterns and if metallurgl~al differences are exclucled.

(3) In similar specimens transition temperature is higher

as specimen size increases. Since the geometrical differences

between the specimens are completely described by the difference

In scale fact&, the observed differences are an effect of the

metallurgical changes due to rolling.

(k) However, in plates of equal thickness (and hence equal
.

metallurgically) transition temperature rises with width.

.-.

%=-=-- - --



(5) We prefer to state

general terms by saying that
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concluslons (3) and (4) in more

when aspect ratio is const8nt,

transition temperature Is affected only by metallurgical dif-

ferences, but regardless of thickness, transition temperature

rises with aspect ratio.
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I!MiLuz
by

S. T. Carpenter

~ STUDY OF PLAST.C DEFO~TIQl B,X_

INTRoI)IJCTION

Part III is a digest of a fozmer Progress Report‘4) which

presented the results of an exploratory study to determine the

energy distribution in notched steel plates stress~ in tension.

This study placed ita emphasis on obtaining a better inslght”of

the distribution of plastic flow tbough the means of energy

absorption as affected by both geometry and temperature.

The plan of investigation was based upon the determination

of unit-strain energy absorption and its distribution. Whereas

it 1S generally impracticable to calculate stresses In the plas-

tic strain range, it is possible to calculate strain energy.

The octahedral theory was used in computing unit strain energy

where strain values were received from displacement measurement

made on a surface grid.

SPECIMENS AND PROCEDURES
.-

SDeclmens

Three 12” wide x 3/4” thick x 24” long steel plates of fully- -’“i

killed “W” steel were used. Figure 31 shows the Intermlly-notched
I

tensile specimen. The notch is 3“ wide and terminates in two holes I

*Summarized from investigations of S. I. Llu and S. T. CarPenter~
See reference (4).

I
I
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of 0.046’:diameter. The basic grid lines were l/&’Japartj while

1/161’ grid lines were used in one specimen to be noted later.

The grid layout was on only one Surface of the plate and covered

the area between the gage lines which were 9flapart. The 24”

long specimens were welded to thick and headers.

The three specimens used, with testing and loading schedules,

kere as follows:

Specinen W-29-4: Tested at 700F. Grid measurements made af~;er
the loads producing an observable crack at
0.046° dia. hole (277~000 lbsj$ 295,000 lbs.$
325,0D0 lbs. and at a maximum load ef 352,7oO
lbs. Approximately one week intervals between
loadings after initial load.

Specimen W-29-3: Tested at 10%. Grid measurermnts made after
loads producing an observable crack at 0.046°
dia. hole (277,740 lbs.), 29F,!200lbs. and at
the fracture load of 325,000 lbs. Approximately
one week Intervals between loadings after
initial load.

Specimen w-29-lk: Tested continuously to fracture at a tempera-
ture of 70°F, and grid measured. (1/6” grid
layout in central transverse strip 3“ wide).

Physical data to determine the octahedral stress-octahedral

strain ~uctiom were obtained from bars of ‘!WIIsteel having a

diameter of 0,650’(.

Procedures

Temperature control and strain gaging procedures on the 9“

gage length were the same as outlined in Part I of this report.

The deformations or displz,cementsof the grid were measured

in a milling machine accurate to O.OO1!), Grid measurements were
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mzde before testing to

tso,,shoh,non Figure 31

coordinates, where the

provide a reference system. The point

was the origin of a Cartesian system of

X, y, and z directions coincide with t~e
..

longitudinal transverse, and thickness dimensions of the plate.

Test specimens were removed from the testing machine after each

loading and approximately a week elapsed between unloading and

reloading to allow for grid measurements.

RESULTS ~ DISCUSSION

Strain EnerrzyDistribution

Figures 32 and 33 show.ti unit

at maximum load for one quadrant of

and specimen W-29-b tested at 700F.

strain energy distribution

specimen w-29-3 tested at 100F

The values given for each

quadrant are the average of valces found for all four quadrants.

Figure 34 shows the distribution in all four quadrants at frac-

ture for specimen W-9-lk tested continuously at ‘70%. The dis-

tribution of strain energy is shown by means of contours passing

through points having equal values of unit strain energy. The

‘4) also presented the strain energy distrib~tionearlier report

diagrams for intermediate loads as given in the loading schedule.

Figures 32 and 33 indicate that the primary direction of

propagation of plastic deformation up to maximum load is gen-

erally in the direction of diagonals extending from the end of

the notch to the edge of the plate. A comparison of Figure 33

with Figure 31tillustrates that the primary

gation of plastic deformation after maximum

direction of the fracture line.

direction of propa-

load follows the
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The unit er,ergyvalues in the immediate zone

notch and at tF~efringes of the fracture line for

could not be obtained. To do this with precision

a more accurate .pridmeasuri~ system and a finer

in the

specimen N-29-14

would require

grid. The

maximum unit strain energy co~puted for specimen W-29-lk was in

the order of 30,000 jn-lbs per CU. in. This value is low when

c~mpared wjth values of 90,000 to 100,OOO in-lbs. per cu. in,

which nay be expected at the crack.*

Several valuable observations may be made based upon a .

study of how the plastic def~rmation propagates through inter-

mediate loadinps up to and including maximum load. For this

purpose the 600 in-lb. per cubic inch contour was selected as

the boundary of plastic deformation areas (600 in-lb. per CU, in.

value selected on basis of general yielding as defined by the

uniaxial tests). Figure 35 gives the experimentally determined

areas enclosed by the 600 in-lbs. contours for all four quadrants

plotted against total observed energy input over the 9“ gage

lengths. The plot gives values for the specimen W-29-3 zn.d

w-29-4. The observations made on the basis of Figure 35 are:

1. “Thearea enclosed

to bear a linerar

specimen.

.

by the 600 in-lb. contour appears

relation to the energy input for either

*Calculations based on theoretical strain energy ~oxiitions for
fracture give a value of 90,000 in-lbs. per cu in. The Univer-
sity of California has reported unit energy values in the order

~~a~~~~”~o~~~y~ p
er CU: in. based on hardness surveys of the



/

.
,,.

~lG. 35 MACRC - PROPAGATION OF PLASTIC
0EFoP3AATION WITHIN 12- X V4P NOTCHEO
SPECIMENS UNDER LONGl TUDINAL TENSION
AT 7WE AND 10” K

/

/

/

,/2 ,*Ac,”ec,,,..,

1
*.

/’””~ ,—.
-v. ZD30m

AC, ”., ,0,,, r.c”c, ,.,”, c.” LOAD OC,.”MA,, OM

C.*. E !. !., - l-es

COMPARISON OF 70TAL STRAIN cNc RcY OASCD ON SURFACE ST RA, NS

AND OCTAHEDRAL THEORY AGAINsT ACTUAL TOTAL ENERGY WWUT
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2= ‘Rx+volume of metal undergoing plastlc deformation

~ppears to decrease with decreasing temperature.

EkDerimental Adjustments

Specimens W-29-3 and W-29-4 were unloaded at various loads,

the grids measured and the specimens returned to the testing

machine for reloading. This procedure necescltat.edthat adjust-

ments be made to the calculated strain energy based on the grid

an~lysis. The calculated total strain snergy was less than tha

actual energy input due to the fact that the measured surface

Straim for the unloaded specimen were less than those for the .

loaded specimen by the amount of elastic recovery. This adjust-

ment was acconplishe$ by adding to the total calculated strain

ecergy an amount of energy determined from the observed load-

defonnatio~ curve for the specimen.

The two effects of strain-aging, which occurred In the in-

terim during grid measurements, were an increase in strength,

and a decrease in ductility. A direct

total strain energy computad from grid

W-29-3 aad W-2$)-kand the total energy

comparison between the

measurements for specimens

input determined by their

load-elongation diagrams was impossible due to these effects.

To provide a basis of comparison it was necessary to determine

the load-elongation diagram of two additional specimens loaded

continuously and tested at temperatures equivalent to the speci.

mens under discussion, It was assumed that the energy obtained I
at equal deformations for the strain-aged specimens and the 6

i

i
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unaffect.edspecimens were comparable. The reason for taking

squal elongations for comparison is that-for the same amount

of elongation, the values of local strains produced withj.n

the gage lines should be the same, no matter whether the speci-

men is strain-aged or not.

Figure 36 indicates the degree of correlation between the

total energy compfitedfrom surface strains

theory md the actual total energy input.

adjustments previously discussed have been

close correlation noted indicates that the

justments are substantially correct.

by the octahedral

The assumptions and

incorporated. The
.,

assumptions and ad-

Correlation wi_thSDeclmens of Varvirm Width and Constar!t
Thickness

It eppears that the total energy absorption of individual

plates of vario=s width, but of the same thickness (3/4”)s can

be predicted by using the energy distribution found in the 12”

wide specimens. This is a possibility since

the energy at the notch and initial crack is

of width of specimen where failure occurs in

it is believed that

the same regardless

the shear mode.

Also at the end.of an advancing crack, the naturml notch acuity

is essentially the same regardless of the width of the specimen.

The first step in examing this point of view consisted in

superimposing,to scale, the outlines of one quadrant of plates

of various widthsupon the contou~ pattern for specimen w-29-4
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shown in Figure 33. The superimposed quadrant of a plate of

given width had a width equal to one-half of the actual width

of the plate, and a length equa$.to one-half the gage length

where the gage length was three-fourths of the width of the

specimen, as in the 12” specimen. In superimposing this quadrant

upon Figure 33 the ends of the notches were made coincident with

the notch of the 12C wide plate as shown in Figure 37. The

superimposed plates had aspect ratios varying from 1 to 13.3.

The plates so superimposed were compared by computing the

average unit energy (in-lbs per cu. In) within the ~tgross .’

gage Volmell for maximm load by making use of the ~it energY

contours of specimen W-29-4 falling within the boundaries of the

superimposed specimens. The average unit energy so computed is .

termed (u’). These derived values are plotted

Independently of the foregoing procedure~

energy (u) at maximum load for ind?-”:idual3/k”

in Figure 38.

the average unit

thick ductile %

specimens of 3, 6, and 12’!width were determined experimentally.

These values of (u) are also shown in Figure 38 along with values

of (u) for plates of greater width derived from data given in the

final report(6) of the University of Illinois for “Dn” steel,

which is somewhat similar to ‘SW19steel. The dotted extension.

of the (u) curve must be considered as tentative and only in-

dicativ~ that 12” wide specimens may be

averaging unit energy for wider plates.

useful in predicting tke
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CACE LINESOF
SFECIKNS

0+ 12” SPECIMEN

x

I

. .

OUTLINES OF
FIG. 37 QUARTER VIEW) SHOWING

SPECIMEN WITH TWO-DIMENSIONAL SIMILARITY

SUPERIMPOSED ON THE SURFACE OF A 12”

SPECIMEN, WI TH ALL NOTCH ENDS COINCIDING

WITH EACH OTHER.

SWAKTHMORE WLLE GE
1-13-s0

.

-i
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The differences between the (u!) curve and.(u) curve of

Figure 38 may be attributed to strain aging. The (u) curve

was determined from specimens continuously tested. This is

lar~ely confirr.cdby adjusting the experimental value of (u)

for an aspect ratio of 16 to a value comparable to (u!) by

the nedthods previously described. It was foumi that the ad-

justed value of (u), plotted as a hollow square in Figure 38,

checked the (u:) value obtained for w-29-4 in the presence of

strai~ aging, This indicates a good possibility that the txo

cur-res(u) and (-J1)wald coincide in the absence of strain

aging.

These apparent correlations strongly suggest that the

strain energy distribution of a single s~ecimm of

width and a given thickness may be used to predict

absorption,of individual plates of varying width.

Q&CLUSIONS - PART III—.—

proper

the energy

1. By use of the octahedral stress-strair,function, energy

distributions were plotted and typical patterns of plastic flow

obtzined.

2. Stu6y of patterns of strain distribution is believed

be the key to successful prediction of service behavior from

laboratory tests.

to
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Steel

Code

.4

Bn

Ill-

c

on

E

v

S-9

S-12

S-22

qb@

.26 .W

.18 .73

.18 .75

.2!+ .L8

.19 . 5L

.20 .33

.x? .52

.21 .50

.x .e2

.21 .82

.% Alu.rdmm. aided

.:+. ,, ,,
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Z!ELU

CWNJ2AL CCMPOSITICN

@@ @ &Z .Ni% Cu%—-

.012 .039 .03 .012 .02 .03

.Ou .030 .04 .013 .06 .08

.008 .030 .07 .015 .05 .07

.012 .026 .05 .016 .02 .03

.011 .!32& .19 .019 .15 .22

.!213 .C20 .01 .009 .15 .18

.013 .010 .23 .cx36 .10 .16

.012 .020 .07 .K12 .07 .02

.O11 .030 .07 .04 .03 .05

.012 .030 .’:9 .035 .03 .05

ill L:tiie a~d ir, Ycld

‘! Idle crly

T AIM 2

PHYSIC.!LPKIPE~TIEs

Unnotched bars - %arthmore Tests

A. S.T. M. Standard Specimens

Steel Code Yield Stress
p.s. i.

A 31,400
Pm 32,100
Br 32,200
c 37,400
Dn
E

34.90
33,2Q0

w 37,230
s-9 32,6oo
S-12
s-22

3L,700
35JXI0

.03 .(K!6 .004 semi-killed

.03 .CHJ6 .036 se.mi-ki31ed
nomml. ized

.03 .(06.IJ35 semi-killed

.03 .005 .009 semi-killed

.12 .021 .0C6 filly-killed
normalized

.09.018.035rimed

.07.01 .C05 fully-killed “

.05.Ou .004 semi-killed

.Cli .01 .C04 smi-killed
fine grai ned*

.04 .01 .004 mni-killed
coarse grained:-l

Oltimt e
Tensile Strength

p,s. i.

59, 5C0
;;:’?;

67,800
61,300
59,2m
62,540
57*9OQ
6L,1OCI
63,800

..
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TESTS OF SPECIMENS 17 !r ~~~ ~~!l THICK WITH STA~AFD NOTCH

(men.tchl$Y tidomdt!ns.tit.~titiencut 3./S-lm,tiO.O1Onwidcti.8ithaf.welarishsck-8a.)

SE-X. No.

A-M-13
A-1’+12
A-19-2
A-19-3
A-32-5
A-lv- 1
A-19-0
A-19-4
A-19-22
4-16-17
A-12-15
A-124
A-zE-u
A-M-22
A-26-7
&12-16
A-3.6.4
A-l&n
A-W-3
A-28-22
A-3S-L9
A-26-4
A-26-19
A-16-l
A-L?-9
A-zB-lo
A-W-2

Ternperat.rc
OF

6,502
l>lco
5,s03
6 ,ux
4,2m
4,mo
2,%CX3
l,lcc
l,m

10,3XI
ll,mo

7*9JX2
4,mJ
8,500

14,1C0
e,m

12,’?m
22,7’m
U,300
17 ,lCCI
16,6cM
13,1C0
10,?3I
12,603
11, w
15,3XI
22,4X

247>503
2yJ,m
240,5m
2&5>m
242,CD3
232,0?20
Zx.m
2YJ,020
233,033
235,3IX
242,(XJ3
241,YX
23L>W3
240,CCII
250,COI
235,@32
243,702
253,0.73
243,m
250,CKX3
2f.O,om
2J+3*W3
237,6m
239,UX
240,m
2M,5m
236>W

13.SW
29,330
22,6C0
61,6m
21,9@2
95>%0
22,/453
.2L,4m

317,3m
L3JX

lm,’m
91*5CO
2Q,7W
31,0m
92,4CC

lW, XO
91,1W

10L,602
92,802
S6,402

l:;:%

9?*7CO
B2.LOO
9siica
93>mo
92,@l

2.4a,5m 13,sm
2B3tmc 29.W
265,KFI 22,803
y?,5m 61,t02
270,320 22,920
322,620 234,523
.%5, X0 22,4m
256 ,Wl 24,402
32S,C02 249>2m
233,(XXY l+3,1Ca
319,5m 243,5CQ
322 Jm2 23S,m
355,0m 20,TO0
274.LCO 31,2m
329,5m 233,902
529,cm 250,6C0
m,m 232,1m
315,000 229,4m
324*3CO .Z34.am
314#4m 2L7,1C0
317,m 263*7W
312.xa 232,’FX
33.4}m 274JXU
m,m Z67,W
324,5m 255,6U3
324,@xl 230XJ3
3u.,5m 263,7C0

246*5VJ
2S3,CU2
265,400
3M.W
Z70,xa

60,W0
265,500
256,000
In,ooo
2s3,m)

S2,02.2
67,002

265,C01
274@0

66,CUY
72 ,W@
52,Qxm
56,mo
50,0m
95#mo
15,CQ2
%,sm
9J,5J2
50,0m
W,cim
30,cm
W,mo

Typ4 of Failure
Shmr

o

:
20
0

202
0
0

100
0

K@
No

0
Q

lm
lco
200
100

102
200

200
100
2m
3SJ2

● Zndieates that this w., n,t the load at fracture, W is given w the last lead inmadiltely pmm.sisg Sractve.

l’ESTS OF SPECIILENS 12!, WIDE 3A u THICK WITH STANIIAF21 NOTCH

tlls mtuh 2s V wih and kn~ r.t ite estrcaittis % & l/~ 2or@ ad O.Olff ui& mk with a jemler,s hachmw)

~o%
~

+..9
.14

1.2
9.1
92
9.9

10.0
20.0
AS.9
19.8
23.8
24.5
2s.3
29.4
29.8
29.9
20.2
4Ls
73.8

4,7CC
!7,7CU
6>303
6,400
7.7m
4;m
4,C.X
4,6C0
5,200
6,500
3,3ct3
6,403
S.90C
6,4M
5,703
4,7cQ
4,m
3,403
3$E02

&

335,s430
240,0to
WZ,mz
239,7W
240, W2
243, w
240,CW
245,4C0
236,302
2LK*am
227,3W
.?54,ax
232,.KO
234,502
Z34,9CC
237,6cc
22S,5fX
229, KG
222,5W

LrA4iL
41,5m
33,9(N
41,3co
59,7222
s3,9m
30, C430

L37,CCC
49,2CXI
70,220

125, EJX
56,102
60,600
29,mo

221*3CO
Uo,m
3.19,2m
u9,mo
123,5C0
225.00)

A&
2Z2,CDY
Zm.ezil
am ,400
295,?W
X49*3W
274,03?
336,3c0
22e,6m
m,cra
321,am
299,402
29A,7CC
2G3,5U)
318,920
317,700
330,400
524,6C0
326,w
3L0,1XN

@oCad w. milmw

4+503

51, mo

.

.

279*4CO

.

282*CXI3

-

-

42,54W
22,X9
A4,sm
59,Ka
K3,m
30,000

309.lCO
57,cm
70,.220

M6.7m
55-;2C0
60,6m
29, C?LU

ex%,sm
6wo,Am
2295,6C0
Z%,(ZM2
zm~m
222,3(23

~

273*OX
270,80J3
a79,400
293*OU2
2S9,300
274,LlY3

W.mo

199; coo
299. Am

W:m
25,oM
E$o,om
22,0m
6.2*CO2

Z%l

Tgpa or
X6Alwxa

m
o
0
1
3
s
o

2!20
2
s

66
3
3
1

200
200
200
lza
m
200



TESTS OF SPECIMSNS 12’1 WIDE, 3/ 211 THICK wITH STANOARO NOTCH—.-——

(The retch la F nib and -s at it. extremities a ml? gw lnw e.ml O.olv w%da mdn tith * pwd,r.s ha?k-sw]

sm.. 29,

BE-22-16
BB-Z2-B
35-22-9

%+-~
B@2-17
Bj-22-10
D@2-5

&+-32-13
q+-.32.-7
B+GO
s#x+19
%+3-4
Bg_Z24
Bs-22-1
+22-6

ml?xs&l.3

+2.7
-lG.:5
1.9
2.0
2.8

11.6
u. 9
13.1
X3.c
Is. 6
19+3
19.6
SO.3
3C.C
41.5
6B.0

Vlsiblo halt mu. Icaa Failu-.3
Em rgy
&n-ltil-l.-

3,9%
6, TM
9,902
4,80C
1,6~

1C,1C9
7,L32C

10,500
5,200
6,SCC
3,402
3,9X
2,700
1,000
7,400
6,500

m4,2m
249, !502
.?45, CCC
349, em
224, 69C
.240,500
Z43,3CC
239,500
2S2,20Q
23?*3GO
230,00C
2SG,02G
230,000
234,5043
230;7Ci
22.8,503

%7~
S1,500
44m2
9S,6m
36,030

142,300
130, Ku

34,3C0
134. cco

3C.’3O3.
L30, cm
220, CO0
2,20,702
3.39,2CC
232,9ca
140,203

293, m
Z23,62Q
296,3c0
332,50J
390,0G0
S40, mo
346,500
279, m0
329,7M
200.500
225;602

329;50U
?+9,500
537 .?@
32?, crx

IkmYg
&l&

36,700
31,5~
46,8CQ
92,602
36,092

335,100
286, ECC

31, X.2
31O,9CO
Sn;m

295,103
306,500
315* Sm
316,3(N
330,420
350,&m

ICI14
&

2X,000
23s, c00
295, BX
S38,2.30
290,000

74,50C
21 O,OJO
279,520

S2, am
2m. Sm

40;CO0
45, CO0
s5,030
25,000
So,me

‘ZygO of .Wailum
shear

1
0
2
6
i

100
59
0

lCK
1

100
Xc
102
120
lCO ,.
200

WiLz4
,,~,, s~ee

lk&T&. QF_$_P&Q$}N&.JZ.,L. WIRE.,. _3i&QClQGK bllki L32@iTH.FQ_NGXC&

(The notch is 3, wide and has at its extremities a cut I/sW lmg and O.OIOn wide nade with a jeweler, s hack-saw)

visible Crack k. Load Fai2ure

3F=X !!0.

C-24-7
c-2&l?
C-24-14
c-21.-17
C-24-5
C-2A-13
C-?4.C
C-24-20
C-2!A
c-2k-15
c-24-la
c-u-lo
c-x+-z
C-26-9
C-2 L-1
c-2 L-3
C-zl,-11
C-24-L
C-2+12
c-24-1.6

‘OF

63
‘ 63

73
73
7L
73
81
32
M
94
89
96

1:
10Q
116
116
124
124
lN

Fnergy
_

1,7C0
15,100
15,100
/Q,4m

2,CCQ
L2 ,lm

4,m
15,7CK

L.xo
15,9cn
33>0
22, 5ca

l,W
15,500

3,97.3
5,802

32,100
10,100

C,5C0
14,m

Load %erm Lead R)erc
&

256, w
273,003
275,C03
226 ,c03
227,703
267,500
2bl .502
276 ,0Y3

$g

%7,500
2&3,5cQ
271 ,CE33
249,033
25L,50C
Xo,m
262, 5C0
250, CC0
275 ,CCO

&
12,6w
PAGO
29,200
IJ.l+m
U2,m
40,5W
77,(AX
42.m
55.ZXI
49,7W
3;>4XI
6? ,7c0
67,3C0
91,203

2-W,XD
133)W
217,coC
104,2CQ

95,3X
91,X23

3
237,5m
281,CC0
316 ,CCO
286,m
291,7ca
295,0’XI
3C8, YXI
291 ,2W
31O, 7W
293,CCQ
292,CQ0
3u. YxJ
332.500
321,500
370,m
350,C4M
371.502
369,WJ3
344,1W
37k,m

*

18 ,6c0
32,6CQ
29,203

uo, xx
151,1+00

40, Ym
12A,(KC

57,100
137,1.99

li9 ,700
L5,2C.I

247,3m
205,3m
Z7c,mll
268 ,$CIZ
23!3,3m
329,2CQ
299>430
236,7CXI
291,mo

Lead *% ;:eilure
&

287,5C0 o
252, W2 o
316 ,OXJ
72,532 6:
60,9m 59

295,~
2913,um 1?
234>aoo
U7 ,002 k;
293,sc0 o
273, 7W o

54,033
17,m z
75 mm 89

216,4c0 63
50,m lW
60,c130 XXI
So,m
59 ,m

lm,coo lZ
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Cede S-9 (A. f3.T,2.i, Steel)

Test sDeciroens 121! wide x 7/4 ,, thic~ W th stc@u’di no

Ihc mt ch is Y, wide .anj has at its axtmmltlcs a at 2/8” deep made with a .010,, Jeweler’s hacksaw

Spec. Deg. To Visible Crack TO AlexbMI Load To Failure Rml-gy
No. F

%
k=u E Load Ihergy ~ bd ~erw F2 Load

:; ;b:l
shear

in Jbs lbc.. in Jba. MS. ilk lb lb

22 92

16 7k

10 70

22 60

~e 60

1 %2

6 50

7 L5

3 IQ

13, bCC

9,8CU

12,m

L2 ,Ox

11,500

12,503

9,530

9,1C0

22,0’33

229,6c0
Z?9,6m

231>Em

233,0m

229,CC0

2.36SOW

227,5Qo

234,CCX3

236.803

23.8,m

205 ,Em

151,em

130,903

S&m

L?.l,lCm

125,0~

L13,LWI

Ll,m

32L,6c.2
270,Oxl

?’?2SW

336,5W

295,600

33LJJY2

335,?33

287,020

288,s02

310,Kr3

256,5m

?Jl,lw

333,603

5&mD

329P33

325,003

&3,cCo

Ll,205

2Q,CW

19,5m

W,om

51 ,m

295,6CC

7Q,CC0

L9,cCo

2s7,002

288,W0

.191.9W 100 I

150,700 75

159,333 lCO

202,702 102

0. 0 I

287,6m 100

SCo,mo lm ..!

o
0

1
0.
0

TABLE 10

Cede S9 (A. S. T.3.f. Steel)

Test specimens 12*1 wide x 3/ 411 thick, with standard notch
t

The notch i. 3n tide ad hm at it $ extremities a cut l/Slm deep made tit h a .OIOW Jeweler’8 hacksaw

To Vi aible Crack To Sd.mm Loed To Failure 2nerw $
TO: . Deg. her= E Ia* her= ~ Load E“er~ ~

F

had E2-~ Shear

in.lbs lb. . in.lbs Zts . in.lbs. lbs . ti.lbs.

1 70

8 Lo

15 w

3 20

22 15

2 9

7 7

9 0

10 0

5 -lo

U -20

u -Y

10,0’30

8,020

5,mo

10,WO

&,@m

7,cm

7,0X

6,900

2,500

9,033

5,m

7,202

250,CYX

258,203

235,5C0

25&,@2

2LE,m

253,CXY3

267,C@

2A3,m

250,CXX

268,5m

259,cXF3

263,5c0

2M,0C0

120,mo
Z2E,oco

Z3.l,m

102,IXO

97,m2

39.m

312,m

98.5CQ

lm ,OCn

W,m

86*9CO

3%9@m
363*m
364*4W

?65*8m

366,7C0

366,5m
3fi,m

m,mo

37a,mo

375*CO3

375.60J

376.3m

29L,U30

%70,02Q

Xz3,m

286,500

2%,CIW

97,0C0

39,mo

93.5’m

220,m

50,2m

86,$W

L5#m

55#~
77,C02

130,032

lb5,mJ

366#5’m
326,~

320,0m

37.9,002

335,m

375,6m

376,Y20

2Eo,m3

MOicoz

172,032

175,500

19 L,C4JI

o

0

lo2,0m

o

W,cfm

o

0

lm

lW

lCQ

70

103

10

0

30

5 ,“

33

8

8
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TXZ8,E 11

Cede S22 (Cmrsc grain)

T, s+- speci,nens 12n wide x 3/L4, ti, ic; c, with stmdard notch

The rmtch is 3“ wide ati has at Its extremities a cut 1/8,1 deep u,ade nith a .OIOII Jeweler’s hacksaw

.5pm. ~. TO Visiblf Crack TO blaximm Load To FalTure ‘~ergy %
No. Enerr~ F. Load Ihe?m El l.aad b ergy E2

in.lb..
Load E2 - El

Sear

lb, . Ln .lbs . lbs . tn Lbs . lbs . in lbs .

3 70

8&l

10 60

9 Sk

75.3

I@

15 20

5,602 2b7,8m 127,9@J 375,W0 333,WI

2,502 Z34.m 10L,8W 376,5W2 334,m

7.5ca 253,5’XJ 132,503 375.?m 212,0D2

7,* 261,(Ko 35,CQ3 312,Occ 220,0c.3

5,LO0 252,2W 35,6W 330,m 35,600

5.390 2L.2,5ml L3,8CU 332,CU0 k3,8(K3

12,703 265,0m 29,020 3=3,500 29,CCC

TABIX 1?

w. steel

53,0:,0 2)2,1C0 10’3

Lo,om 229,200 103

?CZ3,0C0 81,503 35

322,(YXJ 175,0m 22

3X3DYJ o 0

332,033 0 0

m’9,5cf3 o 5

TESTS OF SFICIWE:JSL?” WIDE, 3/l.tq!’HICK WITH ST;?IDAXDNOTCH

W si’cle Crack
Temperat. m Fmerg.v E Load

SF.. No. “F ~ ~

(The notch is Y ride md h.s at its extremities a cut 1/8” 10.c and O. O1O’1 wide made with a jeweler”s hack saw)

!xm. Lo,d _
Enerpy El Load Em:: + Load TPg :~e ~tilure
i n-lb, -L ~-

R-32-11

N-32-D

1-32-9

W-32-1O

X-32-15

n-324

M-32-2

h-32-6

W-3>16

w-?2-17

w-32-1

R-32-7

21

?6

L3

L5

50

5L

66

66

71

76

81

01

L,LXC 257,903

3, 5cn 253,020

5,300 253,!302

e,7co 256,0m

5,m 25?,620

L,9X 257, Oco

not obtai md

3.5CC 228, 3=30

25,100 276,5CC

19,7m 260,002

not obtained

8 ,OcC 250,CDC

I& ,m

67, 5CK

49,TX

120,090
125,590

W-7, 5G0

93,0m

lLZ ,6x3

17? ,733

109,7DO

102,7m3

Ilo ,CQo

w9. m L8,0co 389,X43 o

Y46,0G0
3C6,00C

3L5,70@

3L5, 500

3L6,Rm

335,002

3LC>700

333,5@l

>10,003

2L5>m

3L2,1CC

71,0CQ 3L0,600

LG,OW 3% am

153, (YL 330,Wc

3&3,202 22,CC.2

292,303 m,5cQ

253,502 150,cOo

net obt alned

317ox 226,cKK

2LL,l?oo 61,030

z6~,6cQ 71,5W

282,502 55,Kkl

22

0

P
109

XXI

103

102

No

lCQ

ICC

1,2; ~
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TABLE 13

Comparisons of Maximum Loads for S~r and Cleavape Fractur<

(Net area before test, 6.75 in2.)

column 1 column 2 Ratio of
Steel Average Max. Load In Average Max. Load in
Code

~olu ; to
~~siws~ecimens failing ;;s. sp~emns failing

b ~ear s r

A
Br
Bn
c

317,000
333,000

;t;$%
346,ooo

;;:;E:
337,290
362,000
375,8oo

268,000
288,000
286,ooo
29b,ooo
311,000
264.000
307;600
290,500
326,000
331,000

1.18
1.16
pi

1:11
l.~o
1.10
1.16 c
1.11
1.13

TABLE 14

Comparison of Ener.v Absorbed”to Maximum Load for Shear and Cleava~e
FractureS

Cohmn I Column 2
Steel Average Energy Average Energy Ratio of
Code Specimens Failing Specimens Failing Co]um 1 to

in 100% Shear in.lbs. in 0$ Shear in.lbs. Column 2

A
Br

95,700 3.75
131,000 x:%

Bn
3.30

122,000 47,900
c

2.56
105,000

Dn
38,400 2.74

128,000 49,200
E

2.6o
99,800 3.12

w 127,600 %:% 2.90
s-9 129;500 46;1oo
~1~

2.81
;:~,~

%22 9 39:700 2.92

* (No specimens”testedexhibited 0$ shear)
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Cc-i.

—

A

E-

m

c

h

E

n

S-9

S-12

S-22

1P V!lde Tests

5.:!AR THK ORE DATA

Sinele

Trmsitim T,
iaxd cm Zmerg,y
,. max. load

53° to 60°

10” to 20”

25° to 33°

9J0t0 105°

mot. 25°

$?3° to 105°

m“ to XP

50” to 600

indef init.

50° to 63°

m. Range
hsed On Ap?..r-
mce of Fractm-e

=@ to 630

10” to a“

25° to 30°

~oo to ~j.

20° to 25°

900 to 1356

LO” to 50°

m“ to 75”

100 to 30.

50° to 60°

‘h-an;iti
l!idPoj.”t‘2

Based m F.nera
to max. lead

I@

9Q

26°

95°

@ ‘

85°

u“

48”

?00?

5F

,e of
remp . at
sition Curve
asd on Appear-
“c. of Fracture

U“

110

27”

94”

19°

770

46”

58”

lzo

57”

JrIiver-
Sity of (6)
121in0i *

——

—

—

—

00 to @

30~0 220°

.

—

—-

—-

hive,-
,ityof

%Y-

25°

5“

15°

90”

.

—

—

—

.

.

ram iti.*
euq. by

::(37W

70”

60”

_

Tramiti m Te.n.smtwe .s .ffected by :, Ratio

steel U@ ratio Grder of 10-: t.
Code

tider .f high to low
IIich rm~ r. ,.io .f Trms. Ten,p. based

0“ mm-e

A

Br

Bn

c

Dn

E’

n

s-9

s-12

s-22

1.92

4.16

L.05

2.00

Z.&

1.65

2.L?

2.78

3.50

3.50

2

10

9

3

6

1

4

5

7

10

6

1

0

2

5

L

9

3

135°

700 .

w“

600

80”

@

lmo

.

I

t

t
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TABLE ~

Physical properties

Unnotched Bars
AS~ standard

Steel Code. —. plate Thickness x&#&2%% ILLtimateStress
psi

T-1 1/2”
3/4”

41,000

1‘1
37,800
37,200

T-p 1-1/2”
3/4”

36,400

1“
39,600
40,OQo

T-2R
1-1/2”
3/4”

33,300
39,2oo

TABLE 18

Aspect Ratios Tested

Steel Ccxie

T-1

T-2

T-2R

Thickness i@?fisL Ratios

1/2“
;[4”

4,~,16,19.5
4,9,12,16
4,8,12

1-1/2’!
3/4”

4,6
4,9,12,16

1“
1-1/2”

4,6,8,12
3/4,, 4,6

4,6,16,19.5



TABLE!9

=Eq

Summaryof UnitEner@ andAverageUnitStressat MaximumIoad—

Valu~sRimedon GrossGageVolumeandNetArea

andtheaveragefor allspecimensexhibitingeither100%or O% shear

Thickness Percent u AR6 AR8 AFt12—-
of Shear u psi — - psiu

——
u psi u psi

failures ●

AR 16 & lJ
u — —psi u psi

l/2e 103% 494$0 71,000
0$ 4,520 71,9C0

3/4” 100% 3$720 67,940
0% 3,810 69,230

111 100% 3,090 61,720
o% 3,190 62,680

1 1/2‘t MO% 2,800 59,133
O% 2,540 60,2CO

2,610 63,050 1,870 58,1CKI1,7C0 54,730
2,@J 63,570 1,220 56,3c0 9Y3 52,940&

2*46O 599940 1,820 57,Wfl 1,610 55,o8o
I

?-,OCO59,530 1,420 56,h60 1,350 53,620

2,33) 55,420 l,8&I 52,550
1,9c0 57,16o 1,245 52,680

2,250 56,3o0
1,960 56,780

* u, unitenergyin Inch-lbs.~r cubicinch



. . .

TASLEm
T-2ani T-2RSTSELS

Swmlary of Onit I!her@ aodAvers@ UnitStreeaat MaxlmomLoad

VeluesRwed on OrossCageVolume&ndNetArea

andtheaverageof allspecimensexhibitingeither100%or O% ehearfailures

‘T~dmess %rC8XIt AR4 JIR6 AR8 AR12 M 16
of Shear u psi

mm
u — -psi u — -pal u- — pai u — —psi u— —pal

3/4”

In

1 l/2H

3/4”

10C%
0%

loo%
o%

1000

lCO%

3,350 66,8zo
2,870 68,150

2,160 63,13
2,750 63,83)

2,270 59,770
2,270 61,25o

T-2Steel

2,160 to,no 1,603 57,6oo 1,530 55,360 ,
l,klo 59,030 1,090 56s9C0 890 54,200

1,970 60,200 1,770 56,500 1,460 54,5C0
-- 1,660 59,003 970 54,890

1,92) 58,0C0
1,570 57,59

.

1,550 55,003 1,340 53,8fXI
770 52,8fM - —

2,970 63,630

T-22 Steel

2,750 61,360

* u, unit energy in inch-lbs.pr cubioinch.

!

I
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TARLE21

TRANSITIONTDdPERATIRES

T-1= ‘“

TransitionTemperatureRaMe q SinglePoint

Plate Aspect Racedon appearance TransitionTemp.OP
Thickness Ratio of fractureas basedcmap~arance

definedby % of shear ae definedby % of
shear

1/2”

3/4”

1.

1 1/2”

L

8

16

19

4

8

12

lb

4

8

1.2

-20to zero

-10to zero

+10to 22

-10to zero

-20 to zero

zero to +10

zero to +10

+30 to @

+10 to +20

+10 to +20

+3 to +@

+50 to 60

5oto60

-lo

-lo

-2

-8

-23

zero

+5

+15

+13

+13

+28

+44

+50
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TABLE 22

TRANSITIONTmPmA1’oREs
..

T-2 ahd T-2R STEELS

Tram ition TemperatureRange?? SinglePoint

Plate Aspect Basedm a~earence Transition Temp. W
Thickness Ratio of fractnre as basedon appearance

deftiedby % of shear ae definedby % of
shear

T-2 Steel

3/4” k -20to -lo -17

8 -loto - 5 -18
. .

L? -10 to zero -5

16 +10 to +20 +2

3/4”

4 -10 to zero -7

6 +lo to +20 +10

8 +30 to +@ +33

12 zeroto +20 +13

4 +30 to +40 +3

6 +6o to +75 +68

4

6

16

20

T-2R Steel

(Insufficient Data)

(In sufficient Data)

+@ to +50 +38

+35 to +50 +%


