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PREFACE

The circumstances attending the brittle fracture of steel are not simple,

nor have they yielded to a large volume of coordinated research effort. It has

proved extraordinarily difficult to combine into a consistent picture the results

of all of the tests that have been performed and to draw from them a set of uni-

fied, undisputed conclusions for practical use. Captain Roop's paper records

his own search for such general conclusions based on the consideration of all

valid data for wide plates. It is published herewith in the hope that it may

serve to advance the solution of this important problem.

E.H. Kennard, Chief Scientist

Structural Mechanics L oratory

David Taylor Model Basin

Finn Jonassen,

Ship Structure Committee,

National Research Council
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ABSTRACT

Data from all sources on notched wide-plate steel specimens are brought

together and analyzed, especially with reference to transition temperature and

energy absorption in ductile and subductile modes of behavior. These quanti-

ties and also elongation at maximum load are strongly affected by relative width

of specimen. A simple theory is sketched. It leads to the conclusion that local-

ization of strain about the apex of the notch is relatively greater as relative

width is increased.

, 111 411 il iim a I l

- I - 2] ill I 3 -r -- ---- s~,

illYII~ _ . _ -



DIGEST

1. The type of specimen in the tests now to be analyzed was designed to represent, in

the largest size, an approach to the conditions existing in a ship's deck in tension and to

give an indication of the detailed behavior, with respect to ductility, of the material in that

configuration.

Intermediate sizes could be regarded as models in reduced scale of the larger plates.

The smallest specimens were not too large to serve for materials testing. All were linked

together in a chain of similitude, and they were intended to provide a means of predicting

full-scale performance from laboratory data.

It happens that the evaluation of steel as a material of construction is the aspect of

the matter that has had the most attention, and especially with reference to its ductility.

In addition to the metallurgical character of the steel, the form of the specimen affects

ductility. In the present tests, all specimens were of a standard type, differing only in width

and thickness.

Temperature is a primary consideration. A simplified statement of its effect consists

in naming a limit below which ductile behavior is not assured. This limit is called the transi-

tion temperature.

Early work consisted mainly in determining a transition temperature by means of the

Charpy test. A critique of this procedure is given and the role of the wide-plate specimen in

evaluation of the quality of steel is discussed.

The purpose of these tests is to find how to allow for mechanical differences between

the small specimens used in the laboratory and the full-scale service structure.

II. Cold acts adversely on ductility. As judged by looking at the fracture surface, its

effect is to reduce the frequency with which the break appears to be ductile.

This action is influenced by the geometry of the specimen. A survey shows that as the

ratio of width to thickness decreases, greater cold is needed to produce the effect. A formula

is used to describe this action numerically although it is derived from only part of the data

and is only approximately correct.

With the help of this formula, data are reduced to terms of the specimen of section 3/4

by 12 inches. After allowance is also made for material differences between the steels, a

standard transition curve (Figure 3, p. 55) is derived, showing the effect of cold on frequency

of brittle behavior, all other circumstances being equal.

Use is made of this standardized curve to express the effect of cold in any given case

by a single temperature value. Such a "transition temperature" is evaluated for each of the

subgroups of specimens. The "subgroups" are those within which the only variant is tem-

perature.

Transition temperatures are now tabulated according to the values of the ratio of width

to thickness. In this way an improved result is obtained, replacing the approximate result of
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the survey. This result is based on all the available data, excluding none.

A distinctive feature of this analysis is the systematic use of a definite process of

curve-fitting by "least squares." This process also evaluates the limits of dispersion within

which the result is defined. This process, iterative in nature, is offered as an example of a

method for reducing strongly scattered data.

III. In analyzing the data on energy absorption, we begin with the recorded values of

energy to maximum load. First we consider behavior in the fully ductile mode, at tempera-

tures high enough so that energy does not vary with temperature.

At constant thickness, this fully ductile energy value varies with width as well as with

the material. By the iterative procedure already described, allowance is made for these two

effects separately and successively, and in this way a well-defined width-effect is identified.

The nature of this width-effect is considered with respect to its relation to the condi-

tions of similitude. It is demonstrated that strain patterns, in specimens of different size

but initially similar in external dimensions, cannot be geometrically similar, even at equal

stages of deformation, unless thickness also is proportioned to width.

IV. When data on specimens of different thicknesses are analyzed by the methods

previously used in simpler cases, a width-effect very like that in 3/4-inch plates is found in

1/2-, 1-, and 3/2-inch plates of T-steels. When thickness is proportioned to width (constant

sectional aspect ratio), energy is nearly proportional to the cube of thickness.

The proportion is not exact, however, since the thinner specimens absorb somewhat

more energy for their size than thicker ones. This is taken to be a metallurgical effect of

rolling. If the material in different thicknesses were identical, energy at maximum load for

any given aspect ratio would follow predictions as made for different size specimens as

made by the principle of similitude.

"The geometrical effect of varying aspect ratio" now emerges as the more explicit

meaning of the expression "width-effect." In order to explore the significance of similitude

for width-effect, the conditions of similitude must be extended so as to include equality in

the stages of deformation, as indicated by relative elongations.

Under this condition width-effect disappears and energy varies (within a small toler-

ance) with the square of aspect ratio as well as with the cube of thickness.

When, instead, energy is taken to maximum load, the width-effect consists in higher

relative elongations as specimens are narrower. This is expressed as a linear variation of

energy density with reciprocal aspect ratio. Slopes and intercepts of straight lines repre-

senting this linear variation are now evaluated (as in Chapter III for 3/4-inch plates) for the

T-steels in all thicknesses, as referred to 3/4-inch T-1, and for all samples of steel listed

in Table 1, as referred to 3/4-inch "median steel."

V. In contrast with the fully ductile condition is subductile behavior in which energy

to maximum load is definitely lower. At temperatures below a range of uncertainty, a relatively
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stable energy value is reached, unaffected by greater cold. This is the condition of "com-

plete brittleness" as distinguished from "partial brittleness" in the zone of uncertainty and

from a hypothetical "absolute brittleness" at very low temperatures such that fracture occurs

within elastic limits.

The "completely brittle fraction" (cbf) of fully ductile energy which is formed by the

completely brittle energy rises as width is reduced and approaches unity at a value of width

(in ratio to thickness) not much less than 4 in T-steel; however, in S-12 & similar result is

seen at a relative width of 16.

Temperature limits of subductile behavior are too ill-defined to permit inferences

about an energy transition temperature.

VI. Analysis like that made previously on energy to maximum load is now applied to

total energy. Results for the case of full ductility are similar to those in Chapter IV, but in

subductile action, total energy presents some features of special interest. The completely

brittle phase of action is still present, but in addition to the data at observed complete brit-

tleness, it is now possible to obtain values by inference from data on an intermediate condi-

tion (mixed fracture) between full ductility and complete brittleness. These are well correlat-

ed with intermediate energy values.

It turns out that reduced temperature produces either (1) a gradual reduction of energy

absorption or (2) an abrupt drop to the completely brittle condition with gradually increased

frequency. The two cases are quite distinct and alternative.

In neither case, however, is there any evidence for an energy transition at a tempera-

ture much different from that of the fracture transition.

Results on mixed fracture point to a resolution of the difficulty relating to the fact that

ships operate without casualty at temperatures well below the half-value point in the fracture

transition. The proposal to resort to an explanation of service casualties in terms of another

transition at very low temperatures contains difficulties no less than those attached to the

fracture transition. But if in full-scale structure mixed fracture could be assumed to be the

normal case, complete brittleness would not occur until a temperature is reached nearer to the

lower limit than to the midpoint of the transition range.

VII. In seeking an explanation of the facts revealed by the present analysis, we take

width-effect to be the most significant phenomenon and localization of strain near the notch

to be the cause of it.

In very simple terms, localization is defined and evaluated with reference to a model

in which the continuous field distribution of ductile strain in the specimen is simulated by a

division into blocks or zones within each of which the strain is taken to be uniform.

At equal elongations in specimen and model, and especially at the elongation at maxi-

mum load, the value of maximum load, and more particularly the value of energy density, is

calculated and compared with the observed value. The calculated value is a function of the
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localization factor, the observed value a function of relative width. The comparison yields

a relation between width and localization.

This relation applies directly only to the field of flow in full ductility, since the model

loses its validity when fracture begins. However, it is known that a fine incipient crack is

present in the specimen from an early stage of loading. It has no great effect on events until

something happens which causes the crack actively to advance.

The explanation of the effect of width on fracture and fracture transition temperature

is to be found in the interaction between the minute field of the incipient crack and the broad-

er pattern, with its width-effect, of the strain field of ductile flow.
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INTRODUCTION

"Early in the war, welded merchant vessels experienced difficulties in the form of

fractures which could not be explained. "1 In one word, the explanation is now known to lie

in COLD. This has been proved by many laboratory studies in which the primary variable

has been the controlled temperature of test.

Steel which has the ductility which makes it so useful for ship construction may lose

this quality at reduced temperature, and the degree of cold at which this may happen is not

lower than what often occurs in service at sea.

The Board of Investigation under which it was determined that cold was the cause of

the casualties was constituted in April 1943. One of its first laboratory projects was set

up to reproduce the ship fractures by tests at low temperature.

It was natural to attribute this new difficulty to the new technique then being used on

the widest possible scale, namely, welding. Many tests had previously been made at the

Taylor Model Basin of welded specimens and models. These had shown that the strength of

welded joints was very high, even in some cases exceeding that of the unwelded metal, pro-

vided the approved welding techniques were used. Even though defects in welds occurred

and certain incidental practices (e.g., arcs struck at random) were found not to be harmless,

yet it was soon shown that the burden of the casualties could not all be placed on the quality

of the welding.

A significant feature of welded (as compared with riveted) structure was its rigidity.

In earlier tests of welded joints their high strength had seemed convincing as to their effec-

tiveness, and no great attention had been given to their low capacity for deformation. But

the service casualties all showed evidence of small deformation in the metal. It seemed

obvious that something was interfering with the full play of the ductility which was one of

the chief merits of the medium steel of which the ships were built. Special emphasis was

therefore to be given in the new tests to study of deformation.

There was also another respect in which information given by earlier tests had been

incomplete. The presence of high stress at points of concentration in the structure had long

been understood and it had become a primary aim of design to ease such "hard spots." It

was known that they could not be eliminated altogether. Shipyard experience had demon-

strated that they could, in some degree, be tolerated through the ductile action of the metal

in ironing them out. But the standard form of test specimen that had been used up to that

time contained no such hard spots. It was therefore determined to introduce some sort of

standard notch into the specimen to be used.

Now notched specimens had long been in use on an unofficial basis, but only in very

small sizes. It was felt from the start that size was of the essence of the matter and so the

1References are listed on page 145.
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INTRODUCTION

third distinctive feature of the new tests lay in extending them to specimens of the greatest

possible dimensions.

The new tests were thus (a) to emphasize study of deformation in specimens (b) with

notches and (c) in sizes running up to the greatest that could be handled in the available

facilities. Controlled temperatures were to be used from the start.

These conditions were met in the wide plate specimens, simple flat plates with acute

internal notches at midwidth and midlength. (See Figure 1.) They were loaded as had been

the unnotched plate specimens, in tension rising directly to rupture.

The plan contemplated from the beginning that the specimens would be of rolled thick-

ness, 3/4 inch, and in two widths. The greater width chosen was the most that could be

handled in existing test machines; the smaller was such as to permit freer choice of the test-

ing facility. It turned out that the high-capacity machines at the University of Illinois and the

University of California at Berkeley were used; these could take gross sections up to 3/4 by

72 inches. The narrower specimens, at first, were all tested at the Taylor Model Basin in

direct liaison with the Board, on a section 3/4 by 12 inches.

This program was expected to produce fractures like those which had occurred in ser-

vice, but under conditions which could be observed and controlled, and in this way it was

hoped that the conditions for eliminating such fractures could be learned.

The program was immediately extended to a series of medium steels of different types

which came to be known as the project (or "pedigreed") steels, designated "A", "B", "C",

"D", and "E". Of these the first three were tested only at the University of California, 2

the last two at the University of Illinois 3 and at the Taylor Model Basin. 4 For the metallur-

gical differences between them the original reports should be consulted.

All of these project steels were specially rolled for the purposes of these tests, but

they met in full the standard specifications for medium steel for ships. It was intended that

they should form, together, a suitable sampling of the "population" * of the category of

structural steel for ships; they included steels suspected to be unsafe with respect to cold

brittleness as well as others believed to be better in this respect.

As to the mechanical aspects of the phenomena, it appeared gradually that it would

not be possible, from tests on steels "D" and "E" only, and in two widths only, to make the

necessary inferences about the effect of width. Additional tests in limited numbers were

therefore made in widths of 12, 24, and 48 inches on all the steels.

The preoccupation with steel quality persisted, however, and in the report of the ori-

ginal Board 1 the mechanical parameters affecting cold brittleness, though recognized perhaps

to be important, were considered only in relation to the purpose of obtaining and identifying

a suitably "notch tough steel."

*A technical term used by statisticians to designate the aggregate of individuals in a large group, whether of
persons or other entities.
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3 FIGURE 1
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Figure 1 - Form of Wide-Plate Specimen

In many early specimens the notch acuity was not accurately controlled, but was given a high value by use

of a fine hacksaw. The drilled holes are preferred for standardized acuity values and are necessary in strict

similitude. Energy value, especially total energy, is affected by this discrepancy in acuity by an amount hardly

exceeding that arising from other causes of scatter in the data.



INTRODUCTION 4

After the urgency of war-time had subsided and questions raised by the war effort

could be given more thorough consideration, the Ship Structure Committee took over as the

Board's successor. One of its first concerns was with this subject of the mechanical and

geometrical influences on cold brittleness, and with the reduction of these influences to

quantitative terms. A project was established in 1947 at Swarthmore College s for more

searching study of the project steels in specimens 3/4 by 12 inches and later 6 for an extend-

ed study of the effect of width and also that of thickness in two specially rolled steels,

designated T-1 and T-2.

The data from all four of these laboratories are now to be brought together and analyzed

and it is the purpose of the present report to explain the methods and give the results of this

analysis. The main concern lies with the mechanical and geometrical parameters and with

their disentanglement from metallurgical effects, from differences of steel quality. .The an-

alysis has been extended to include all available data from wide-plate tests. Reference is

also made to an additional set of such data, taken mostly at the Taylor Model Basin, 7 in

which, again, a series of different steels were studied, all in 3/4 by 12-inch size. These

add nothing to our knowledge of mechanical effects, but they broaden the sample, and are

therefore also included.

With these tests a chapter in the episode of cold brittleness is closed. It is a suitable

moment for summary of these data, even though the conclusions from them cannot be regarded

as final. It would be desirable to round out the data on 3/4-inch thickness at the highest

width values, and, in general, to have more trustworthy information about plates of high width

in proportion to thickness. Possibly the tests on 3/4 by 12-inch plates should be extended

still further if the sampling of the category of ship steel is still regarded as inadequate. Per-

haps the tests at different thicknesses should be repeated with a different type steel extend-

ed to higher ratios of width to thickness.

But the justification of such future projects will lie in part in the significance attach-

ed to those already completed. It is now our object to determine and describe in detail the

nature of that significance, and to draw from the data actually available the utmost possible

in secure inference, in information probably correct, and in clues to hypotheses for further

advance in our knowledge of cold brittleness.
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I- INDEX OF DUCTILITY

CHAPTER I

THE QUALITY OF STEEL

Cold, although it increases strength in ship steel, acts to reduce ductility* and to

favor brittleness. A number of ships have actually broken in two and been lost in low tem-

perature service. The explanation of this is that although their strength was assured by the

standard process of design, this process took no account of ductility or brittleness as a

property of the steel except as indicated in test specimens without notches.

Steel which has been built into a ship is never free from notches. Through their stress-

raising effect notches would shorten the life of every ship if they were not eased and rounded

off in shakedown and in service by the ductile action of the metal. Beyond the study of

brittle fracture, the broad purpose of these tests was to provide abasis of fact relating to the

plastic flow of steel under load in the presence of a notch.

The intention was that this should lead toward development and use of a requirement

more explicit than that in the standard tension test for a specific quality of the steel used in

ships with respect to its resistance to the adverse effect of notches. The ordinary method of

applying such a requirement would be through an acceptance test of the sample of steel as

represented in a notched specimen. What is needed is a clear knowledge of how such a test

would operate to assure the desired quality.

THE INDEX OF DUCTILITY

Under given conditions of loading or service some steels are more ductile than others

and so, under those conditions, are to be preferred. What we now seek is a laboratory test

that will indicate reliably whether or not a given sample of steel will havp suitable ductility

under the conditions of service.

In the standard tension test the index adopted is the elongation before rupture or the

reduction of area during rupture, and steel in which this index does not attain the required

value is rejected as unsuitable for service. It was an early tacit assumption that ductility

is a property of the metal itself and that a sample possessing this property, as demonstrated

in any given test, would retain it in any other test and in service. The preferred test, natur-

ally, was the simplest, namely, the simple tension test, and the limits set were those which

long experience had suggested as an ample safeguard. Deficient quality, as indicated in the

tension test, was not the cause of service casualties associated with cold brittleness.

But it gradually became apparent that the ductility of a given sample of steel depends

on the manner in which it is tested. It is now known that geometrical form of the test speci-

men as well as the way in which the load is applied may affect or even inhibit ductile flow.

Our standard tension test favors ductility while notches hinder its action. The test is thus

*See Appendix A on the "Meaning of Ductility."

009111001IIYWIlll10 iI ~-------



I -ABSOLUTE DUCTILITY

too optimistic in its estimate of ductility and, in this respect, it needs to be supplemented.

For 50 years a notched-bar test (Charpy impact) has been used as a guide to quality

in steel though it has not been officially required in connection with hull steel for ships.

The Charpy and other fracture tests are useful to those engaged in the practical business of

making good steel. However, such guidance as it may have given the steelmakers was not

enough to prevent service casualties due to cold brittleness in ships.

The occurrence of these casualties has led to a great increase in the number of pro-

posed types of notched specimens and these have many different forms. They vary especial-

ly with respect to the extent of metal taking part in the absorption of energy on the way to

fracture. Thus, in the Charpy 8 test, the whole energy, or a very large part of it, is devoted

to starting and completing the fracture since the specimen is so small and the load so dis-

tributed that all the metal sharing in the energy absorption is near the notch. On the other

hand, in the unnotched tension bar, a large part of the energy is absorbed at a distance from

the fracture.

A compromise is presented in the tear test, 9 widely used but not yet officially required.

Like the Charpy test, it uses eccentric loading and judges brittleness by appearance of frac-

ture. Like the wide-plate test, it makes use of static loading of plates in rolled thickness.

In its dimensions other than thickness it is in an intermediate position.

Small size is a most significant feature of the Charpy specimen. As the wide-plate

program advanced, the importance of size was better appreciated. The wide-plate test lends

itself especially well to investigation of size-effect, and especially of width-effect.

Many other forms of test specimen have been devised, for economy, for convenience,

for special purposes, or perhaps just for novelty, and each of these carries with it a separ-

ate index of ductility. But the Charpy and tear tests, in comparison with the wide-plate

test, are the ones which have mainly to be considered.

ABSOLUTE DUCTILITY

Along with differences in geometrical form and in manner of loading of different speci-

mens go differences in the distribution of plastic strain within the metal. The nearer the

distribution comes to uniformity, the greater the energy absorbed in the whole specimen be-

fore rupture; if the strain is localized, the energy absorbed in the whole structure before

rupture is smaller* since less of it is used in deforming metal at a distance from the point

where fracture begins.

Even in the unnotched tension bar the distribution is not uniform but is affected by

*On the other hand, if the comparison between specimens with greater and smaller degrees of strain localiza-

tion is made at equal deformations (e.g., elongations) the loss in energy absorption caused by nonuniform dis-

tribution is smaller than that at rupture, or possibly becomes a gain, since the energy density at points of high

local strain increases more rapidly than the strain, roughly as the 5/4 power of the strain.
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I - ABSOLUTE DUCTILITY

necking. If we knew more about strain patterns we would understand better the differences

between specimens and would be further advanced toward the goal of successful prediction

of service behavior on the basis of laboratory tests.

Specimens of different sizes and proportions can be compared with each other by di-

viding the whole energy absorbed by an appropriate volume of metal to obtain a value of

energy density. If the volume is that of the active part of the specimen the average value

given by this quotient may be quite significant. Such an average value might be developed

to form the basis of a procedure in design for energy absorption. 10

If this same quotient could be evaluated for infinitesimal volumes and energies at the

peak of localization, local values of energy density could be found and these would serve as

a measure of absolute ductility. Very small specimens like the Charpy specimen may be re-

garded as attempts to achieve such an approach by reducing the whole size of the specimen.

The unit of energy absorption that will be used in the present analysis is the inch-

kilopound per inch cubed. In a ductile tension bar of medium steel without a notch, average

energy density at rupture in the metal near the fracture section may exceed 100 such units,

as estimated from the reduction in area. In wide plates, ruled surface grids 11 permitted

measurement of this quantity and its extrapolation to a peak value at the line of fracture; the

value thus found was not much over 30 units. However, this refers only to strain at the rolled

surface of the metal; within the metal, at midthickness of the plate, a value approaching that

found in the simple tension test might well be attained.

This number may be regarded as a measure of absolute ductility such that fracture

may be expected at any point of concentration in a nonuniform field of distribution at which

this value of unit energy absorption is attained. In a very small specimen the average for

the whole specimen might approach the peak energy value since none of the metal in the

fracture section is far removed from the notch. That such an approach may be fairly good

in the Charpy specimen is shown by the following calculation.

The volume of active metal in the notched bar of gross section 2/5-inch square may

be estimated at 1/100 cubic inch. A typical value of gross energy absorption in such a

specimen when fully ductile is 50 foot-pounds or 600 inch-pounds. On the estimated volume

this gives 60 inch-kilopounds per inch cubed.

However, in the Charpy test the number recorded by the machine is the gross energy

needed to complete the rupture and break the specimen in two. It takes no account of strain

pattern or of differences in absorption of energy in different parts of the specimen. Attempts

have been made to remedy this difficulty by measuring change in thickness during the test

both at the apex of the notch and at the opposite face of the bar where the crack completes

its advance. The relative values of these terms have been considered to give an indication

of how the whole energy is divided as between pre-crack and post-crack stages of deformation.
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With the object of improving on this technique, Charpy specimens have recently been tested

under static load. 12 Some means of effecting this division is necessary and the lack of a

way of doing it directly is a defect in the standard Charpy impact test.

In the tear test the early practice of observing the whole load-elongation curve has

given way to considering only the energy needed to propagate fracture; since this is in com-

plete correlation with the indications of the appearance of fracture, the tendency is to omit

energy measurements altogether. This implies that the energy needed to start fracture has

no significance in service behavior.

The wide plate lends itself especially well to the study of strain patterns* and also

to their variation as deformation advances. 13

PARAMETERS

The full details of strain distribution in specimens of different types, if known, would

go far to explain the differences between them. If these differences were completely under-

stood, inferences could be drawn from any one of the types about what would happen in the

others and in full-scale structures.

But these full details are not likely soon to become known. The alternative resource

which is in part available lies in observation of the effects on energy absorption when certain

external circumstances of the test are varied; these are called parameters.

Early work on geometrical effects in the wide-plate specimen was all done in 3/4 inch

thickness and 12 inch width, and mostly on "E" steel. The parameters which were varied

were depth and acuity in the notch. In later work these two parameters were constant; the

depth was held at 1/4 width, leaving a net section of 3/4 width. With respect to acuity two

standards were followed. At first the sharpest notch conveniently made mechanically was

used, that of a jeweller's hack saw cut. Later a drilled hole was used to terminate the notch,

with a diameter equal to 1/16 the thickness.

The parameters considered in the data as here to be analyzed are four in number. The

first two are geometrical: width and thickness. They will be discussed at length and we

need mention here only that thickness will be taken as the measure of size, and width express-

ed mainly in its ratio to thickness.

Temperature of test has a great influence on energy absorbed before rupture, either

commenced or completed, and the study of the effects of temperature has been one of the main

objects of laboratory work. Cold generally reduces the amount of energy absorption but there

is variation in this respect between different circumstances of test and even in results of re-

peated tests under identical circumstances, which are often quite scattered. One of the great-

est difficulties comes from the need to distinguish effects of changes in parameters from

*Extensive data taken at Berkeley still await analysis.
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I- PARAMETERS

uncontrolled scatter. To resolve this difficulty completely would require prohibitive numbers

of specimens. The greatest practical problem in this whole field of investigation is that of

drawing valid conclusions from scanty data.

In over-all numbers the data are not scanty but rather numerous. It is the numbers of

duplicate tests, with all parameters identical, or strict comparisons, in which all but one of

the parameters are identical, which are small.

With respect to the fourth parameter, the metallurgical one, strict identity between two

specimens is impossible since, in every plate of ship steel, local variations of the material

are found. Even to produce a homogeneous sample by special procedures is so difficult that

no tests with wide-plate specimens have ever been made with such material.

The Charpy test has been used for study of methodical series of metallurgical vari-

ables such as chemical composition, grain structure, or finishing temperature. Such studies

must be quite revealing to the metallurgists who rely on them for guidance in production. But

until the Charpy test can be validated as an indicator of service behavior, they do not give

the assurance of freedom from cold brittleness in service which a valid acceptance test

would provide.

Wide differences in metallurgical variables even though important for other reasons

need not now be considered if they do not cause cold brittleness. A direct test for cold

brittleness is the chief objective of the work here to be analyzed.

In the search for such a test many projects have had no more than indirect value.

Whatever good they may have done to those who must produce steel free from this defect, they

make only for confusion in answering the question: Will or will not a given sample of steel

be brittle in cold service?

Whatever the Charpy test measures, it cannot be said to give a clear answer to this

question, beyond the reach of occasional exception.

An extended critique of the Charpy test as applied to the metallurgical parameters

of cold brittleness was made by Maxwell Gensamer in SSC 9 (Reference 14), ending with the

conclusion "that the standard impact test as normally conducted does not yield a reliable

prediction of the fracture characteristics of the steel (brittle or ductile fracture) when it is

to be used in a full-scale structure." (Page 21.) This conclusion, although igncred in some

later work, has never been refuted.

The prime defect of the Charpy test is typified by its failure to indicate the inferiority

of "C" as compared with "A" steel. This is not an isolated case, but one which reappears

in current data. For example, in the long series of Charpy tests made at the National Bureau

of Standards, 1 s Plate 52A is shown by the Charpy test to have a transition temperature below

the average for "through" plates although it is itself a "source" plate.* The question of

*Three categories of samples are set up: (1) Plates in which cracks started ("source"), (2) those traversed

by cracks ("through"), and (3) those in which cracks were stopped ("end"). In Figure 10 of the reference are

given the three corresponding distributions of the frequency of service fractures plotted on Charpy transition

temperature. (Continued on next page)
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I.NATURE OF DATA

the validity of the Charpy test is not discussed by the authors of this reference, but full

reliance is placed rather on the purely empirical correlation between the results of the test

and certain frequencies among observed fractures in service.

The spread in the metallurgical parameter calls for special comment. In the data now

to be analyzed a wide variation of the metallurgical parameter is represented. The gross

number of "subgroups" (see next page) of different metallurgical characteristics is 33, with

transition temperatures ranging from 56 degrees below to 70 degrees above the average, al-

though all samples fell within the limits of the category of medium steel for ship use as de-

fined by the Navy Specification. It includes steels deliberately chosen because they are

known to show cold brittleness and others known to be free from it; steels produced by vari-

ous mill practices without regard to cold brittleness; a good steel, in two variants, rolled

to a series of different thicknesses; and a series of samples drawn from ships in which ser-

vice fractures had occurred.

It is true that the total number of samples falls short of that in other series in which

tests were made with smaller specimens. Thus tests at the National Bureau of Standards is

extended to 113 plates from 72 ships. It would be vain to hope that wide-plate tests ever

would be extended to the wide coverage made possible by use of the small specimen.

In the NBS report i s the question of sampling is discussed at length (page 28 ff). The

whole number of source plates was 30; the number of Class I casualties, each with a source

plate, was 197. The number of ships was about 5000, and of potential source plates much

larger.

Plates subject to cold brittleness may be relatively more numerous among the wide-

plate specimens than among the ships, although the wide-plate population also includes two

or three specially produced steels known to be better than what is available for most ships.

The sample composed of all the wide-plate specimens, in any case, is large and inclusive

enough so that no gross error is made in taking it to represent steel that is, on the average,

no better than that in the war-built ships.

NATURE OF THE DATA

Regardless of the type of specimen, each single test, made under defined conditions,

results in a pair of values of two primary quantities: a temperature and an index of ductility.

Any process by which such pairs of values from different tests may then be linked with each

other is a process of inference. The earlier analyses of wide-plate data were all limited to

Plate 52A is found, it is true, at the toe of one of these frequency curves. But it is just the sporadic occurrence
of such exceptional specimens that we are trying to control.

A distinct separation among the three cases is revealed, such that plates with high Charpy transition appear to
offer greater risk of including a point of initiation of a crack than plates of a low Charpy transition, in which there
is a greater chance of stopping a crack. The separation of the peaks is of the same order as the combined stan-
dard deviations. The "through" plates are not clearly distinguished from the "end" plates.
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selected series of tests, and the inferences, seldom wholly explicit, were sometimes rather

uncritical, based on curves drawn by eye through a small nunber of spots. The aim of the

present analysis is to be fully explicit, critical, and inclusive.

The starting point is the series of pairs of temperature and ductility values taken all

at the same set of parametric values. Such a set of tests, in which only temperature is varied,
is called a subgroup. Among the 794 separate tests the number of subgroups is 88.

As we pass from the separate tests in a subgroup to evaluation for the whole subgroup

of any single quantity relating to the transition from ductile to brittle action, the utmost care

is necessary to avoid implicit commitments.

In the wide-plate tests the primary index of ductility is energy absorbed within the

standard gage-length. Recorded values of this quantity are taken from complete load-

elongation curves in which the energy at any stage of deformation can be found by integration.

The point of maximum load is one such stage and the point of final rupture another. In some

work 9 the stage of maximum load has been taken to mark the end of the stage of initiation of

fracture and the beginning of the stage of propagation of fracture; the corresponding energy

values have been called, for short, the pre-crack and post-crack energies.

Although the stage of maximum load need not match exactly with the stage at which

the incipient crack begins its active advance, yet the rough correspondence that does exist

here is useful and significant. Only incidental error is involved in the convenient usage of

lumping pre-crack energy with that absorbed before maximum load, and post-crack energy

with that absorbed after maximum load.

TRANSITIONS

Although pre-crack and post-crack energies are differently affected by temperature,
the pattern of the temperature effect was conceived to be as follows: When the temperature

is high enough, the high energy absorption is not much affected by temperature change. At
low enough temperature, energy absorption has a lower value but again is not much affected

by variation of temperature. It was in the intermediate range of temperature that the most

careful search for significant effects was made.

It was at first expected that at intermediate temperatures intermediate values of ener-

gy would be found, and in the Charpy data this does occur; but in the wide plates any con-
tinuous functional relation that might exist between energy and temperature, even with an

allowance for scatter such as would draw a line-curve out into a dispersion band, is so un-

certain as to leave room for differences of opinion.

In plate specimens it seems rather that the specimen has a choice between a high

value and a low value and chooses the low one with greater frequency as cold increases. In

analysis of tear test data this assumption has been definitely adopted. 9

A third view of the transition may be described as follows: When temperatures are
high enough, fractures are oblique and energy absorption consistently high, but in somewhat
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colder tests, square fractures appear, though energy may remain high. The shift from oblique

to square fractures has been called the "fracture transition." Though it is linked in general

with energy beyond maximum load, or energy needed to propagate fracture, it may be judged

without reference to energy, rather wholly by appearance of fracture. Whether this transition

occurs abruptly, or gradually by increase in the proportion of cleavage in the whole extent

of fracture, or as a choice for square fracture made with increasing frequency, cannot now be

said for sure. But it is sure that such a transition exists.

If the loss in capacity to absorb energy with reduced temperature were not very great,

the mere fact that fracture, if and when it occurs, changes its nature would not be ground for

adverse judgment on the sample of metal. In one school of opinion it is assumed that it is

generally true that an intermediate condition exists in which, though fracture is square, the

energy value is sufficiently maintained to justify acceptance of the sample as satisfactory

at temperatures well below that of the fracture transition. More explicitly, it is in this school

supposed that a second transition occurs at a lower, perhaps a much lower temperature, at

which the energy, even though it had been not much affected by the change in type of fracture,

now shifts to notably reduced values; this has been called the "ductility transition," as

judged by energy regardless of appearance of fracture.

We must agree that it is the capacity of the metal for absorbing energy before fracture

that helps to prevent fracture. If fracture can be prevented, it is a matter only of incidental

interest to know whether it would have been square or oblique. If fracture is not prevented,

the inquiry into the nature of the fracture surface has the value only of a post mortem exam-

ination. And yet it is too soon to assert that two such transitions always exist, and that

between them all fractures by cleavage are preceded by adequate energy absorption.

Reducing temperature below that of the fracture transition sooner or later will bring

reduction in energy absorption; to that everyone will agree.

But nothing is known to prevent these two transitions from overlapping, or occurring

at the same temperature, or even to prevent the inverse occurrence of oblique fracture pre-

ceded by low energy absorption. More information is needed. Every effort will be made to

extract all possible information from the present data.

It is claimed by the partisans of the "ductility transition" that what is needed is

more study of ductility at very low temperatures. This is perhaps true of specimens which,

like those without notches, consistently over-estimate the ductility of a service structure at

a moderate temperature, and thus give too optimistic a result. But the wide-plate specimens

approximate the conditions of service in a way that was intended to preditt temperature

effects directly in full-scale structures. If there is a size effect (and the analysis will give

the evidence that it does exist) a large specimen, other things being equal, must in any case

come closer to the full-scale truth than a small one.
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DISTRIBUTION PATTERNS

The key to resolution of these complexities lies in the pattern of strain distribution,

considered both on the space coordinates in the metal and with respect to time as the defor-

mation passes thrcigh successive stages toward rupture.* These stages are somewhat as

follows:

The metal first passes beyond its elastic limit at the point of highest shear stress

concentration near the apex of the notch. For a time strain increases there at constant stress

and a region is established in which stress is nearly uniform, though strain still grades up

to a maximum at the apex. But presently strain hardening begins at this point, the stress be-

gins to rise there, the patch of highly strained metal goes on spreading. The strain increases

at a much higher rate than the stress. At an early stage an incipient crack is formed; it is

incipient because it does not advance and it is almost without effect on the strain pattern or

the load-elongation curve. The apex of the crack becomes the new apex of the notch, but

otherwise things go on as before.

Also at an early stage of strain Luders bands appear, in which the strain is moderately

above that elsewhere. It is useful to designate, without exactly delimiting, zones in the

strain field within which conditions are relatively homogeneous as compared with the different

conditions in the other zones. This, again, will permit us, by a lumping process, to simplify

consideration of the whole pattern which actually shows a graded and continuous variation,

but which is easier to think about in terms of discrete distribution. Examples of this device

are found in the various rules for numerical integration (Simpson's, Tschebyscheff's, etc.)

by which a series of blocked averages is substituted for segments of the continuous function.

Thus, in our wide plate (and, perhaps also in other specimens) we may mark off the region

close to the apex of the notch where the highest peak strains occur; it has been called Zone

E. Fracture begins here and it is here that the choice between ductile and brittle fracture is

made.

Branching out from Zone E are the Luders bands, also regions of high strain, but not

so high as in Zone E. At a point receding from the apex of the notch in a radial direction

strain intensity falls off rapidly, but in the direction of a Luders band it falls off less rapidly

than otherwise. An arbitrary boundary may be set beyond which further drop in strain is not

very significant, and this region in the band is called Zone B. The width of the band is also

somewhat indefinite, but it may be defined arbitrarily, say as equal to the thickness of the

plate.

As long as the crack stays within the limits of Zone E the two zones, B and E, estab-

lish the outline of the strain pattern. In the rest of the plate the strain is low, rising moder-

ately toward the limits of Zones B and E. This remaining region is called Zone A.

*Complications due to the intermittent nature of loading in service must be reserved for separate consideration.
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When (for whatever reason) the crack begins its advance the whole configuration of

this pattern changes. What happens is that as the crack advances it carries Zone E along

with it, spreading the zone out into a linear shape following the line of fracture. The moving

crack leaves behind it a track of peak-strained metal which is called Zone D. Again its

width is indefinite but may be assumed to equal the thickness of the plate.

At some stage before active advance of the crack begins, something happens which

determines the choice between ductile and brittle, regardless of the index by which ductility

is judged. In general, brittle fracture is self-perpetuating, providing the conditions for its

own very rapid continuance. Ductile fracture, on the other hand, stops if the supply of energy

from outside runs out. In the testing machine, ductile fracture may be halted by stopping the

elongating mechanism whereupon the load, after falling off moderately by relaxation, remains

at a value which the specimen withstands.

A theory of brittle fracture has been formulated 16, 17 which puts great emphasis on

drawing the energy necessary to continue the fracture from the supply stored elastically in

adjoining parts of the plate. Following early work by Inglis, 8 special significance is

attached to the length of the crack; only when this reaches a critical value are conditions

right for the catastrophic advance sometimes seen in service.

As the crack advances, it carries also a Luders pattern with it; the moving bands

sweep across the region between the crack and the initial bands of Zone B. This region is

thus strained to higher values than in Zone A, which now remains unchanged outside Zone B;

calling this enlarged Luders region Zone C, between B and D, we see that it also will have

a rather indefinite boundary but that when Zones B and D are delimited this also limits

Zone C.

This zoning pattern will be utilized in a later chapter for an analysis of width-effect

in the wide plates, but its general features might be applied in specimens of other types.

A most significant difference between the types of specimens lies in the orientation within

the metal of the advancing crack. In ship fractures and in the wide-plate tests in the labora-

tory, the crack advances parallel to the rolled surfaces. The tear test and (when the notch

is suitably oriented) the Charpy test preserve this important feature, differing mainly in the

reduction of length of Zone D.

In face-notched specimens (Charpy if so notched, Lehigh, Kinzel) Zone D is nearly

or quite absent and the advance of the crack is through the thickness, from one face to the

other. It thus traverses successive layers of metal which differ from each other as a result

of the rolling process and this circumstance makes these tests radically different in nature

from the others. It is doubtful whether the results of such tests can ever be converted

directly into terms of crack advance as it occurs in ships in service.
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THE WIDE-PLATE TEST

In the present analysis the wide plates occupy the center of the stage. Some attention

will later be given to the possibility of interconversion between the results of tests on speci-

mens of different form. But before we can accomplish such a conversion we must, first, have

the kind of understanding of the facts revealed by the wide plates that this report aims to

get, and, second, we must have commensurate data from specimens of the type to be compared

with the wide plates.

The wide plates set a standard by coming closer to service conditions than any other

simple specimens which can be tested in a laboratory. A wide-plate specimen may be regard-

ed either as a specimen for material test, as a reduced model of a ship's deck with standard-

ized notch, or as a portion of the deck itself. As a part of an actual deck, the widest speci-

mens would be the most significant; as material test specimens, the smallest ones are the

most convenient. But both small and large specimens take their places in a complete series

linked into a homogeneous chain.

It is in this way that the gap between material and structure is bridged.

DETERMINATION OF QUALITY

In the light of the comment thus made, the question as to determination of the quality

of steel with respect to cold brittleness may be restated as follows: Can the Charpy test be

interpreted or modified or replaced by a test of some other small specimen so as to give a

satisfactory way of determining acceptance of a sample of steel offered for use in hull con-

struction? In answering this question the wide plates have an important contribution to make.

A great current of opinion flows toward simply retaining long established practices

with respect to acceptance tests, from several obvious motives. Thus the American Bureau of

Shipping has modified its requirements for hull steel only with respect to chemical composi-

tion, without change in the mechanical acceptance test. The lively interest in the tear test

has not led to its official adoption. Pressure vessel codes include standard Charpy tests

with minimum energy values at the temperature of service, but in ships, where the cost margin

is narrower, the steel makers are reluctant to accept requirements which increase the com-

plexity of their production problems. The tendency, in view of the reduced number of ship

casualties as time goes on, and of the lack so far, of clearcut conclusions from the laboratory

program, is to withhold or defer action on proposed departures from long accepted practice in

acceptance testing.

In justification of this attitude is offered a fact which is clearly established in what

follows in the present study, but which has long been foreshadowed. It is this, that the

transition temperature, as judged by the appearance of fracture in wide plates, is so high in

the project steels that most ships operate at temperatures well below it without casualty.

How, then, could steel with a lower transition temperature, as determined by this test,
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reasonably be required?

One answer proposed for this question 1 9 lies in rejecting both the fracture transition

and the wide-plate test as being without significance for service behavior. This, however,

is an extreme view, without constructive bearing on the problem.

It has long been known that specimens of different types place the fracture transition

at different temperatures when applied to the same steel; thus the V-notch Charpy bar gives

results about 100 degrees higher than the same bar with a keyhole notch. It was at one time

hoped 2o that a consistent temperature differential could be found for each type of test, and

eventually also for full-scale structures, such as would permit direct interconversion of

transition temperature values. In any case, it was said, any of the various tests would place

a series of different samples of steel in the same order of merit as any other, and thus any

of the tests would indicate which samples are better and which worse than a standard known

to be acceptable. Since the wide-plate test gives too high a value , it is said, from this

viewpoint, simply to be over pessimistic. According to this opinion, such relative determina-

tions are all that can ever be hoped for.

Sometimes coupled with this idea, however, is the fact that at temperatures below the

fracture transition the energy absorbed by the Charpy bar drops away gradually with decreas-

ing temperature until a second transition is reached, characterized by a small but abrupt drop.

This may occur at a temperature anywhere from near the fracture transition to a hundred or

more degrees below it. 2 1 Following the purely empirical correlation identified at the National

Bureau of Standards 1 3 it is proposed that steel should be considered acceptable if its Charpy

value at operating temperature exceeds an assigned limit, say 12 foot-pounds.

Another even more radical proposal is to reject notch ductility altogether as a property

equal in importance with strength, and to explain the success of most ships in resisting

fracture simply as a matter of the absence of the fatal combination, at the same moment, of

low temperature and severe loading. Peak stress, it is then said, just does not often attain

fracture intensity at the danger spots.

The argument* runs as follows:

All the ship fractures show brittle appearance. Since ships not fractured

also operate at temperatures below that at which wide plates show brittle

fracture, these ships would show brittle fracture if fracture did occur. There-

fore it is not by avoiding conditions that favor brittle appearance of fracture

that fracture is to be prevented.

By improvements in workmanship and in design for strength (without

reference to ductility) we have reduced the number of cold-brittle casualties.

It is true that a residue of such casualties remains and that we have not

*Although this argument has not been stated clearly and formally in print, it is believed to represent a process

of unconscious reasoning in which reliance is placed in the tacit opinion that no new acceptance tests are needed.
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I-CHOICE TO BE MADE

prevented them altogether. But since the research of ten years has failed

to find the reason for those casualties that still persist, we must now accept

them as acts of God.

The best we can do is to cut down the frequency of such accidents by

attention to the circumstances known to contribute to structural weakness

* leaving the remaining burden to actuarial expedients.

Thus runs the argument for accepting the status quo.

* A third way out of the dilemma, however, seems possible. Let us accept the idea that

something more than strength in the standard tensile test is necessary, that "Charpy strength"

is not that something, that the temperature of fracture transition, as revealed by the wide

plates, though it is an approximation to that for service structure, is not conclusive since

most ships do operate successfully below that limit.

Let us continue the search for a phenomenon, an agency of sporadic effect, competent

to account for the occasional losses that still occur. Let us not abandon the effort to under-

stand the role of ductile flow of the metal in structural behavior, the hope for a reasonable

explanation of the facts, the prospect for rational determination of quality in ship steel.

Let us give up the idea that a high-pressure program of research could lead us quickly

to an armistice with cold brittleness so that we might then proceed with full assurance to

other business. We must rather set out patiently to understand what has already been ascer-

tained and to follow out the clues that have been revealed.

One such clue may be found in ductile cleavage, fracture brittle in appearance but

preceded by large plastic flow. It will be seen that the present analysis throws some light

on this, that it occurs more readily in small than in large specimens and in some steels

than others. When fracture appearance and energy values point in different directions, let

us follow the energy values.

Another clue is suggested in Chapter VI of the present analysis, and it relates to the

occasional occurrence of partial and mixed fractures. This phenomenon also is influenced

by size of specimen.

THE CHOICE TO BE MADE

Three alternatives are open to us. First we ask: Is the energy absorbed by a Charpy

bar a true index to the capacity of the metal in a given sample for absorbing energy when it

* is built into a ship? If it is, possibly 12 foot-pounds would be enough to meet ordinary re-

quirements. If this be our choice, let us proceed to apply the Charpy test to steel offered

for use in ships and reject that which falls below the chosen limit. 2

Is the simple unnotched tensile bar now, as it was in the past supposed to be, a suf-

ficient indicator of the quality of steel by which it resists fracture, even in the presence of

notches and of cold? If so, let us simply tighten up on good practice and underwrite as in
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the past the inevitable accidents that this does not suffice to prevent.

But if we believe that a rational solution of this problem is possible, let us con-

tinue to seek a laboratory test that will reflect ship performance accurately.

Capacity for absorbing energy is a sound index 23 to the desired quality of steel, re-

gardless of the appearance of fracture. This capacity can be measured in a small specimen

and the resulting data can be made applicable to full-scale performance when we learn how

to allow for the mechanical differences between the specimen and the structure.

That is what the wide plates are designed to accomplish.

*^" '~ - -Pslar~~i



TABLE 1

TABLE 1

Original Data of Observation

Col. 1 Subgroup serial number, testing agency, steel type,

thickness and width in inches.

Col. 2 Specimen number.

Col. 3 Temperature of test.

Col. 4 Percentile fraction of shear appearance in fracture surface.

Col. 5 Energy to maximum load in inch-kips.

Col. 6 Energy to rupture in inch-kips, where available.

Notes: Testing agencies are designated as follows:

U Talbot Laboratory, University of Illinois, Urbana, Ill.

B Engineering Materials Laboratory, University of California, Berkeley, Calif.

TMB Taylor Model Basin

S Swarthmore College

Asterisks mark cases of ductile cleavage.

j denotes JSC notch.

1 2 3 4 5 6

1-B 1D 86 100 88.0 ---
A 3D 50 100 96. ---
3/4 x 12 in. 2D 32 * 26 104. ---

42X 19 0 15.0 ---
4D 11 0 16.3 ---

41X 8 0 19.0 ---
5D 8 0 14.4 ---

2-S 18-2 97 100 92.6 263.7
A 18-10 97 100 93.0 230.2
3/4 x 12 in. 18-9 88 100 98.1 255.6

18-1 88 100 82.4 237.9
18-19 82 100 99.7 274.0
18-4 71 100 84.7 232.7
18-18 71 100 104.3 263.7
18-12 71 100 86.4 247.1
18-3 66 100 92.8 234.0
18-11 66 100 104.6 229.4
18-8 59 100 91.1 232.1
18-16 58 100 100.5 250.6
18-7 58 100 92.4 233.9
18-20 58 0 31.0 31.2
18-14 52 0 20.7 20.7
18-6 51 100 91.5 236.3
18-15 50 100 100.9 240.9

S 18-17 48 0 43.1 43.1
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TABLE 1 (Continued)

1 2 3 4 5 6

19-12 46 100 117.3 249.2
19-4 46 0 24.4 24.4
19-9 42 100 95.9 234.5
19-1 42 0 22.4 22.4
18-5 40 0 21.9 21.9
19-3 38 * 10 61.6 61.6
19-2 38 0 22.8 22.8
19-11 38 0 29.3 29.3
18-13 31 0 13.8 13.8

3-B 2C 84 100 336.0 ---
A 1iC 37 100 291.0 ---
3/4 x 24 in. 3C - 6 0 51.0 ---

4-B 1B 68 100 935.0 ---
A 3B 48 100 981.0 ---
3/4 x 48 in.

5-B 1A 75 100 2081.0 ---

A 3A 49 100 2273. ---
3/4 x 72 in. 5A 44 100 2100. ---

2A 32 2 684. ---

4A 10 0 85.0 --

6-B 3D 71 94 115.0 --
BR 6D 51 100 114. ---
3/4 x 12 in. 1D 32 83 112. ---

32 22 97 158. ---
31 14 * 20 144. "
33 - 2 0 61. "
9D -6 0 36. ...

7D -34 0 21.0 -

7-S 6 69 100 140.2 350.8
BR 1 42 100 132.9 330.4
3/4 x 12 in. 3 30 100 129.2 316.3

4 20 100 120.7 315.5
19 20 100 120.0 306.5
20 19 100 120. 295.1
7 14 1 30. 30.0

12 13 100 134.0 310.9
10 12 100 140.3 335.1
5 12 59 138.6 286.8
2 12 0 34.3 34.3

17 3 1 36.0 36.0
11 2 * 6 92.6 92.6
9 2 2 46.7 46.8
8 - 10 0 31.5 31.5

18 - 13 1 36.7 36.7
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TABLE 121

TABLE 1 (Continued)

1 2 3 4 5 6

8-B 3C 72 100 566.0 ---
BR 1C 32 100 -.
3/4 x 24 in.

9-B 6B 46 100 1160.0 ---
BR 7B 9 0 177.0 ---
3/4 x 48 in.

10-B 3A 72 100 2200.0 ---
BR 6A 49 40 2288. ---
3/4 x 72 in. 1A 32 * 3 1100. ---
(3/4 x 108) 108 31 100 2100. ---

7A 8 0 315.0 ---

11-B 4D 89 94 133.0 ---
BN 5D 51 100 121. ---
3/4 x 12 in. 2D 34 78 134. ---

10D 12 87 116. ---
21D 10 * 0 53. ---
8 D -11 0 22.0 ---

12-S 5 74 100 115.0 292.5
BN 19 41 100 123.5 287.2
3/4 x 12 in. 20 30 100 119.0 294.0

16 30 100 118.2 295.6
17 30 100 12.0 290.4
12 29 100 121.5 293.5
11 25 * 3 60.6 60.6
15 25 1 29.8 29.8
4 24 3 56.1 56.1
3 20 66 125.6 266.7

10 19 * 3 70.2 70.2
6 10 100 137.0 309.1

14 10 2 49.2 57.0
18 10 0 30.0 30.0
2 9 3 59.7 59.7
9 9 3 53.9 53.9
8 1 1 41.3 44.5
1 - 1 0 32.9 32.9
7 - 9 0 41.5 41.5

13-B 4C 97 100 384.0 ---
BN 2C 32 100 405.0 ---
3/4 x 24 in.
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TABLE 1 (Continued)

1 2 3 4 5 6

14-B 4A 72 100 2050.0 ---

BN 5A 51 100 2100. ---
3/4 x 72 in. 10A 32 100 2083. ---

2A 30 0 194. ---
8A 17 0 268.0 ---

15-B 5D 143 94 78.0 ---
C 11D 134 93 83. ---
3/4 x 12 in. 51D 122 100 93. ---

3D 101 51 85. ---
52D 90 * 10 72.0 ---

20 84 3 20.3 ---
1D 32 0 13.4 ---

16-S 16 130 100 91.3 291.2
C 4 124 100 104.2 299.4
3/4 x 12 in. 12 124 92 95.3 236.7

11 116 100 117.0 329.2
3 116 100 130.6 238.3
1 108 63 128.9 268.9
9 107 89 91.2 278.8
2 97 71 87.3 205.3

10 96 58 69.7 147.3
18 89 0 33.4 45.2
6 88 40 55.2 137.1

15 88 0 49.7 49.7
20 82 0 42.8 57.1
8 81 * 15 97.6 114.6
3 78 0 40.5 40.5
5 74 59 42.0 151.4

17 73 65 40.4 140.1
14 73 0 29.2 29.2
19 63 0 32.6 32.6
7 63 0 18.6 18.6

17-B 2C 40 1 141.0 ---
C 1C 37 0 19.0 ---
3/4 x 24 in.

18-B 3B 101 99 717.0 ---
C 2B 80 0 56. ---
3/4x 48 in. 6B 32 0 46. --

4B 28 0 55.0 --

19-B SA 152 98 689.0 ---
C 3A 102 100 1189. ---
3/4 x 72 in. 4A 81 0 77.0 ---

,, M
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TABLE 1 (Continued)

1 2 3 4 5 6

2A 78 9 102.0 ---

1A 31 0 119. ---

(3/4 x 108) 108 27 0 248.0 ---

20-U 18A5 78 90 87.6 240.0
DR 18A3 59 75 99.0 234.
3/4 x 12 in. 17-6B 41 90 85. 224.0

18B2 41 0 27.0 36.9
17-6A 40 0 50.0 56.5
22A-2 17 85 94.2 254.0
22B-2 - 2 0 25.1 25.1
17A-5A - 50 0 13.4 23.6

21-TMB 158 82 100 169.5 ---

DR 141j 78 100 180.0 ---

3/4 x 12 in. 185j 78 100 165. ---
142j 38 100 164.0 ---
189 38 100 171.5 ---
190j 20 0 66.5 ---

149 20 * 0 131.0 ---
183 0 * 0 107.0 ---

184 0 0 59.0
143j a 0 55.0 ---

156 -40 * 0 110.0 "
166 -40 * 0 106.6 ...

141 j - 40 0 44.0 ---

22-U 18B3 58 100 286.0 717.0
DR 17B6 37 2 112. 148.
3/4 x 24 in. 17B4 30 81 260. 656.

17B5 10 3 158.0 188.0

23-U 17B7 43 15 560.0 1081.0
DR 18-2 39 4 288. 416.
3/4 x 48 in. 5-4 32 * 21 890. 1110.

18-1 18 0 226.0 304.0

24-U 18A1 59 61 1733.0 2054.0
DR 22-1 59 * 16 2163. 2507.
3/4 x 72 in. 17A7 31 100 3024. 4700.

5-1 15 0 476. 563.
17-7 0 0 174.0 228.0

25-U 15-5A 41 87 100.0 242.0
DN 9-2 30 80 109. 251.
3/4 x 12 in. 15-6B 16 * 46 99.0 213.0

10A-4 1 0 36.3 42.2
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TABLE 1 (Continued)

1 2 3 4 5 6

26-S 6 78 100 119.9 316.4
DN 14 55 100 127.9 314.9
3/4 x 12 in. 7 41 100 117.5 314.9

13 30 100 129.7 324.6
12 30 87 125.0 300.6
20 25 100 140.4 346.7
17 25 87 135.4 311.8
3 20 100 127.4 310.8

11 20 * 4 86.0 86.0
16 16 * 2 59.5 59.5
18 15 1 44.2 44.2
2 10 52 125.3 280.7
8 10 34 130.7 214.1

10 10 * 3 66.4 66.4
4 5 * 1 54.7 54.7

19 5 0 35.7 35.7
1 - 2 0 36.9 36.9
9 - 3 0 31.5 31.5
5 -17 0 27.7 27.7

27-U 3-1 40 100 309.0 795.0
DN 3-2 33 81 320. 762.
3/4x 24 in. 3-3 16 0 102.0 117.0

28-U 15A 1 42 100 1340.0 2540.0
DN 5A2 31 0 207. 227.
3/4 x 48 in. 5A5 15 0 185.0 229.0

29-U 12A1 60 100 2122.0 4550.0
DN D 34 0 290. ---
3/4 x 72 in. 15-7 32 100 2738. 4650.

11-1 17 0 238. 298.
5-7 0 0 210. 260.

14-7 -38 0 179.0 234.0

30-U 18-9A 128 94 66.0 214.0
E 23-3B 109 87 60. 199.
3/4 x 12 in. 13A-5B 74 * 0 40. 53.
Longitudinal, 13A-5A 40 0 17. 17.
as rolled 20-2A -73 0 10.0 12.0

31-U 13A-10 160 100 76.0 176.0
E 13A-9 140 79 30. 153.
3/4 x 12 in. 18-7B 121 68 83. 188.
Transverse, 18-7A 81 0 22.0 45.0
as rolled
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TABLE 1

TABLE 1 (Continued)

1 2 3 4 5 6

32-U 17-13 115 100 71.0 213.0
E 23-3A 78 100 88. 204.
3/4 x 12 in. 16-5 50 2 33. 39.
Normalized 18A-3 30 0 35.0 41.0

33-S 5 149 100 93.4 237.5
E 4 126 100 106.3 238.2
3/4 x 12 in. 18 116 100 100.8 251.0

6 115 100 103.8 242.2
12 112 100 89.1 239.2
17 107 100 101.5 248.4
20 100 90 34.4 196.2
3 100 85 32.8 195.3
9 92 100 104.9 246.9

11 92 77 38.9 176.2
10 83 76 34.5 182.4
1 82 73 39.0 181.8
8 71 * 38 60.6 84.9

19 70 2 27.0 39.7
2 62 0 27.6 27.6
7 61 1 21.4 21.4

34-TMB 23 150 100 161.0 ---
E 12 j 150 100 156.0 ---
3/4 x 12 in. 22 120 100 176.0 ---

8 j 120 100 146.5 ---
18 j 120 100 146.0 ---
46 110 100 209.5 ---
27 110 100 171.0 ---
33 110 50 144. ---
17 j 110 50 131. ---
14j 110 50 110. ---
41 100 100 185. --

A6A j 100 100 140. ---
11 j 100 * 0 113.0 ---
24j 90 50 62.6 ---
30 90 * 0 109.0 ---
7 78 0 92.0 ---

201A j 78 50 44.8 ---
5 78 0 56.0 --

A6B j 38 50 22.6 ---
85 38 * 0 106.7 ---
6 38 0 98.0 --

21j 38 0 16.1 --
84 0 * 0 112.0 ---

A5B j 0 0 13.6 ---
A1A j -40 0 6.3 ---
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TABLE 1 (Continued)

1 2 3 4 5 6

35-U 20A-13 111 2 159.0 246.0
E 20A-3 89 0 102. 135.
3/4 x 24 in. 22-9 86 0 74. 125.

20-9 -36 0 16.0 21.0

36-U 13-7 123 91 800.0 1683.0
E 18-8 110 78 766. 1446.
3/4 x 48 in. 22-7 84 0 245. 361.

22A-7 38 0 61.0 73.0

37-U 18A1 141 100 1898.0 3586.0
E 13A7 110 84 2361. 3400.
3/4 x 72 in. CG1 74 0 233. 350.

23-7 38 0 120.0 200.0

38-U A-13 104 100 107.0 295.0
F A-12 55 80 117. 290.
3/4 x 12 in. A-6 20 * 28 114. 217.

A-10 -22 0 49.0 57.0

39-U A-4 50 100 344.0 860.0
F A-2 32 83 351. 868.
3/4 x 24 in. A-1 0 * 17 400. 496.

A-3 -40 2 124.0 161.0

40-U B-10 54 90 81.0 243.0
G B-5 - 5 * 20 106. 162.
3/4x 12 in. B-9 -26 * 7 85. 95.

B-6 -47 0 23.0 32.0

41-B 7D 98 100 134.0 ---

H 4 D 62 92 130. ---
3/4 x 12 in. 3D 42 66 129. ---

2D 25 74 120. --
60 12 44 116. ---
1D 1 * 0 91.0 ---
9D -10 * 0 92.7 --
SD -21 * 0 67.0 --

8D -40 * 3 129. ---

82X -40 0 38. ---
10D -41 * 0 88.0 ---
81X -64 0 29.7 ---

42-B 1A 68 100 2236.0 --
H 2A 26 100 2450. ---
3/4 x 72 in. 3A 15 0 319. ---

4A -18 0 239.0 --
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TABLE 1 (Continued)

1 2 3 4 5 6

43-B 2D 134 100 112.0 ---
Q 11X 101 100 114. ---
3/4 x 12 in. 12X 86 100 115.0 ---

10 71 0 33.9 ---
14X 68 100 131.0 ---
21X 58 100 114. ---
22X 32 82 117. ---

3D 16 100 124. ---
13X 0 0 32. ---

31X -21 0 52. ---
32X -51 0 38.0 ---

44-B 3S 64 100 154.0 ---
QS 2S 33 89 152. ---
3/4 x 12 in. 6S 15 * 19 144. ---

iS 0 * 18 126. ---
5S -13 0 70. ---
4S -29 19 78.0 ---

45-S
T- 1
1/2 x 2 in.

3
5
9

13
32
2
1

14
15
17
4

31
25
22
16
6

10
23
11
24
26
12
30
7

33
29
18
34

0
0
0
0

- 10
-10
- 18
-20
-20
-20
-20
-20
-25
-25
-32
-32
-35
-35
-35
-40
-40
-40
-42
-52
-55
-60
-64
-64

100
100
100
100
100
* 0
* 8

100
100
100
30

* 0
100
100
100
100
100
* 0
* 0
* 0
* 0
* 0
* 0
* 0

100
* 0
* 0
* 0

& __________________ J.

6.40
6.06
6.35
5.85
6.75
6.50
6.50
7.20
6.60
6.35
6.35
6.30
7.30
6.80
6.70
6.76
7.50
7.25
6.20
7.35
6.80
6.20
6.70
6.87
7.40
6.00
7.85
7.50

14.30
13.37
12.30
14.30
14.70
7.35
8.50

16.95
15.40
13.80
11.60
6.30

15.10
14.20
15.30
13.68
14.40
7.25
6.20
7.35
6.80
6.20
6.70
6.87

16.50
6.00
7.85
8.00
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TABLE 1 (Continued)

1 2 3 4 5 6

46-S 8 21 100 14.50 37.0
T-1 6 0 100 16.25 40.0

1/2 x 4 in. 20 0 100 15.00 40.5
3 0 * 0 13.75 13.75

23 - 10 100 17.00 40.7
5 - 10 * 0 15.00 15.0
7 -20 25 18.10 28.25

47-S 17 40 100 39.4 112.3
T-1 7 30 100 43.0 101.0
1/2 x 8 in. 29 30 100 43.3 101.2

28 20 100 43.0 108.0
13 10 100 45.0 117.0
9 10 100 43.0 100.0

19 10 * 0 31.0 31.0
5 10 0 27.1 27.1

14 0 100 50.3 125.0
8 0 100 48.5 113.5
3 0 100 46.5 119.0

10 0 100 46.5 116.5
6 0 35 54.0 103.0
4 0 16 50.9 64.7

21 0 * 0 37.5 37.5
27 0 * 0 32.5 32.5
1 - 10 100 44.0 118.0

23 -10 * 8 41.0 41.0
20 -10 * 0 36.5 36.5
12 - 10 * 0 33.0 33.0
30 - 10 0 20.5 20.5
16 - 10 0 20.0 20.0
25 -20 100 48.0 126.5
11 -20 45 52.5 80.0

2 -20 0 33.5 33.5
15 -21 0 33.2 33.2
26 -25 0 29.5 29.5
18 -30 0 28.0 28.0
32 -35 0 27.5 27.5

48-S 6 20 100 64.0 155.0
T-1 1 10 100 67.0 159.
1/2x 91 in. 4 0 100 70.4 160.

7 0 100 62.5 156.
9 0 100 55.0 148.

22 - 10 100 61. 152.
18 -10 * 10 61. 75.
17 -10 * 0 29. 29.
23 -20 0 46.0 46.0
5 -20 0 32.2 32.2
8 - 60 0 28.0 28.0
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TABLE 1 (Continued)

1 2 3 4 5 6

49-S 15 0 100 18.65 42.50
T-1 16 -20 100 18.65 44.00
3/4 x 3 in. 4 -20 100 19.40 39.00

12 -20 100 17.50 42.50
10 -20 * 0 18.30 19.47
9 -30 * 10 18.75 23.15

14 -30 * 0 21.30 21.30
1 -30 0 17.25 17.25

11 -40 * 0 19.42 20.50

50-S 10 10 100 54.0 118.0
T-1 1 0 100 47.5 119.
3/4x 6 in. 12 0 * 0 44.0 44.

7 -10 100 50.0 124.
11 -10 0 38.0 38.
13 -20 100 48.4 122.
8 -20 100 46.0 116.
3 -30 0 40.0 40.0
9 -40 0 38.6 38.6

51-S 8 20 100 80.6 220.5
T-1 6 10 100 90.0 200.2
3/4 x 9 in. 7 10 100 78. 219.0

5 0 0 58. 58.
10 -10 * 0 73.0 73.0
9 -20 * 0 62.8 62.8

52-S 6 40 100 127.3 338.6
T-1 1 30 100 136.0 350.0
3/4 x 12 in. 8 30 * 0 138. 138.

12 20 100 134.0 365.0
2 20 100 135.5 322.5

15 20 100 123.0 327.0
10 10 0 94.8 94.8
5 0 100 129.0 354.0

11 0 * 0 145.7 145.7
3 -10 100 129.0 341.0
9 -10 0 80.0 80.0
4 -20 * 5 121.5 121.5
7 -20 0 87.0 87.0

53-S 7 30 100 40.0 95.0
T-1 18 20 100 37.0 89.
1 x 4 in. 19 15 100 34.5 87.

8 10 * 0 37.0 37.
16 0 * 0 40.0 45.
17 -10 * 0 38.0 38.0
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TABLE 1 (Continued)

1 2 3 4 5 6

54-S 4 74 100 96.0 244.0
T-1 6 30 100 115. 270.
1 x 8 in. 7 20 100 125. 281.

5 10 25 113.0 173.0

19 10 25 100.4 200.6
18 0 0 92.0 92.0
17 -10 0 91.0 91.0

55-S 3 75 100 198.0 549.2
T-1 7 50 100 198. 502.0
1 x 12 in. 5 40 100 214. 599.

1 30 100 194. 512.
2 30 55 200.0 395.0
6 30 * 10 203.5 218.5
8 20 0 122.0 122.0
4 10 0 147.0 147.0

56-S
T-1
3/2x 6 in.

3G-17 j
22
7

6G-17j
25
12
29

5G-17j
16
14
11
26

4G-17j
18
8

27
2

10
5

24
19
28
23
20
6
4
17
3

15
21
9
13

90
83
76
75
60
60
60
60
50
50
50
50
50
40
40
40
40
40
35
32
30
30
30
30
30
20
20
20
20
20
0

-65

100
100
100

0
100
100
100

5
100
100
100
20
0

100
* 5
* 5

0
0

100
100
100

* 0
0
0
0

* 5
* 0

0
0
0

* 0
0

89.0
100.
114.
58.

120.
118.
112.
85.

119.
110.
112.0
100.6
45.0

115.2
119.0
110.0
108.5
106.0
115.
106.
110.
111.0
107.8
100.2
90.0

110.
116.0
109.5
104.0
25.

116.0
83.4

243.0
256.
246.

58.
288.
285.
245.
85.0

235.5
255.0
244.
176.
45.
262.
125.
133.0
108.5
106.0
250.
252.
263.
111.0
107.8
100.2
90.0

157.
116.0
109.5
104.0
25.

116.0
84.2
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TABLE 131

TABLE 1 (Continued)

1 2 3 4 5 6

57-S 18 77 100 210.0 568.0
T-1 5 60 100 200. 440.
3/2 x 9 in. 4 50 100 205. 477.

13 50 0 165. 165.
16 40 100 206. 534.
14 40 * 0 193. 193.
15 30 * 3 203.0 203.0

58-S 9 0 100 17.00 36.75
T-2 1 - 10 100 16.50 38.38
3/4 x 3 in. 8 - 20 60 16.00 37.00

3 - 20 * 20 18.25 25.00
7 - 30 0 13.62 13.62
6 - 40 0 15.00 15.00

59-S 5 10 100 44.0 103.0
T-2 1 0 100 43.0 112.0
3/4 x 6 in. 6 - 5 100 44.0 102.0

3 - 10 * 15 45.5 54.0
2 - 20 * 15 46.5 49.5
4 - 30 0 28.5 28.5

60-S 9 10 100 68.5 185.0
T-2 1 0 100 77.5 163.5
3/4x 9 in. 7 - 5 50 76.0 155.0

8 - 10 0 42.0 42.0
3 - 20 * 10 71.0 79.0
5 - 30 0 57.5 57.5

61-S 10 30 100 116.0 336.0
T-2 1 20 100 130. 300.
3/4 x 12 in. 6 20 100 126. 300.

15 20 55 130.0 279.
11 10 75 116.5 291.
3 10 60 140.0 272.

13 10 0 66. 66.
5 0 30 117. 207.

14 0 * 15 120. 164.
4 0 * 10 113. 126.
2 - 20 * 10 140.0 146.0

12 - 20 * 10 124.5 129.5
8 - 30 * 10 122.5 122.5
9 - 40 0 77.5 77.5

62-S 6 20 100 29.0 71.5
T-2 11 10 100 25.5 68.0
1 x 4 in. 9 0 100 24.5 71.5

7 0 100 25.0 70.0
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TABLE 1 (Continued)

1 2 3 4 5 6

8 - 10 30 32.5 56.5
1 - 20 * 0 33.0 33.0

63-S 3 20 100 54.0 131.0
T-2 1 20 100 53.5 138.0
1 x 6 in. 7 10 100 52.0 139.0

5 10 30 51.0 100.4
4 10 * 22 55.0 65.0
6 0 33 57.5 98.5
8 0 * 10 42.5 50.2
2 - 10 33 52.5 89.0

64-S 6 50 100 78.0 200.0
T-2 4 40 100 92.5 200.
1 x 8 in. 1 30 30 88.0 147.

2 10 70 88. 198.
3 - 10 30 86. 135.
5 -20 * 0 80.0 80.0

65-S 5 50 100 152.5 372.5
T-2 4 40 100 163.0 393.0
1 x 12 in. 1 30 75 157. 372.

3 20 75 152. 376.
2 0 0 105.0 105.0

66-S 6 100 100 82.0 122.0
T-2 5 76 100 94. 224.
3/2 x 6 in. 3 40 100 100. 210.

4 30 50 95. 208.
1 20 * 0 92. 92.
2 10 * 10 98.0 133.0

67-S 3 75 100 190.0 443.0
T-2 1 60 0 143. 143.
3/2 x 9 in. 5 40 100 160. 390.

6 30 * 10 155.0 182.0

68-S 1 75 100 13.50 34.75
T-2R 4 74 100 16.25 36.20
3/4x 3 in.

69-S 7 85 100 23.0 65.0
T-2R 4 73 100 32.5 75.0
3/4 x 4 in.

70-S 4 60 100 110.0 310.0
T-2R 7 50 100 142.0 337.0
3/4 x 12 in. 3 40 60 124.0 285.0
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TABLE 1

TABLE 1 (Continued)

2 3 4 5 6

1 30 0 57.5 57.5
8 10 * 10 138.0 138.0
6 - 10 * 15 129.0 147.0
2 - 20 0 68.0 75.0

71-S 1 50 100 170.0 442.0
T-2R 2 35 40 180.0 316.0
3/4 x 15 in. 3 20 * 20 178.0 230.0

72-S 31-1 54 100 14.92 32.00
W 31-2 40 100 14.60 32.48
3/4 x 3 in. 31-3 30 100 14.70 34.10

31-6 30 100 13.00 32.78
31-24 20 100 14.10 32.00
31-13 20 0 11.75 11.75
30-5 16 30 14.75 22.30
30-18 10 100 14.30 36.00
30-7 10 100 17.00 36.70
30-14A 0 100 16.50 31.75
30-18A 0 80 13.75 32.25
30-8 0 40 13.90 21.13
30-4 0 0 11.00 11.00
30-23 - 10 100 14.75 34.60
30-14 - 11 * 22 14.55 20.70
30-13 - 20 100 15.00 37.12
30-13A - 20 * 5 13.75 14.75
30-23A - 30 100 15.25 33.50
30-17A -30 0 10.00 10.00
30-17 - 36 0 12.00 12.00

73-S 6 50 100 39.5 87.0
W 2 36 100 41.0 98.0
3/4 x 6 in. 9 30 100 37.5 95.5

1 30 0 15.0 15.0
4 15 100 41.0 98.0
8 15 100 37.3 89.0
5 0 100 38.0 96.1

11 0 100 33.5 91.5
19 - 10 80 44.5 95.0
3 - 10 0 21.3 21.3

21 - 10 0 15.5 15.5
10 - 18 * 10 45.0 45.0
16 - 20 * 45 44.0 80.5
12 - 20 * 0 42.0 42.0
22 - 20 0 18.5 18.5
25 - 25 * 25 45.5 45.5
15 - 25 0 13.2 13.2
20 - 30 0 13.0 13.0
26 - 40 0 27.5 27.5
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TABLE 1 (Continued)

1 2 3 4 5 6

74-S 7 81 100 110.0 282.5
W 1 81 100 102.7 263.6
3/4 x 12 in. 17 76 100 109.7 244.8

16 71 100 129.7 317.0
6 66 100 142.6 ---

2 66 100 93.0 253.0
8 54 100 107.5 292.3

15 50 100 125.5 300.2
10 45 * 30 120.0 158.0
9 43 0 40.0 40.0

12 36 22 67.5 71.0
11 21 0 48.0 48.0

75-TMB 15 140 100 104.6 270.0
S-1 17 140 100 104.6 268.5
3/4 x 12 in. 13 80 100 102.0 276.8

2 80 100 118.1 271.2
5 65 100 138.4 297.0

16 65 100 104.0 276.8
1 65 95 153.9 291.7
3 65 0 62.1 62.1
6 50 100 92.5 236.2
4 50 10 33.4 33.4

18 50 0 62.1 62.1
14 50 0 35.1 35.1

76-TMB 11 120 100 106.0 269.2
S-2 17 90 100 108.0 286.9
3/4 x 12 in. 18 80 100 112.7 299.7

10 80 100 103.3 274.8
9 70 100 107.3 276.8
5 65 100 99.9 272.7
3 65 50 43.2 198.5
1 60 100 137.0 298.3

15 60 0 32.4 32.4
8 60 0 25.6 25.6

12 55 0 32.4 32.4
2 55 0 31.0 31.0

16 50 0 32.4 32.4
4 50 0 24.3 24.3
7 50 0 23.6 23.6

77-TMB 3 65 100 185.0 360.6
S-3 10 65 100 153.9 328.8
3/4 x 12 in. 12 60 100 106.0 371.3

6 60 0 34.4 34.4
9 55 100 104.6 294.2
2 55 90 93.8 237.6

TABLE 1
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TABLE 135

TABLE 1 (Continued)

2 3 4 5 6

16 55 * 0 88.4 88.4
17 50 90 87.1 223.3
8 50 0 48.6 48.6

18 50 0 41.2 41.2
4 50 0 39.8 39.8
7 45 85 87.8 252.3
1 45 0 62.8 62.8
5 40 0 26.3 26.3

11 30 0 19.6 19.6

78-TMB 2 30 100 89.8 249.0
S-4 12 30 100 93.8 229.6
3/4 x 12 in. 18 15 100 87.1 239.0

7 15 100 93.8 218.0
5 5 100 85.0 199.8

10 0 80 92.5 221.3
3 0 35 100.5 174.8
8 - 5 65 85.8 199.8
1 -15 70 95.8 210.7

11 -15 70 97.9 174.1
6 -22 75 77.6 191.0

14 -30 * 0 82.4 82.4
4 -35 * 0 79.0 79.0
9 -50 0 52.6 52.6

17 -50 0 49,3 49.3

79-TMB 9 50 100 91.1 292.3
S-5 17 40 100 116.8 266.0
3/4 x 12 in. 10 40 100 93.2 236.2

3 40 0 25.6 25.6
18 35 100 108.6 250.4
4 35 100 112.6 239.0
7 35 0 51.3 51.3

16 30 100 106.0 259.1
5 30 80 102.0 154.6
8 30 0 13.7 13.7

11 25 0 47.3 47.3
1 25 0 33.4 33.4
2 20 0 13.7 13.7
6 20 0 12.5 12.5

12 0 0 22.3 22.3

80-S 11 92 100 118.2 310.1
S-9 16 74 75 105.8 256.5
3/4 x 12 in. 10 70 100 151.8 311.1

12 60 100 130.9 333.6
18 60 0 54.2 54.2
6 50 100 125.0 325.0
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TABLE 1 (Continued)

1 2 3 4 5 6

1 50 100 121.4 309.0
7 45 0 43.0 43.0
3 40 0 41.2 41.2

81-S 1 78 100 114.0 294.0
S-12 8 40 100 110. 290.0
3/4x 12 in. 15 30 100 128. 300.0

3 20 70 111. 286.5
12 15 100 102. 296.0
2 9 * 10 97. 97.
7 7 0 39. 39.
9 0 30 112.0 214.0

10 0 * 5 98.5 98.5
5 - 10 30 108.0 220.0

11 - 20 * 8 90.2 90.2
14 - 30 * 8 86.9 86.9

82-S 3 70 100 127.9 330.0
S-22 8 60 100 104.8 334.0
3/4 x 12 in. 10 60 * 35 130.5 212.0

9 54 22 35.0 210.0
7 50 0 35.6 35.6
1 40 0 43.8 43.8

15 20 5 29.0 29.0

83-TMB 2 45 100 77.6 197.8
DU 4 42 100 85.0 241.7
3/4x 12 in. 1 38 100 77.0 171.5

3 36 0 24.8 24.8
6 36 0 19.8 19.8
5 35 * 0 58.4 58.4
7 35 0 36.8 36.8

84-TMB 1 60 100 97.2 240.2
PBDP 4 50 100 98.2 247.0
3/4 x 12 in. 2 50 100 100.0 245.8

3 50 100 102.0 237.6
12 45 50 23.6 121.5
9 45 50 18.2 121.5

11 45 0 23.0 81.0
5 40 0 36.5 36.5
8 40 0 34.4 34.4
6 40 0 15.5 15.5

10 30 0 22.3 22.3

85-TMB 7 90 100 75.3 187.7
PBDS 8 70 100 81.0 187.7
3/4x 12 in. 2 70 100 78.3 195.8
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TABLE 1 (Concluded)

2 3 4 5 6

3 70 100 73.0 201.1
5 60 100 73.0 171.4
6 60 100 70.8 190.4

10 60 0 16.6 16.6
9 60 0 12.2 12.2
4 50 0 26.0 26.0

12 50 0 23.8 23.8
11 50 0 20.2 20.2

86-TMB 9 80 100 82.4 243.0
PCDP 8 70 100 87.8 210.0
3/4 x 12 in. 1 60 100 133.0 195.8

5 60 100 91.2 212.0
11 55 100 103.3 218.7
10 55 * 0 50.0 50.0
12 50 0 24.3 24.3
4 50 0 23.6 23.6
3 50 0 15.5 15.5
2 40 0 18.9 18.9
6 20 0 18.9 18.9

87-TMB 10 140 100 83.0 241.7
PAD 4 120 100 107.4 266.7
3/4 x 12 in. 1 120 100 81.6 222.8

9 120 20 50.0 169.4
11 110 100 81.6 205.2
8 110 85 41.2 174.1

12 110 75 31.0 145.1
5 100 85 62.8 162.0
2 100 * 0 73.6 73.6
7 90 0 31.0 31.0
6 90 0 23.6 23.6

88-TMB 12 70 100 74.4 188.0
PJSS 4 70 100 65.6 161.6
3/4 x 12 in. 11 60 75 26.8 137.7

8 60 0 32.4 32.4
10 59 80 49.3 123.2
9 50 50 12.5 81.4
3 50 0 24.6 24.6
1 50 0 22.6 22.6
5 50 0 14.3 14.3
2 40 0 14.2 25.4
6 28 0 5.9 11.3

TABLE 1
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II - INTRODUCTION 38

CHAPTER II

THE FRACTURE TRANSITION

INTRODUCTION

The effect of cold on appearance of fracture* in wide-plate specimens is shown in

Figure 2. Our object is now to reduce the sort of information contained in these photographs

to a quantitative expression which will permit its use in calculation. For this we will regard

the effect of cold as one of increasing frequency of brittleness.

The shift from ductile to brittle behavior with increasing cold was expected to define

a temperature limit above which a ship would be immune to casualty by cold brittleness. It

was, of course, understood that such a limit could not be absolute and that at best this immu-

nity could be expressed only as a negligible risk of brittleness, but the convenience of a

single limiting temperature value was so great that most of us preferred to leave in the impli-

cit background all fussy qualifications about risk.

To represent the extended zone of transition by a single temperature value, practice

settled on the middle of the zone, halfway between the lowest limit of certain ductility and

the highest limit of certain brittleness; sometimes these limits were both reported, leaving

the halfway point between them to be filled in by the reader. The commonest usage was to

draw a line by eye through spots on a graph; this line was given the form of an S and the

single-valued transition temperature was taken to be at the half-value of the ordinate (energy

or frequency), or at the point of inflection, or midway on the temperature scale. In happy non-

chalance, these were taken all to be equal, or nearly enough so for the purpose.

It was early known that the results so obtained were different for specimens of differ-

ent form, manner of loading, and especially of size. But at one moment it appeared that the

whole difference between values obtained from such different types of specimen might be

expressed as an additive term on the temperature scale; this became known as the "delta-T

hypothesis."

In the light of this concept the wide-plate specimens were accepted as the best com-

promise between the requirements of laboratory practice and of simulation of full-scale struc-

ture; a "delta-T" was to be evaluated on one hand, with respect to other material test speci-

mens and, on the other, with respect to a full-scale deck, of which the specimen formed a

segment. Thus more convenient and less expensive types of specimens were to be standard-

ized by careful determination of a temperature differential, taken with reference to the 12-inch

wide plate. It was thought that such a differential, once evaluated, would serve permanently

*Service fractures were said, at first, to be completely brittle. Though further study has qualified this, it is

a fact that they lack the taffy-like appearance of ductile test specimens. See Appendix A for a note on the

meaning of ductility.
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Figure 2c - Typical Fractures in Internally Notched Flat-Plate Specimens
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Il-PLAN OF ANALYSIS 49

for converting the transition temperature as found, say, for a Charpy specimen, to that which

would be found in a wide-plate test. The necessary extrapolation to very great widths of

plate seemed a rather simple matter of testing a moderate number of wider plates. Though

this was expensive, it was expected that it would have to be done only once for all. Of

course this would require standardization of usage in expressing the facts about transition

in terms of a single number.

However, we must now ask whether this is at all possible in precise terms. Other ob-

stacles to such a treatment of the transition will be taken up later; some of them cannot be

described in terms of fracture appearance.

The present analysis will be confined to one type of specimen only, namely, the wide

plate internally notched, varied only as to size and proportions, and applied only to samples

of steel thought suitable for use in ship hull construction. It will take its departure from the

original data of observation. Evaluations of transition temperature will then be made by a

single uniform procedure.

PLAN OF ANALYSIS

Two features distinguish the present analysis: (a) All known tests made with the in-

ternally notched wide plate are brought together excepting only a few with incomplete data.

(b) Extensive use is made of the methodical variation of parameters for inferences about the

methodical variations of cold brittleness.

In Table 1 are given relevant details for each of 794 specimens. Completely ductile

specimens are those rated in test as "100 percent shear," completely brittle ones "zero

percent shear." These two cases include 4/5 of the whole number.* The only intermediate

case recognized is that in which the type of fracture shifted during rupture. In some cases

this is reported as the percentile fraction of the fracture surface showing by its appearance a

shearing action. When this recorded fraction equals or exceeds 1/2, the rating is taken to be

"ductile," otherwise, "brittle." This reduced the doubtful cases to those simply reported

"mixed" and these are recorded in Table 1 as 50 percent shear and rated ductile.

The whole number of specimens is segregated into subgroups within which the only

variant is temperature.

METHODICAL RELATIONS

The systematic manner in which the different subgroups are related with each other is

an indispensable resource in the present analysis, since the number of specimens in any single

subgroup is not enough to justify separate analysis on any sort of valid statistical basis.

*For further study of the cases of mixed fracture, made in the more revealing terms of total energy absorption,

see Chapter VI.
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II-PLAN OF ANALYSIS

In any single subgroup a curve may be laid by eye through the spots, but since these

are so few, it may be drawn quite differently by different analysts, according to the different

backgrounds of information on which they may place implicit reliance. So long as these

background data are not explicitly considered, no basis for choice exists as between differ-

ent, and perhaps conflicting interpretations.

But if several subgroups, differing only in a single parameter, are considered together,

a more secure result may be had. This rests on the assumption that the effect of the changes

in the parameter is uniform in principle, and that the underlying effect may be seen and

allowed for, even though single spots are subject to random scatter.

It is common practice to draw a set of affine curves through scattered spots at differ-

ent parametric values; the continuous functional relationships thus represented are better

defined than if each curve in the family were drawn with reference only to data taken at its

own parametric value. The aim in the present analysis is to reduce this process to a formal

procedure by which different analysts might arrive at the same result, regardless of their

different backgrounds of information and experience.

Analyses on a less formalized basis have in the past no doubt led in the general di-

rection of the truth wherever the underlying assumptions, though tacit, were uniformly ap-

plied. As long as such implicit features remain unchanged, as in the work of a single ana-

lyst, the risk of error is smaller than in comparisons between results from different investi-

gators working in different laboratories. But such comparisons have led to disparate con-

clusions, and one proposal has been made actually to reject all the wide-plate tests on such

grounds. This is certainly too extreme, but it emphasizes the point that it is necessary now

to review the whole body of these data in a comprehensive way.

The separate subgroups have not stood by themselves even in the minds of those

making the tests. Combined with the facts obtained separately about each of the subgroups

are the more numerous facts about the subgroups previously tested. Some of the subgroups

even simply repeated in one laboratory earlier work in another, with full benefit of what was

learned the first time.

Many details of usage vary from one to another laboratory, and this applies especially

to the background in the minds of those making the necessary choices during the tests.

These backgrounds are partly of information, but even more of preconceptions.

The conditions by which results drawn from any single subgroup are affected by earlier

work take effect especially at two points: (a) When a transition curve is run through a set

of scattered spots it is given a form based on the whole body of earlier work, although this

form has never been explicitly defined. (b) In choice of temperatures at which tests are to

be run, the results of all previous work may be relevant.

It is now our object to take account of these cross-effects between subgroups in a

systematic way based on the methodical variation of the parameters. The temperatures of

test can be given only a new critique, and cannot be changed, but the implications of
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curve-drawing can be clarified. In particular the subgroups can be given equal consideration

and any sort of priority among them can be made explicit. All are the work of skilled experi-

menters, intent on finding the truth without prejudice; though not equally significant in their

contributions to the joint results, all are equally valid. All should be and are included, as

far as they are relevant, in reduction of the data and evaluation of the test.

NATURE OF THE STEEL

In one respect especially these data have a sort of homogeneity that is important in

the combined results, namely, in that all the samples are samples of medium steel complying

with existing specifications when chosen and thought to be acceptable for ship construction.

The scatter in samples from different sources is that which might and in many cases did

occur in ordinary procurement. It is exactly this scatter which needs to be better known and,

where excessive, reduced by imposing new requirements in specifications.

From the metallurgical point of view the term "ship steel" is not explicit enough to

have much meaning. It includes steels so different in character that they would hardly be

grouped together on any other basis than as ship steels. An earlier approach to the problem,

what may be called the metallurgical approach, consisted in looking for a metallurgical cause

of brittleness (the practice of rimming, the nonexclusion of nitrogen, coarseness of grain, et

cetera). New samples were then prepared in the hope that they would be free from earlier

defects. It was assumed that freedom from cold-brittleness as demonstrated in the laboratory

would assure similar merit in all steel produced by the same process as the successful sam-

ple. Mlethodical variation of metallurgical character (chemical composition, heat treatment,

et cetera) was followed by study of its effects on ductility. 24

In the present tests this method had little application. The samples differ more nearly

in a random than systematic way; it can be assumed that they cover the range of possible

variations fairly well if not completely.

In contrast with the search for a remedial change in the process of steel making, ,the

emphasis is now to be placed on the question as to how freedom from cold-brittleness is to

be recognized and identified in a laboratory test. We ask: How shall we identify good steel

when we have it? Not: How shall be obtain it in metallurgical practice? What is wanted is

a measure of brittleness and a standard of acceptable brittleness.

It is the geometrical rather than metallurgical differences between specimens which

are now mainly to be considered with respect to their effect on brittleness. The chief prob-

lem becomes that of separating such geometrical effects from those of metallurgical nature.

This inquiry is now to be made in the light of the appearance of fracture as the cri-

terion of brittleness.* It is our first object to define a standard of behavior for ship steel

*See Appendix A on "The Meaning of Ductility."
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II-SURVEY

with respect to the effect of low temperature on appearance of fracture. This standard will

at first be purely factual; we can only say what was found in the specimens on which reports

are available. But the 88 subgroups form a fairly representative over-all sampling. Though

some of them were prepared in the hope of improvement, it cannot be said that the good sam-

ples predominate, giving a result more favorable than a strict random sampling from war-time

ships would do. While samples were taken from ships which had suffered casualty, very few

samples from the great number which did not are included.

In any case the data are more comprehensive than could possibly be the case if, as

in previous analyses, only a fraction of the subgroups were included.

SURVEY

Before advancing to any more elaborate analysis, a number of selected subgroups will

be examined in a direct and simple manner in search of obvious regularities. Both the selec-

tion and the procedure will be explicitly described, since either might be supposed to lead

to a commitment or a prejudgment which would carry through to the final conclusions.

The analysis will consist of a process of iterative application of a comparison between

subgroups based on their methodical relationships. It leads to a valid conclusion only if the

iterative process is convergent. Whether this is, in fact, the case, must be judged in the

light of details to be presented. It is mentioned now only as assurance that care is being

taken on this point.

Detailed procedure is as follows: A single temperature is chosen to characterize the

transition in each subgroup, conceived as that for which the chances of brittle or of ductile

fracture are equal. It is recognized that such a temperature can be established only within

a tolerance, but for now we are looking only for broad trends.

If the number of observations were very large and they were widely and uniformly

spread among temperature intervals equally and closely spaced, the derived single tempera-

ture would be the median.* The problem is to choose a median value among data not meeting

these conditions. It is important that the aim in the choice of temperatures of test was to

obtain a block of contiguous cases symmetrically spanning the desired value. That this was

achieved exactly is too much to suppose, but it was more nearly approximated in the later

than in the earlier tests, since good use could be made of the earlier data. The temperatures

were not in many cases uniformly distributed and we must depend ai the skill with which

these choices were made by the individual investigators. The procedure depends for its more

complete validity on this choice of temperature of test; the concept is defined for numerous

tests at closely spaced temperatures. Actually the tests are mostly few and the spacing

wide.

*The median is a value such that the number of cases of brittleness on one side of it would equal the number

of ductile cases on the other.
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In some subgroups a median value can be found such that only brittle cases occur

below and ductile ones above it. But when the number of tests in the subgroup exceeds, say,

15, sporadic cases of brittle fracture occur at higher, and of ductile fracture at lower tem-

peratures. Although a median value can still be found as stated, the whole number of brittle

and ductile cases must be equalized. This is done by omitting the right number of tests at

the upper or lower end of the temperature series, on the ground that these lie outside the

limits of sporadic behavior. In later refinement of the procedure even this necessity is

eliminated.

When the fractures are mostly of one type (say ductile), but one or more are of the

other type (say brittle), enough tests are again excluded at the (upper) end of the temperature

range to make the whole numbers of ductile and of brittle fractures equal. Even when several

sporadic cases occur (as in subgroup 45) a median temperature can thus be found to satisfy

the criterion.

In a few subgroups all fractures are ductile or all brittle. These give no information

beyond the point that the transition lies either below the lowest temperature of test or above

the highest. Also omitted are several subgroups in which it is apparent that neither a median

nor an average can be represerntative, or which stood in no direct relation to the other sub-

groups. In the remaining subgroups, it is assumed that the median temperature, as described,

does represent an approximation to the desired temperature at equal chances of ductile or of

brittle action.

In the total of 794 tests, 488 were included in the survey. In 55 out of 62 subgroups

tentatively included in the survey, the transition temperature was higher as width was greater.

The 7 exceptions will now be separately re-examined. In two of them (38 and 39) the

temperatures ranges are so great and the specimens so few that the median values are doubtful

enough to justify omission. Of the subgroups of A-steel, numbers 1 and 2, on 12-inch width,

have generally been taken to agree with each other, and give acceptable results. But no other

width is available for comparison. Number 3, with only three tests, is omitted on the same

ground as 38 and 39, though it is out of line by only a trivial amount. Subgroup 4, however,

is a more serious anomaly. It is in 72-inch width, and important for interpretation. In Steel

T-1, number 48 also is seriously anomalous and also is the widest in a series of diminishing

widths. Only these last two form clear-cut exceptions.

Transition temperatures for the remaining 55 subgroups were plotted on the reciprocal

aspect ratio (thickness to width). At first sight this plot had a very unpromising look. How-

ever, by a process of refined guesswork and allowance by judgment for systematic differences

in the methodical series, the trend which was roughly apparent in simple scrutiny was made

more explicit.

It was possible to identify a roughly common slope of the lines joining spots for com-

parable cases all of the same steel in the same thickness and differing only in aspect ratio.

Among these lines of common slope and various intercepts, a single line was run by eye to
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represent the comprehensive sample of ship steel. Its equation is:

T = T16 - 197 -- 1
R16]

This algebraic expression for the effect of aspect ratio R on transition temperature is given,

rather than the rough plots on which it is based, for the following reason: The relation thus

described is based only on partial data and it is only roughly approximate, notwithstanding

its precise form. It is to be used for making approximate reductions of the data taken at

other values of R to the equivalents at R = 16. The error in this process of reduction will be

combined with the scatter from other causes to give the over-all dispersion in the ultimate

assembly of all the data. It is this over-all dispersion which later will be evaluated.

In final extenuation of this obviously incomplete result are the following considera-

tions: (a) It was obtained with open eyes, impartially, and with full knowledge of all the

data. (b) It is strictly preliminary and is justified ultimately by the consistency it reveals

in later and more complete application.

THE STANDARD TRANSITION CURVE

Before any better numerical evaluations than that of the survey are possible we must

first standardize the transition with respect to its pattern. This pattern is in some degree

subject to choice. In the absence of a clear-cut theory of the transition the only basis of

preference lies in the success with which the chosen pattern can be fitted to the observed

data. Since the data, especially in the transition range, are strongly scattered, such a fit

can be made only within a tolerance. High precision cannot be hoped for, but the actual de-

gree of tolerance can be evaluated.

A beginning will be made by use of the raw unadjusted data and it will be assumed

that the transition curve has a simple linear form, characterized by two constants, a slope

and an intercept. The frequency of brittleness is tentatively described by the expression

Frequency of Brittleness = Co0 + C 1 T a

in which the significant values range only from zero to unity.

Slope C 1 and intercept Co 0 of the transition line are found as follows: The tests are

segregated among 25 temperature bands, and in each band note is made of the fraction formed

by the brittle fractures among the whole number in that band; this is the observed frequency

of brittleness, designated FB. This frequency rose as cold increased, though in a somewhat

irregular way; the irregularities were not so great, however, as to prevent the variation from

being regarded as linear, with scatter. The slope, intercept, and standard deviation were

taken out by a formal process of reduction, 2 5 after which the remaining variation with tempera-

ture could be regarded as random and not systematic. The half-value transition temperature is

(1/2 - Co)/C 1. In this way a "raw transition temperature" is evaluated for the comprehensive
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sample of ship steel made up of 88 subgroups. It is preliminary and subject to revision, as

is the survey of width-effect.

In the spread covered by this raw transition are variations caused by differences

(a) in aspect ratio, (b) in metallurgy, in addition to the random scatter, and (c) the variation

we are now trying to define, namely, the gradual loss, with increase in cold, of security

against brittleness. It is now our purpose to get rid of the first two causes of variation and

thus to reveal the transition as it would occur among specimens all of the same aspect ratio

and of identical steel.

The process will be one of evaluating and compensating systematic deviations from

the refined standard which we aim to identify, but in doing this our only resource lies in the

data themselves.

The survey has given us a plausible estimate of the effect of width-thickness ratio.

It permits the assumption that simple difference in scale (among geometrically similar speci-

mens of identical steel) would be without effect on the transition. There is, as yet, no evi-

dence of a size-effect.

But the survey of width-effect (page 47) omitted nearly half the data. Further we must

continue to bear in mind the possibility that the survey may have been influenced by the

choices made, and that this influence may continue through later more thorough analysis.

Such a procedure can be justified only if its iterative application produces an improvement in

consistency of the results.

DETAILS OF THE ITERATIVE PROCESS

The preliminary formula for width-effect will now be used to refine the standard transi-

tion curve; this improved curve will then, in turn, be applied to improving the formula for

width-effect. No attempt will now be made to carry iteration beyond this point although the

same process might be repeated indefinitely.

The first operation consists in applying to the 55 subgroups included in the survey an

adjustment on the temperature scale for differences in aspect ratio. This is done by means of

the approximate formula obtained in the survey. When this has been done, a distinct pattern

emerges for the metallurgical effect; within a moderate tolerance (standard deviation within a

single group averages 6 degrees) an average deviation from the grand average is found for each

of the steels, in each thickness and aspect ratio.

Similar average deviations from the grand average are then made of 33 subgroups which

were omitted in the survey. In this way a tentative value is found for the deviation from the

raw half-value transition temperature for each of all the steels represented in the whole num-

ber of tests. It happens that this raw half-value transition temperature coincides with that

for "A" steel.

Deviations from the average on the temperature scale as caused by metallurgical dif-

ferences are thus available for all subgroups. These deviations are adopted as final for
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purposes of the present study and they are recorded in Table 2. They will be used for the

purpose of improving the evaluation of the deviations caused by departures in aspect ratio

from the value R = 16.

Adjustments are now made in the values for all the subgroups to bring them together

in terms of what will be called the "median steel." This is an assumed material with

a given property equal to the median value among all the different steels in the comprehen-

sive sample made up of all the samples for which test data are available.

At the present moment the property in question is the half-value transition temperature.

Its grand average value is that of the raw transition. For each of the various separate sam-

ples a deviation from this grand average has been evaluated. The median value among these

deviations identifies the median steel.

The reductions to terms of the median steel are adjustments of temperature and they

have the following effective nature. They substitute for each actual test a supposed test

in which the nature of the fracture was the same as in the actual test but the material was

the median steel, and in which the specimen has a section 3/4 x 12 inches. The corrections

make allowance for the resulting shifts in transition temperature. Thus, for a specimen ac-

tually of high width-thickness ratio a specimen of section 3/4 x 12 inches at a lower tem-

perature is substituted; and for a brittle steel, like "C" steel or "PAD," a specimen of

median steel at a lower temperature is substituted.

After these adjustments, the process of tabulation by narrow temperature ranges is

repeated for all 794 tests, barring none.

The result of these operations is the standard transition, and it is plotted as a solid

line in Figure 3. Data relevant to the standard transition are given in Table 3.

COMMENT ON THE STANDARD TRANSITION

This diagram gives explicit confirmation to a practice of long standing by which the

transition has been represented by a symmetrical S-curve, passing through a point of inflec-

tion at the half-value. The observed data were fitted by the use of the standard probability

function. 26

The figure is a distribution curve. It represents a relation between a cause of brittle-

ness, namely, low temperature, and the frequency with which brittleness actually occurs as

temperature is reduced under conditions otherwise equal.

The significance of the fitted curve is as follows: Suppose a large number of tests to

be made on the median steel at a single temperature. According to the curve, if this tempera-

ture were 36 degrees, half of all trials would show brittle fracture. At 51 degrees, the frac-

ture would be 17 1/2 percent and at 69 degrees, 2 percent. Comparing the observed frequency

of brittleness with that thus indicated by the fitted curve, and reducing these deviations by

the accepted procedure, the root-mean-square deviation (sigma) is found to be 7.3 percent.

If the curve were accepted without tolerance the risk of brittleness would never quite
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TABLE 2 50

TABLE 2

Characteristics of Subgroups and Adjusted Transition Temperatures

Col. 1 Type of steel, thickness, and average deviation of transition temperature
from that of median steel 3/4 inch thick.

Col.

Col.

Col.

Subgroup serial number.

Ratio of width to thickness.

Number of specimens on which the estimate of transition temperature is
based. In many cases this is smaller than the whole number of tests,
mainly by reason of exclusions at the upper or lower limits of temperature.

Col. 5 Transition temperature, as for median steel, after adjustment for the com-
bined deviations of the sample in the subgroup from the median, and with
respect to eccentricity in choice of temperatures of test, but without ad-
justment for effect of width-thickness ratio.

Notes: Number zero in Column 4 indicates that the data were not suitable for estimate of
transition temperature, usually because the minimum requirement of one brittle and
one ductile test was not met.

Data orft steels of types t"S" and 'P" are tabulated separately. All were taken in a
single thickness and aspect ratio. They participate in the evaluation of median steel
but make no contribution to data on width-effect.

1 2 3 4 5

A 1 16 6 39
3/4 in. 2 16 25 50
0 Flow 3 32 2 15

4 64 0 --
5 96 4 34

BR 6 16 6 36
3/4 in. 7 16 15 28
18 F low 8 32 0 --

9 64 2 45
10 96 5 62

BN 11 16 4 25
3/4 in. 12 16 17 38
14 F low 13 32 0 --

14 96 5 48

C 15 16 6 46
3/4 in. 16 16 17 30
60 F high 17 32 0 --

18 64 2 31
19 96 4 48
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TABLE 251

TABLE 2 (Continued)

1 2 3 4 5

DR 20 16 6 38
3/4 in. 21 16 3 34
5 F low 21 16 4 35

22 32 4 39
23 64 0 --
24 96 5 44

DN 25 16 4 33
3/4 in. 26 16 17 29
12 F low 27 32 3 31

28 64 3 51
29 96 5 47

E 30 16 2 46
3/4 in. 31 transverse 0 --
46 F high 32 normalized 0 --

33 16 14 31
34 16 9 51
34 16 7 49
35 32 0 --
36 64 3 50
37 96 2 45

F 38 16 3 44
3/4 in. 39 32 3 24
7 F low

G 40 16 0 -

H 41 16 5 40
3/4 in. 42 96 3 46
20 F low

Q 43 16 5 32
3 F high

QS 44 16 4 48
24 F low

T-1 45 4 26 1
1/2 in. 46 8 7 28
34 F low 47 16 27 36

48 19 10 18

T-1 49 4 9 11
3/4 in. 50 8 9 11
28 F low 51 12 6 30

52 16 13 34
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TABLE 2 (Continued)

1 2 3 4 5

T-1 53 4 6 13
1 in. 54 8 6 22
2 F low 55 12 7 28

T-1 56 4 30 13
3/2 in. 57 6 7 7
39 F high

T-2 58 4 6 10
3/4 in. 59 8 6 21
30 F low 60 12 6 26

61 16 13 36

T-2 62 4 6 -2

1 in. 63 6 8 23

8 F low 64 8 5 36
65 12 5 18

T-2 66 4 5 0
3/2 in. 67 6 4 16
35 F high

T-2R 68 4 0 --
3/4 in. 69 6 0 --
4 F low 70 16 5 37

71 20 3 49

W 72 4 17 1
3/4 in. 73 8 15 2
5 F low 74 16 12 52

S-1 75 16 10
3/4 in.
22 F high

S-2 76 16 14
3/4 in.
23 F high

S-3 77 16 15
3/4 in.
17 F high

S-4 78 16 11
3/4 in.
56 F low
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TABLE 2

TABLE 2 (Concluded)

1 2 3 4 5

S-5 79 16 15
3/4 in.
4 F low

S-9 80 16 9
3/4 in.
20 F high

S-12 81 16 10
3/4 in.
23 F low

S-22 82 16 7
3/4 in.
20 F high

DU 83 16 7
3/4 in.
2 F high

PBDP 84 16 11
3/4 in.
10 F high

PBDS 85 16 11
3/4 in.
24 F high

PCDP 86 16 11
3/4 in.
21 F high

PAD 87 16 11
3/4 in.
70 F high

PJSS 88 16 11
3/4 in.
22 F high
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TABLE 3

Col.

Col.

Col.

Col.

Col.

Temperature, degrees F.

Number of specimens.

Observed frequency of brittleness.

Fitted ordinate, S-curve.

Fitted ordinate, straight line.

1 2 3 4 5

72 78 1.3 1 0
69 14 7.1 2 0
66 12 0 3 0
63 18 0 5 4

60 15 20.0 7 9
57 25 20.0 10 14
54 22 9.1 13 19
51 34 23.6 17 24

48 26 23.1 23 29
45 40 25.0 29 34
42 35 17.1 36 39
39 48 41.7 43 44

36 38 44.7 50 49
33 62 56.4 57 54
30 42 59.3 64 59
27 43 81.3 71 64

24 35 85.7 77 69
21 32 68.9 82 74
18 18 88.9 87 79
15 18 88.9 91 84

12 26 80.0 93 89
9 17 100.0 95 94
6 15 92.7 97 99
3 11 100.0 98 100

0 70 100.0 99 100

54

TABLE 3

The Standard Fracture Transition for Median Steel
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Figure 3 - Standard Transition Curve as for a Median Sample of
Ship Steel Tested in a Specimen 3/4 by 12 Inches
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reach zero as temperature increased. This would imply that eventually fracture would occur

in every ship. However, a practical limit must be accepted beyond which the risk will be

provided against by actuarial means. This limit might be placed at a temperature such that

the risk as given by the curve was equalled or exceeded by the tolerance.

This would place a practical limit at 59 degrees, such that in median steel* in a

3/4 x 12-inch specimen the risk of brittle fracture at higher temperatures, though surely

small, would be unpredictable by the methods here used.

Even this abbreviated manner of stating the case is not likely to receive wide accep-

tance, and perhaps for a good reason. We cannot be sure that a larger number of tests would

reduce the scatter and concentrate the spots more closely on this (rather than on some other)

curve. An almost equally good fit is obtained when the type of curve chosen is much simpler,

namely, a straight line, also shown in Figure 3. In this case the standard deviation of ob-

served from fitted values is only a little greater, namely, 8.7 percent. According to such a

line (taken without tolerance) complete freedom from risk of brittleness would be achieved

from 65.4 degrees upward; at this temperature the probability curve would allow brittle frac-

ture in 3.3 cases in a hundred. The half-value on the straight line comes only a fraction of

a degree below that on the S-curve.

On a basis of convenience, the fitted straight line is used in what follows; the in-

creased precision of the S-curve is not enough to justify the extra work involved in its use.

It may be said that the S-curve is right in principle but that the straight line serves as a

reasonable approximation to it in the range of temperatures near the half-value. The clear

interpretation of the very small values of risk of brittleness indicated by the S-curve at

higher temperatures is a matter that requires more consideration than can here be given to

it.

REVISED DATA ON THE SUBGROUPS

In the survey, tests used were confined to those equally divided between brittle and

ductile fracture. With the help of the standard transition and of one plausible assumption,

all the tests in any given subgroup may now be made to contribute to evaluation of a transi-

tion temperature for that subgroup. Exceptions are as follows: (a) If all fractures in a sub-

group are ductile, or all brittle, and (b) if any particular test was made at a temperature so

extreme that the chance of opposite outcome was nil. About 50 observations are excluded

on such grounds. Otherwise, all available data are now brought together.

It is assumed that the transition curve for each subgroup, if the number of tests were

great enough, would parallel the standard curve.

*For other steels, differentials are given in Table 2.
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The procedure now is as follows: Only tests lying within a range for the subgroup

equal to the full range of the linear transition (60 degrees) of the median steel are considered

to be significant. Among such tests the fraction which brittle fractures make up in the total

is the observed frequency of brittleness for the subgroup. From this the fraction 1/2 is sub-

tracted to get the deviation (eccentricity) of the observed frequency from the half-value. To

convert to terms of temperature this difference is divided by 5/3, the slope of the transition

line in percents per degree. The result is the difference between the average temperature

at which the actual tests were made and the unknown half-value transition temperature for

the subgroup. This difference is then applied as a correction to the average temperature of

test to find the half-value transition temperature for the subgroup. The correction, in effect,

is an allowance for eccentricity in choices of temperatures of test.

Even a single test gives a shred of information. If the fracture turns out brittle at a

temperature at which the standard curve shows ductile fracture to be highly probable, this

is evidence that the steel is more brittle than the median standard. By combining such

shreds, a presumption is approached. In few single subgroups is the number of tests enough

to establish more than a presumption for a single subgroup.

The procedure described leads to a definite result whenever at least one brittle and

one ductile fracture have been obtained. This definite (though perhaps erroneous) result is

a tentative transition temperature for the subgroup. As the number of tests increases, the

tolerance within which this tentative result can be said to be known is decreased. This tol-

erance might be more definitely evaluated by special considerations of the theory of proba-

bility, but for the present it will be indicated only by the number of tests on which the defin-

ite tentative half-value temperature is based in each subgroup.

The results of reduction by this procedure are given in Table 2 which serves also as

a summary of the characteristics of the subgroups. In Column 1 the table gives the steel

type, thickness, and metallurgical deviations from the median found as described on page 48.

An adjustment might have been made at this point for aspect ratio, so as to reduce

data for all aspect ratios to that of the 3/4 x 12-inch specimen. But this could now only be

done in accordance with the preliminary formula for width-effect on page 47. Instead of this,

the values in Column 5 of Table 2 still contain the effect of item (a) on page 48, variation

in aspect ratio, and revised numerical evaluation of this effect will form the objective of a

final operation. Item (b), material effect, has now been eliminated. Item (c), temperature

effect, is now expressed as a single number in Column 5, namely, as the half-value transi-

tion temperature after application of the material corrections used for metallurgical deviations

from the median and after adjustment as described for nonsymmetrical choice of temperatures

of the tests. An idea of the amount of the combined correction can be had by comparing this

adjusted value with the direct observations as given in Table 1. Only in a few cases does

it exceed 30 degrees.
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These adjusted values are the separate contributions, from the separate subgroups,
to the data for the comprehensive sample of ship steel. It is not possible to say that sys-

tematic deviations from average values do not still remain concealed in these data, since

the various different materials are unequally represented in the different aspect ratios.

We can, at this stage, only lump such effects with other unknown and uncontrolled
causes of scatter. The effect of the process of reduction has been to reduce the size of

this lump and to clarify its role in our understanding of the phenomena.

REVISED VERSION OF WIDTH-EFFECT

With the data of Column 5, Table 2, in hand, the results of the survey may now be
refined and improved. The material correction is already complete and what remains to be

done is to bring together the corrected values of transition temperature at each value of

aspect ratio. These will be different versions of the same quantity, namely, transition tem-

perature for that aspect ratio, but subject to random scatter. When this has been done for
all aspect ratios, it leads, by the formal process of least-squares curve-fitting, to the rela-

tion exhibited in Figure 4.

It is seen that transition temperature rises with aspect ratio, varying approximately

in a linear manner with the reciprocal of the aspect ratio. The degree of approximation in
this result is also shown. The consistency which appears, based as it is on all relevant

data, from which nothing has been excluded on the ground only of nonconformity, is the

final justification of the analysis.

Is it possible still to believe that this relation is only the end result of a prejudice

indulged in the course of the survey? In answering such a question one may choose between

two courses. The first is to claim too much, with an eye to later compromise. The second

method is to adopt a critical attitude from the start. I have preferred the second course.

The answer is no for the following reasons:

(a) The trend with respect to aspect ratio noted in the survey will be apparent to anyone

who may wish to plot the data in his own way. The only place where judgment was used was

in choosing a numerical description of this trend for use in further analysis.

(b) The expression for the effect of aspect ratio on transition temperature chosen in the

survey is convenient for its exactness even though its correctness be only approximate. But

it led to an evaluation of material differences which, in turn, applied to the whole body of

data, gave us the standard type transition curve of Figure 3. This relation is self-consistent

and it agrees with a widely held but implicit opinion about the form of the transition curve.

(c) Assuming that the transitions for all materials and geometries are of this type, transi-

tion temperatures for all subgroups were reduced to their half-value equivalents for median

steel, as recorded in Table 2.
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(d) The variation with aspect ratio in the transition temperatures in Table 2 is reduced,

again by a formal procedure with no room for prejudice, to the relation shown in Figure 4, in

which dispersion is moderate and definitely evaluated.

The relation exhibited in Figure 4 is therefore offered as the definitive version of the

effect on the fracture transition of varying the ratio of width to thickness.
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III- INTRODUCTION

CHAPTER III

ENERGY ABSORPTION TO MAXIMUM LOAD;
THE DUCTILE MODE IN 3/4-INCH PLATES

INTRODUCTION

The appearance of ductility in the fracture surface is not the only consideration. It

is possible that, notwithstanding appearance, enough ductility may remain at a reduced tem-

perature to prevent casualty by cold brittleness. To explore such a possibility we must have

a measure of ductility and that measure is energy.

This is a measure that can be applied to present rather than past behavior. Appear-

ance of fracture has only the value of a post-mortem examination; after the fracture surface is

available for examination, it is too late to do anything about that case. If we succeed, next

time, in preventing fracture in service, we shall not be concerned to know whether the frac-

ture would have been square or oblique if there had been a fracture. It is knowledge of the

facts about energy absorption that will enable us to prevent fracture.

Capacity for absorption of energy may, in some special cases, have direct and obvious

importance. Thus, where loads, though high, are limited in duration, the capacity of the

structure for absorbing energy without fracture may exceed that of the load for supplying it;

thus the fracture which otherwise would have caused loss of the structure may not occur.

This is the situation when the load is delivered by a shock or blow; when designers begin

to draw the ability of their structures to resist damage into the reckoning, they will do so in

terms of ability to absorb damaging energy.

In the meantime power to absorb energy may have also a direct significance for the

ability of a structure to perform its function of resisting load. Even in this orthodox sense,

good service requires ductility.

At temperatures low enough wholly to inhibit plastic flow in the metal, the stress con-

centrations of the elastic phase of deformation persist right up to the fracture load. Peak

stress, at the point of greatest concentration, is the product of the average stress, maximum

load over net area, multiplied by an elastic factor of concentration. Such factors may be of

the order of 10 or more. The usual means of their evaluation (strain gages, photoelastic

study) give only approximations which need extrapolation to higher true peaks which are so

localized as to escape detection.

It is a common idea that fracture begins when this stress, at a localized peak, reaches

a limit, the permissible stress, which depends on the material. We will not now pause to

consider the relation of permissible stress to ultimate tensile stress, true stress at fracture,

cohesive strength, or other similar inferred stress values. Consider rather that all such

stress limits are linked with ductility whenever fracture is deferred beyond elastic limits.

At a temperature high enough to permit plastic flow, even in small amount, before
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fracture, the whole scheme of factors of concentration must be modified. We will defer the

question as to how it may be modified and rest the case at this point on the statement that

ductility affects strength.

Now consider some details of the process in which absorption of energy occurs in

our specimens. The elastic phase of deformation is first succeeded by a beginning of plas-

tic flow at the apex of the notch. This softens acuity, but at the expense of the remaining

ductility at that point. Soon a local fracture appears, a crack. This crack however remains

at first in an incipient stage and it enlarges and advances at first only very slowly. The

load goes on rising, though at a rate which gradually diminishes. Only after a long process

of slow growth in the incipient crack and an elongation of several percent does the rate of

load-rise slow to a stop at the maximum.

The details of what is happening in this gradual approach to the maximum load are

not fully known. There is a broad connection between the end of increase in load and the

beginning of quicker and more notable encroachment by the crack on the remaining net sec-

tion of metal. The progress of the incipient crack is concealed and only the ends at the

surface of the plate can be seen. The overt sign of passage into a new phase of action is

the reversal of the rate of load change from increase to decrease. How is this process modi-

fied by cold? We will take up this question in detail in a later chapter, and deal for now

only with the fully ductile condition. But exactly what is meant by the "fully ductile condi-

tion"?

Consider the set of load-elongation curves shown in Figure 5. They are taken at a

series of temperatures and suggest that the effect of temperature is not to alter the form of

the curve but to change the distance traversed along the curve from the starting point toward

fracture.

In a sense, these curves show too much. If all the 19 curves taken in the subgroup

were shown, the picture would be more confused. What appears in the 6 curves actually

shown is a trend which is abstracted from the more confused picture. But for now we will

consider only this trend.

Important features of these curves are as follows:

1. The small but abrupt drop at about 250 kips is associated with appearance of the

visible crack. In the specimen at 15 F this drop is too small to see; the extent of this

drop seems to be one of the determinants of the small divergence between the different

curves.

2. The reported energy values were obtained by running a planimeter over curves like

these. The abstraction of a single number from the broader information given by the curve

is an attempt to extract from that information a single item thought to be significant and at

the same time amenable to statistical analysis. Such a procedure cannot be expected to

lead beyond a first approximation to a part of the truth. A systematic and comprehensive

study of such curves as these would be rewarding.

II I
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3. A term used-in the recorded data is ambiguous, namely, "maximum load." The sense

of "load at zero slope" has meaning only for curves followed that far.

4. Contrasting with the point of zero slope is a "point of abrupt release" and this may

occur either before or after the point of zero slope. The release may be complete or only

partial.

5. Reported "energy to maximum load" is taken to mean either "energy to the point of

zero slope" or, in case large abrupt release occurs before the point of zero slope, "energy

to highest load value reached."

6. The condition at the temperature 78.4 F is one of full ductility; the curve continues

without interruption all or nearly all the way to zero load. At 19.6 F this condition is the

same, except for slightly higher load at the point of zero slope. But at 15.0 F the curve

breaks off abruptly before reaching the point of zero slope.

7. At 9.9 F the curve is almost like that at 19.6 F, and at 9.6 F almost like that at 15.0 F.

But at 4.8 F the abrupt release occurs at still lower load and elongation values.

8. These details of behavior, repeated (with variations) hundreds of times, are now to be

studied in the light of the following simplified concepts:

a. That at all temperatures above a (rather ill-defined) limit the load-elongation

curve is not much affected by temperature. This is the condition of full ductility.

b. That when temperature is reduced below the limit of full ductility the load-

elongation curve is subject to variation with respect to the point at which it ends in

fracture. The metal behaves in a manner called subductile.

c. That, as temperature is further reduced, another (equally ill-defined) limit is

reached beyond which the curve again is little affected by temperature. The point of

abrupt release, though well below the point of no slope, is still well above the point

of visible cracking. The subductile behavior is stabilized. This is referred to

as the condition of "complete brittleness."

d. That at still lower temperatures a condition of even earlier abrupt release

might be reached, in which rupture at the appearance of visible crack might go for-

ward to immediate and fast completion.

e. But that in the tests here analyzed condition "d" has never occurred, even

at temperatures 100 F below that of freezing water.

Chapters III and IV will be concerned with energy absorbed up to maximum load under

the condition of full ductility and with the effect on this energy value in tests of specimens

of different widths.
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NATURE OF THE ANALYSIS

This analysis, like that of the fracture transition, consists mainly in a segregation of

the effects of different parameters. But the dependent variable refers no longer to a simple

choice between two alternatives; rather now it consists of a quantity (energy) which may have

any value not over that for the case of full ductility. First we must choose the cases in which

full ductility is attained.

The procedure remains as before and begins by taking out a plausible but approximate

relation with one of the parameters by a preliminary and partial survey. This is then used

for bringing together data at various values of that parameter in the study of the effect of a

second, still on an approximate basis. With this approximate result in hand we go back to

obtain a better version of the effect of the first parameter. Repetition of this process leads

to improved results.

In the absence of a theory of the phenomena, systematic relations among the data

can be inferred only from the data themselves. The results have the merit of being without

prejudgment; they give a completely empirical account of the systematic relations disclosed.

The energy value found by integrating the load-elongation curve to the point of maxi-

mum load has been designated El; for now the subscript is dropped. The symbol U is later

also used for gross energy under certain limitations. Both E and U are expressed throughout

in inch-kilopounds.

The original data are drawn from the same sources as in Chapter II on the fracture

transition, but now two quite different groups of data are to be distinguished. It will appear

that these will confirm each other with respect to width effect.

The first group consists of 3/4-inch plates in widths from 12 to 72 inches. They were

tested in four different laboratories by techniques similar but different in detail. The material

was medium steel for ships, but varied widely within that category.

The second group will be treated in Chapter IV.

PRELIMINARY SURVEY

For a beginning we inquire as to the differences between samples of different metals

as shown in specimens identical in form and size.

At all temperatures at which fractures are oblique it is plausible to suppose that the

value of E in a subgroup of specimens all cut from the same metal are not affected systemati-

cally by variations in temperature above a certain limit; this is implied in calling this condi-

tion the fully ductile mode. The data do show scatter, but if any systematic effect lies

buried among them it is small enough to neglect on first approximation. We therefore deal

now only with averages among such values.

Of the 62 subgroups available for such treatment, over half are 12 inches wide. Pre-

liminary comparisons between samples differing metallurgically are made in this size only;
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in no other single size is an adequate number of specimens available.

The median value of ductile energy to maximum load among specimens 3/4 by 12 in-

ches in section is 114 inch-kips. The ratio of the energy value for each variety of steel re-

ferred to this median value is given in Column 5, Table 4. It will be assumed that this ratio

holds also for other widths of these same steels and that the deviations of observed values

from those corresponding to this assumption are due to scatter.

WIDTH-EFFECT, FIRST APPROXIMATION

It is now our purpose to find comparable values of energy absorption at each of the

several widths. In order to bring all steels together, use is made of the ratios in Table 4

to reduce all data to terms of the median* steel. Averaging data from all available steels

at each width gives an energy value for each width for the median steel. The values so

found are given in Column 4, Table 5.

Much time has been spent in the effort to fit these data with a simple curve, but

without complete success. In every case the energy values for the widest specimens are

low as compared with expectations based on simple extrapolation from smaller widths.

Comment on this fact is offered as follows: There is no magic in a simple curve that

requires the data to fit it. The fact is only that the data as they stand show an abrupt turn

as the reciprocal width approaches zero, and this downward turn is too sharp for a simple

curve to follow.

But before we conclude that this is all the fault of the curve, and not of the data, let

us consider the implication that any more elaborate form in the fitted function would render

extremely doubtful the idea of an asymptotic approach to a finite energy limit at great widths.

In fact, attempts to fit the data with a quadratic instead of a linear function lead to the im-

possible result of a negative energy value at infinite width.

Now an impression exists that great width has an embrittling influence; thus the

service fractures, all of which show brittle appearance, have occurred under conditions in

which tests on small specimens gave reason to expect ductile behavior. Does this influence

extend to a reduction in energy absorption in great widths as indicated by tests made in the

fully ductile condition?

The energy absorbed, even in the fully ductile condition, increases with increasing

width at a rate which falls behind the increase in size of the specimen, as may be seen by

comparing Columns 6 and 7 in Table 5. This in itself may be described as a tendency of

width to favor brittleness. But, in addition, it is seen that the observed values at great

widths in Column 4 fall notably behind the fitted values in Column 5.

*See Chapter II, "Detailed Procedure," page 45. Although the procedure used here is the same as there,

the sample of steel in the median position varies.
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TABLE 4

Material Differences in Specimens 3/4 by 12 Inches

Col.

Col.

Col.

Col.

Col.

Code letter for variety of steel.

Subgroup serial number.

Number of specimens averaged.

Average value of gross energy to maximum load, E.

Ratio in percent of Column 4 to median value, 114,
averaged for each steel, percentile value.

Note: Cases noted "not used" were barred because data were not

comparable, as, for example, due to elongations on non-

standard gage.

1 2 3 4 5

A 1 2 92.0
2 13 93.3 81

BR 6 4 125.0
7 6 127.2 111

BN 11 4 126.0
12 6 119.5 108

C 15 not used
16 5 107.7 95

DR 20 2 93.3 82
21 not used

DN 25 2 104.5 113
26 7 129.3

E 33 6 98.8 87
34 not used

F 38 2 112.0 98

G 40 2 93.5 82

H 41 1 134.0 118

Q 43 3 114.0 100
44 1 154.0 135

T-1 52 4 133.2 117

TABLE 4
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TABLE 4 (Continued)

1 2 3 4 5

T-2 61 3 122.0 107

T-2R 70 1 142.0 125

W 74 8 118.1 104

S-1 75 7 117.9 103

S-2 76 6 106.2 93

S-3 77 3 146.3 128

S-4 78 5 89.9 79

S-5 79 5 104.4 92

S-9 80 4 126.7 111

S-12 81 3 117.3 103

S-22 82 2 116.4 102

DU 83 3 79.9 70

PBDP 84 4 99.1 87

PBDS 85 6 75.2 66

PCDP 86 5 99.5 87

PAD 87 3 90.7 80

PJSS 88 2 70.0 62
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TABLE 5

Energy at Different Widths, 3/4-Inch Median Steel

Width of specimen in inches.

Number of subgroups.

Ratio of width to thickness, aspect ratio, R.

Energy to maximum load, E; observed average
for all steels.

Calculated value of E from the fitted formula.

Column 5 divided by E at R = 16.

(R/16)2.

Values in brackets not used in fitting tentative line.

TABLE 5

Col.

Col.

Col.

Col.

Col.
Col.

Col.

Note:

1 2 3 4 5 6 7

72.0 7 96 (2100.0) 2544.0 22.10 36.0

48.0 4 64 1115.0 1305.6 11.58 16.0

24.0 6 32 379.0 367.6 3.263 4.0

15.0 1 20 (145.0) 163.0 1.447 1.5625

12.0 13 16 114.0 112.6 1.000 1.0000

9.0 2 12 70.4 71.2 0.632 0.5625

6.0 3 8 42.2 38.5 0.342 0.2500

4.5 1 6 (22.2) 25.6 0.227 0.1406

3.0 4 4 14.2 14.78 0.132 0.0625
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Before we can reach any firm conclusion on this point, .more tests are needed on

specimens of the largest size. As a less expensive alternative to new tests of very large

specimens, study of thinner plates in high aspect ratio is proposed and this would serve

the purpose if the effect of thickness were known. Pending some such new tests the aim of

extrapolating to infinite width at any thickness must be deferred.

Instead of this, variation in width will for now be accounted for by reference to the

standard width of 12 inches.

In fitting a tentative line to the data of Table 5 the value at 72-inch width is excluded

since it lies beyond the limit of application of any simple formula. Two other widths, 15 and

6 inches, were omitted; though their values are not far out of line, the number of observations

was one only in each of these cases. Within a tolerance of 5 percent, the rest of the data

are fitted by the formula*

EW ER - 0. 6 33 ( T,,)2 (1 + 9.,2

E12 E166

Numerical values calculated by this formula are entered in Table 5.

PARTIAL SIMILITUDE AT CONSTANT THICKNESS
(PLANE SIMILITUDE)

Complete geometrical similitude in plates of different widths would be obtained only

by giving thickness a constant ratio to width. Data obtained in this way will be considered

later; for now let us ask whether any use can be made of the partial similitude that exists

when other geometrical dimensions are held in constant ratio to width but thickness is con-

stant at all widths.

If we could assume that energy would be directly proportional to thickness when only

thickness is changed, then the energy values for plates in full similitude could be inferred

from those obtained in thickness other than that required for similitude.

Plates of different rolled thicknesses have important metallurgical as well as geomet-

rical differences, and the strict and direct segregation of these two effects is not yet accom-

plished. An indirect method will be explained later. Meantime it might be supposed that the

geometrical effect of reduction in thickness without metallurgical change would consist only

in a proportionate change in energy absorption and that disproportionate changes should be

attributed wholly to the metallurgical effects of rolling. Judgment as to such an assumption

might be based on facts about the pattern of strain distribution.

In accord with the suggested assumption, imagine all dimensions of a specimen multi-

plied by X in full similitude but without difference in material. In this case we have no

* R is ratio of width to thickness.
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hesitation* in asserting that at loads proportional to X2 the strain patterns will be in all re-

spects similar and the gross energies therefore in the ratio X3. But now a further change of

thickness is made, back to the original value, by multiplying it by 1/A. The first and third

states may be said to be in the relation to each other of "plane similitude."

In accordance with the proposed assumption, the second change, in thickness only,

would not affect the strain pattern and would alter the energy only in the ratio 1/A.

Let us state this case more precisely and explore its further consequences.

At a point (x, y) in one plate, at a given stage of loading, let the local axial stress

be a and the axial strain E.

By our supposition, these same values are found in another plate at (A x, A y) where A

is the scale factor.

At that stage the load is

P 1 = tj ay dx

where t is thickness, w width, and the integral is taken at any transverse section. Similarly

the elongation is

(A L) = LEy dy
0

integrating over any longitudinal section, since the gage length is so chosen that variation

in elongation across the width of the specimen is negligible.

Now alter the scale and substitute the dimensions AXw for w and XL for L, but without

changing t. The values of ay and y at (A x, A y) are supposed to be equal to those formerly

at (x, y).

Then under this altered condition

P2 = t J 0ay dx and (AL) 2 =J y dy
00

The energy absorbed in an infinitesimal elongation dL is PdL. In the first case

this is w ;L
dE1 = t Way dx •J (AE ) dy

where A y is the local increment of strain contributing to the elongation dL. On the scale A

rAw CAL
dE 2 = t ydx (Ay)dy = X2 dE

2 O 0

*More careful consideration is given to this point in Chapter IV.
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Under these conditions the energy, referred to that at width 12 inches (width-thickness

ratio 16) would be

EW 2  ER ( R 2

E 12  12 E16 16

But the tentative relation drawn from the reported data, on the other hand, is

ER -0.633 2 1+ 9.32\

E 16 \16 /\ I?/

The dispersion limits within which this empirical relation is defined are narrow enough to

exclude experimental error as an explanation of the discrepancy.

We conclude that the conditions of plane similitude are not applicable to the recorded

data on energy to maximum load, and that it is not permissible to pass from a condition of

plane similitude to one of full three-dimensional similitude by a proportionate adjustment of

energy value in the ratio of an altered thickness.

The load-elongation curves 2 7 also give more direct evidence that plane similitude does

not explain observed width-effects. Simple scrutiny is enough to show that as width increases

at constant thickness, elongation at maximum load is notably less than proportionate to width.

The maximum occurs in the wider specimens at an earlier stage of deformation, at a time when

the strain pattern is less fully developed, than in narrower ones. The outlying parts of the

plate, at a distance from the notch, are relatively less strained, at a given average strain, in

wider than in narrower plates. Equal average strains in specimens of different widths occur

at different points on the load-elongation curves and it is clear that these curves cannot be

fitted directly into a framework of plane similitude.

REVISED VERSION OF WIDTH-EFFECT AT 3/4-INCH THICKNESS

With the preliminary version of width-effect in hand, we now re-examine with care

all relevant data on plates 3/4 inch thick.

Energy values from all pertinent subgroups, of all widths, are now reduced to equiva-

lents in 12-inch width by use of the preliminary equation for width-effect. Since allowance

for width-effect is thus already included, these values do not vary systematically with width,

but only with metallurgical differences; they are therefore averaged separately for each steel.

The values so obtained are then compared with that for the median steel. Revised

material reduction factors like those found in the survey of 3/4 by 12-inch plates are then

taken out, to replace those in Column 5 of Table 4. but based on plates of all widths rather

than on 12-inch width only. These are found, however, to be nearly identical with those

found in the survey within a tolerance not greater than must be allowed in view of the scatter

in the data.

111 _ -

'~-~ -------------- I --- ----- '~-~--"I%~~1~I~~"LYY~~)$lj~Sli~hl



III- WIDTH-EFFECT
73 (REVISED VERSION)

With the material reduction factors thus confirmed the fitting operation is repeated and

extended so as to include all data previously omitted. The result now obtained,

ER = 0.624 R21 + 9.63 + 0.047
E \16 /\1R /E16 R

differs only slightly from the survey result. This is adopted as the definitive formula repre-

senting the data on 3/4-inch plates.

For the median steel the energy to load at zero slope in a plate of section 3/4 by 12

inches is 112.07 inch-kips.
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CHAPTER IV

ENERGY ABSORPTION TO MAXIMUM LOAD; THE DUCTILE
MODE IN PLATES 1/2 TO 3/2 INCH THICK

INTRODUCTION

The first phase of work with wide-plate specimens, in which a variety of steels (the

"project" or "pedigreed" steels) were all tested in a single thickness, was followed by a

second phase in which steel from a single source (T-steel) was rolled to a series of plates

of different thickness, from 3/2 inches down to 1/2 inch. This was later repeated with

steel of similar physical properties but lower ratio of manganese to carbon (T-2). Finally

a 3/2-inch plate of T-2 was rolled down, after about a year's time, to increase the supply of

3/4-inch plate; this was designated T-2R. All these plates were cut into similar specimens

and tested by a standardized procedure at a single laboratory, at Swarthmore College. Each

thickness was tested in a series of widths. Our purpose is now to uilize these width data

to extend our conclusions about systematic relations between the subgroups, especially

those relating to width-effect.

It is the energy absorbed at temperatures high enough to assure full ductility that we

now proceed to evaluate, as was done for 3/4-inch plates alone in Chapter III. A small diffi-

culty arises in defining energy in the ductile mode, since, in the absence of brittleness, the

value tends to rise a little as temperature is reduced. The aim has been to catch the value

at the temperature marking the upper limit of the transition zone.*

SURVEY

MATERIAL DIFFERENCES

As before, the material differences receive our first attention. In the first survey

comparisons are made between specimens identical in dimensions. Since plates from the

same ingot but rolled to different thickness are, in effect, plates of different material, these

comparisons are made separately at each thickness.

*In a few cases, like subgroups 56 and 62, the choice of ductile values to use in the average happens to be

important. Thus, insubgroup 56 the three tests at top temperatures average 101 inch-kips whereas the top nine

energy values (omitting two brittle ones) average 111 inch kips. In subgroup 62 the top two give 26.0, and adding

the next four, at lower temperatures, raises it to 28.5. The principle adopted is to make the choice that fits best

with the other subgroups and not to adhere to any arbitrary rule. In subgroup 56 this leads to the lower value, in

62 to the higher; in these two, the special choices actually made lead to an important reduction in scatter.
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In Table 6, Column 5, are given ratios* of energy in T-2 steel to that in identical

specimens of T-1 steel. The ratios in Column 5 are averaged for T-2 for each thickness

separately; the averages are then applied as corrections to the data for each subgroup in

Column 4 so as to obtain values which would have been found if T-1 had been used in these

tests instead of T-2.

The adjusted values entered in Column 6(b) for the T-2 and T-2R subgroups are found

by multiplying each observed value in Column 4 by the average ratio from Column 5 for that

thickness and aspect ratio. Opposite T-1 in Column 6(a) are entered the average energies,

separately for each thickness and aspect ratio, for all steels as referred to T-1. The number

of specimens contributing to each of these averages is also given. In this way allowance is

made for material differences of T-2 and T-2R from T-1. Average energy values in Column

6(a) are drawn from all the available data and expressed in terms of a single material, T-1.

In a later assembly of the data, these results will be combined with those from other steels

to find a comprehensive expression for the effect of width on ductile energy.

WIDTH-EFFECT

In analysis of data on plates 3/4 inch thick an expression which has the form needed

to adequately describe width-effect was found. Instead of widths, we will now use only the

ratios of width to thickness, and we will rearrange the factors in the expression previously

used. As a result of these modifications we have, for 3/4-inch plates of median steel,

ER E1 6  9.63
2 -0.624 1 +-

162 /

The equivalence of this to the expression given earlier is apparent.

It will be convenient to generalize the expression for width-effect in the formula**

E B 0= Bo + = Co  1 +

R 2  R R02
0~0

where Bo and B 1 , Co and C1 , are functions of thickness.

By evaluating E/R 2 for each R and using the standard fitting procedure at each thick-

ness separately we take out values of B 0 and of C1 = B 1 /B o . These are given in Table 7.

*While this ratio is reasonably consistent in each thickness, T-2 is affected by rolling in a different way from

T-1; its energy is always less, but in rolling down from 3/2 to 1 inch, T-2 gains less in ductility than T-1 from

the same operation whereas in the step from 1 inch to 3/4, T-2 gains more. After aging, as in T-2R, rolling down

from 3/2 to 3/4 produces a gain notably less than in T-2 without aging.

**Although B0 is the value which ER/R 2 would have by this formula at 1/R = 0, the observed values at R > 64

are definitely lower than those found by such extrapolation of the present data.
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TABLE 6

TABLE 6

Survey of Material Differences between Steels T-1, T-2, and T-2R

Col. 1

Col. 2

Col. 3

Kind of steel, thickness, aspect ratio.

Subgroup serial number.

Number of specimens.

Col. 4 Observed average energy to maximum load in
inch-kips.

Col. 5 Ratio to value for T-1 of Column 4.

Col. 6(a) Averages, as for T-1, of all steels, with total
number of specimens as in Column 7.

Col. 6(b) Adjusted energy as for T-1.

Col. 7 Whole number of specimens averaged.

Note: *In the case of T-2R the direct procedure is not applicable since

for two of the four subgroups the values of R do not match, and

the two that do match are not in good agreement with each other.

A line is therefore fitted by the standard procedure to the four

aspect ratios used for T-2R, and the ratios at the matching thick-

nesses for Column 5 are drawn from this source. The "factor"

thus replaces the "average" as for other steels.

1 2 3 4 5 6 7

(a)
T-1 4 45 13 6.66 100 6.66 13
1/2 8 46 4 15.8 100 15.8 4
in. 16 47 11 44.6 100 44.6 11

19 48 5 63.8 100 63.8 5

T-1 4 49 3 18.9 100 18.56 7
3/4 (6) 32.23 2
in. 8 50 1 54.0 100 52.65 4

12 51 2 85.3 100 84.55 4
16 52 4 133.2 100 140.7 9

(20) 200.9 1

T-1 4 53 3 37.2 100 37.01 9
1 in. (6) 70.2 2

8 54 3 112.0 100 111.55 6
12 55 4 201.0 100 203.4 6

T-1 4 56 3 101.0 100 100.55 6
3/2 6 57 2 205.0 100 205.9 3
In.
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TABLE 6 (Continued)

1 2 3 4 5 6 7

(b)
T-2 4 58 2 16.75 88.6 19.22 ---

3/4 8 59 3 44.7 82.8 51.3 --

in. 12 60 2 73.0 85.6 83.8 ---

16 61 3 122.0 91.6 140.0 --

av. 87.15

T-2 4 62 6 28.25 76.0 36.82 --

1 in. 6 63 2 53.8 -- 70.2 ---
8 64 3 85.2 76.1 111.1 ---

12 65 2 157.8 78.5 205.8 --

av. 76.67

T-2 4 66 3 92.0 91.1 100.1 ---

1 in. 6 67 1 190.0 92.7 206.8 --

av. 91.9

T-2R 4 68 2 14.88 78.7 17.56 --

3/4 6 69 2 27.3 --- 32.23 ..

in. 16 70 2 126.0 94.6 148.8 --

20 71 1 170.0 --- 200.0 --

factor* 0.797

TABLE 6
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TABLE 7 78

TABLE 7

Summary of Width-Effect in Different Thicknesses of T-1 Steel

EB B1  E (
E = Bo o_ = C +

R2 - 0 2 R

Col. 1 Thickness, t.

Col. 2 Additive term, B0

Col. 3 Coefficient of 1/R, B
Col. 4 CI = B 1 / B o.
Col. 5 Fitted value, (Eo/Ro2) 16

Col. 6 Fitted value, E16.
Col. 7 Fitted value, E 6/t 3 .

Note: *In the case of 3/2 inch thickness it was necessary to

make a choice of the constants consistent with the data

at other thicknesses and with the two observations

available, since the number of such observations in this

thickness was not alone sufficient.

1 2 3 4 5 6 7

1/2 in. 0.0979 1.266 12.93 0.1761 45.1 360.8

3/4 in. 0.3717 3.105 8.36 0.5657 144.8 343.3

1 in. 1.010 5.327 5.23 1.343 343.8 343.8

3/2 in.* 3.5 12.22 3.49 4.264 1091.5 347.3
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IV-SIMILITUDE

The values given in Table 7 have a precision which permits us, by substitution in

the formula, to match the observed values, as adjusted to apply to steel T-1 in Table 6, with-

in a standard deviation of about 5 percent. This success in matching the observed data is

the justification for the formula. Accepting it, we can obtain estimated values of E at all

values of R within reasonable limits.

The formula has the nature of a device for fairing the scattered data and for making

interpolated and reasonably extrapolated evaluations.*

SIMILITUDE

Consider the relations between specimens of different size but geometrically similar

to each other in all dimensions, including thickness.

The load (as in plane similitude) is

P1 = t
ay dx

and the elongation

On the scale A

and

= L(A L) 1 =f y dy
0

P =at Y d = A2 P
2 0 y

(A L) 2 L y dy = X(A L) 1

so that

E 2 = \3 E1

provided

provided

that the

that the

pattern of strain distribution

comparison is made at equal

is not affected by the change in scale, and

stages of deformation

(AL) 2 = X(AL) 1

If we take t as the measure of size, the condition of similitude, at a given stage of

*If it is desired to refer the evaluations to any chosen value of RO, the formula leads to a value for CO which

depends on the choice of R 0. Thus, for comparison with the earlier analysis, let t = 3/4, R0 = 16. Then

EO/RO2= 0.566 and CO = 0.657; for 3/4-inch median steel the value found was 0.624. The respective values

of C1 are 8.36 and 9.64.
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IV-DEFORMATION IN SIMILITUDE 80

deformation, at equal aspect ratio, and with identical metallurgy, would give energy absorp-

tion proportional to the cube of t.

For the sake of a numerical check of this condition, Column 7 is added in Table 7.

Itis seen that for T-1 steel at R = 16, energy is closely proportional to t 3 , as w,u,d be ex-

pected from the conditions of similitude. This condition is not exactly maintained at other

values of R. The available data show a moderate but distinct rise in E/t 3 with diminishing

t at low values of R. At large R, E is nearly proportional to Co which diminishes a little

faster than t 3 as t is reduced.

ROLE OF DEFORMATION IN SIMILITUDE

Complete similitude is achieved only when all dimensions are proportional to X, not

only at the start, but also at the stage of deformation at which the comparison between similar

cases is made. We will now consider only tests in which the load-elongation curve passed

the point of zero slope.

The available data do not permit comparisons at equal stages of deformation to be

made directly since the values reported relate rather to the stage of maximum load than to

any given elongation. Where the load-elongation curves are available, however, the reported

data can be reduced to terms of equal average strain in specimens of different dimensions

and different metallurgical character.

A survey of this nature was first made among specimens identical in dimensions but

differing in energy absorbing capacity. Those chosen were 3/4 by 12-inch specimens of

steels A, S-22, W, and T-1. It was found that at equal elongations the recorded energies

were nearly proportional to the values of maximum load. The completely ductile load-

elongation curves are similar in form, differing mainly in the scale of the load coordinate.

This suggests that at equal elongations (equal average strains) the strain patterns in the dif-

ferent specimens are nearly identical; if so, the difference between specimens consists main-

ly in the difference between local stress values at equal local strain values, as indicated by

the stress-strain curves for the different materials.

The typical load-elongation curve (aside from the elastic part of it and a small shift

near double the elastic limit of elongation) has a roughly elliptical form and this form is

roughly the same in notched and in unnotched specimens, see Figure 5. The notched maxi-

mum, however, occurs at a nominal strain (elongation divided by original gage-length) of only

a few percent, much lower than without the notch. Even in an unnotched specimen (in the

minimum section of the neck), local true strain varies from point to point; however, the "true

stress," obtained by dividing the load by the reduced area, though still only an average,

covers values which vary only moderately. In a notched specimen the inequalities of stress

around the notch are much greater, and the quotient of load divided by net area is an average

which gives only a distant indication of the peak values. However, when two similar fully

ductile specimens of different size are compared at equal values of average strain, it is

11 11 ll lh i I ll ,
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IV-ENERGY AT
81 AVERAGE STRAIN

plausible to suppose that the patterns of distribution, both of strain and of stress, are simi-

lar in full detail.

ENERGIES AT EQUAL AVERAGE STRAIN

It may be seen in casual scrutiny of the load-elongation curves that the average strain

at maximum load shows large variation from one specimen to another of different size or form.

We now choose a single strain value near the median of all observed strains at maximum load,

namely, 5 1/2 percent, and estimate energy values in the different specimens at this equal

stage of deformation.

The observed values of energy are thus to be adjusted so as to make them comparable

on a basis of equal average strain. The adjusted values will be designated by the symbol U

to distinguish them from values of E. The purpose of this maneuver is to obtain a condition

of full similitude, including elongation, as between specimens of different thickness and

aspect ratio.

The adjustment of energy values is made as follows:

First, the stated energy at maximum load (point of zero slope) is available as a matter

of record for each specimen separately. These values are averaged by subgroups and the

single average for each subgroup used in all further work.

Second, for each subgroup, with given values for t and R for a given steel, a type load-

elongation curve is given in Reference 27. From this curve the elongation at maximum load

is read off in each case and subtracted from the value corresponding to the standard strain.

Third, this subtraction is also carried out, by reference to the curves, on the energy

values.

Fourth, the energy differential so found is now combined with the reported energy at

maximum load to obtain U.

Such adjusted values are given in Column 4 of Table 8. They show marked variation

and we now ask after systematic progressions with t and R, and with the different samples

of steel.

Taking up first the material variations, several comparisons are possible where the

difference in the steels is the only one, all geometrical dimensions being identical. They

show T-2 consistently absorbing more energy (at strain 5 1/2 percent) than T-1, and T-2R

in an intermediate position.

A preliminary correction is made by dividing T-2 energies at all thicknesses by

1.098 and T-2R by 1.034; the average of values so adjusted is then the same for steels T-2

and T-2R as for T-1. After the first reduction to equal strain, this is the second adjustment,

to equivalent T-1 steel.

Values so obtained as now divided by R 2 . If strain patterns follow the condition of
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TABLE 8

Col. 1 Subgroup serial number.

Col. 2 Observed energy to maximum
load, E.

Col. 3 Energy differential to 5 1/2
percent strain.

Col. 4 Energy to 5 1/2 percent strain, U;
Column 2 plus Column 3.

Col. 5 U for T-ldivided by U for T-2,
averaged.

Col. 6 U for aspect ratio 16, divided by
U for R, averaged.

Col. 7 Reciprocal cube of thickness.

Col. 8 Square of aspect ratio.

Col. Final adjusted value of b/R 2 t 3 .

1 2 3 4 5 6 7 8 9

45 6.66 - 3.62 3.04 1.000 0.959 8 16 1.746
46 15.8 - 3.32 12.48 1.000 0.959 8 64 1.495
47 44.6 + 9.56 54.2 1.000 0.959 8 256 1.625
48 63.8 + 18.36 82.2 1.000 0.959 8 361 1.746

49 18.90 - 8.86 10.04 1.000 1.000 64/27 16 1.487
50 54.0 - 12.50 41.5 1.000 1.000 64/27 64 1.538
51 85.5 + 14.72 100.02 1.000 1.000 64/27 144 1.645
52 133.2 + 25.83 159.03 1.000 1.000 64/27 256 1.472

53 37.2 - 10.9 26.3 1.000 1.049 1.000 16 1.724
54 112.0 - 23.49 88.51 1.000 1.049 1.000 64 1.449
55 201.0 + 12.08 213.08 1.000 1.049 1.000 144 1.551

56 110.4 - 38.92 71.5 1.000 1.155 8/27 16 1.469
57 205.0 - 33.45 171.55 1.000 1.155 8/27 36 1.630

58 16.75 - 5.88 10.87 0.913 1.000 64/27 16 1.469
59 44.7 + 0.51 45.2 0.913 1.000 64/27 64 1.528
60 73.0 + 27.30 100.3 0.913 1.000 64/27 144 1.507
61 122.0 + 57.25 179.25 0.913 1.000 64/27 256 1.524

62 28.25 + 1.92 30.17 0.913 1.049 1.000 16 1.799
63 53.8 + 6.10 59.9 0.913 1.049 1.000 36 1.590
64 85.0 + 20.16 105.2 0.913 1.049 1.000 64 1.570
65 157.8 + 109.3 267.1 0.913 1.049 1.000 144 1.770

66 92.0 - 17.55 75.45 0.913 1.155 8/27 16 1.450
67 190.0 0.0 190.0 0.913 1.155 8/27 36 1.645

68 14.88 - 3.40 11.48 0.968 1.000 64/27 16 1.646
69 27.3 no curve
70 142.0 + 24.36 166.36 0.968 1.000 64/27 256 1.490
71 170.0 + 83.2 253.2 0.968 1.000 64/27 400 1.451

Grand Average 1.568

S0.050

82

TABLE 8

Adjustment of Energy Values to Terms of 5 1/2 Percent Average Strain
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IV-ENERGY AT
83 AVERAGE STRAIN

similitude, this should bring all values for a given thickness into agreement with each other.

The actual differences between the values so obtained are small and any systematic variation

is not casually apparent. The scattered data are therefore simply averaged out separately

for each thickness.

The averages so found vary with thickness. A grand average is taken for each thick-

ness and among these values a definite progression appears. To study it more closely, each

of them is divided by t3 . In strict similitude, this should produce agreement between values

at all thicknesses. But there is, in fact, a small residual effect of thickness, a rise of about

16 percent in passing from 3/2 to 1/2 inch.

This residual effect is now assumed to be the metallurgical effect of rolling, since

allowance has already been made for differences in the original samples of metal and in

geometry. A line is fitted to the data by the standard procedure and its equation is

U = 1.772 (1 - 0.156 t) inch-kips

,R2t 3  inch 3

We now assume that in the absence of metallurgical effects of rolling the coefficient of t

in this expression would be zero.

This must remain an assumption, since we have no direct way of segregating geometri-

cal from metallurgical effects of rolling. It is, however, a very useful and plausible assump-

tion. The coefficient of t, on this view, is wholly a material constant. If, for example, we

were to find that it had the same value for all materials, we might suspect something more

general about it, but while this has not been made the subject of special inquiry, it is so

unlikely a result as to be hardly worth asking about. It would be of interest to find a material

in which this coefficient was zero, since in such a material the changes caused by rolling

(e.g., in density) would presumably have no influence on the stress-strain curve.

On the basis of approximation on which the first two adjustments were made, we now

proceed to a third based on the stated assumption about thickness effect. The factor

1 - 0.156 t is used to estimate the change in energy values if all thicknesses were identical

in metallurgy with the 3/4-inch plates.

The three adjustments are now applied separately to each of the 26 relevant subgroups.

The completeness with which this eliminates residual effects of thickness and aspect ratio

among these data will be the final test of the validity of this analysis.

The recapitulation is made first with respect to R, with the expectation that any resid-

ual width-effect remaining after the approximate adjustments would require a more accurate

allowance for width-effect before inquiring as to thickness-effect in the adjusted data.

However, when the adjusted values of U are assembled by values of R the progressive devia-

tion from the grand average of the averages for each value of R separately is found to be well

within the limits of scatter. No further adjustment for an improved version of the width-effect

is therefore necessary.
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IV-ENERGY AT
MAXIMUM LOAD 84

The same data are therefore again assembled by values of t. In this case the devia-

tions are found to be even a little less than with R.

It is therefore concluded that U/R 2 t 3 depends on neither R nor t within the limits of

precision of the data, the standard deviation in this result being of the order of 3 percent.

What is the significance of this conclusion? Consider a series of specimens cut from

the same rolled plate, and hence of the same thickness and metallurgical nature, but of

various widths; gage-length is proportional to width, notch details proportional to thickness

and hence constant. At values of elongation proportioned to width, average strain is equal

in all specimens. Energy is then proportional to the square of the width.

Similitude in strain patterns would be a sufficient condition for such a result. Under

this condition, the strain pattern in the larger specimen would be, in effect, a photographic

enlargement of that in the smaller one.

We therefore conclude:

a. When elongation is placed under the condition of similitude, energy has Lhe value

which would occur if the strain pattern followed the same condition.

b. When comparisons are made under other conditions (as, for example, at maximum

load) and the conditions of plane similitude are found to be not satisfied, this is to be attrib-

uted rather to variations in the elongation values than to failure of the strain patterns to

follow the elongations.

c. When two specimens similar but of different material and thickness are deformed to

the same relative elongation, and hence have the same average strain, the energies have the

same ratios as though the two strain patterns were also similar in complete detail.

d. Thus, in general, when comparisons are made under conditions of full similitude,

with respect to all external dimensions, including elongations, energy values are proportional

to the cube of the scale factor.

It should be noted that the linking of strain patterns with elongations has not been

proven to be a necessary condition of the observed result. This point, as well as more de-

tails about elongation at maximum load in specimens of different size, is left for later

consideration.

ENERGIES AT MAXIMUM LOAD

We now return to the data as actually recorded. Here we find a situation entirely

different from that when comparisons are made at equal strain. It happens that the difference

between T-2 and T-1 is consistently opposite to that at constant elongation; the effects of

thickness are more erratic. Most important of all, it is apparent at a glance that variation

with aspect ratio is not proportional to the reciprocal square.

In order to reduce these facts to more specific statements we begin, as before, with

ll Mil i
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IVY-ENERGY AT
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the factors for reducing the data for T-2 and T-2R to terms of T-1, as derived and applied in

Table 6. In Table 7 we have a compact survey of the facts about variation of energy to maxi-

mum load in the standard steel T-1 at different values of the two parameters RI? and t. In par-

ticular we have a statement of the variation with R at each thickness separately, and the

changes with thickness are seen to be progressive in nature.

Variation with t, at constant R, though not exactly, is nearly proportionate to t3.

When the data are all brought together in the familiar fitting process, it is found that E/t 3

varies as 1 - 0.28 t. The corresponding variation at constant strain of U/t 3 was in proportion

to 1- 0.16 t.

In the case of constant strain under full similitude, there was good reason to attribute

this minor increase in ductility with diminishing thickness to the metallurgical improvement

due to the rolling operation. Since we now have violated the conditions of full similitude,
the same argument is no longer directly applicable.

At the same time it is certain that rolling does improve ductility, whether it is meas-

ured by U or by E; it is not unreasonable to suppose that in addition to the benefit obtained

by raising the stress-strain curve, which makes itself felt in increase of U, rolling may also

increase the average strain at maximum load, and so give an even greater benefit to E.

For these reasons the thickness effect on E/t 3 is attributed wholly to rolling and it

is assumed that, as far as the geometry goes, and if complete identity of the original material

could be assured, E, like U, would be proportional to t3. There is no way of testing these

assumptions short of finding a way to produce complete metallurgical identity in different

thicknesses. For the present, such a project would not be justified. Neither of the coeffi-

cients 0.16 and 0.28 for t is very large. Even if the corrections for rolling effect in E were

made with factors drawn from data on U the reduction to terms of a single thickness would

not be much altered.

Taking the factor 1 - 0.28 t to express the metallurgical effect of rolling on E/t 3 we

combine this with factors already adopted for T-2 and T-2R to make corrections which will

bring all the data on the T steels together in terms of 3/4-inch T-1.

The details of this process are carried through in Table 9. Unlike U/R 2t3 in Table 8,
it is found that E/R 2t3 shows systematic variation with R.

This variation is now reduced to numerical terms by the same process of curve fitting

which has been used throughout this report for this purpose. 25 This present case is chosen

as an example which will serve to illustrate all the cases in which the same process of re-

duction has been used. Complete details are given in Table 10.



TABLE 9

Subgroup serial number.

Recorded energy to maximum load,
inch-kilopounds.

Ratio of width to thickness.

Thickness, inches.

Average ratio of energy for T-1 steel
to that for T-2 steel.

Col. 6 Average ratio of energy for 3/4-inch
thickness to that for this thickness.

Col. 7 Product of Columns 2, 5, and 6.

Col. 8 Column 7 divided by square of Col-
umn 3 and cube of Column 4.

1 2 3 4 5 6 7 8

45 6.66 4 1/2 1.000 0.9174 6.12 3.059
46 15.8 8 1/2 1.000 0.9174 14.52 1.815
47 44.6 16 1/2 1.000 0.9174 41.0 1.281
48 63.8 19 1/2 1.000 0.9174 58.6 1.299

49 18.9 4 3/4 1.000 1.0000 18.9 2.783
50 54.0 8 3/4 1.000 1.0000 54.0 1.999
51 85.5 12 3/4 1.000 1.0000 85.5 1.403
52 133.2 16 3/4 1.000 1.0000 133.2 1.232

53 37.2 4 1 1.000 1.099 40.9 2.556
54 112.0 8 1 1.000 1.099 123.1 1.924
55 201.0 12 1 1.000 1.099 221.0 1.534

56 110.4 4 3/2 1.000 1.370 151.2 2.800
57 205.0 6 3/2 1.000 1.370 280.8 2.300

58 16.75 4 3/4 1.121 1.000 18.78 2.760
59 44.7 8 3/4 1.121 1.000 50.1 1.854
60 73.0 12 3/4 1.121 1.000 81.8 1.347
61 122.0 16 3/4 1.121 1.000 136.8 1.266

62 28.25 4 1 1.323 1.099 41.0 2.562
63 53.8 6 1 1.323 1.099 78.1 2.168
64 85.0 8 1 1.323 1.099 123.4 1.928
65 157.8 12 1 1.323 1.099 228.9 1.589

66 92.0 4 3/2 1.134 1.370 143.0 2.649
67 190.0 6 3/2 1.134 1.370 295.2 2.430

68 14.88 4 3/4 1.151 1.000 17.13 2.527
69 27.3 6 3/4 1.151 1.000 31.4 2.062
70 142.0 18 3/4 1.151 1.000 163.4 1.511
71 170.0 20 3/4 1.151 1.000 195.6 1.159

86

TABLE 9

Adjustment of Energy to Maximum Load to Terms of 3/4-Inch T-1 Steel

Col.

Col.

Col.

Col.

Col.
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TABLE 10

TABLE 10

Work Sheet for Fitting Data on Variation of Energy to Maximum Load
with Ratio of Width to Thickness as for T-1 Steel

Evaluation by the method of least squares of the constants in the formulae:

E B 1
Y- =B + -  X=-

R2 3 R R

by use of the formulae

N (nXY) - I (nX) I(nY)

NY. (nX 2) - [ I (nX)] 2

B (nY) - C 1 (nX)
N

Ratio of width to thickness, reciprocal of X.

Y, averaged for each aspect ratio from Table 9.

n, number of subgroups contributing to the average.

nX.

nX 2.

ny.

nXY

Fitted value of Y.

n(Column 2 - Column 8).

Total number of subgroups, in this case 26.

B 1

Col.

Col.

Col.

Col.

Col.

Col.

Col.

Col.

Col.

N

1 2 3 4 5 6 7 8 9

20 1.159 1 0.0500 0.00250 1.159 0.058 1.299 -0.140
19 1.305 1 0.0526 0.00274 1.305 0.069 1.318 -0.013
16 1.423 4 0.2500 0.01562 5.692 0.356 1.389 +0.136
12 1.469 4 0.3333 0.02778 5.876 0.490 1.539 -0.280
8 1.903 5 0.6250 0.07812 9.515 1.189 1.838 +0.325
6 2.183 3 0.5000 0.08333 6.549 1.092 2.138 +0.135
4 2.716 8 2.0000 0.50000 21.728 5.432 2.738 -0.176

26 3.8109 0.71009 51.824 8.686 +0.596
-0.609

26 1205

Mean Error 0.0463

26 x 8.686 - 3.8109 x 51.824 = 28.340 Approx. a 0.058
B1 = 7.1942

26 x 0.71009 - (3.8109)2 = 3.9393

51.824 - 7.1942 x 3.8109 = 24.428 Bo = 0.9392

E 7.194
Thus -2 0.939 + - + 0.058

R2t3 R
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IV- FORMULAS

DEFINITIVE FORMULAS FOR THE EFFECTS OF WIDTH
AND THICKNESS ON DUCTILE ENERGY

If energy in T-1 steel be taken to 5 1/2 percent average strain, the residual variation

of energy with ratio of width to thickness disappears and we have, from Table 8, simply

U = 1.568 ± 0.050 inch-kips

R 2 t 3  cubic-inch

When energy is taken to maximum load, its value is not directly proportional to R 2 t 3 .

The deviation from proportionality with t 3 is small and is believed to be caused wholly by

material effects of rolling. With R the case is quite otherwise. The marked variation of

E/R 2 t 3 is represented with success by an expression of the form

E

R 2 t 3
= B

=-B0 +2

in the cases, first, for the 12-inch plates (Chapter III) and then for the T-steels (Table 10).

In view of the importance of this result, the whole process of reduction to terms of

median steel in 3/4-inch thickness is now repeated for all relevant subgroups of all steels,

beginning with the original data in Table 1. As a result of this long process we have

E = 0.619 + 7.09 + 0.081 inch-kips

R2t R cubic inch

as for median steel 8/4-inch thick. Additional details are given in Figure 6.

It is again noted that the energy values for the greatest widths fall below those which

would be found by linear extrapolation from data at widths not over R = 32.
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89 FIGURE 6
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Figure 6 - Effect on Energy to Maximum Load of Ratio, R, of Width to

Thickness, t, in Equivalent 3/4-Inch Plates of Median Steel

Height of each block gives double standard deviation at each ratio value.

Area of block gives number of specimens. Each square 0.01 X 0.1 represents four specimens. Total, 224

Straight diagonal band represents relation between ratio and energy drawn from all specimens.

E = 0.619 + 7.09 0.081

R2 t3 R
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NUMERICAL EXAMPLE

Problem: To predict the energy absorbed in fully ductile elongation to maximum load

of a standard specimen of T-1 steel 3/2 by 24 inches in section; the notch would be 6 inches

long with radii of 3/.32 inch. The machine normally used for such a test would have a capac-
ity of 2,000,000 pounds.

Case A. The available machine has a capacity of only 60,000 pounds. A model speci-
men of T-1 with section 1/2 by 2 inches is used, differing from the prototype both in aspect

ratio and thickness.

The prediction is made in two stages, and refers first to an intermediate specimen in

full similitude with the test specimen, but at three-fold scale; its section is thus 3/2 by 6
inches. Thence a second step is taken at constant thickness (in plane similitude), from the

value of 4 for R to the final one of 16.

In plausible innocence, we first ignore the difference in strain value at maximum load
in specimens of different width. Since the elongation at maximum load in the small specimen

is 0.155 inch, or 10.3 percent of gage, we suppose that, in inches, it will be 3 and 12 times

as much in the other two specimens.

But the energy U, taken to a given average strain, is proportional to R 2 t 3; in the

3/2 by 6-inch specimen it is therefore 1/16 of that in full scale.

We now go further and ignore the small metallurgical effect of rolling down from 3/2
to 1/2-inch thickness; this would be all the more plausible if the 1/2-inch plate were planed

down from a piece of that rolled to 3/2 inch for the full-scale model, and also used in the
intermediate model. Energy at 1/2 by 2 inches is then 1/27 that at 3/2 by 6 inches.
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91 IV-EXAMPLE

The observed energy in the small specimen is 7200 inch-pounds. The predicted energy

is 432 times as great, or 3110 inch-kips.

Case B. With a machine of 200,000-pound capacity, we are able to explore the width-

effect in 1/2-inch thickness up to the limit of the four-fold increase in aspect ratio, namely,

to specimens 1/2 by 8 inches. It turns out that the elongation at maximum load on the four-

fold gage falls far short of four times that in the small specimen; instead of 0.62 inch it is

only 0.275 inch. Instead of 16 times the energy, or 115.2 inch-kips, we get only 43.0 inch-

kips. This energy value is cut down, not only by reduced elongation, but also by a loss in

relative load.

Pursuing the matter further in terms only of the energy value, we would, if we made

use of the result of our great body of tests on T-1 steel, have the factor 1 + 7.66/R to apply

in this connection. From the present two observations alone we would infer the factor to be

1 + 20.2/R.

Still ignoring metallurgical thickness effects, the 3/2 by 6-inch specimen should

absorb 27 times the energy of the 1/2 by 2-inch specimen, or 194.4 inch-kips. In making the

four-fold step in aspect ratio we now take the ratio of energies at 3/2-inch thickness to be

the same as in 1/2-inch thickness. This ratio is 43.0/7.2. The predicted full-scale energy

is therefore 194.4 x 43.0/7.2 or 1161 inch-kips.

Case C. Now, with a 600,000-pound machine, we are able to extend the tests to in-

clude also the 3/2 by 6-inch specimen; we find maximum load at 0.35-inch elongation, aver-

age strain 7.8 percent, energy 120 inch-kips instead of the 194 predicted from similitude

with the 1/2 by 2-inch specimen. We conclude that the process of rolling down from 3/2 to

1/2-inch thickness increased the ductility in the ratio 194.4: 120, or 1/0.617. From analysis

of all the data instead of this one test alone, we had a value of 0.67 instead of 0.617. Using,

as before, the value given by our single test, the predicted energy for the full-scale specimen

is 1161 x 0.617 or 716 inch-kips.

Case D. The figures cited in the preceding cases illustrate what can be done with

single tests on machines of different capacities. Now, instead of that, no new tests at all are

made but reliance is placed on the whole body of tests previously made and here analyzed.

Supposing that we have no data on the actual steel in the full-scale specimen, our only

guide lies in the data on the median ship steel, for which, in 3/4-inch thickness,

E -0.619 + 7.09 - 0.619 1 + 11.46

R 2 t 3

giving, when R is 16 and t is 3/2, a value for E of 918 inch-kips.
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IV-EXAMPLE 92

Case E. With a whole series of data to draw on, taken on the identical steel of the

full-scale specimen, and with full allowance for the metallurgical effect of rolling, we have

E =( 0.9397.19) 1 - 0.28 x 3/2

R 2 t 3  R 1 - 0.28 x 3/4

from which the value of E is 880 inch-kips. This is the best prediction that can be made

with available information.

If, now, with a 2,000,000-pound machine, the 3/2 by 24-inch specimen, or any other

very large specimen, of a steel for which data on a smaller scale were also to be had, were

given authentic tests, the still outstanding question relating to deficient energy absorption

in very wide specimens could be resolved and the way cleared for more satisfactory ex-

trapolation to widths of, say, 60 feet, as in a full-scale ship.

The advancing approximation of the truth about the large specimen which is permitted

as available facilities are improved is illustrated by tabulating the predictions in the suc-

cessive cases (Table 11).
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TABLE 11

Successive Estimates of Energy to Maximum Load
in a 3/2 x 24-Inch Specimen

Case Facility Prediction

inch-kips

A Specimen of identical steel in reduced thickness,
60,000-pound machine 3110.4

B Same steel as Case A, 200,000-pound machine,
permitting estimate of width-effect 1161.0

C 600,000-pound machine, permitting test in full
thickness at reduced width 716.0

D Numerous tests of specimens ranging up to 3/4
by 48 inches on a variety of ship steels, but none
on the identical steel 918.0

E Numerous tests of specimens within the capacity
of a 600,000-pound machine, on the identical steel
in four different thicknesses; the best estimate 880.0

TABLE 11

YIIYIIYiiiiulrl



V-INTRODUCTION 94

CHAPTER V

ENERGY ABSORPTION TO MAXIMUM LOAD; THE SUBDUCTILE MODE

INTRODUCTION

When brittleness is judged in terms of energy absorption instead of appearance of
fracture, segregation as between brittle and ductile cases becomes more uncertain. This
complicates the analysis to the point where the data in hand are hardly sufficient to give
completely specific results and we are reduced, in part, to dealing with what is plausible
rather than with what is securely known.

Nevertheless it is the capacity to absorb energy and not the appearance of fracture
that is finally significant for service behavior. We must therefore extract the utmost possible
information from the actual data, in the hope that the clues thus afforded may at least point

to economy in future work.

It is the reduced value of energy absorption that indicates subductile behavior, but
how great must this reduction be to make it attributable to subductile action rather than to
scatter? The answer varies both with the sample of steel and with the geometrical propor-
tions of the specimen used in test. In the present chapter we will present the evidence on
which this statement is based and will get as far forward as possible toward understanding

these variations.

SUBDUCTILE BEHAVIOR

The term "subductile" is used here to indicate action in which something less than
the full amount of energy as evaluated in Chapter IV is absorbed. But if "complete brittle-
ness" were taken to mean fracture within elastic limits,* then we would have to say that it
does not occur in the present tests. It seems likely that it does not occur in service
structures.

Two degrees of subductile behavior are to be distinguished in the present data. Within
a moderate range of temperature (the transition range) the action is uncertain and the sub-
ductile cases are scattered, both in temperature and in energy value. As to energy, any value
less than the fully ductile value by an amount exceeding the limit of scatter is rated sub-
ductile. But at lower temperatures the energy value becomes less uncertain and the random
variation is again confined to limits of scatter like those in the condition of full ductility.

This latter condition, in which energy has a reduced but more or less stabilized value
will be called one of "complete brittleness," in contrast with that of "partial brittleness" in
which intermediate energy values occur.* If it should turn out that the completely brittle

*The condition of fracture within elastic limits might be called "absolute brittleness."
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V - SUBDUCTILE BEHAVIOR

energy has a small systematic variation with temperature, the value desired will be that

nearest to the transition.

Partial brittleness, as will be seen in Chapter VI, is closely correlated with mixed

fracture. It will be useful, however, instead of drawing a line at "50 percent shear," as in

Chapter I, to include as completely ductile only those cases in which the record shows more

than 90 percent shear. Similarly, "complete brittleness" will be associated with reports of

less than 10 percent shear.

In terms of energy, however, these limits cannot be defined so simply. In particular,

the lower limit of energy is not zero, nor zero plus a tolerance, but a definitely higher value.

The ratio of this to the completely ductile energy value we will call the "completely brittle

fraction" (cbf).

In not a single laboratory test has a wide-plate specimen of ship steel fractured without

a notable amount of plastic energy absorption, i.e., without deformation notably beyond elas-

tic limits. A few specimens were broken at temperatures down to 100 F below that of freezing

water; whether or not by chance, the energy at the lowest temperatures was often greater than

at some higher temperature. No consistent loss of energy value as temperature is reduced

can be identified in the present data.

Light is thrown on this matter also by the load-elongation curves from which the energy

values are taken. The collection of such curves reproduced in Reference 5 suggests that the

primary result of reducing temperature is to cause the curve to break off without going beyond

the point of zero slope. As temperature is reduced further, it might be expected that the ad-

vance up the load-elongation curve toward the point of zero slope would be progressively re-

duced. If this were correct, the effect of low temperature on the course of the curve, aside

from its termination, would be of secondary importance.

The matter is complicated, however, by occurrence of mixed fractures. The whole

subject of partial brittleness will be considered in more detail in Chapter VI. For present

purposes we will accept the idea that at temperatures below the zone of uncertain action

the energy consistently reaches a value which, though smaller than the fully ductile value,

still is an important fraction of it (cbf), in all cases well above zero. As temperature is

reduced, the zone of uncertainty, of partial brittleness, and of general instability, reaches

a limit beyond which the energy values cluster around a moderately reduced average. The

ratio of this reduced average to the energy value in the condition of full ductility (another

average also subject to scatter) is the cbf.

Most of our tests were made within the temperature limits of the uncertain zone. It

was not thought necessary to explore the lower temperature ranges extensively since no one

doubted that the energy values there would be consistently low.

--- li
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AND ASPECT RATIO 96

SURVEY OF WIDTH-EFFECT ON THE COMPLETELY
BRITTLE FRACTION

There are, however, degrees of lowness in these completely brittle energies; it was
found, at a rather late stage in the program of tests that in the narrower specimens the energy
at low, even the lowest, temperatures was no less, indeed often greater than at the highest
temperatures. At what point of width reduction did this begin to occur? It was not possible
to determine whether as width is reduced, the low values disappear because the temperatures
of test are not low enough or whether the cbf simply rises toward unity at all temperatures.
The question as to temperature limits of the zone of uncertainty is still not answered, but it
will be discussed a little later.

The difficulty is two-fold. First, there is scatter, both in the fully ductile and in the
completely brittle values, and second, the intermediate cases are so numerous that it is
necessary to choose the cases representing the completely brittle energy level from among
many others. What was easy in the fracture transition, now has become more uncertain.

The scatter in the fully ductile values has been confined within a known tolerance by
the analysis in Chapter IV so that we can now assign to each subgroup a mean value for its
ductile energy. Tests considered to represent complete brittleness were selected by direct
scrutiny of the data at low temperatures in Table 1, and the energy values were expressed
as a fraction of the fully ductile value. Among the 3/4-inch specimens a systematic but
somewhat irregular rise in the value of this fraction as width is reduced could be recognized,
as seen in Table 12. In the more homogeneous data on T-steel (Table 13) a similar rise with
reduction in aspect ratio was found. However, the corresponding values of cbf in these two
different groups of materials were quite different.

It is therefore clear that not only the geometry, but, perhaps even more strongly, the
material affects this fraction. This was confirmed when a sample of steel, S-12, was tested
and found to give a value for the cbf near unity even in a specimen 3/4 by 12 inches.

EFFECT OF ASPECT RATIO ON THE COMPLETELY
BRITTLE ENERGY FRACTION

In order to clarify these material differences in cbf and, if possible, to make allowance
for them by a corrective factor, the kind of procedure which has been successful hitherto
would lead us to fit the two sets of data in Tables 12 and 13 with continuous curves and then
seek some compromise from which the deviation, in each case, could be simply expressed.
On plotting the data, however, it appears that the simple linear variation with reciprocal as-
pect ratio which has served the purpose hitherto is not even roughly applicable since, as R
is reduced, cbf cannot exceed 100 percent. The data suggest that the approach to that limit
is asymptotic when plotted on reciprocal R.

In order to apply the simplified procedure of curve-fitting which has proved so useful
otherwise, an intermediate function must be devised which will serve to linearize the variation.
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TABLES 12-13

TABLE 12

Variation of Completely Brittle Fraction with Aspect Ratio
in 3/4-Inch Plates of Project Steels

Col.

Col.

Col.

Aspect Ratio, R.

Number of subgroups.

Average subductile fraction.

TABLE 13

Variation of Completely Brittle Fraction with Aspect Ratio
in T-Steels of Various Thicknesses

Col.
Col.

Col.

Aspect Ratio, R.

Number of subgroups.

Average subductile fraction.

1 2 3

64 3 0.283

32 5 0.303

16 28 0.337

8 1 0.410

4 1 0.692

1 2 3

19 1 0.55

16 4 0.58

12 4 0.66

8 5 0.83

6 3 0.85

4 3 0.92
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V-TEMPERATURE EFFECTS 98

After some false starts this was successfully done by setting

Y=
1 - y

where y is the completely brittle energy fraction, cbf. It is found that observed values of Y,
averaged at each aspect ratio, can be fitted to a line of the form

B1
Y = B 0 + R

within limits of dispersion not greater than the limits of precision of the observations. When

average or nominal values of Y at the different values of R are thus drawn from the data, the

cbf values are recovered by solving for y.

On carrying out this procedure, however, with the preliminary survey values of y, the
two curves, for project steels and for T-steels, were found to cross in a way that made it

inappropriate to average out the values of B0 and B 1 . The original data were therefore

then carefully re-examined and re-averaged, but excluding nothing for mere nonconformity.

The 3/4-inch specimens retained numbered 164, those of T-steel were 51. In the latter, Y
had a value on the average 2.3 times the corresponding values in the 3/4-inch specimens.

Introducing this factor as a correction, the data for T-steel were reduced to the standard which
was set by the main body of the 3/4-inch specimens.

The combined data were then fitted by the linearization process described and the re-
suits are shown in Table 14. The standard deviation of observed from nominal values so

found is about 10 percent.

This is not, of course, a precise result. It is, however, precise enough to demonstrate

that width does affect cbf in something like the manner assumed. In particular, it provides
a quantitative estimate, based on all relevant tests, 215 in number, of the cbf in the lowest

aspect ratios. This fraction, as shown in Table 14, approaches unity in a way that suggests
that at aspect ratio a little less than 4, the subductile mode of behavior, as judged by energy

to maximum load and seen in higher aspect ratios, would disappear altogether.

TEMPERATURE EFFECTS

As temperature is reduced, energy absorption thus generally shifts to a lower level
which depends on width. We now ask about the specific temperature values which are asso-

ciated with this shift. It would be natural to expect here a gradual transition from full duc-
tility to complete brittleness, the transition associated with the shift from oblique to square

configuration of the fracture surface, as seen in Figure 2.

Since square fractures are often preceded by large energy absorption, whereas the
contrary effect, diagonal fracture with low energy absorption, seldom or never occurs, the
temperature of transition, however we may place it within the zone of uncertainty, should

be lower in terms of energy than of fracture appearance. But it would be important to know
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TABLE 14

Fitted Data on Effect of Aspect Ratio on Completely Brittle Fraction

Col. 1

Col. 2

Col. 3

Col. 4

Col.

Col.

Col.

TABLE 14

Aspect Ratio.

Observed cbf, 3/4-inch project steels,
percent.

Observed cbf, T-steels, percent.

Linearized function Y, 3/4-inch project
steels.

Function Y for T-steel, divided by 2.3.

Number of specimens.

Function Y, fitted value as for project
steels.

Col. 8 Completely brittle
for project steels.

Col. 9 Completely brittle
for T-steels.

fraction, -fitted value

fraction, fitted value

1 2 3 4 5 6 7 8 9

64 23.46 0.248 7 0.1193 0.1174

32 33.83 0.382 8 0.2386 0.227

19 55.32 0.346 4 0.4017 0.597

16 37.59 0.437 136 0.4771 0.4002

16 62.95 0.453 21 0.4771 0.699

12 66.56 0.520 7 0.636 0.715

8 52.29 0.722 9 0.954 0.6045

8 83.40 1.189 8 0.954 0.798

6 85.39 1.367 3 1.273 0.804

4 77.18 1.906 4 1.909 0.789

4 90.15 2.083 8 1.909 0.893
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V- ENERGY TRANSITION 100oo

how much lower, and especially how this differential in temperature is affected by size and

proportions of specimens.

A survey, after the cbf energy levels had been evaluated, was made by methods like

those used in study of the fracture transition. Separating the brittle from the ductile cases

in the whole series of subgroups (with only a moderate number of doubtful ones), the frequen-

cy of brittleness was tabulated on a progressive series of temperature ranges. However,

instead of the gradual reduction of the frequency of brittleness with reduced temperature, as

in Chapter II, we now find only an inconclusive result. The effect of this is to prevent use

of the technique for allowing for material differences as it was applied to the fracture transi-

tion. Before asking about an alternative procedure, we may reflect a bit on the significance

of this outcome.

Taking the whole sample of ship steels, with all the variants in that category, the

number of tests in which significant subductile behavior could be identified was 540, or

about two-thirds the total. Among these specimens, again nearly half, or about a third the

grand total, lay at the completely brittle level within a plausible tolerance; this tolerance is

taken equal to the standard deviation (about ± 8 1/2 percent) of the fully ductile value.

The number of doubtful, intermediate, and otherwise unusable tests for the present

purpose was 175. These were simply omitted. These included several whole subgroups,

and all specimens neither fully ductile nor fully brittle.

A significant group consisted of those cases in which square fracture was preceded

by high energy absorption. These numbered about 120, and are designated in Table 1.

It is this phenomenon (called ductile cleavage) that causes the frequency of brittleness,

as judged by energy to maximum load, to have about the same value at -40 F as at + 60 F,

since, in ductile cleavage, the energy remains high even at low temperatures and even though

the fracture is square. Another partial cause of the flat frequency curve might lie in the

fact that spread of material differences in the subductile range of behavior is wider than in

full ductility.

ENERGY TRANSITION

Whatever the reasons for it may be, there is no direct evidence in the present data for

an energy transition comparable with the fracture transition of Chapter II. If, nevertheless,

we suppose that such an energy transition might be revealed by very low temperature tests,

we may consider what indirect light might be thrown on such a possibility by the present

data.

Choice of temperatures at which the tests were made may have had an important effect

on the apparent results. This choice was, in fact, guided in each separate subgroup by the

idea of a rather narrow zone of uncertainty, and when, after a few tests at reduced tempera-

tures, confirmed low energy values had been obtained, it was assumed that additional tests

at lower, or even at the same temperatures, would not change the result.
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V- ENERGY TRANSITION

Under these circumstances, the temperature of a possible energy transition may be

estimated by simply taking the median value of all temperatures of tests indicating brittle

action. In justification, consider that the temperatures were chosen by the person making

the choice so as to reveal the presence of brittle action, and that his judgment is surely

better than that of anyone else.

The median rather than the average temperature is taken so as to eliminate the effect

of the occasional tests made at extremely low temperatures (flyers) and the sporadic cases

of square fracture at high temperature.

Among 67 subgroups in a total of 88, the transition temperatures thus evaluated ran,

on the average, 9 F lower than those based on appearance of fracture alone in the same sub-

groups. This remains inconclusive. However, the matter is discussed further under

"Speculations," at the end of the present chapter.

EXAMPLES

Specific subgroups will now be cited to illustrate the situation at closer perspective.

There are two broad types of cases. In the earlier tests no guess at the temperature

of transition could be very accurate. In the hope of straddling it, the temperatures of test

were widely spread, with the expectation of narrowing the range of uncertainty in later tests.

Implicitly this depended on the idea that the transition temperature would in fact be well

defined and that the only difficulty lay in finding it. It only gradually appeared that an iso-

lated brittle fracture might occur at a temperature that would, on more limited data, appear

to be above the transition, and that an isolated ductile fracture might occur far below the

temperature of transition estimated from a small number of tests.

Thus, in subgroup 41, more energy was absorbed at -40 F in specimen 8D than in any

other test below +42 F. It was from such anomalies that the idea of expressing the transition

in terms of frequency was first suggested; and such cases came to be regarded only as im-

probable, not impossible. It became apparent that from a few tests (say 6) a result might be

obtained that was quite different from that revealed by a larger number (say 20) of tests.

In later tests the aim was to make a good guess at the approximate temperature of

transition and to bunch the tests near this value so as to get data suitable for a statistical

evaluation. Thus, in subgroup 2 there are 27 tests of which 18 were made between 66 F and

38 F. In subgroup 77, of a total of 15 tests, 13 cover a range of only 20 F. In subgroup 56,

26 tests were made between 20 F and 60 F and one (a flyer) at -65 F.

Even this technique, however, did not resolve all the uncertainties. Thus, in subgroup

56 only 2 energy values, the flyer and one at 30 F, fell below the dispersion limit for full

ductility. Such a result leaves any single-valued transition temperature completely undeter-

mined. In subgroup 77 a square fracture occurs 5 F below the top temperature, and a partial

but almost wholly ductile one at the bottom of the 20 F range. It is almost certain that more

tests outside the 20 F range would have led to more scattered results. And in subgroup 2,
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of the 27 tests, only 8 are certainly brittle; sandwiched among these 8 is a test at only 15 F

above the coldest test made, in which the energy to maximum load exceeded the next highest

among the whole 27 tests by 12 percent.

From such examples it is apparent that although the concept of a single temperature

limit is useful in orientation, the data on energy to maximum load in the subductile range do

not suffice for secure inferences relating to temperature limits.

SPECULATIONS

We proceed to gather up what crumbs of information may be found and ask five ques-

tions, based on the idea that an over-all energy transition curve for ship steel may exist and

needing only tests at lower temperatures to identify it.

1. If tests were numerous enough, would separate samples of steel show transitions

more sharply defined than that of the inclusive category, so that when such differences be-

tween the samples were allowed for (as was done in analysis of the fracture transition) a

standard curve like that found in the fracture transition could be identified?

2. What would be the relation between transitions thus based on energy to maximum

load and those previously identified for the same subgroups, but based on appearance of

fracture?

3. Would such energy transitions, like the fracture transitions, depend on aspect

ratio? In particular, -does the temperature of energy transition pass to lower values as

aspect ratio is reduced?

4. If so, could a marked (even if small) loss of energy be expected at temperatures

below those in the tests here analyzed; or could the fading out of the energy transition in

narrow specimens thus be ascribed to escape of the transition to temperatures below and

beyond those here chosen for test?

5. What part in the energy transition is played by ductile cleavage?

These five questions will now be discussed in a somewhat speculative vein.

1. The temperature of energy transition, estimated as the median of temperatures

actually chosen in tests that gave a subductile result, falls, -on the average for the subgroups

separately, at 25 F, which is 9 F below the corresponding temperature of fracture transition.

This difference does not exceed the standard deviation among the separate subgroups, so

that not much more can be concluded than that such an energy transition would lie below,

but not more than a few degrees below the fracture transition. An alternative comparison

may be made between the temperature of fracture transition and the grand median of all sub-

ductile tests of all steels. Instead of 9 F, this lies 16 F lower.

The subgroups showing extreme deviations from the average differential of -9 F will

now be separately examined. In subgroup 1 it is likely that the choice of temperatures

_
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103 V - SPECULATIONS

included too many low values. This steel was notably exempt from anomalies. Omitting the

two coldest tests would shift the energy transition upward to 12 F instead of 20 F below the

average.

Subgroup 21 included a flyer test at extreme low temperature; omitting that one test

would shift the median upward by 10 F. Another reason for omitting it is that there is evi-

dently an error in the record with respect to identification of the low temperature specimen,

which has a number duplicated at the highest temperature in the subgroup. Also the notch

in part of this subgroup was sawed, not drilled; the difference in notch acuity, however, was

probably not critical. Two of the tests at lowest temperatures are good examples of ductile

cleavage. It would take a longer series of tests to resolve the uncertainties in this subgroup.

It was omitted in final summaries of subductile data.

Subgroup 30 had the coldest of all flyer tests, at 161 F below the fracture transition

for this subgroup; simply omitting it raises the energy transition to 22 F instead of 39 F

below the average. Full ductility was not achieved in this subgroup.

Subgroup 62 shows the anomaly that the two highest energy values occurred at the two

lowest temperatures. Since the aspect ratio is low, this gives no ground for exclusion, but

rather illustrates the effect of low aspect ratio in raising the subductile fraction.

Subgroup 77 contains about the only example of the reverse anomaly, square fracture

with low energy at high temperature.

Corrections in accord with these comments would change the average differential be-

tween energy and fracture transitions only from -9 F to -6 F, with standard deviations of

7 F.

It is concluded that in the present data the energy transition, if it exists at all,

appears to be about 10 F ± 10 F lower than the fracture transition, and that although material

differences seem to exist, the data are generally too scanty for identifying them.

2. It would be only guessing to say that a ductility transition separate from the frac-

ture transition exists in each of the subgroups separately. It is not possible to identify

deviations from the average among the different materials with any degree of precision. In

the subgroups 75 to 88 it seems that this might not be a bad guess; although the temperature

of fracture transition varies over a range of 126 F, the median temperature of subductile test

deviates from it only by a few degrees. This differential varies from -4 F to + 11 F. If this

held throughout the comprehensive sample, a standard curve for the energy transition might

be considered to run parallel with that of the fracture transition, but at temperatures differing

from those of the fracture transition by only a few degrees. However, it is not certain that

such a separate ductility transition actually exists.

3. The effect of aspect ratio on the average energy transition temperature so far as

the evidence goes, is like that in the fracture transition, but it is not so well identified. In

Table 15, Column 3, are shown average values for the difference between the two, based on

a total of 60 subgroups, after various necessary exclusions. Since the fracture transition
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TABLE 15

Effect of Aspect Ratio on Energy Transition and on
Energy at Very Low Temperatures

Col. 1 Ratio of width to thickness.

Col. 2 Number of specimens averaged for
Column 3.

Col. 3 Temperature of fracture transition
minus that of energy transition.

Col. 4 Number of specimens averaged for
Column 5.

Col. 5 Energy in very cold tests, as per-
centile fraction of fully ductile
value.

1 2 3 4 5

64 4 - 9 1 10

32 4 -22 2 20

16 34 - 2 12 22

12 4 + 7

8 6 +11 1 33

4 8 + 19 2 66
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V - SUMMARY

temperature goes down as width diminishes, these data suggest that the energy transition

also goes down and perhaps even more rapidly.

4a. At temperatures notably below the median subductile value the 30 coldest tests

were listed; of these, 12 fractured in ductile cleavage. Among the remaining 18 a decline in

energy value (as a fraction of the fully ductile value) with lower temperature could be dis-

tinguished. However, it is not possible to say whether this decline is gradual or abrupt.

4b. These low values are generally lower in the higher aspect ratios. Averages from

the few data available are shown in Column 5 of Table 15.

4c. Some slight evidence in subgroups 66 and 72 (R = 4) points to an abrupt drop in

energy at a temperature about 40 F below the fracture transition. It is not impossible that

an energy transition, consisting in a moderate but abrupt drop in the energy value, occurs at

temperatures which are progressively lower as the aspect ratio is smaller, but the data neces-

sary to demonstrate such an effect would require tests at lower temperatures in much greater

numbers than those here analyzed.

5. Ductile cleavage does not declare itself by a definite criterion, but is identified by

the absorption of energy in amounts greater than the cbf without a corresponding increase in

the percentage of fracture in shear. Individual tests showing this effect are starred in Table 1.

A tendency exists toward more frequent occurrence of ductile cleavage as width is re-

duced though it is found at all aspect ratios. At aspect ratio 4 the cbf inferred fromthe whole

body of data is 80 percent, but the observed value exceeds this in every case but 5. This

again suggests than an abrupt drop, if it occurs, does so at a temperature below those used

in the tests, like that noted in 4c above.

SUMMARY AND QUERY

The completely brittle fractions show a well defined variation with aspect ratio, rising

as the specimens are narrower. The temperature of transition from full ductility to this con-

dition of reduced energy absorption is lower than that of the fracture transition whenever

numerous cases of brittle cleavage occur. However, an energy transition is hardly identified

in the present data. If it exists at all, it lies, on the average, only about 10 F below the

fracture transition.

In the smallest widths, however, the energy transition seems to be absent. Ductile

cleavage there reaches its highest frequency. It is possible than an energy transition lies

below the temperatures chosen for test. But if so, its significance for service casualties

may be doubted.

If the narrowest specimens do in this way behave in a notably different manner from

the wider ones, is not a serious doubt cast on the use of even smaller specimens for predic-

tion of the behavior of wider ones or of full-scale structures?
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VI-ENERGY TO RUPTURE 106

CHAPTER VI

TOTAL ENERGY

SIGNIFICANCE OF ENERGY TO RUPTURE

In most impact tests* the only energy value observed is that needed fully to rupture

the specimen, to form a crack and to advance it all the way to complete parting of the speci-

men into two separate pieces. In most of the wide-plate tests a comparable total energy was

evaluated. It is now our purpose to draw these data together and to summarize and to analyze

them in a way similar to that used in Chapters III, IV, and V for energy to maximum load.

Total energy is important in all three aspects of the wide-plate specimen, namely,

(a) as a detached part, or (b) as a scale model of a larger part of a full-scale assembly, or

(c) as a material specimen.

a. The total capacity for absorbing energy up to the completion (and not only to the be-

ginning) of fracture is an important criterion of merit in a structure subject to shock load,

especially if it is provided with means of damage control, since, as long as damage is not

complete and final, it is always possible to repair it. A wide plate is the simplest element

of such a structure than can be isolated, appropriately loaded, and studied with reference to

its chances of survival of an energy load. While ultimately the role of the shock action of

such loads must also be considered, that role will hardly be fully understood until the much

simpler problem of energy absorption under static load is solved, as in the well-planned work

at the National Bureau of Standards on elements of ship structure. 28,29 Again, assemblies

of standard parts into a generalized structure, like the beams studied under sponsorship of

the Structural Steel Research Committee of the Welding Research Council, 30 , 3 1 present prob-

lems too complex to be resolved into elements simple enough for general application; thus,

in Reference 31 it is concluded that "small specimens cannot be relied upon to predict the

behavior of welded structures." The wide plate, with standardized proportions and standard-

ized notch, is the optimum of simplification of such complexities.

b. The wide plate serves as a model at reduced scale of a full-scale deck in tension

and, at the same time, it lends itself better than any other specimen to exploration of the

relations of similitude. To draw inferences from any small-scale model about performance

on a larger scale with respect to energy absorption requires knowledge of the size-effects

and these are best studied, at least at first, in the simplest type of structure, namely, the

wide plate.

*In important work by Harris and others (Reference 21), impact energy was applied in increments, and in a few
more elaborate experiments by DeForest described in TMB Report 503, as well as in earAier work cited by
Fettweis (Reference 8, p. 97), load-elongation curves were obtained at the actual rates of loading under impact.

But such methods of following elongation in the intermediate stages of rupture are exceptional.
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107 VI- FULL DUCTILITY

c. Total energy consists of two terms identified, for short, with flow and fracture and

somehow these must be separated. Considering fracture as related to material, without refer-

ence to the structure into which the material is to be incorporated, the energy absorbed in the

process of fracture is one of the most important features of the material. It is necessary that

evaluation of this energy be somehow released from such restrictive and arbitrary conditions

as those of the Charpy test and reduced to a form which will permit conversion of data from

one type of test specimen into terms of another. Wide-plate specimens in narrow widths

afford the best approach to this problem.

TOTAL ENERGY IN FULL DUCTILITY

The burdensome details of the process of reduction of the original data to a comprehen-

sive summary result, as given in Chapter II for energy to maximum load, will not be repeated

since, in principle, they are the same for total energy. Total ductile energy is found to depend

on aspect ratio in much the same way As energy to maximum load, and the end result, as

shown in Figure 7, is obtained in the same way as was that in Figure 6. Comment on some

special features of the process by which Figure 7 was obtained will, however, now be made.

After tentative allowance, by preliminary survey, for differences in aspect ratio, an

adjustment for material deviations from the median steel was made as before. In this case,

however, the data suggested the question whether this adjustment might be better made by use

of a factor or of an additive term. In the expression

E _ + B1
R243  900 1?

use of a factor for expressing material differences would imply that both B 0 and B1 are af-

fected in the same ratio whereas an additive term would throw the whole burden of difference

on the intercept B 0 . It is tempting to suppose that B 1 , being concerned with a geometrical

effect, might be the same for different steels.

The actual data are not extensive enough to be decisive on this point. In a diagram of

energy on reciprocal aspect ratio, a series of lines of equal slope can be drawn through the

sets of spots for the different steels without doing any great violence to the data, but when

these plots are drawn separately and without cross reference, variations in slope are suggest-

ed. The variations in intercept are well marked in any case and appear to be more or less

systematic.

The decision to adhere to use of a factor, as in Chapters III and IV, was made on a

basis on convenience. If there were a sound reason in the nature of the case for either

choice, it could be made either way with no greater consequence than that of increasing or

decreasing by a small amount the residue of variation which has to be lumped with scatter.

The whole number of specimens contributing to the result shown in Figure 7, though

only about 1/5 the total number of tests, is still enough to serve the purpose in view of the
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VI- FULL DUCTILITY 108

fact that even a single specimen may give a good energy value. The result is, however, af-

fected by the fact that in a number of cases data on total energy are not available. Simple

omission of these cases might affect the median value to which the different steels are re-

ferred if it were not that the omitted subgroups include materials with both high and low

ductile energy values. More serious is the fact that the subgroups which have to be omitted

include a large part of those in the greatest widths. Data on energy to maximum load are

available for 20 specimens in aspect ratios 96 and 64, but in the case of total energy for only

5 specimens. If these were omitted the values of B0 and B 1 would have been a little larger,

but in view of the importance of data at great widths, and notwithstanding the doubt which,

as noted earlier, attaches to these energy values, they were included in Figure 7 as shown.

Subgroups represented only in a single width were omitted in analysis leading to

Figure 7 although they were included in choosing the median steel and in evaluating the ma-

terial factors.

Figure 7 shows a tendency to deviation from the simple linear pattern chosen for the

fitting operation. In an effort to take account of this, curves of the second degree were tried

in the fitting operation, but with the impossible result that the value for infinite R turned out

negative.

Without the spots at the two greatest widths the linear fit would leave no suggestion

of need for a more elaborate fitting pattern. That these spots thus fall out of line suggests

that new observations should be made in this field at the first opportunity.

Density of total energy, like that taken only to maximum load, diminishes in a system-

atic way with increasing aspect ratio. This fact, regardless of the exact form of the variation,

is enough to show that caution must be used in comparison between tests of specimens of

different sizes. A clear understanding of the separate roles of scale factor and of such di-

mentsionless factors as that of width to thickness is necessary. In particular it must never

be forgotten that tests on very small specimens, until much more is known about their behav-

ior, can have no more than a strictly relative application.

With respect to similitude, most of the comment in Chapter III referring to energy to

maximum load remains valid for total energy. Here, as there, we have no evidence that

absolute size alters the density of energy absorbed at the same relative elongation so long

as the change is one of scale alone and the material and aspect ratio remain unaltered.

Under these conditions decrease in thickness, now as then, increases unit energy absorption,

but only by a moderate amount, no more than is attributable to the material effects of the

rolling operation.

It has been supposed that energy required to propagate fracture might be proportional

to the square rather than to the cube of linear dimensions in similar specimens differing only

by a scale factor. It is true that if this were the case the energy density, energy per unit

volume, would be higher in thin than in thick specimens, a difference in the same direction

as is actually observed. The actual differences in energy density in different thicknesses in
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109 FIGURE 7
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VI- SUBDUCTILE MODE 110

the condition of full ductility as we are now considering it are, however, much too small to

be accounted for in this way. A tabular comparison taken from the data in Table 1 will be

enough to demonstrate this. In the last column are given data for a thick specimen inferred

from those for the thin specimen on the stated assumption.

Subgroup 45 56 Hypothetical

Steel T- 1 T-1 T-

Sectional Dimensions 1/2 x 2 3/2 x 6 3/2 x 6
inch inch inch

Gross Total Energy, in Ductile 13.79 264.0 --
Mode, inch-pounds

Gross Energy to Maximum Load 6.28 112.8 ---
in Ductile Mode, inch-pounds

Net Energy to Propagate Fracture 7.51 151.2 7.51x9= 67.59
in Ductile Mode, inch-pounds

Net Energy Density in inch-pounds 3.46 2.80 1.251
per cubic inch (E/R2t3 )

Increase in thickness from 1/2 to 3/2 inch reduces density of energy needed to propagate

fracture by only 19 percent instead of 64 percent as it would be if this quantity were propor-

tional to the square of the linear dimensions.

TOTAL SUBDUCTILE ENERGY

SQUARE FRACTURE

In 249 specimens the fracture surface showed zero or near zero shear and the total

subductile energy equalled that to maximum load* or exceeded it by only a trivial amount.

The analysis in these cases therefore follows exactly that for "energy to maximum load";

conclusions with respect to the transition irf such cases will be the same whether it is judged

by total energy, by energy beyond maximum load, or by appearance of the fracture surface.

The relations of total subductile energy with aspect ratio, as they are affected by temperature,

are identical with those explored in Chapter V and need not be discussed here.

INTERMEDIATE ENERGY VALUES AND MIXED FRACTURE

However, specimens showing energy values intermediate between full ductility and

complete brittleness, and those showing mixed fracture, have a special importance. The two

expressions do not cover exactly the same cases on account of the phenomenon of ductile

cleavage, but the resulting ambiguity is not critical.

*That is to the breaking-off point, but mostly not to the point of zero slope.
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MIXED FRACTURE

Among the 647 specimens for which total energy was reported, 135 are in an intermedi-

ate status. These are well distributed among the 65 subgroups in which total energy was re-

ported, -and only 13 of these subgroups contained no tests of intermediate outcome. We may

suppose that if the numbers of tests in these 13 subgroups had been greater they also would

have shown cases of this nature.

The phenomenon of mixed fracture appears in the reports of "percent shear," but this

is an inadequate description of what happens. Study of the finer details of appearance in

fracture surfaces at the Naval Research Laboratory 3 2 and elsewhere by Zapffe 3 3 suggest

that shear and cleavage may be interspersed on the fracture surface in a way that would

prevent their recognition in terms simply of oblique and square fracture surfaces, and so

that mixed fracture may be of more common occurrence than reports in the present tests

indicate.

Light is shed on this matter by the load-elongation curves. A set of six of these

taken from C-steel is reproduced herewith in Figure 8, and some comment on these follows:

Deviations from smooth progress outward on a smooth curve occur in considerable

variety. In C-steel it hardly happens at all that load advances continuously up an unbroken

curve to a point of complete break to zero load. However, in the specimen at 63.2 F the

only break before the final one is that at or near the appearance of a visible crack. Such a

break is always (or nearly always) present regardless of what comes later.

In the specimen at 80.7 F the same initial small drop in load is followed by a second

one, somewhat larger, after which the rise is resumed and followed to a point of zero slope.

The final drop comes a little later. In the specimen at 82 F successive partial breaks occur

and the point of zero slope is not reached. At 88 F the same is true but it happens that the

load at the final break is higher than at any of the earlier ones.

In the specimen tested at 96 F the major break comes near the point of zero slope

but after that the load drops off in a fully ductile manner. In the specimen at 107 F, aside

from two minor early breaks, the curve is like that for full ductility. In absence of these two

breaks the load at zero'slope would have been about 350,000 pounds.

These are selected examples of curves from a selected steel. If the smooth unbroken

curve, breaking off to zero load at an earlier point as temperature is reduced, could be re-

garded as the normal case, then these curves are typically abnormal. Irregularities such as

these are notably great in steels C and E and notably less or absent in the T-steels on which

most of the data relating to similitude were taken.

The order of rising temperature is followed in presenting these curves and a sort of

progression in their character may be discerned. However, it is ill-defined and subject to

exceptions. The selection of curves for inclusion here was made to illustrate the different

types of cases; if all the curves from C-steel had been included, other minor deviations from

these types could be seen.

In any case, representing the facts by reference to any such single number as "energy
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MIXED FRACTURE113

to maximum load" may be an ambiguous procedure, and it is not surprising that the values

of this quantity as reported are scattered. But the reduction of these curves by a formal anal-

ysis lies beyond the scope of the present work. In some cases, indeed, the load-elongation

curves do not even form part of the permanent record.

ENERGY VALUES IN MIXED FRACTURE

Subject to scatter of the sort just mentioned, the energy absorbed in mixed fracture is

rather closely correlated with percent shear. This is shown as follows: Expressing each

energy value as a fraction of the fully ductile value, and segregating all these energy frac-

tions according to percent shear among ten equal bands centered at from 5 to 95 percent, it

is found that the partial energy, as a fraction of the total in full ductility, has a percentile

value

E - 46.4 + 53.6 x percent shear ± 4.9
E

100

The linear nature of this relation is in agreement with Reference 32 but in this case extrapo-

lation to zero percent shear shows that even if the fracture appeared to be all brittle the

specimen would still absorb, on the average, 46 percent as much energy as in the fully ductile

condition. This is an over-all result for all subgroups.

It has been seen in Chapter V that the energy to maximum load is similarly reduced by

low temperature to values which are well removed from zero, but that this effect depends on

the width of the specimen; it is in the very wide specimens that the completely brittle energy

is lowest whereas in the very narrow specimens it is so nearly equal to the value in full duc-

tility that the transition seems to disappear.

With the relation just stated between total energy and percent shear, an adjustment can

be made referring all energy values for these cases to the condition of zero percent shear.

By combining such results with the data on specimens in which percent shear is zero by di-

rect observation, we can increase the number of specimens available for finding the effect of

aspect ratio on completely brittle energy. In this way we may hope to find whether a relation

with width like that in the case of energy to maximum load exists also with total energy.

It is true that the stated relation holds only on the average taken over all subgroups

and that if the different widths were represented in different numbers a different average

result might be found. However, we now are referring only to the relation between energy

and percent shear and are not concerned with the way in which either of these two quantities

is affected by temperature. In particular we make no assumption as to the temperature at

which either of them might reach zero.

This procedure offers another example of that used throughout this analysis, by which

approximate relations are used in a preliminary way, with the idea of iterative application to

improve the approximation.
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TEMPERATURE EFFECT 114

EFFECT OF TEMPERATURE ON MIXED FRACTURE

It would be natural to expect that intermediate energy values would occur at intermedi-

ate temperatures, and generally this is true, though not without exception. The pattern which

we may regard as normal consists in a group of fully ductile tests at the higher temperatures,

a group of fully brittle tests at the lower temperatures, and a group of intermediates in be-

tween. We note immediately, however, the contrast between this pattern and that in which

the intermediate condition is one of choice between the two alternatives of full ductility and

complete brittleness. The intermediate condition in mixed fracture is one of intermediate

energy value, not of frequency.

This pattern is complete in 41 subgroups and in the remaining 24 it would doubtless

become more complete if the tests were somewhat extended in the temperature range.

In our earlier study of the fracture transition in terms of the frequency of brittleness

we also ran into cases of intermediate percent shear, but we disposed of them at that time

by the arbitrary decision to call all cases brittle in which the shear was less than 50 percent.

It happened that the final result would have been almost completely unaffected if this point

of separation between ductile and brittle had been set, instead of at the half value, at any

point between 20 and 80 percent.

In reckoning with total energy, however, we have an important indication in the Charpy

test that it is not the frequency of fully ductile action that falls away as temperature is re-

duced, but rather the energy value itself. In the Charpy test all results in the transition range

are of the type here called intermediates, whereas with the wide-plate specimen such tests

make up only about half of those in the transition range.

It is, however, still possible that among this remnant of intermediate specimens a sys-

tematic reduction of energy with temperature might occur as an alternative to the single choice

between full ductility and the fully reduced subductile value. The question whether this is

actually the case is now to be given a quantitative determination as follows:

Clearly no single subgroup is large enough to give any pertinent information; it is

therefore necessary somehow to bring all the relevant subgroups together by some process of

reduction to terms of median steel. Use is made of the deviations from median in the transi-

tion temperatures for the various steels as given for the fracture transition in Table 1. Tem-

perature of each of the intermediate tests is then referred to the half-value temperature in the

subgroup to which it belongs.

In addition to this, the energy values, of course, have to be made comparable with each

other, and in most cases this is accomplished simply by expressing energy as a fraction of

the fully ductile value for the subgroup. However, in 8 important subgroups the energy in full

ductility is not completely established and has to be estimated. Four of these are the cases

of great width which have been seen earlier to be low in energy; these are now omitted, and

this reduces the total number of specimens retained to 127.

These specimens are now segregated with respect to temperature of test, taken
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WIDTH-EFFECT

relatively to the transition value for that subgroup, into 10 temperature ranges as before. The

average percentile energy is taken out for each of these, with the result shown in Figure 9.

Although the scatter there is wide in each temperature range, the averages combine to show

a well-defined systematic variation of percentile energy with temperature differential as indi-

cated in the fitted band.

The fitted band indicates that full ductility would be attained at 53 F above the half-

value. However, the fully ductile energy value (as in Figure 7) is defined only within a

standard deviation of 11 percent at aspect ratio 16, so that large tolerance must be attached

to this figure. However, at the lower end of the diagram, it is clear that even at the lowest

temperatures chosen for test the energy in mixed fracture remains far above zero.

The point of reference on the temperature scale in Figure 9 is the temperature of half-

value in the fracture transition. The total energy at this temperature averaged for all speci-

mens with mixed fractures, has fallen, not to half the fully ductile value, but only to 72.5

percent.

More complete discussion of this result will be deferred and we will now return to

consideration of the effect of aspect ratio on the subductile levels of total energy.

LEVELS OF COMPLETELY BRITTLE ENERGY AS
AFFECTED BY ASPECT RATIO

Before undertaking to combine data from mixed fractures with those for the case of full

brittleness, we will first survey the 249 cases in which fully brittle appearance (zero percent

shear) was accompanied by an energy value low enough so that further reduction in tempera-

ture would reduce it little or no more. To this number, however, 63 are added by the follow-

ing device. Noting that almost without exception, when appearance of fracture shows zero

percent shear the energy beyond maximum load is zero, we assume that this is also the case

in those tests in which total energy was not reported. Though a valid energy value in full

ductility was not observed, a suitable estimate could yet be made in these and a few other

subgroups.

By these means a total of 312 completely brittle values in 66 subgroups were brought

together. Each subductile energy was expressed as a fraction of the fully ductile value, and

with no further adjustment for material differences, the average for each subgroup was entered

with others of the same aspect ratio. The results are shown in Table 16. No data were ex-

cluded from this table either on the ground of wide deviation from the average or for any other

reason, and the scatter within each subgroup is wide. Nevertheless an unmistakable variation

with aspect ratio appears. When this variation is plotted on reciprocal aspect ratio it is clear-

ly not linear; the actual fitting operation is carried through on the assumption that the basic

effect approximates linear variation with the square root of the reciprocal aspect ratio, and the

result is shown in Figure 10. Even this leaves a residue of systematic variation of the same

sort found elsewhere, namely, deviation on the low side in the values at the greatest width.
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TABLE 16

Completely Brittle Energy as a Fraction of Fully Ductile Energy
as Affected by Aspect Ratio

Col.

Col.

Col.

Col.

Aspect ratio.

Percentile energy, averaged.

Number of subgroups.

Standard deviation.

TABLE 16

1 2 3 4

96 5.95 8 2.3

64 5.82 5 5.0

32 11.33 6 8.8

19 21.7 1 5.0 estimated

16 20.03 25 8.8

12 30.15 4 3.8

8 33.00 6 5.0

6 36.20 3 1.6

4 41.35 8 5.0
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BRITTLE FRACTURE

No special importance is attached to the exact form of this functional relation and no
reason is seen for further efforts to define a still more refined formula. The main point is
that Figure 10 leaves no doubt that a systematic variation actually exists. The reciprocal
square root function is near enough to the truth to permit an estimate of the dispersion. Some
liberty was taken in supposing the fractional energy density in completely brittle fracture to
approach zero at high aspect ratio. Again we note that this is improbable and again we attri-

bute it to unduly low values (even on this fractional basis) of all observedl energies in the
specimens of largest size. The present assumption is one of pure convenience and holds

no commitment to an opinion that if energy in wide specimens could be observed on an un-

exceptionable basis it would actually approach zero. In the first trial of the fitting operation

the value of the intercept on the energy ordinate at infinite aspect ratio was left indetermin-
ate and it turned out to be negative. Omitting the subgroups at aspect ratio 96 and 64, 13 in
number, gives a small positive value for the intercept. But the zero intercept produces a fit

which represents the facts within about the same tolerance as the more elaborate process.

RELATION BETWEEN MIXED FRACTURE AND
COMPLETELY BRITTLE FRACTURE

The facts relating to width-effect cited above refer only to specimens fracturing in
zero (or nearly zero) percent shear. But subductile behavior is seen also in the 135 inter-

mediate cases discussed in comment on temperature effect. We may ask, first, whether

aspect ratio affects these intermediate cases as it is now known to do in those of complete

brittleness; and, next, whether the temperature effect on mixed fracture has any analogue in
the case of complete brittleness. More generally we have to consider the question as to
the temperature range in which the shift occurs by which full ductility passes over into

complete brittleness.

We now proceed to segregate the intermediate energy values with respect to aspect
ratio. As for material differences in energy absorption, these are eliminated by dealing

wholly with fractions of the fully ductile energies. But in addition to material differences

there are also differences in temperature of test. The energy in mixed fractures varies, on

the average, with temperature as seen in Figure 9 and we may assume that this average tem-

perature effect holds for each subgroup separately. By making use of the relation between

total energy and percent shear, data on intermediate energy are now all reduced to terms of

zero percent shear. In this way the data become comparable with each other except for the

single matter of aspect ratio, the effect of which we now wish to find.

The result is seen in Figure 11. It shows that there is indeed an effect of aspect

ratio on energy in mixed fracture, of the same general nature as in fully brittle fracture.

But we are confronted with the fact that comparable energy values in the two cases, mixed

fracture and fully brittle fracture, are far from equal and that the energy at zero shear as

inferred from the mixed fractures exceeds by a wide margin that absorbed when the fracture

It
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Figure 10 - Total Energy Absorption in the Fully Brittle Condition
as Affected by Aspect Ratio

Spread at each aspect ratio is the approximate double standard deviation.

The linear band shows the variation of weighted averages by subgroups fitted by the expression
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TRANSITION TEMPERATURES

actually shows an appearance of complete brittleness.

From this we must conclude that a wide-plate specimen in the subductile condition has

a choice between two entirely different modes of behavior: (1) It can fracture in partial shear,

absorbing an amount of energy that is progressively less as temperature is reduced. The

value toward which this reduction progresses is lower as aspect ratio is greater, but even at

infinite aspect ratio it is not much less than 1/3 the fully ductile value; or (2) the specimen

can occasionally fracture in the fully brittle mode as the single alternative to full ductility,

doing so with greater frequency as the temperature is reduced. In doing this, the energy ab-

sorbed in completely brittle fracture approaches a value not far removed from zero at infinite

aspect ratio.

Nothing can be said now as to the circumstances that control the alternative appearance

of these wholly different modes of subductile action. However, it seems to be a clear possi-

bility that these circumstances, whatever they may be, may go far to explain the capricious

occurrence of service casualties caused by cold brittleness.

TRANSITION TEMPERATURES

We turn now to more detailed consideration of the role of temperature in subductile

behavior. In Figure 11 we have the reduced values to which energy absorption falls when

brittle replaces ductile action, but we have nothing like Figure 3 to show the progressive

effect of low temperature in bringing this about.

Before going on to extract as much positive information as possible from the available

data about temperature effect, let us ask first about questions which we can be sure in ad-

vance cannot be answered out of the present information. Thus it is not possible to repeat

the procedure of Chapter II and obtain an estimate of transition temperatures based independ-

ently on total energy. The specimens showing complete brittleness lead, as we know, back

to the fracture transition. This leaves only the 135 intermediate specimens on which to base

any conclusions of an independent nature. In study of energy values this number was enough,

but for evaluation of transition temperatures it is not enough. All that can be done is to fol-

low such clues as may be found to the nature of the deviations from the pattern of the fracture

transition.

A revision of Figure 10 was carried through after allowing for effects of aspect ratio

as in Figure 11. This resulted in a downward shift of the band of averages. These averages

are shown in Figure 9 by the dotted line, without spread and without drawing a new band.

The expression 67 + 0.52 A T percent offers a somewhat improved version of the relation be-

tween brittle energy in mixed fractures and the differential of temperature taken from the

half-value fracture transition temperature. This gives us the nearest approach offered by the

data on total energy to a standard transition curve like that for the energy to maximum load

in Figure 3; but it gives little information about the actual temperatures in the energy transi-

tion.
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TRANSITION TEMPERATURES 122

In principle it should now be possible, with the help of Figure 11 to assign a tempera-

ture at which the observed value of intermediate energy in each test would be found if the

temperatures in the energy transition coincided with those in the fracture transition. Compar-

ison with the actual temperature of test then gives a differential between the temperatures of

the energy and fracture transitions.

In coming as close as possible to carrying out this scheme for getting information on
the energy transition, the procedure actually followed is as follows:

The half-value fracture transition temperature for median steel is taken at the mean

value drawn from Figure 4, namely, 46.4 - 168/R degrees Fahrenheit. Material deviations

from median steel are taken to be as listed in Table 1. By use of these data the standard

half-value fracture transition temperature is obtained for each subgroup. Now, starting at the

opposite end of the process, a standard energy fraction for each test in mixed fracture is

drawn from the relation on page 111, namely, percentile fraction of fully ductile energy is

46.4 + 53.6 x percent shear. With the help of Figures 9 and 11, these numbers are reduced to

terms of temperature at half value and of aspect ratio 16.

In this way comparable temperature values are drawn, first from the fracture data and

then from the energy data. The results are shown in Table 17. The median of all observa-

tions shows the energy transition, defined in this manner, lying 13 1/2 F below the fracture

transition.

Although Table 17 shows a few rather definite indications, the scatter is very wide,

and the following conclusions are suggestions rather than positive inferences:

a. Energy transition, as indicated in mixed fracture in the present data departs no further

than a few degrees from fracture transition; the median energy transition is lower than the

fracture transition by 13 1/2 F, while the standard deviations, taken separately for each

steel, average about ± 16 F.

b. No variation like that with aspect ratio in the fracture transition (Chapter II) can be

identified in the present data.

c. The different steels differ notably in the amount by which the energy transition devi-

ates from the fracture transition; as here estimated, this amount ranges from 57 F downward

in Subgroup 62, Steel S-3, to 47 F upward in Subgroup 31, E-steel.

These conclusions with respect to transition temperature, which are poorly defined,
should not be confused with the clear-cut facts about the values of subductile energy.

Some additional comment may now be directed to the point that may be made that the

energy transition was simply not revealed in the present data because the temperatures of

test were not low enough.

Although it is correct to say that most ships operate without casualty below the frac-

ture transition temperature as in Chapter II, and so, also, below that of whatever energy

transition may lie near it, yet it is equally true that the present tests cover the range of
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TABLE 17

TABLE 17

Differentials between Fracture and Energy Transitions
as Affected by Material

Col. 1 Designating symbol of the steel.

Col. 2 Number of the subgroup.

Col. 3 Temperature differential, the amount
by which the energy transition falls
below the fracture transition.

Col. 4 Estimated standard deviation of
Column 3.

1 2 3 4 1 2 3 4

BR 7 +27 -- T-2 58 - 3 26

BN 12 +31 -- 3/4 in. 59 -13 ± 6
60 + 7 ±16

C 16 +26 ±19 61 +1 ±16

DR 20 +31 +28 T-2 62 -2 --
22 +51 -- 1 in. 63 - 1 ±14
23 -24 10 64 + 5 ±28
24 -16 20 65 +38 ± 6

DN 25 +29 10 T-2 66 +11 13
26 +32 -18 3/2 in. 67 -5 --
27 +38 --S+18 T-2R 70 +16 3

E 30 +18 + 7 71 - 2 2
33 +30 + 8
35 -47 +12 72 0 +23

36 + 5 ±30 73 +48 --

37 +29 -- 74 -23 -

F 38 + 5 12 S-2 76 + 6 --

39 +37 ±22 S-3 77 +57 4

T-1 45 -40 18 S-4 78 +18 ±29
1/2 in. 46 - 2 -- S-5 79 +45 --

47 +3 ±848 - S-9 80 +20 --48 - 14 --

T-1 49 -22 S-12 81 +14 9

3/4 in. S-22 82 - 6 1

T-1 53 -37 -- PBDP 84 - 4 29
1 in. 54 0 -- PAD 87 +22 35

55 - 5 2956 - 5 -PJSS 88 +32 ±16
T-1 56 -22 15
3/2 in.

Example: In Steel C the energy half-value is 26 F lower than the fracture half-value, whereas in Steel T-1
(except in Subgroup 47) the energy transition occurs at a higher temperature than the fracture transition, accord-
ing to the present analysis.
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TRANSITION TEMPERATURES

operating temperatures quite fully. Thus any sort of absolute brittleness which might occur

at temperatures below this range is not available directly as an explanation of service casu-

alties, and appeal must be made to some sort of embrittling influence present in the ship but

not in the test.

In this case, it would be nearer the truth to attribute the service casualties to that un-

known influence rather than to cold brittleness. Such an influence does appear in Figure 10

which shows that observed values of energy density in the fully brittle condition do approach

zero as width increases.

But before accepting this as the solution of the problem, we must note that this kind

of absolute brittleness due to width would occur at all'temperatures, though with reduced

frequency as temperature is higher. We have no evidence that the temperature of half-value

frequency differs notably from that of the fracture transition.

Let us restate this point. Increase of width reduces energy density in the completely

brittle condition toward zero. But the temperature at which the fully ductile condition is re-

placed by the completely brittle condition with 50 percent frequency, so far as the present

data indicate, differs little or not at all from that of the fracture transition. The objections

to the fracture transition as an explanation of service casualties therefore also apply to the

width-effect as an embrittling agent. Width is therefore not available as thile agent needed to

bring temperatures of absolute brittleness due to cold up to the operating range.

It is possible, however, that Figure 11 may resolve this dilemma. Let us suppose

that for some reason the abrupt drop to complete brittleness as represented in Figure 10 does

not occur at great widths, but that the normal behavior there is one of mixed fracture. As

temperature is reduced, energy in mixed fracture falls off as in Figure 9. If Figure 9 could

be plotted for a great width the line might slope downward to a low value, perhaps to zero,

at a moderate negative temperature differential.

But the midpoint on this line does not represent a 50 percent chance of complete brittle-

ness, as in Figure 3. On the contrary, complete brittleness is approached only at the lower

end. Near the midpoint a brittle crack would be checked and replaced by ductile action, or

perhaps would not even start until energy equal to half that in the fully ductile condition had

been absorbed.

In order that a brittle crack should proceed to complete rupture without pause a tem-

perature well below that of the fracture transition would then be necessary.

This interpretation, also, is not without its difficulties, the chief of which is that

while mixed fracture occurs in most of the subgroups it is not the favored mode of action in

the laboratory tests. Why should the abrupt drop to complete brittleness occur more frequently

in the wide-plate specimens as tested than in the ships? To this we have no answer, but

we can only say that if that is the case, and if mixed fracture, on which we have only a minor-

ity report from the wide plates, is the prevalent mode of action in the full-scale structure,

then the apparent anomaly of ships operating without casualty at temperatures below the

transition is resolved.
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VI -CONCLUSIONS

FINAL CONCLUSIONS WITH RESPECT TO TOTAL ENERGY

In the ductile mode, total energy varies with width in the same manner as energy to

maximum load, though its values are greater.

Two quite different modes of subductile behavior occur. In one of these reduction of

temperature causes a gradual reduction of energy absorption and in the other an abrupt drop

to a stable value depending on width, but with an increasing frequency at lower temperatures.

Only in the first of these modes can anything like an energy transition be identified.

If it exists it depends strongly on material differences, and in any case it is not far removed

on the temperature scale from the fracture transition.

However, this gradual loss of energy as cold increases may serve to resolve the di-

lemma of ships operating without casualty at temperatures below that of the fracture transi-

tion, since in this mode of action complete brittleness occurs only at the lower limit of the

transition.
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CHAPTER VII

A SIMPLE THEORY OF THE NOTCHED WIDE PLATE

FLOW AND FRACTURE

The aim of our whole project has been to understand cold brittleness and to bring it

under control. A structure when loaded must bend or break. The steel of which it is made

must flow or fracture. Our purpose is to make sure that it flows enough, before fracture, to

make the structure work well in service.

The wide-plate specimen simulates a structure in simplified form. We now propose to

draw together what' can be said about flow and fracture in the wide plates in terms of simpli-

fied models of the plates; these will thus be models of models of structures. But we hope by

this device to reduce the description of the behavior of the wide-plate specimens to a com-

pact form such that we can refer to it in terms of a small number of parameters on a numerical

basis.

In short, we seek a simple theory of the wide-plate specimen. Only with that in hand

can we hope to find a sound basis for extending comparisons of the wide plates to the simu-

lated full-scale structures in one direction, and, in the other, to specimens small enough to

serve the purposes of material tests.

In such a theory flow will have a greater part than fracture. Fracture is only the final

outcome of flow and our only object here in giving it any study at all is to defer and prevent

it. We will refer to it as the limit at which flow can go no further. The limiting value of flow

at which fracture occurs is the only quantity relating to fracture that we need to know.

When the material in question is uniformly strained or when we consider only an infini-

tesimal extent of it, the stress-strain curve gives all the information we need. The behavior

of the metal in any configuration or extent or under any load which involves nonuniform dis-

tributions of strain could be predicted if all the details of that distribution were known. At

the critical point of the structure at which the strain was greatest the metal would first reach

its limit on the stress-strain curve and fracture would begin. The value of load on the whole

structure could then be inferred from the known values of strain (and, in monotonic loading,

of stress) throughout the surface to which load is applied. Over-all energy absorption could

be inferred by integration over the whole field of strain distribution or, if displacements

could be determined, by combining them with load values on the loaded surfaces.

The process of design of a structure consists in arranging its parts so as to obtain an

optimum load or energy value at a given limit in the advancing pattern of deformation. This

limit was for a long time set at the point at which stress at the highest peak reached the

yield point. But it is by now widely recognized that this by no means corresponds to the

point at which risk of fracture and collapse becomes critical. It does not correspond to the

point at which load reaches its maximum value, and a wide effort is now being made to
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127 VII- ENERGY DISTRIBUTION

establish new standards for judging as to what may be acceptable limits in design. Even

after local fracture has occurred, load may go on increasing. The question is not one of in-

ception but of advance of a crack. Incipient cracks are present at early stages in tLe devel-

oping pattern of deformation of any structure, but as long as their slow growth is compensated

by strain hardening in the adjoining intact metal, load will not begin to decrease.

The important feature of this whole matter is the pattern of strain distribution. Our

theory of wide-plate specimens will be a theory of field distribution.

ENERGY DISTRIBUTION

THE DUCTILE MODE

Our distribution theory will be based on choice of a number of zones such that the

continuous distribution of the specimen may be replaced by one in which the distribution in

each of the zones is uniform. The first feature of specimen behavior to which this type of

analysis will be applied is the over-all energy absorbed in ductile flow by the advance of the

pattern of deformation, first to the point of maximum load, and then to complete rupture.

Such a set of zones has been mentioned in Chapter I. They are roughly depicted in

Figure 12. They will now be delimited more specifically and, when combined, will be taken

to form a simplified model of the specimen exhibiting the main features of its flow pattern.

The zones are five in number on each side of the axial center line of the specimen.

They are as follows:

Zone E, the region close to the apei of the notch.

Zone B, the two Luders bands diverging from each end of the notch.

Zone A, the rest of the specimen during the stage preceding the advance of the crack.

After advance begins the remaining two zones appear. They are

Zone D, the path of Zone E as the crack advances, and

Zone C, the region swept by the advancing Luders bands.

In Figure 12, the upper half shows the pattern during the stage of the stationary incip-

ient crack; the lower half shows the pattern after rupture is complete.

In estimating zonal intensities, we will first assume that the gross e1 ;ergy in Zone E

may be neglected. The data are such that it has not been possible to infer a satisfactory

value for intensity in Zone E. Though the gross energy there may not be a small part of the

whole, especially in narrow specimens, yet the assumption is roughly correct at great widths

and its use in estimating the intensities in the other zones is justified by the following con-

siderations.

Though strain intensity in Zone E is high, the extent of the zone is small; even in the

narrowest specimens here considered, it is still not a major part of the whole specimen.

Over-all energy, as taken from the load-elongation curve, is still not notably affected before
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129 ZONAL DENSITIES

the load maximum by events in Zone E so long as the action is fully ductile. It may be true

(as later assumed) that events in Zone E control the elongation at maximum load and the trans-

ition into the stage of active advance of the crack, but so far as quantities of energy are con-

cerned, Zone E may be included with Zone B in the early stages of deformation and with

Zone D later.

ZONAL ENERGY DENSITIES

At constant thickness, the extent of A + B is proportional to the square of the width,

that of B to the first power. From Figure 7, for energy to maximum load, we have

E = 7.09 inch-pounds
E -0.619 +-

R2 t 3  R inch 3

Now assume the A and B zones to have uniform energy densities eA and eB and vol-

umes vA and vB. Suppose the average axial width of 'T zone to equal thickness. Then

3 (9 3
VB = R2t3 "- and v = R2 t 3  3

21? A \16 2R/

Now, by hypothesis,

EIA = eA VA and E1B = eB VB

By equating coefficients in

E A+E = R2 t3 [( 1  )eA+ 3 eB]
1 B 16 2 H 2 l

1 7.09
= R 2 t 3 0.6 1 9 + -

R

we have
inch-pounds

eA = 1.100
inch

3

and
inch-pounds

eB = 5.83 inch 3
inch 3

The energy beyond maximum load is absorbed in Zones C and D. The extent of

C + D, again, is proportional to the square of the width, and that of D to the first power. By

an argument like that above we have

3 3
VD = R2t3 and v = R2t3( 8  Y

Combining the data of Figures 7 and 8 gives

E2 - E = R 2 t3 0.982 +76)

E2-E1 R
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whence
inch-pounds

e C= 2.62C inch3

and

1283 inch-poundse D = 12.83
inch3

The values of eB and ec might have been expected to be more nearly equal to each

other. Possibly the higher value in Zone B may be associated with the fact that its Luders

bands are linked with a notch of less acuity than that of the natural crack whose bands sweep

across Zone C. Also the inclusion of Zone E with Zone B raises eB. The same would be

true of eD but to a smaller degree. This analysis does not lead to a value for eE. That for

eD is still far below the local energy density preceding ductile fracture in an unnotched bar,

which is of the order of 100 inch-pounds per cubic inch. The reason for this discrepancy is

that the energy density in Zone D is still only an average and the extent of the zone as de-

limited is still such as to include a large part of metal not strained to the fracture point.

SUBDUCTILE MODE

It is not inconsistent with the present theory or with the data of observation to suppose

that the effect of low temperature on a wide-plate specimen is to cause the fracture point to

move up to an earlier stage on the load-elongation curve and that this curve is otherwise not

much affected. In cases where cold causes a drop to a stable reduced energy value, and this

occurs with increasing frequency as cold increases, the stable value of energy corresponds

to a more or less fixed point on the load-elongation curve. In Chapter V it appears that this

point lies far down toward the elastic part of the curve when the specimen is very wide, but

rises as width is reduced until in the narrowest specimens tested it lies at or near the point

of zero slope.

The data on this effect in Table 12, Chapter V, throw some light on the action of

width on Zone E. It is here that the conditions which start a square fast-moving crack are to

be sought. The effect of increasing width is observed to cause them to occur at an earlier

stage in the development of Zones A and B. It is plausible to suppose that these conditions

occur at a definite stage in the development of Zone E. The effect of increasing width is

to cause Zone E to develop more rapidly than Zones A and B. It will be shown later that

this effect is associated with increased intensity and diminished relative extent in Zone E;

as it is relatively less extended, the point of more active advance in the incipient crack is

reached sooner.

When, as in narrower specimens, Zone E occupies a relatively greater part of the

whole specimen, the point of active advance will not be reached until the load-elongation

curve is near its point of zero slope. Even though active advance may be in the form of a

fast-moving crack when it occurs, yet a relatively large amount of energy will already have
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ZONE THEORY

been absorbed. Judged by the appearance of the fracture the case is one of cleavage, but by

the energy absorbed the action is not brittle but ductile. This has been called the case of

"ductile cleavage." About 120 such cases are noted inTable 1, but since it varies notably

with the metallurgical nature of the steel, the direct effect of width is obscured. However, it

appears in Figure 11 that in narrow widths the energy absorbed in the condition described as

"fully brittle" is still a large fraction of that in the fully ductile condition.

THE ZONE THEORY OF ENERGY DISTRIBUTION

The zone theory of energy distribution (in its preliminary form) may now be stated as

follows: The essential features of the ductile wide-plate specimen are matched by the zoned

model at two stages of deformation, the first at maximum load, the second at complete rupture.

Numerical values of the total energy absorbed in a specimen of any width may be estimated

by use of the stated limiting zonal values in the model. Energy absorbed in Zone E is ig-

nored and the error thus caused is less as width is greater. The theory thus will serve for

extrapolation to great widths but not to small ones. In accordance with this, the data in

Figures 7 and 8 might be refitted so as to give reduced emphasis to the narrow widths. Ilow-

ever, since the exact numerical values of zonal energy density are not critical and since, in

any case, they are affected by the partly arbitrary choice of zonal volumes, the great labor

of such a refit is not undertaken. It is noted simply that B0 would be diminished and B 1

increased, and that this would reduce densities in Zones A and C and increase those in Zones

B and D.

The chief merit of this theory is that it indicates correctly the nature of the width-

effect in terms of the energy distribution pattern, but the error involved in ignoring Zone E is

not acceptable in narrow specimens.

For the subductile mode the theory has only partial application. Energy at the point

of zero slope is affected mainly by the elongation at that point and this seems to be the

same whether the curve then drops off abruptly in a subductile manner or whether it continues

downward gradually.

The distribution theory gives a value for energy at the point of zero slope regardless

of whether what follows is fracture or further ductile elongation. In the case where load

drops abruptly before reaching the point of zero slope, the theory is not applicable.

On the other hand a rather wide generalization about fracture in the fully ductile mode

seems indicated. Such fracture may be expected when energy density in Zone D reaches

a limit of the order of 10 to 15 kilopounds per cubic inch. This is not inconsistent with a

value of about 100 kilopounds per cubic inch for the local intensity at rupture at mid-thickness

of the plate, as indicated in tests of unnotched round bars.

Any change in form of the specimen which would permit greater absorption of energy

in Zones A and B before that in Zone D reaches its limiting value, would increase over-all

capacity for energy absorption before maximum load. And similarly, any change in form which
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UNNOTCHED BARS 132

would diminish the extent of Zones A and B in relation to C and D would increase the density

of total energy absorption to rupture. It is in this way that high relative energy absorption in

the Charpy bar is to be explained.

ZONE THEORY OF LOAD-ELONGATION CURVES

We turn now to an alternative model and theory which, instead of ignoring Zone E,

give it the primary consideration.

UNNOTCHED BARS

Measurement of sectional area in tke neck of a round bar, combined with that of load,

leads to the curve of "true stress" on natural strain, and this is widely recognized to have

the form

g = b C

Although similar data cannot be taken on a square bar, because of its angular edges, we know

that its general behavior is like that of a round bar, and this resemblance extends also to

bars of rectangular section in which the ratio of width to thickness does not too greatly ex-

ceed unity.

For such bars the load-elongation curve may be inferred from the stress-strain curve.

We make use of the following symbols:

A0  Initial area of cross section

b and n Coefficient and exponent in the parabolic stress-strain curve

e Base of the natural logarithms

L Length of the bar between gage marks

L o  Initial value of L

1 "Unit elongation" (L - Lo)/L o

In Symbol for natural logarithm

P Gross load in tension on the bar

p Load intensity, equal to P/A o

u Energy density, energy per unit volume

E Natural strain, equal to In (1 + 1)

a "True stress," equal to p • Lo/L
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NOTCHED WIDE PLATES133

Then

e - - 1

S [ln(l + 1)] n

e~ 1 + 1

u = pdl = b
[ln(l + 1)n + 1
5+1

The point of zero slope is reached when

dp
-=0 and
dl

At that stage

Pmax = b (

E=n or = en - 1

an+ 1

and u= b
n+1

In most ship steels n is nearly 1/4 and b is about 120,000 pounds per square inch. Accepting

these as good average values,

Pmax = 0.55 b = 66,000 psi

and
inch-pounds

u = 17,000
inch

3

The unit elongation at this point is 28.4 percent.

The load-elongation curve corresponding to these formulae lies near a quadratic para-

bola passing through the origin, with axis parallel to the p coordinate and apex at the point

of zero slope. Beyond that point, however, the calculated curve drifts slowly downward quite

differently from the experimental curve, which pitches down rather steeply; the usefulness of

the calculated curve thus ends at the point of zero slope.

NOTCHED WIDE-PLATE SPECIMENS

Notched wide-plate specimens have load-elongation curves similar in general form to

that for an unnotched bar but they differ from it in three important respects:

1. The point of zero slope comes at a much smaller elongation than

in the unnotched bar. A fitted value of n is nearer 1/20 than 1/4.

2. The load at zero slope, instead of rising with reduction of n, as

in the unnotched bar, is somewhat reduced or, at most, rises only

slightly.
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3. Elongation at zero slope depends notably on width.

Before we go on to form a hypothesis as to the explanation of these facts, let us consider
them in a little more detail.

It is the curve of full ductility to which reference is made. If the effect of reduced
temperature is simply to break the curve off, either at the point of zero slope, or earlier,
subductile action of this nature need not prevent inference of the point of zero slope from
the part of the curve still available, provided it is intact as far as it goes. If partial fracture

intervenes it reduces the net section and hence the gross load needed to maintain a given
stress near the apex of the crack. But elongation at zero slope is not affected in the same
way by partial fracture when the curve is not completely interrupted before that point is
reached. The effect is rather to displace a part of the curve downward to reduced load values.
If net section could be divided out, load intensity would remain unchanged; elongation, in
inches per inch, remains unchanged without further reduction.

A useful project would consist in fitting the whole collection of load-elongation curves
of the steels and finding the load and elongation values at the point of zero slope, not simply
as directly indicated, but by reference to the whole extent of the observed curve. In this way
the consequences of concealed partial fracture would be revealed.

In the meantime casual scrutiny shows that elongation at zero slope ranges from over

10 percent in the narrowest specimens to about 3 percent in the widest ones, as compared
with the calculated value of 28.4 percent in the unnotched bar.

MODEL OF THE NOTCHED PLATE

The observed effect of the notch is to bring the specimen to the point where it will
not accept an increased load at an over-all elongation less than that when the notch is absent.
This is caused by the fact that in the highly strained metal near the notch the advance up
the stress-strain curve is faster than elsewhere and the metal there reaches its limiting
strain while that elsewhere is still lagging behind. The result is that the limit in Zone E
establishes a limit for the whole specimen, and elongation beyond that limit is accompanied

by advance of the open crack.

A model of the notched plate will now be constructed in imagination. First consider
a strip consisting of two endplates of material of high yield point through which a short piece
of medium steel is loaded in tension; the plastic elongation is concentrated wholly in the

softer steel. If the fraction of the gage-length taken up by the medium steel is 1/k, then, at
a given load, the over-all average for unit elongation, 1, is 1/k times the value ' which
would occur if the whole bar were of medium steel. If the bar were welded up tightly this

simple relation would be disturbed long before the load in the bar reached its maximum; the
assembly must be such as will leave the soft metal unconstrained by the hard ends. This is
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135 MODEL

easier said than done, but we will not pause over the details of how it might be accomplished.

This is the case of simple axial localization.

The conditions so far are like those in a bar very deeply edge-notched so that

the net section is only a small fraction of the gross section. But in our wide plates the net

section is a constant and rather large fraction (3/4) of the gross section. The strain is non-

uniform transversely as well as axially.

Disregarding all considerations of continuity and compatibility, we will now think of

Zone E as a rectangular region of 1/k times the gage length and of transverse extent (on

each side) of 1/j times the half net width. The space (1 - 1/j) times the half net width,

lying between Zone E and the edge of the specimen, will be called the uniform (contrasted

with the composite) segment of the model. These two segments will be designated by the

subscripts "u" and "c".

The layout of the complete model is shown in Figure 13. The centerline segment, in

line with the notch, takes no load. What we will now call upon this model to explain is how

strength and energy are affected by relative width, width in its ratio to thickness, or width

at constant thickness.

Since, in the specimen, the gage length is chosen so that variation in elongation

across the width is negligible, it will be our basic condition, governing the relations between

the segments in the model, that their average elongations shall be equal. In the uniform

segment we denote by - the average value of strain over any longitudinal section and so have

ALe- -1
lu  = e 1

Lo

The assumption that this is the same for all longitudinal sections is nearer the fact than

might appear, since the nonuniformities in the Luders bands do in fact average out. Elonga-

tion in the composite segment, lc, has the same value as lu; both are designated by 1, and

in the soft metal of the composite segment, 1'.= k 1.

The load intensity* in the uniform segment is

[ln(l + 1)]
n

p =b
1+1

and in the soft metal of the composite segment it has the somewhat higher value**

[1n(kl + 1] n

c kl + 1

*p has the dimensions of gross load divided by area.

**As in other situations in plastic flow, uniformity of axial strain is not accompanied by uniformity of axial

stress when triaxiality is not uniform.
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Figure 13 - Model for Elongations

Shaded regions not deformed.
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VII- STRENGTH137

At maximum load in the composite segment the elongation is

en - 1
p=max k

and the load maximum is

Pmax = b n

This is the ultimate tensile strength of the material, and it would have the same value in

both segments. However, the elongation at maximum load in the uniform segment is well be-

yond that in the composite segment and, since the conditions of operation of the model are

drastically altered after the load passes its maximum in the composite segment, the elonga-

tion at maximum load in the uniform segment has no special significance.

EFFECT OF WIDTH ON STRENGTH

We are now ready to evaluate load intensity in the combined segments making up the

model and to match such estimated values with the data of observation. However, load in the

model will be found only as a function of k and j and in the data as a function of R. We must

therefore proceed to consider, in model terms, the way in which strength is affected by width.

The presence of the uniform segment in parallel with the composite segment reduces

the calculated load value at a given elongation. The intensity of load in the uniform segment,

at the point of maximum load in the composite segment, is in the ratio

Pu _ k en  In +kn

Pc en  1+k n

Numerical values of this ratio range from 96 percent at k = 2 downward to 72 percent at

k = 10. But we are now concerned also with the effect of the transverse localization factor

j. The average load intensity on the combined segments at any elongation up to the point of

zero slope in the composite segment is ElPu
=Pc --++-- -+

11 PC

For convenience we will now make two simplifying assumptions. First, whatever may

happen to the size of Zone E, its rectangular shape remains unchanged. In terms of the model,

the ratio j'k remains constant, and we will even go one step further and assume j and kc to be

equal.

Second, although the maximum of the combined load curve would lie beyond that of the

composite segment, yet we will, nevertheless, assume that the effect of R on the maximum

intensity of combined load, Pmax is the same as its effect on the combined load at the maxi-

mum in the composite segment. In symbols,
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max) R pc = max)R

(max)= (PC=maxR = o

This point needs some further comment.

We cannot, in any case, follow the combined curve beyond the composite maximum since

the formation of the advancing crack destroys the validity of the formulas relating to the model.

In the actual test specimen gross load is affected by encroachment of the crack on the net

section so that the gross load maximum occurs earlier than if the crack were not present. In

model terms, this would bring the maximum on the combined load curve forward from the value

of elongation at which it would otherwise occur to a point little if at all beyond (en - 1)/k at

which the load in the composite segment is a maximum. This is the justification for our sec-

ond assumption.

Load and elongation values at the point of zero slope in the composite segment are

given for various values of k (= j) in Table 18.

We now have, on one hand, maximum load intensity in the actual specimens rising as

R diminishes and, on the other hand, in the model, the average load intensity at the composite

maximum (taken as the ratio to the constant ultimate tensile strength) rising as k diminishes.

On the basis of these facts it appears that diminishing R and diminishing k have parallel ef-

fects.

The relation between maximum load intensity in the tests on notched plates and the ul-

timate tensile strength of the identical materials is not consistent enough to permit any more

precise statement like that for round bars (Reference 34). In fact, in a few cases (subgroups

45 and 49) notching appears to increase rather than decrease strength, though this is excep-

tional. On the other hand, it is certainly true that the strength of the notched plate has no

such simple relation to that of the unnotched bar as to equal the yield point; the width-effect

is enough to prove that. In great widths notched strength is of the order of 80 to 90 percent

of unnotched strength.

With respect to elongation at maximum load, the calculated values fall in line consis-

tently with those shown in load-elongations curves if the value of k be taken at from 6 to 8

at R = 16, and higher or lower as width is greater or less.

These facts strongly suggest that in notched wide plates, as width is greater, strain

is more highly localized.

EFFECT OF WIDTH ON ENERGY TO MAXIMUM LOAD

We come now to the most intricate relations which the model might be expected to ex-

hibit, namely, those concerning energy. We must, from the start, distinguish "energy to maxi-

mum load" from energy to a given elongation value.

In the soft metal of the composite segment, as in a uniform bar,
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TABLE 18

Load and Elongation Values at the Point of Zero Slope

kpuPc Pc Elongation

percent

2 0.960 0.980 14.2

3 0.910 0.936 9.5

4 0.868 0.901 7.1

5 0.840 0.872 5.7

6 0.804 0.836 4.7

7 0.780 0.811 4.1

8 0.758 0.788 3.6

9 0.739 0.768 3.2

10 0.723 0.750 2.8

TABLE 18
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VII. ENERGY 140

S= b [ln(l'+ 1)] n + 1
n+1n.+ 1

Energy in the hardmetal is taken to be zero so that for the whole composite segment the aver-

age density is only 1/k times as much. The average over-all unit elongation, I = l'/k, how-

ever, also is only 1/k times as great. Taking averages for the whole composite segment, we

therefore have

b [ln(kl + 1)]n+ 1
U=

c k n+1

In the uniform segment, rather,

= b [ln(1 + 1)] n + 1
Uu= +b

The average taken over the active metal (gage length times net section) is then

I1 Iu= c+ + 1 -

and since

n u ln(kl + 1))
n + l

ck In(1 + 1)

then

[ ln(l + 1) ]"'+ f 1 ln(kl + 1 1
-= bi+i I

n + I j I In( + 1)

This calculated expression for energy density will now be evaluated for the elonga-

tion value at which load in the composite segment reaches its makimum and for the known

values of b and n for the median steel of the tests.

The remaining unknowns are j and k; taking these to be equal to each other, a relatiofi,

based on the model, is found to exist between average energy density, U, and the strain lo-

calization factor, k.

Next we proceed to compare this relation with that found in the tests. The assumptions

needed in making this comparison are as follows:

1. The elongation at maximum load in the composite segment of the model equals that at

maximum load on the model as tested.

2. The specific value of energy density at this elongation depends, in the model, only

on k, and in the specimens only on R.

On the basis of these assumptions the relation in Figure 14 is revealed; the calculated

value of U is plotted on k, in accordance with the model equation. On this curve the values
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141 FIGURE 14

R=4

6

8

12

I6
120

32

64 96

3 4 5 6 7 8
Localization Factor, k

0 1 2

Figure 14 - Effect of R on k by Equating Values of Energy

P1.1 C

..IC0C

0)

C
w

-- --- ^ ̂ ~ "IIIIIIIIYI IIYIIYIYYIIII i MILIIiii

9 I0 I 12



142

TABLE 19

Relation between Width-Thickness Ratio R and Localization Factor k

Col. 1

Col. 2

Col.

Col.

Ratio of width to thickness.

Percentile Elongation in model at the load-
maximum in the composite segment, (1/k) (en - 1)

Observed energy density, U, from Figure 6

Corresponding value of localization factor k from
Figure 14.

TABLE 19

1 2 3 4

4 11.14 4.125 3.97

6 8.60 3.117 5.04

8 7.24 2.612 5.84

12 5.94 2.109 6.91

16 5.26 1.856 7.61

20 4.93 1.705 8.22

32 4.33 1.478 9.17

64 3.88 1.289 10.29

96 3.45 1.126 11.38

Infinity 3.40 1.100 11.56
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VII- FLOW AND FRACTURE

of U as observed* at given values of R are marked as intercepts. The k intercepts are then

as shown in Table 19.

The parallel variation of numbers for model and specimen in Columns 2 and 3 in the

table indicates that the zonal model contains the essential features of the notched wide

plate. The precision of the data and accuracy of the assumptions are not high enough to jus-

tify any great reliance on the numerical values obtained for k, but the basic result, that lo-

calization of energy absorption about the notch increases with width, is assured. This offers

the first definite indication with respect to this effect.

AGAIN FLOW AND FRACTURE

We have thus arrived at a relation between two geometrical quantities; one is k, de-

pending on conditions in the model concerned with plastic flow, and the other, R, has been

found in the tests to have a marked effect on the inception of fracture. The linking of these

two phenomena with each other is a central fact in the situation.

At one time they were regarded as alternatives; a structure under load could either

bend or break.

Then they came to be seen as successive phases in a single process. In ordinary

service fracture is always preceded by flow; the only question was said to be, "by how much

flow?"

Now we see that the two processes overlap. A crack is not at all sure to inhibit flow

in the adjoining metal. When we ask, "at what point does the shift from flow to fracture oc-

cur?" we see that no such single point can be identified. Not only is the phase in which a

fast-running crack becomes possible approached gradually, but it is affected by accidental

circumstances, and it is quite definitely and strongly influenced by relative width of specimen.

When, as in earlier analysis, the gradual transition is represented by a hard limit, we come

out through the maze of uncertainties to the clear-cut conclusion that flow and fracture inter-

act upon each other in a way that is strongly affected by the geometrical form of the piece of

metal subjected to plastic flow.

We have here, if not a reconciliation, then a combining of two different points of view

that have not always been on speaking terms with each other. In the first of these (that of

flow) no special regard was in some work given to the actual properties of steel, but the an-

alysis was applied to a fictitious material, with postulated properties (e.g., "perfect plasti-

city"). In effect, a model material was assumed to exist. The fact of cold brittleness, inso-

far as it was not ignored, thus operated only to place a temperature limit on the validity of

the analysis.

From the other point of view the fact of cold brittleness is the only one of any signi-

ficance. Only if there is doubt as to ductile behavior does any special action need to be

*Taking the volume of active metal to be the gage length times the net section, we have u = (16/9) E/R 2 t3 .
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VII- FLOW AND FRACTURE 144

taken. The question as to how we shall recognize in advance and forestall the circumstances

leading to a quick-running crack is regarded as the only question.

We have been treating these two points of view as though they could be separated but

we now see that neither of them alone is sufficient. It is in the preliminary stages of flow

that preparation for fracture begins. Since, in these stages, similitude and width-effect play

the parts that we have described, these also are concerned with the inception of fracture.

Beyond that point a wholly different set of considerations, concerned with the dynamics of

the quick-running crack, may become necessary.

In our progress toward understanding cold brittleness, we thus arrive at the point

where its controlling circumstances are to be sought in the interactions between the plastic

strain field developed during the process of flow and the superposed field associated with

incipient fracture. Localization in the flow field has been demonstrated to depend on width

in a definite way. This flow field is penetrated (at first slowly) by another in which a com-

plex pattern of distribution is associated with the presence of a natural crack. The condi-

tions in this intruding pattern depend on width in a different way from those in the field into

which it moves. Perhaps the intruding pattern does not depend on width at all; as to this,

the present data give no information.

But in any case the combined pattern is affected by width. And it is what happens

in this combined field that determines what happens to the specimen or to the ship.
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APPENDIX A

THE MEANING OF DUCTILITY

Ductility is capacity for plastic deformation, beyond the elastic limit; it is capacity

for change in form without change in volume and without loss of integral continuity in a metal,

without fracture.

Brittleness is the complement of ductility, present in the degree that ductility is absent.

The measure of ductility is energy absorbed in plastic deformation, a function of plas-

tic strain.

Different samples of steel have different degrees of ductility. The commonest means

for observing this is the simple tension test in which area of the necked section is plotted

as a function of load. Such data are readily reduced to give true stress as a function of natu-

ral strain and the integral of this curve to the fracture point measures the specific energy ab-

sorbed, the energy density, as in inch-pounds per cubic inch.

The same procedure is not applicable to notched specimens in which gross energy, di-

vided by a volume of active metal, gives only an average for the specific energy absorption,

and this depends on the form of the specimen as well as on the sample of metal.

In the fully ductile mode, a given sample of metal in a given form of specimen absorbs

an amount of energy which, though subject to scatter, is little or not at all systematically

affected by temperature.

As temperature is reduced, a condition is reached in which a notable loss in assured

capacity for absorbing energy occurs. The condition is one of partial brittleness. The metal

is said to behave in a subductile manner.

As temperature is further reduced, a condition is reached in which further degrees of

cold have little further effect. This is the condition of complete brittleness. The energy ab-

sorbed in this condition, taken as a fraction of that in the fully ductile condition, is the com-

pletely brittle fraction, cbf.

It is possible that at low enough temperatures fracture might occur within the elastic

limit. Ductility would then be zero. This condition would be one of absolute brittleness.
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APPENDIX B

GLOSSARY AND MEANING OF SYMBOLS

A, B, C, D, E

A, B, C, D, E,
F, G, H, Q, S,
T, W, DU, PB,
etc.

Aspect ratio

B 0 ,o Co; B 1 , C1

Brittleness

cbf

Ductility

e

E, e

F

k

Maximum load

R

Subgroup

t

T

W

Wide-plate specimen

X9 y

Zone

X (Greek lambda)

Designation of zones in the strain field

Designations of varieties of samples of steel

Ratio of width to thickness in the undeformed
transverse section of a wide-plate specimen;
designated by R

Intercept and slope in linear curve-fitting

Lack of ductility; see Appendix A

Completely brittle fraction

Capacity for plastic deformation; see Appendix A

The base of natural logarithms

Observed gross and specific values of energy
absorbed in a wide-plate specimen; subscript 1
refers to the stage of maximum load and subscript 2
to the stage of complete rupture

Degrees Fahrenheit

Localization factor

Highest load supported by a specimen, whether or
not at zero slope on the load-elongation curve

Aspect ratio

Group of tests identical except as to temperature

Thickness

Temperature

Width

Plate with transverse internal notch, loaded in
tension; see Figure 1

Coordinates in length and width in the wide-plate

specimen

Region in which strain is assumed to be uniformly
distributed, in a model simulating the continuous
strain field in a specimen

Scale factor; in connection with similitude, sub-
scripts 1 and 2 refer to different scales.
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Absolute brittleness, 94n. See also Appen-
dix A.

Absolute ductility, 6

Acceptance test, 5, 9, 15, 105

Acuity, 8

Affine curves, 43

Analysis, nature of the, 42, 65

Aspect ratio, 8, 46, 70, 75

A-steel, 19, 20, 46, 48, 50

Brittle fracture, 14

Brittleness, See Appendix A.
See also Complete brittleness,

B-steel, 20, 21, 50

Charpy test, 6, 7, 9, 16, 105, 132

Cleavage, ductile, 12, 17, 19, 42n, 100, 102,
131

Complete brittleness, 42, 64, 94. See also
Appendix A.

Completely brittle fraction, 95 ff

Conversion between specimen types, 16, 105,
126

C-steel, 22, 49, 50

Curve fitting, 47, 49, 87, 96

Damage, 106

Delta-T hypothesis, 38

Density of energy absorption, 7, 83, 88, 129,
130

Distribution of strain. See Pattern of distri-
bution.

D-steel, 23, 24, 51

Ductility. See Appendix A.

Ductile cleavage. See Cleavage, ductile.

Eccentricity of choice, 57

Elongation 5 1/2 percent, energy values at,

81, 88

Elongation at maximum load, 72, 81, 133

Embrittling effect of width, 66, 124

Energy density. See Density of energy ab-
sorption.

Energy transition, 12, 16, 100ff, 122

E-steel, 24-26, 51

Fitting procedure. See Curve fitting.

Flow and fracture, 126, 127, 143

Fracture, appearance of, 38-41

Fracture point, 7, 126, 130, 131

Fracture transition, 12, 38-58, 65, 124

Frequency of brittleness, 11, 38, 47, 49, 114

Full ductility, 42, 64, 74, 94

Geometrical effects, 4, 44, 70, 107

Great widths, low values at, 4, 66, 75 n, 88,
92, 108, 115, 118, 119

Half-value transition temperature, 38, 45 ff,
57

Incipient crack, 11, 13, 62, 138, 143

Iterative procedure, 45, 48, 113

Limit design, 127

Linearized cbf, 98

Load-elongation curves, 11, 62, 63, 72, 80 ff,
95, 111, 112, 130ff

Localization, 130, 134

Localization factor, 136ff

Low temperature tests, 16, 94n, 122

Luders bands, 13, 128, 136

Lumping, 13, 135

Material tests, 9, 15, 107

Material variations. See Metallurgical dif-
ferences.

Maximum load, 11, 62, 64

Median steel, 49, 66, 88

Ii IRW I = 1 il1lM
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Median temperature, 45 ff

Medium steel, 44

Metallurgical differences, 4, 9, 10, 44, 48,
50-53, 65-66, 70, 74, 81-85

Methodical variations, 9, 42, 44, 45, 74

Mixed fracture, 110 ff

temperature effect, 121

Model, 127, 134

Parameters, 2, 8, 43, 65, 126

Partial brittleness, 95. See also Appendix A.

Pattern of distribution, 6, 8, 13, 70, 72, 79,
126, 135 ff

Pedigreed steels. See Project steels.

Percent shear, 12, 19 ff, 32

correlation with energy, 113

Perfect plasticity, 143

Permissible stress, 61

Pre-crack and post-crack energy, 7, 11

Post-mortem data, 61

Project steels, 2, 74, 97

Random variations, 44, 47, 48

Rolling, metallurgical effect of, 83

Rupture, energy to, 106

Sampling, 4, 10, 45, 49

Scatter, 9, 47, 56, 58, 65

Segregation of geometrical from metallurgical
effects, 83

Service conditions, 13n, 15

Ship steel. See Medium steel.

Shock loads, 61, 106

Similitude, 70, 79 ff, 108

Size effect, 1, 2, 6, 12. See also Similitude,
Width-effect.

Small specimens, 17, 105, 108

Specific energy. See Density of energy ab-
sorption.

Standard transition, 11, 47, 54-55

Strain distribution. See Pattern of distribu-
tion.

Strength, 61, 62, 137

Stress-strain curve, 7, 126, 132

Subductile behavior, 64. See also Appendix
A.

Subgroups, 11, 19ff, 42, 43, 50-53, 74

Surface energy of fracture, 108

Symbols, 132. See also Glossary.

Tear test, 6

Temperature effect, 8, 98, 114, 134

Tension test, 5. See also Appendix A.

Thickness effect, 70, 83, 108

Transition temperature, 11, 38 ff, 50. See
also Energy transition.

Transition zone, 11, 38

True stress, 80. See also Appendix A.

T-steel, 27-33, 46, 51-52, 74

Ultimate tensile strength, 137

Wide-plate specimen, 3, 38, 106, 126

Width-effect,

on completely brittle energy, 115

on energy to maximum load, 72, 78, 83

on energy to rupture, 109

on fracture transition, 60

on strength, 137

on subductile behavior, 96 ff, 113

theory of, 137, 138

Zero slope, point of, 80, 95

Zones, 13, 127, 134. See also Lumping.
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