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The Shape of the Keck and the Fracture of Tension 
Specimens. 

SUMMARY 

The following general results have been found for 

necking and fracture In tensile tests. 

The ratio of the radius of the neck to the radius 

of curvature of the contour of the neck at minimum cross 

section Increases continuously with increasing strain 

but at a decreasing rate from a value zero at the in¬ 

ception of necking to a value of the order of 2 at 

natural strains of the highest reached in this work. 

This ratio is a function primarily of strain (Fig. 4), 

and is nearly independent of the material. 

Y/ith the inception of necking the stress at the 

minimum cross section changes from a uniform tension to 

a system in which a hydrostatic tension is superposed 

upon a uniform tensile stress. The hydrostatic tension 

increases from zero at the surface to a maximum at the 

axis. The ratio of the hydrostatic tension to the 

uniform tensile stress is a function only of the ratio 

of the radius of the neck to the radius of curvature 

of the contour. Since the latter ratio is primarily a 

function only of the strain, the former ratio is also 

(Fig. 5). 

As the strain at fracture is Increased by an 

Increase in applied hydrostatic pressure, the area of 



the tensile failure in the cup diminishes and disappears 

at pressures of the order of 200,000 to 300,000 psi. 

Thereafter the entire failure is by shear (Figs. I5-2O). 

The change in character of the fracture appears*to be 

a legitimate pressure effect and is not an incidental 

result of the geometry (great necking) accompanying 

fracture under pressure. The natural strain at fracture 

is established to be approximately a linear function of 

the hydrostatic pressure in the medium in which fracture 

is produced up to pressures of approximately 400,000 pel, 

twice the range in which the linear relationship has 

been previously established. The linear relation appears 

to continue to hold without Important modification when 

pressure passes through the value at whiçh the tensile 

fracture disappears. 

Fracture occurs under the conditions of these tests 

when the mean of the principal stresses reaches a criti¬ 

cal value. This critical value is unchanged by a change 

in an externally applied hydrostatic pressure or by a 

change in the contour of the neck by machining. If it 

is assumed that fracture occurs at a critical mean stress, 

that the strain hardening curve is linear, and that the 

relation between hydrostatic pressure and strain at 

fracture is linear, the ratio of radius of the cross 

section to the radius of curvature of the contour is de¬ 

termined as a function of the strain. The ratio determined 

in this way agrees approximately with the experimental 
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values. The mean stress criterion for fracture fixes 

the pure hydrostatic tension at which fracture occurs 

without strain ("cohesive strength"). This turns out 

to be smaller than usually supposed. 

RESULTS AND DISCUSSION 

This report is divided into two parts: in the 

first a general Investigation is made of the variation 

of the shape of a tension specimen In the neighborhood 

of the neck, and in the second a beginning is made of 

a general investigation of the subject of fracture. 

The two parts play into each other, because the actual 

stresses in a tension specimen at the moment of fracture 

are not given directly by the measured loads, but must 

be obtained by calculation, and the shape of the neck 

is an important factor in this calculation. As in 

previous reports, a particular feature of the experiments 

has been the covering of a wide range of strain by 

utilizing the effect of high hydrostatic pressure in 

increasing ductility. 

_ » 

Parl The Shape of the Neck of Tension Specimens. 

The stress in the neck of a tension specimen Is 

not uniform across the section. In a specimen pulled 

under ordinary conditions at atmospheric pressure the 

stress consists of a longitudinal stress uniform across 

the section with a superposed hydrostatic tension 



(three equal positive components of principal stress) 

which varies from zero at the outside surface to a 

maximum on the axis. Proper consideration of the effect 

of stress distrioution materially modifies the simple 

picture which is obtained when the average longitudinal 

stress is considered to be the only stress component. 

The modification affects both flow phenomena and fracture 

phenomena. With regard to flow, the significant flow 

stress is that which prevails at the outer surface of 

the neck where the stress reduces to a single longitudinal 

component; this longitudinal component is less than the 

average longitudinal stress across the neck, so that 

the efffect of recognizing the stress distribution in con¬ 

structing a curve of flow stress versus strain will be 

to lower the curve. The factor by which the points on 

the flow or strain-hardening curve are to be lowered is 

a function of the shape of the neck, that is, of the 

ratio of the radius of the cross section of the neck to 

the radius of curvature of the contour of the neck 

(a/R in Figure 1). The average stress must be divided by* 

(1 + 2 §) loge (1 + ^ to get the corrected flow stress. 

For average grades of steel this means, to give a single 

example, that if necking corresponds to a reduction of 

area of 67 per cent, the corrected flow stress will 

be approximately O.S of the average longitudinal stress. 

With regard to phenomena of fracture the effect of 

taking account of stress distribution is even more important. 

*P. V. Bridgman: ^Stress Distribution at the Neck of a 
Tension Specimen". ASH Preprint, 19^3* 
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Fracture in a tension specimen starts on the axis, 

where the mean hydrostatic tension (one third the sum 

of the three principal stress components) is a maximum 

and where the britileness produced by the hydrostatic 

pressure is therefore also a maximum. Fracture involves 

the entire stress system, and in reporting the results 

of a fracture both the longitudinal and transverse 

components on the axis should be given. On the axis 

the transverse components are equal to l°£e ^ + 

times the flow stress. In the example above, where the 

reduction of area was 67 per cent, the transverse com¬ 

ponent of stress on the axis is approximately 0.4 of 

the average longitudinal stress. 

Á complete report of the results of a flow or 

fracture experiment for strains greater than that which 

corresponds to the beginning of nechlng demands, therefore, 

that the shape of the neck, or the ratio a/R, be de¬ 

termined in addition to the average longitudinal stress. 

The importance of knowing this ratio is greater the 

greater the reduction of area. A complete theory of the 

plastic flow in a tension specimen should give a/R in 

terms of the strain hardening data for any degree of 

necking. One would perhaps expect in general that for 

a given degree of necking a/R should be greater the 

greater the slope of the strain-hardening curve. However, 
P ( 

if one attempts to work out a theory on this basis one 

encounters difficulties. One may seek for a connection 
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between the Increase of cross section as one moves away 

from the neck and the corresponding change of strain, 

but on working out the details it vrill be found that 

the first derivative of the strain vanishes at the neck, 

so that the condition will have to be a condition on the 

second derivative of the strain. Any such condition would 

appear not likely to lead to a sharp condition on the 

first derivative or slope of the strain-hardening curve, 

and one might even draw the conclusion that the slope 

of the strain-hardening curve cannot greatly affect the 

shape of the contour. However this may be, the mathe¬ 

matical solution has not yet been obtained that gives 

a/R in terms of other measurable quantities, and the 

subject has to be treated on an empirical basis. 

The experimental problem is to find a/R as a function 

of strain at the neck for a number of steels of varying 

compositions and with different strain-hardening curves. 

If it should fortunately prove that a/R is not sensitive 

to the kind of steel or the slope of the strain-hardening 
' 

curve, then the same correction for stress distribution 

could be made for all steels at the same reduction of 

area, and it would not be necessary to make a special 

determination of a/R in addition to the conventional 

reduction of areavfor each tensile test. In any event , 

it is to be anticipated that certain experimental regu¬ 

larities will be found so that for any particular grade 

of steel the correction for stress distribution could 

» 
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be made by referring to a previous experiment on a 

similar steel. 

A large mass of experimental material is now at hand 

bearing on this question; this includes former experiments 

in which the relevant data were collected only inci¬ 

dentally and which have not yet been reported in detail, 

and new experiments made for this particular purpose. 

In general a number of specimens should be examined for 

any one grade of steel to avoid error from scattering 

of the individual points. Most of the former measurements 

not directed to this explicit purpose suffer from the 

disadvantage that only two points were determined for 
I 

any particular grade of steel, and this is not sufficient. 

In order to obtain a wide range of strain without 

fracture the tension specimens were pulled, as usual, 

in a medium under hydrostatic pressure, The pressure 

might range as high as 400,000 psi; the precise value of 

the pressure might vary somewhat with the desired amount 

of strain. The precise details are unimportant, since 

previous work has snown that flow phenomena are little 

affected by hydrostatic pressure; this is confirmed by 

the fact that in the present work no correlation could 

be found between pressure and a/R. Measurements of 

stress versus strain under pressure were made according 

to the regular routine, so that data are at hand for the 

complete stress-strain curves; however it is only the 

maximum points on the curves that are used here. After 



termination of the pressure part of the experiment, the 

dimensions of the specimen were measured at atmospheric 

pressure. If the amount of necking was only slight, the 

radius of curvature of the contour was obtained by calcu¬ 

lation from measurements of the diameter at points spaced 

along the axis at O.O5 cm intervals symmetrically on both 

sides of the neck. If the radius of curvature was smaller, 

so that the outline was not appreciably circular over a 

distance of at least one millimeter, the radius was 

determined in a special appliance by which a long tapered 

conical pin was rested on the contour and slid back and 

forth until the contact with the neck appeared best to 

the eye, after which the diameter of the cone at the 

place of contact was measured. 

If it is desired to obtain a connection beiveen strain¬ 

hardening and a/R, then the reduction of area under the 

tensile load must not be pushed beyond the point where 

the accuracy of the stress determination is materially 

reduced because of reduction of the total tensile load. If, 

however, the interest is in a/R as a function of strain, 

necking can advantageously be pushed considerably further, 

because now the necessary measurements are purely geometrical 

and can be made with the requisite accuracy. Even here, 

however, there is a limit to the reduction of area com¬ 

patible xvith significant results. When the reduction is 

pushed to an extreme, geometrical irregularities become 

prominent: the section of the neck is no longer circular, 

g 



the radius of curvature of the contour varies with 

azimuth about the longitudinal axis, the exterior surface 

at the narrowest part of the neck becomes rough and 

coarsely granular in structure, and, in some grades of 

steel in particular, longitudinal folds and ridges make 

their appearance. The latter effect, longitudinal folds 

and ridges, is probably associated with the presence of 

small scale inhomogeneities or dirt in the steel, but 

the other effects are shown by all steels and are probably 

associated with finite grain size. Much the same sort of 

thing has been round in studying the collapse of hollow 

cylinders in õhe fourth report; if collapse is pushed too 

far the original circular figure is lost and the cavity 

becomes polygonal in outline, different edges of the 

polygon being contributed by different grains. In the 

steels studied here geometrical irregularities become un¬ 

comfortably prominent at natural strains greater than 

about 4, that is, for extensions greater than or 60 

fold. For other metals, in particular copper and aluminum, 

geometrical Irregularities become prohibitive at smaller 

strains. Thus a particular specimen of commercial aluminum, 

when pulled to an extension of 15 fold, exhibited a neck 

diameter 35 Per cent greater at the maximum than at the 

minimum and a contour which in one azimuth had a sharply 

reentrant angle (zero radius of curvature) and in another 

azimuth was flat for a length of the order of magnitude 

of the radius (infinite radius of curvature). 

“9“ 



Three special steels were Investigated in the 

present work. These v/ere coinmercial annealed bar stock 

5/2 to 1/2 inch in diameter of SÂE specifications 1315 

(manganese steel), 2320 (nickel steel), and 4l40 (chromi¬ 

um p^eel). The Rockwell C hardnesses of these were 

respectively: 21.1, 29.1, and 3^*5* Four specimens of 

each of these were measured in the strain range up to 

2.5. not too high to give good values for the flow stress 

In addition, and primarily for other purposes described 

in the second part of tills report, measurements were made 
# 

on four different heat treatments of a 10^5 steel. For 

two of these heat treatments a/R was determined for only 

two specimens, but enough measurements were made on the 

two other treatments to be significant; these are the 

A5 and Ao series described in detail in the second part 

of this report. The numerical results of the measurement 

for the three special steels are given in Table I and 

those for the A5 and A6 series in Tables III and IV in 

the second part. The results are shown graphically in 

Figures 2 and 3; In Figure 2 a/R is given as a function 

of the natural strain, and in Figure 3 the flow stress, 

corrected for stress distribution as already outlined. 

The individual points for the three SAE steels show an 

unusual degree of regularity in both figures. Further¬ 

more, the a/R points for these three steels all lie on 

a single curve within the limits of error, in spite of 

the fact that the strain-hardening curves of these steels 

10- 



as shown In Figure 3 iiave different heights and somewhat 

different slopes. The ooints for the two IOh-5 steels for 

some reason are much less regular; hovrever, there would 

seem to be little doubt that the a/R points for them lie 

appreciably below the curve for the three SA£ steels, 

whereas their strain-hardening curves lie little If any 

below that of the lowest of the 3AE steels. There would 

appear therefore to be a variation in a/R beyond the 

limit of experimental error, but this variation does not 

appear to be correlated with the strain-hardening curve. 

In order to exhibit the effect of a still wider variation 

in the strain-hardening curve, the points for the heat 

treatment of the 104-5 steel which gave the highest lying 

strain-hardenj-ng curve, the Ay series, are also given 

in Figures 2 and 3, although only two specimens were 

measured. The stress-strain curve of this heat treatment 

is markedly higher than the highest of the SA£ steels, 

and its slope is also greater, but the a/R points lie on 

the same curve. 

In Figure 4- all the observed values of a/R measured 

in my experiments to date are plotted against strain. 

Host of the points are plotted indiscriminately, without 

attempting to group the points obtained from the same 

grades of steel. Included are all the values for different 

heat treatments of 104-5 steel investigated for the 

Arsenal both in this and previous reports, values for a 

number of different compositions of armor plate determined 
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in connection with a contract with the N.D.R.C., and 

several points for materials different enough from the 

average to demand separate designation, as shown in the 

rubric in Figure 4. This includes the points for a soft 

1020 steel determined for the Arsenal, and special 

measurements of my own on brass, a bearing bronze, and 

"Ketos" steel treated to a Rockwell C of 52.5 an^ with a 

stress-strain curve lying much higher than that of any 

of the other steels. 

Examination of Figure 4 shows that there is no con¬ 

sistent variation of a/R with the properties of the 

material large enough to attempt to take into account 

for general purposes, and the points may be represented 

by an average curve. By the use of the average curve it 

should be possible to describe the stress distribution for 

any steel with a fair approximation, given only the 

natural strain. That is, for most purposes a special 

measurement of the radius of curvature of the contour of 

the neck may be dispensed with. We may illustrate the 

magnitude of the possible error by supposing a case 

representing the extreme divergence of any of the points 

shown in Figure 4-. Thus consider a steel stretched to 

a natural strain of 3 with a mean longitudinal stress 

(tensile load divided by the neck area) of 200,000 psi, 

and suppose that the actual value of a/R for this 

specimen is that which is normally, that is according to 

the curve, associated with a strain of only 2. Then the 

-12- 



flow stress for this specimen, calculated by using the 

curve, would be 1^7,000 psi against a correct flow stress 

of 155,000 psi, and the hydrostatic tension on the axis 

arising from necking calculated by using the curve \irould 

be 95,000 psi against a correct value of S3,000 psi. 

It should be remarked, however, if use is made of 

these results under conditions wider than those covered 

in these reports, that all the specimens included in 

Figure 4, with two exceptions, had an initial ratio ol 

length to diameter somewhere in the neighborhood of 3» 

It is conceivable that this ratio may have some effect on 

a/R, and this possibility should be kept in mind. It is 

probable, however, that any such effect would be most 

noticeable at small strains and that at large strains any 

initial effect would be wiped out by the large distortion. 

In an attempt to throw experimental light on this question 

two specimens are made with twice the usual ratio of 

length to diameter; wider variation was not feasible 

within the limitations of the present apparatus. The re¬ 

sults for these two specimens are shown by the accented 

points in Figure 4. It would appear that any effect of 

ratio of initial length to diameter is not large, but the 

number of observations is too small to justify any more 
!» 

definite conclusion. 

Assuming a universal relation between a/R and natural 

strain for all materials, it is possible to make a table 

giving the effect of stress distribution, that is, to give 

-13- 
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the factors by which the average longitudinal stress 

across the neck must be multiplied to give the flow stress 

at the outer surface (where there is no other stress com¬ 

ponent under normal conditions), and the hydrostatic 

tension arising from necking on the axis, where rupture 

begins. Table II gives the numerical results, and Figure 5 

shows them as curves. The values are slightly different 

from those which were first obtained on the basis of fewer 

data and which were used in the third report, for example, 

and correspond to an a/R versus strain curve lying somewhat 

lower than the curve first used. 

Part II. The Effect of Hydrostatic Pressure on 
Tensile Fracture. 

Not only does hydrostatic pressure alter the longi¬ 

tudinal stress component associated with the fracture of 

a tension specimen but it alters the character of the 

fracture. The object of the present investigation was to 

throw further light on the problem of fracture by studying 

fracture over a wide range of hydrostatic pressures, this 

permitting a continuous variation in the character of the 

fracture. It has already been established that the 

character of the fracture of a steel which normally ex¬ 

hibits a cup-cone break changes with increasing pressure 

in such a way that the tensile part of the fracture dis¬ 

appears at pressures in the neighborhood of 200,000 psi 

and above this the fracture is entirely shearing. One 



specific problem for the present Investigation was to 

find whether there are other observable discontinuities 

accompanying the change in the character of the fracture; 

in particular ie there a change in the slope of the curve 

which plots the strain at fracture against the hydrostatic 

pressure at fracture on passing through the critical 

pressure 200,000? Another question was whether the change 

in the character of the fracture is a pure pressure effect 

or whether it is an incidental effect of the geometry, 

fracture with Increasing pressure taking place with a 

progressive increase in a/R. It is conceivable that the 

change in the character of the fracture may be associated 

with a critical value of a/R. 

In studying fracture, tests were made on four differ¬ 

ent heat treatments of a 10^5 steel. The original bar 

was cut to 14 inch lengths for heat treatment, and all 

pieces of the same nominal treatment treated together in 

the same heat of the furnace. The specimens are desig¬ 

nated as follows. The first tvro symbols designate the 

heat treatment: 

A5, quenched into salt at 1100° F from 1575°• 
Rockwell 3 bp.5* 

Ab, quenched into salt at 800° from 1575°• 
Rockwell B 91»7* 

A7, quenched into water from 1575° an<^ drawn at 800°. 
Rockwell C, 40,3. 

A8, quenched into water from 1575° and drawn at 1100°. 
Rockwell C, 21.0. 

The next symbol, a letter after a dash, denotes from which 
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one of the l4 inch lengths the specimen was cut. 

There were five lengths in the batches A5 and A6 and 

hence letters A, 3, C, D, E, but only two lengths in 

batches Ay and Ag. The final figure in the designation 

shows the position in the short length. Thus the 

specimen designated A5-CI is the first specimen cut 

from length C of the batch which was quenched into salt 

at 1100° from 1575°• All the lengths of treatments A5 

and A6 were cut from the same original bar. Due to an 

accident in tbe treatment, the batch intended for *7 

was lost. The damaged batch was replaced by two lengths 

from another bar, ostensibly of the same composition. 

The program was to first establish the stress-strain 

curve for each treatment by pulling several samples by 

an appropriate amount short of fracture, and then to 

fracture a number of specimens at various pressures 

spaced over the entire range. The details of the appa¬ 

ratus and method viere the same as in previous reports 

and need not be described further here, host of the 

fractures below 200,000 were made in a second appa¬ 

ratus, not hitherto used in the work for the Arsenal. 

This apparatus has been previously used for extensive 

work for the N.D.R.C. and is practically identical with 

the other. 

In addition to the measurements of the various 

forces and the measurements of a/R of the unfractured 

specimens described in the first part of this report, 



measurements were made of the area of the tensile part 

of the fracture of the fractured specimens (area of the 

bottom of the cup), and the ratios of this area to the 

total neck area are tabulated. The methods of measuring 

the fracture have been described in detail in a recent 

N.D.R.C. report. 

The numerical results are given in Tables III, IV, 

V, and VI. Several cases will be noticed in which no 

values are given for the various fracture stresses; these 

are cases in which the reduction of area was so great as 

to seriously diminish the accuracy of measurement of the 

tensile load. The reduction of area, however, could be 

measured with sufficient accuracy in most of even these 

cases. The ''corrected flow stress" of column 7 is 

obtained from the "uncorrected flow stress" of column 6 

(which is merely the tensile load divided by the actual area) 

by multiplying by the factor described in the first part 

of this report. In those cases in which a/R was directly 

measured the factor used was the theoretical factor 
___ 1__ 
(l + 2 1^) loge (l + i? as in third column of 

Table II. If the value of a/R was not directly measured 

the corresponding factor was taken from the curve of Figure 5 

in terms of the' known strain at fracture. Column 8, the 

hydrostatic tension on the axis arising from necking, is 

obtained by multiplying column 6 by the factor T~+~g ^ 

in those cases where a/R was directly measured, or in 

other cases by the factor listed in column 4 of Table II 



or given graphically in Figure 5* The "stress com¬ 

ponents at fracture" in columns 9, 10, ancL 11 are the 

"total stresses" on the axis, the resultant of the 

hydrostatic pressure of column 2, the flow stress of 

column 7, and the hydrostatic tension produced by necking 

of column S. In particular, rr and 90, columns 9 and 10, 

are column 6 minus column 2; zz, column 11, is column 7 

plus column 9 °r 10. Column 12, the mean equivalent 

hydrostatic tension, is one third the sum of columns 9, 

10, and 11. 

In Table VII are collected various data concerned 

with specimens dealt with in previous reports but for 

which all the data were not then given, since they were 

not pertinent to the purposes of those reports. In 

particular, the values of a/R were not given, nor the 

ratio of area of tensile break to total neck area. In 

addition, the corrected flow stresses at fracture are 

slightly modified in most cases in comparison with those 

given in previous reports because of the use of the 

improved average curve for a/R as a function of strain. 

The series All, AIII, AIV has not previously been given 

in any report. This is a 1045 steel, quenched into water 

from 1450° and drawn at 900° for one half hour. The bar 

from which these specimens were cut was later discarded 

on discovery of a flaw in the bar; however the specimens 

listed here do not seem to have been affected by the 

flaw and should be significant. The series A1, A^, A^, 
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k^, and are the same as In the first report. For con¬ 

venience of reference the heat treatments are repeated 

here. They are all 104r steels. 

A1, quenched into water from 1450° and drawn at 9OO0 
for one half hour. 

A^, "as received". 

A_, quenched into water from 1^75° and- drawn to 000°, 
2 (same treatment as Ay series above). 

A_, quenched into salt at 300° from 1575° (same 
3 treatment as a6 above). 

Ah, quenched into salt at 1100° from 1575° (same 
treatment as A5 above). 

These five series were all from the same original bar, 

different from that of A5 to k6 above. 

At the end of Table VII are certain data for "Ketos" 

steel, obtained some time ago in my own worlc and not as a 

part of the formal Arsenal program. The interest in these 

data is that the steel is much harder than any of the 

others examined here. Ketos is a well known brand of 

tool steel; a typical composition as given by the manu¬ 

facturers is: C 0.90» Mn 1.20, Si O.25, Or O.5O, W 0,50. 

Samples I to IV were quenched in oil and drawn at 65O F 

to a Rockwell C hardness of 52.5. The sample designated 

"glass hard" was quenched in oil and the strains relieved 

in boiling water, giving a Fc^Vwell C of 65. Considerable 

difficulty was experienced, particularly with the glass 

hard steel, because of fracture elsewhere than at the 

narrowest part of the section because of the effect of 

stress concentration. The final specimen of the glass 

aA'1* 



hard temper was made in the shape of a long double cone 

of approximately 15° double cone angle, with a straight 

part between the two cones, and an area at the base 

of the cone five times that at the narrowest section. 

All potential angles were rounded off. The direot 

measurements of a/R tabulated for specimens III and IV 

were made on the fractured pieces, contrary to usual 

practice. In these cases the shape of the fragmented 

pieces was such as to indicate that the error from dis¬ 

tortion in the moment of fracture was small. The values 

given for a/R are each the mean of four independent 

measurements in four different orientations of the 

specimen. For one specimen the divergence from the mean 

of the most divergent individual reading was 12 per cent, 

and for the other 6 per cent. The glass hard specimen 

broke with no perceptible necking, although with a 

measureable reduction of area, and therefore with an 

observed a/R equal to zero. 

In Table VIII revised and amplified values are given 

for the 9 specimens prestrained under pressure in tension 

and afterwards ruptured in tension at atmospheric pressure 

which were described in Part I of the third report. The 

a/R data for the first pulling under pressure of this 

series have already been given in Table VII. In Table VIII 

is given the a/R prevailing at the instant of fracture on 

the second pulling. SAtisfactory values for this could 

not usually be obtained by direct observation, since there 
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Ib too much distortion of the contour at the Instant of 

fracture. The values listed were obtained as follows. 

It happened that the fracture of specimen A^X was of 

such a character that an unusually large part of the 

contour was left on one of the fractured halves, so that 

it seemed safe to assume that the contour of this par¬ 

ticular specimen had not been seriously distorted in the 

act of fracture. The a/R ^ this specimen was 0,72. 

The initial value of a/R when pulling starts at atmospheric 

pressure is the value given by the machining operation 

and was directly measured; its average value for all nine 

specimens was O.15. The corrections for flow corresponding 

to an a/R of O.72 and O.15 were evaluated, and a straight 

line drawn through the two points in a plot of correction 

versus the natural strains, which were 0.93 corresponding 

to — = O.15, and 0.64 corresponding for a/R = O.72. The 
R 

flow correction at fracture for any particular specimen 

was then assumed to be the value given by the straight 

line, the corresponding natural strain being Itnown. The 

total range for the correction factor v/as from 0,93 

0.64; this range is so small that linear interpolation 

should not give a result anywhere in serious error. The 

a/R of column 5 of Table VIII is the a/R corresponding 

according to Taole II with the linearly interpolated 

correction factor. The "extrapolated corrected flow stress 

at fracture" of column 7 ^-8 corrected flov* stress 

extrapolated linearly to the observed natural strain at 
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fracture, assuming In the extrapolation the average 

slope of the stress-strain curve given by the series of 

readings below fracture. In the third report the 

actually observed fracture stresses xvere given; these are 

unsatisfactory, as mentioned in the report, because of 

difficulties of observation. The new procedure seems 

definitely preferable. The result is that the entries 

of column 7 of Table VII are always less than the "cor¬ 

rected true stress" at fracture given as the last entries, 

in parentheses, in column 7 of Table II of the third 
* 

report. The other entries of Table VIII were obtained by 

procedures already described. 

The tabulated data are now shown graphically. First 

the experimental values of the flow stress are shown as 

a function of natural strain for the series A5, AS, A7, 

AS, and Ag in Figures 6 to 10. The values corresponding 

to non-fracture of the specimen are shown as simple 

circles, and the points corresponding to fractured 

specimens as dashed circles. The former are less subject 

to experimental error, and have been given somewhat 

greater weight in drawing the straight lines representing 

the stress-strain relation. It is to be commented, 

however, in this connection, that because of the experimental 

setup the points corresponding to fracture shown in 

Figures 6 to 10 are much less subject to error than the 

points determined at atmospheric pressure for the A^ 

series fractured after prestraining and discussed in 
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Part I of the third report. The fracture points of 

Figure 6 to 10 were obtained in the high pressure 

apparatus; the tensile load itself was not measured 

at the instant of fracture but only the strain, and 

the tensile load for fracture was obtained by an ex¬ 

trapolation according to strain. The pre-strained 

specimens broken at atmospheric pressure were handled 

in another apparatus and the fracture stress determined 

from the best reading that could be made of the in¬ 

stantaneous tensile load at the moment of fracture. Since 

the load was varying rapidly just before fracture, this 

procedure may give considerable error, and furthermore 

appears to have the disadvantage of giving results con¬ 

sistently too high. It is for this reason that the 

fracture stresses of the pre-strain specimens have been 

revised as described on page 20. 

The straight lines of Figures 6 to 10 are collected 

in Figure 11. Except for Ab, which is slightly out of 

line, the usual correlation is shown between slope and 

absolute height of these lines. The absolute values 

may be expected to be somewhat different from previous 

values because of the effect of the correction for stress 

distribution across the neck. The approximate location 

of the line for drawn Ketos is also shown; there is, 

however, more uncertainty with regard to this than the 

others. 

In Figure 12 the hydrostatic pressure prevailing at 



the Instant of fracture is shown plotted against the 

natural strain at fracture. The data for five series 

of 1045 steel are extensive enough to Justify plotting 

in this way. In addition, the points for drawn Ketos 

are also included to show what sort of effects may be 

expected in much harder steels. In order to be signifi¬ 

cant, the data for these curves should be obtained under 

comparable conditions. This demand is satisfied because 

the points shown all refer to specimens of the same 

initial proportions, broken by an uninterrupted uniform 

increase of tension and pressure. Obviously points 

obtained by any drastically different procedure, such as 

interrupting the application of the load and refigurlng 

the specimen before fracture, would not be expected to 

lie on the curves. Thus the point for A5-A7 in Table III 

would not be expected to lie on the curve, as indeed it 

does not. It has already been found that up to the 

pressures at which the tensile part of the break disappears 

that is, up to pressures between 200,000 and 250,000 psi 

in the case of the 1045 steels, the relation between 

natural strain at fracture and hydrostatic pressure is 

approximately linear. Figure 12 indicates that the re¬ 

lation continues approximately linear up to twice that 

pressure. It is true that if the points for the A5 

and AS series were considered on their own merits in 

Isolation from the others it might be concluded not only 

that there is a break in the direction of the line between 



200,000 and 250,000, but that there le also a break 

in the line Itself. It Is obvious from the physics 

of the situation, however, that the line Itself must 

be continuous, so that the apparent discontinuity 

must be a chance result of the scattering of the 

points due to experimental error. However, the question 

might well receive further experimental investigation; 

the measurements are difficult, particularly at high 

pressure where necking is great and the distortion in 

the act of fracture great enough to introduce error 

into the determination even of the correct neck diameter 

and hence of the natural strain at the instant of 

fracture. This source of error might perhaps be smoth¬ 

ered by making many experiments. It is also to be 

remarked that similar sets of measurements are in pro¬ 

cess of being made on a number of different steels for 

the N.D.R.C. and one of these shows a disturbance of 

slope at high pressures which possibly is not accidental. 

For the present the only Justifiable conclusion would 

seem to be that there is at any rate no large disturbance 

of the slope of the curve plotting natural strain at 

fracture against pressure at which fracture occurs on 

passing through the pressure where the tensile part 

of the fracture disappears. This conclusion holds whether 

or not the curve is linear’. The points both for the Ag 

series and for drawn Ketos lie smootily on curves con¬ 

cave toward the axis of strain; the number of examples 
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is too small to Judge whether this departure from 

linearity may be due to accidental error or not. 

In Figure 13 the ratio of the area of the tensile 

fracture to the total area of the neck is plotted 

against the hydrostatic pressure at the Instant of 

fracture. The matter has already been discussed in an 

N.D.R.C, report; these new results agree qualitatively 

with those previously found. The tensile part of the 

fracture disappears at high pressures; at lower pressures 

there is an approximately linear relation between the 

pressure at which fracture occurs and the ratio of the 

areas. If there is any consistent deviation from line¬ 

arity it is probably in the direction of convexity 

toward the pressure axis, which would mean some indefi¬ 

niteness in the pressure at which the tensile fracture 

vanishes. This is suggested most strongly by the A5 

series above; however the scattering of the points is 

too great to make this conclusion secure. Figure 13 

suggests that there may be a correlation between the 

pressure at which tensile fracture disappears and the 

strain-hardening curves of Figure 11, the pressure of 

disappearance being greater the greater the slope of 

the strain-hardening curve and the greater the absolute 

value of the flow stress, A correlation of this sort 

is made much more probable on Including the results for 

the drawn Ketos, One might perhaps also expect a 

correlation with the appearance of the fracture at atmos- 
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pherlc pressure, but in this regard the results are 

not unambiguous. In the 1045 steels the tensile part 

of the fracture at atmospheric pressure becomes less 

extensive in the direction of increasing hardness 

(the A? series has the smallest ratio at atmospheric 

pressure), but the direction of variation of the ratio 

reverses and increases to nearly unity on passing to 

the Ketos steel. 

An attempt was made to answer the question whether 

the disappearance of the tensile fracture above a certain 

pressure is a legitimate pressure effect, or whether 

it is associated with the change of shape (increasing 

a/R) which accompanies increase of pressure, by arti- 

flcilly changing the geometrical shape. Specimen A5-A7 

(Table III) was first pulled to a strain of I.69 u?ider 

a hydrostatic pressure of 227,000 psl. This is safely 

below the fracture point, which at this pressure may 

be expected to occur at a strain of 3*2 (Figure 12). 

Pressure was now released and the specimen machined to 

the shape of a double cone as indicated in Figure l4. 

The angle between the generating lines of the cone and 

the axis was 8,6°. The generating lines of the opposed 

cones were not continued to Intersection but the inter¬ 

section was rounded to a circular contour with a/R equal 

to 0,078. In the machining the diameter at the narrowest 

part was reduced from 0.175 0,169 surface 

was polished and made as free from scratches as possible. 
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The angle of the cone was not made smaller for fear 

that the fracture would not come at the original neck; 

It is known that If a specimen which has been necked 

in tension is refigured by giving it a cylindrical 

figure \’he fracture on the second pulling will not 

occur at the original neck, an obvious result of in¬ 

homogeneous strain-hardening. After machining the 

specimen was replaced in the pressure apparatus and 

broken in tension at a pressure of 267,000 pel, some¬ 

what higher than the previous pressure and not far from 

the pressure at which Figure 13 would indicate that 

the tensile break should entirely disappear. The ad¬ 

ditional strain to fracture on the second pulling was 

2.74, making a total strain at fracture of 4.4-3, and 

the a/R at fracture was of the order of 1.0, a figure 

which could be established only roughly by examination 

of the fragmented segments. This value of a/R, crude 

as it doubtless is, is nevertheless impossibly out of 

line with the value that would be associated with a strain 

of either 2.74 or 4.43 attained with a single application 

of pressure (see Figure 5)» thus showing the effective¬ 

ness of the refiguring operation in drastically changing 

the geometry. The point now is that the fracture was 

entirely shearing in character; if the specimen had been 

broken on the initial application of pressure at a strain 

of 2,74 a hydrostatic pressure of about 175,000 pel 

would have been necessary (Figure 12), and at this pressure 
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about 0.1 of the neck area or O.3 of the neck diameter 
would have been occupied by the tensile fracture. Or 

if the fracture on the initial application had occurred 

when a/R had attained a value of 1, about 0.4 of the 

neck area would have been occupied by the tensile fracture. 

According to either method of computation it would thus 

appear that the disappearance of the tensile break and 

the assumption of exclusively shearing characteristics 

is at least in large part a legitimate pressure effect, 

and is not associated exclusively with the incidental 

geometry, another method of attack was applied to the 

same question. A virgin specimen of the A6 series was 

machined so as to have the shape of a specimen necked 

by pulling under hydrostatic pressure to an a/R value 

of 1.86. It will be found from the data given for the 

A6 series that when pulled under pressure the tensile 

fracture disappears for values of a/R greater than 1.75* 

The virgin specimen with the artificial neck was now 

broken at atmospheric pressure. The fracture was of the 

conventional cup-cone type and the tensile part of the 

fracture occupied 43 per cent of the cross section, which 

according to Figure 13 is approximately the value for 

a conventional straight tensile specimen fractured at 

atmospheric pressure. This result in itself xrould be 

nearly conclusive. In conjunction with the same con¬ 

clusion reached by the other method of attack we may accept 

as established that the change in the character of the 
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fracture is primarily a legitimate pressure effect. 

The progressive change in the character of the 

fracture with increasing pressure is shown by the photo¬ 

graphs in Figures I5 to 20 for the A6 series. There is 

a progressive change in several features of the fracture. 

The area of the tensile part of the cup-cone (flat 

bottom of the cup) becomes less with increasing pressure, 

vanishing altogether in Figure I9 and 20. A feature not 

brought out by these photographs, but well shown in a 

series of longitudinal sections made for the N.D.R.C., 

is that the tensile part of the break is always accurately 

situated at the narrowest part of the neck. The fracture 

becomes finer grained with increasing pressure, both 

on the tensile and the shearing parts; the shearing part 

eventually,becomes brightly-burnished. Up to the dis¬ 

appearance of the tensile break the shearing part of the 

fracture is situated on a cone, segments of which may 

be divided between the two halves of the specimen. .At 

pressures above the disappearance of the tensile break, 

however, the shearing fracture rearranges itself and 

ultimately takes place on a single plane, which is highly 

burnished. The angle of the shear with the axis is not 

constant in the range where the shear is situated on 

cones, but a longitudinal section shows curved surfaces 

of shearing slip, which under some conditions may give 

contours like the vortex of a whirlpool, running down 

into tubular extensions approaching parallelism with the 
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axis. This Is suggested in Figure 21, which indicates 

what happens when the cup part of the fracture is 

divided between the two halves, or when it is all 

attached to one half. The two halves do not fit to¬ 

gether. Apparently the edge of the cup gets dragged 

out by the tensile force after it has parted company 

at the center with the other half, while the parts 

still in contact are sliding over each other, pressed 

together by the hydrostatic pressure and thus being 

burnished. Under high pres^ure^rih^sicrrr'¿Teross surfaces 

slipping over each other in shear may be practically 

unimpaired, as shovm by some experiments on punching 

under pressure not yet published. A hypothetical 

intermediate stage of the fracture, before separation 

of the halves is complete, is suggested in Figure 22. 

During the process of separation the external pressure 

is tending to collapse the cavity from the sides; this 

effect will become increasingly important at high 

pressures. The combination of collapse by pressure 

and dragging out by tensile force indicates the possi¬ 

bility of considerable distortion in the act of fracture, 

and of considerable difference in shape of the two 

halves. 

The principal stress components at fracture are 

given in columns 9» an<i H Tables III to VIII, 

and in column 12 is one third the sura of the principal 

components, or the mean hydrostatic tension. In 
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Figures 6 to 10 there are plotted, In addition to the 

flow stresses, zz, the longitudinal tensile component 

of stress or column 11, which is at the same time the 

maximum tensile component, and also the mean hydrostatic 

tension or column 12. The irregularities in £z are 

somewhat greater than the Irregularities in the flow 

stress; this is not surprising because zz is somewhat 

more remote from the results of direct measurement, 

since the corrections for stress distribution arising 

from necking are greater for zz than for flow stress. 

In spite of the irregularities, however, the general 

trend of zz is quite unmistakable; it rises with in¬ 

creasing strain roughly parallel to the flow stress, 

and appears in general to be somewhat larger than the 

flow stress. The increase of zz in the range of measured 

strains is large; for example the increase for the A5 

series is by a factor of the order of magnitude of 4. 

This would seem to make conclusive the absolute un- 

tenabillty of the old maximum tensile stress criterion 

of fracture. Incidentally the untenability of the 

maximum shearing stress criterion of fracture is also 

demonstrated by inspection of the figures. It seemed 

hardly worth while to make a special tabulation of the 

maximum shearing stress, wrhich Is zz - rr, but in¬ 

spection will readily show examples of variations of 

several fold. 

The diagrams show that the mean hydrostatic tension, 
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that is, one third the sum of the principal stresses, 

is approximate^ constant at fracture. À study of the 

distribution of irregularities gives even greater weight 

to this statement than a cursory examination of the 

points themselves, because it will be seen that de¬ 

partures from constancy of the mean tension are often 

correlated with deviations in the same direction of the 

flow stress, and are thus probably associated with 

errors of observation or with flaws in the particular 

specimen. Examples of this correlation are the two points 

of the A5 series at strains of I.13 and I.56, and two 

points of the A6 series at strains of 2.37 and 2.78. The 

probablllity that there is something fundamental in the 

constancy of the mean tension is made much more impressive 

by the behavior of several exceptional specimens. Speci¬ 

men A5-A7 was, as already described, broken on the 

second pulling after refiguring, so that it broke at a 

value of a/R and a value of mean tension on the axis 

arising from necking quite out of the ordinary run. 

Nevertheless its mean tension at fracture differs from 

that of other specimens fractured under routine con¬ 

ditions by no more than the experimental irregularity 

(point at strain of 4.43 in Figure 6). Even more striking 

is the behavior of the specimens broken at atmospheric 

pressure after preliminary straining under pressure, 

given in Table VIII. The points for all the fractured 

specimens of the A^ series are plotted together in 
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Figure 23; the mean hydrostatic tension is the same 
» 

, within the limits of error both for the prestrained 

* specimens and for those broken on the initial appli¬ 

cation of pressure. 

’ 4 It is to be remarked that modification will be 

required in some of the statements of the third report 

to the Arsenal on the fracture of prestrained speciraens; 

that report was written before the role of all the 

components of stress in determining fracture was ap¬ 

preciated. 

Assuming now that the criterion of fracture is that 

the mean hydrostatic tension shall reach a critical 

value, we speculate on some of the consequences. In 

the first place, what happens when the mean tension 

reaches a critical value is that the volume has been 

distended to a definite amount; this is in virtue of 

the approximate constancy of the bulk modulus. It is 

true that the constancy of the bulk modulus in the 

plastic range appears never to have been established 

by direct experiment, but it is usually assumed to be 

true and it appears plausible enough. This means, then, 

that when the volume has been distended by a critical 

amount the structure becomes unstable. It is to be 
• 4 

asked whether this critical distension may not possibly 

be sensitive to temperature, so that increasing values 

of the mean tension at low temperatures may be looked 

for. As a rough mean value for the critical mean tension 



we may take 125,000 psi from the measurements above. 

This gives a volume distension of 0,005, numerically 

equal to the volume contraction on cooling through 

l40°C. 

The process by which the conditions of fracture are 

reached would seem to be somewhat as follows. If the 

specimen is pulled at atmospheric pressure necking 

starts when the extension has reached such a value that 

the slope of the strain-hardening curve has dropped 

below a critical value. As stretching proceeds the 

flow stress builds up and simultaneously the curvature 

of the contour and with it the radially symmetric stress 

on the axis increases. This process continues until 

the mean of the principal stresses on the axis, called 

the mean hydrostatic tension, reaches a critical value. 

If the specimen is pulled in a medium under pressure 

all the stress components are decreased by the pressure 

in the liquid, so that the strain has to proceed 

further until a greater flow stress arising from the 

increased strain-hardening at the greater strain and an 

increased hydrostatic tension arising from the greater 

necking and accompanying greater curvature together 

compensate for the hydrostatic pressure. If the normal 

process is interferred with, as by refiguring the 

specimen so that curvature of the contour is less than 

would normally be associated with the strain, then the 

hydrostatic tension arising from necking is less than 
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normal and the necking procese and with It the extension 

has to proceed further than normal to yield a mean 

tension equal to the critical value. In other words, 

it takes a greater extension to break a specimen under 

a given hydrostatic pressure in the ambient liquid 

after the specimen has been refigured to reduce the 

curvature of the contour. This is illustrated by the 

specimen A5-A7. 

It Is not possible to have simultaneously a linear 

strain-hardening curve, a linear relation between strain 

at fracture and the hydrostatic pressure at fracture, 

a constant sum of the three principal stresses at fracture, 

and an arbitrary connection between the curvature of the 

contour of the neck and strain, but there must be a 

relation between these. We will assume the linear re¬ 

lations and find what sort of a relation is demanded 

thereby between a/R and strain. If the relation so 

found checks approximately with the experimentally found 

relation shown in Figure 4, we may assume that there is 

nothing qualitatively wrong in assuming linear relations 

for the purposes of simplified discussions. 

If the strain-hardenxng curve is linear, 

^ = ao + ai loe A</A 

The hydrostatic tension on the axis arising from necking 

is F log (1 + ^ §)• A linear relation between strain 
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and hydrostatic pressure at fracture gives: 

p = bO + bi log Ajk 

where a0, a^, bQ and are constants. The stress 

coraponents on the axis at fracture are: 

rr 

99 

zz 

F log (1 + 1 - p 

F log (l + A Ü) - p 
2 R 

F jl + log (1 + 1 g), - P 

’«Thence the mean hydrostatic tension, or one third the 

sum of the principal stress components, is: 

\ 

Mean Tension = A Z = F^ I + log (1 + I â) / - P = const. 
/ 3 R ^ 

Since F/3 and P are bctli linear in the strain it follows 

that F log (1 + 1 |) is also linear. We set F log (1 + 1 

:= co + ci where c0 and c^ are constants to be 

determined. a/R vanishes at the beginning of necking. 

Designate the strain at the beginning of necking by S0. 

We have then c0 = S0, and on substituting in ^ £, c-^ 

is seen by inspection to be b^ - al . giving finally: 

log + = ^1 “ ai/3) j* log kQ/A - S0j 

+ a1 log A0/a ’ 

Mean Tension = I £ = a0/3 - b0 - S0 - ^1) 

According to this, a/R approaches a limiting value 

for large strains such that log (1 + A ü) = - 1 , 
2 R a£ 3 
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This seems not unreasonable, and consistent with Figure 4. 

To get a more precise checlc we may substitute the 

numerical values taken from Figures 11 and 12 for the A5 

series: 

a0 = 115,000 

b0 = -95,000 

a. = 66,000 

bx = 100,000 

From Figure 2 we take the value of S0 for the *5 series 

to be 0.3. 

This gives 

log (1 + i ê) = 1-.1¾ i l°n foA - 0.}J 
2 R I.744 + log Aq/A 

We make a table of values as follows: 

log \> 
a 

0.3 

1 

2 

3 

4 
CO 

Table IX 

log (1 + ¿ ÿ 
0 

.302 

•537 

.672 

.760 

1.16 

a 
R 

0 

O.7O 

1.42 

I.92 

2.26 

4.52 

a/R from 
Figure 4 

0.16 

0.77 

i.4o 

1.63 

2.10 

At low strains the lack of agreement is evidently 

due to the exceptionally high value for S0 for this 
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series. But on the whole the agreement is not bad 

and indicates that there is nothing qualitatively v/rong 

with assuming linear relationships and that approximate 

quantitiatve agreement may be expected over the ex¬ 

perimental range in which the strains are not too large 

to vitiate the measurements by geometrical dissymétries. 

Particularly important is the enhanced probability 

indicated by this result that the constant mean tension 

criterion for fracture is approximately correct over a 

considerable range. 

'ie made the above calculation by extrapolating the 

line for hydrostatic pressure at fracture bachwards 

into the region of negative pressures. This region of 

course has not yet been entered experimentally, and 

probably a more rigorous method of finding the a/K curve 

implied in the linear relationsnips would have been to 

determine the constants c0 and c^ so as to secure agree¬ 

ment with the experimentally determined values for 

fracture at atmospheric pressure. The difference would 

not have been Important, however, and there is a certain 

interest in prolonging the various lines into the negative 

regions. 2xtrapolatlon cannot be made with physical 

significance beyond the point at which neching starts, 

for here a/R vanishes, and for smaller strains continues 

to have the value zero, because in this region the 

specimen stretches uniformly, without necking. In other 

words, the straight line which represents F log (1+^ a/R) 
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breaks at the necking point and at smaller strains 

coincides with the axis. Down to the strain where 

necking starts, there seems no reason why linear ex¬ 

trapolation to negative pressures should not be physically 

significant. The meaning of the negative pressures is 

merely that some other technical method must be found 

of exerting the spherically symmetrical part of the 

stress system on the specimen than by the medium of a 

liquid, a liquid being capable of exerting only positive 

pressures over any extended range. Since the line for 

F log (1 + breaks at the necking point, it is 

natural to suppose that the lines for P and for F also 

break below this point. It is of course known that the 

normal strain-hardening curve becomes concave downward 

. at strains below the necking point, but this is probably 

not the sort of extension that is involved here. The F 
« 

values which vie are seeking here are such that the specimen 

frac tures under the stress system rr = 00 =-. P; 

zz = F - P, whereas the conventional extension of the F 

curve relates only to a plastic extension of the specimen 

at constant atmospheric pressure without fracture. We 

may make a plausible guess as to the extension of the 

. curves below the necking strain by considering that at 
f 

a sufficiently high hydrostatic tension the specimen must 

. •* fracture without strain. This point has not been demon¬ 

strated experimentally, but it is inconceivable that 

any material can withstand an indefinitely high tensile 
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stress ¿-nd so an Indefinitely high volume distension 

without ultimate rupture, and it is a matter of ex¬ 

periment that after every known type of fracture the 

plastic volume strain vanishes. Since by symmetry any 

plastic strain at fracture under hydrostatic tension must 

be uniform in all directions it follows that the plastic 

straxn of our analysis, that is log ü0/A, must vanish. 

If the stress for fracture is spherically symmetrical 

at zero strain, F at zero strain must vanish. It is 

simplest to assume that between zero strain and the strain 

at necking the F curve is a straight line running from 

the origin to the point at the start of necking. There 

seems no reason to assume that the hydrostatic tension 

for brittle fracture with no other stress component is 

not merely the constant mean tension or ^ E that de¬ 

termines fracture over the entire experimental range of 

strain. This criterion seems to be something fundamental, 

ano. one would certainly be going out of ones way to assume 

that in the short range below the strain of necking 

this constant value is deviated from. We assume therefore 

that at zero strain the value of P is -I £ or -ao + b + 
3 y o 

So alß0 assume as simplest that the complete 

P curve consists of two straight lines: above the 

necking point the equation is P = b + b, log and 
0 1 A 

between the necking point and zero strain the curve is a 

line Joining the necking point with the point ~ao + b + 

S. (b-“al) on the axis. 
U J. V' ' 

T 
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The numerical magnitude of the mean tension for 

rupture of the A5 series is 110,000 pel. This is con¬ 

siderably less than the average tensile stress at 

fracture at atmospheric pressure, 190,000. An exami¬ 

nation of the figures for the other series of steels 

will show that this is a general result. It has usually 

been considered that the hydrostatic tension for 

fracture, often called the "cohesive strength", would 

be considerably higher than the conventional true 

tensile strength. The reversal in the order of these 

quantities is one of the effects of recognizing stresfi 

distribution in the neck. 

Finally we make some comments on the general sub¬ 

ject of conditions of fracture. In the first place it 

is obvious that an essential difference is to be an¬ 

ticipated between the methods of formulating any such 

conditions which may be applicable to a substance that 

breaks brittlely without plastic strain or to a ductile 

substance like those examined here which may permit 

large strains before fracture. The conditions for the 

fracture of a brittle material will not involve strains, 

but can be formulated in terms of stresses only, so that 

for such materials there are "fracture surfaces", that is, 

surfaces in the three dimensional space in which the 

three principal components of stress are taken as co¬ 

ordinates such that if the stress attains values repre¬ 

sented by points on the surface the material fractures. 



Kot only may we expect that fracture surfaces for brittle 
i 

materials exist, but it should be possible to actually 

realize any point on the surface by subjecting the 

material to the desired stress system by applying the 

proper forces to the faces of a cube, overlooking the 

technical difficulty of applying indefinitely high tensile 

forces as distinguished from pressures. The situation is 

much more complicated for plastic materials. Since 

fracture occurs rith both strain and stress a complete 

specification of fracture demands a specification of at 

least both stress and strain and perhaps of other quanti¬ 

ties. It is therefore not evident that a fracture surface 

like that for brittle materials even exists, that is, 

a surface in a three dimensional space of the principal 

stress components. Furthermore, a complete experimental 

mapping out of the conditions under which fracture may 

occur may conceivably encounter difficulties in princi¬ 

ple. An arbitrary stress system cannot be realized merely 

by applying the indicated forces to the faces of a cubical 

element, not only for the reason that the material flows, 

but also because the material may flow unstably, a 

single component of stress cannot be applied arbitrarily 

to a tension specimen, for example, but necking starts 

above a certain stress and other components of stress 

automatically make their appearance, so that the stress 

field Inside a material subjected to a homogeneous ex¬ 

ternal force field becomes non-homogeneous and difficult 



of control. It would appear then that arbitrary force 

fields can be produced, if at all, only by special 

devices, such as refiguring the specimen as flow progresses, 

and even then it is not evident whether there are es¬ 

sential limitations on such indirect methods or whether 

anything more can be attained than the realization of an 

arbitrary stress at a single point. If so, the question 

of fracture in plastic materials is further complicated 

by uncertainty with regard to the role of stress gradient 

in determining fracture. 

In view of such possible complications a most welcome 

simplification appears in the mean tension criterion for 

fracture suggested above. This is a condition on the 

stresses; fracture occui'S when the stress system reaches 

a critical condition, in spite of the fact that the 

strains at this stress are not determinate but may have 

different values depending on past history. Actually, 

this criterion has been tested by experiment only under 

restricted conditions. A general formulation of the 

condition in rectangular coordinates would be: 

« 

X + Y + Z =* const. 
X y z 

The fracture surface would therefore be a plane perpen¬ 

dicular to the axis of spherically symmetric or hydrostatic 

stress. But in all our experiments the stress has been 

subject to the condition that two of the components are 

equal, so that actually we have not established the 



existence of a fracture surface, but only that fracture 

occurs when the stress is situated on three lines in 

the stress space perpendicular to the axis of hydrostatic 

stress and symmetrically spaced around it. It is a most 

natural hypothesis that a plane can be stretched over 

the three lines. Whether this is justified should be 

one of the next things to examine experimentally. 

If the complete fracture surface of ductile materials 

is the olane X,r + Y + Z = const., fracture can never be 
X y z » 

produced by simple compressive forces, but one would 

expect Indefinite plastic flow, without fracture. Ex¬ 

periments are under way now indicating that this may be 

true. Apparently this criterion would also demand that 

fracture never occur under simple shearing stress, but 

again that \ie should have only indefinite plastic flow. 

But on the other hand we have the practical possibility 

of punching holes in sheets of plastic material. It may 

well be that the actual fracture in such cases of punching 

is associated with inhomogeneities in the distribution 

of stress and strain resulting in intense local tensile 

stresses. The sides of a punching always exhibit tearing 

roughnesses. There is however definite experimental 

evidence* that materials exist capable of exhibiting both 

plastic flow and fracture under overall pressures no 

high (750,000 psi) that it is difficult to conceive that 

*P. v/. Bridgman: froc. Amer. Acad. Arts and ácl., 7I, 
3S7, (1937). 
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there can be a mean teneion at any single point to 

initiate the fracture. The criterion of constant mean 

tension cannot be perfectly general therefore, even for 

plastic materials. The criterion does appear however 

to be applicable over a wide range of stress conditions 

to steels, and the practical importance of such materials 

is sufficient to Justify further experimental examination 

to find what the limitations of the criterion may be. 

Finally, it is to be emphasized that the criterion is for 

the initiation of fracture; the method of propagation of 

the fracture and its external appearance may vary greatly, 

as we have seen in our examples. 
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Revised Tensile Data for Specimens of Previous Reports 
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Data for Specimens Brolcen after Prestraining in Tension 
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