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cal and iULCI.L.Lu].k_jJ.thL properties of steel and to relate these variables
to steel embrittlement, the Ship Structure Committee is sponsoring a
project at Brown University entitled "Macrofracture Fundamentals."
Herewith is a copy of the Second Progress Report, SSC-162, Exhaus-
tion of Ductility and Brittle Fracture of Project E-Steel Caused by
Prestrain and Aging by C. Mylonas.

The project is conducted under the advisory guidance of the
hip Hull Research COT littee of the National Academy of Sciences-
Natmnal Research Council.
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ABSTRACT

The investigation of static brittle fracture initiation in engineering
structures requires first the establishment of a criterion of brittle
behavior of the structure as a whole. Such a criterion is obtained by
a comparison of the fracture load with the flow limit of an idealized
perfectly plastic material. The difference between static fractures at

high and low load was related to the magnitude of the plastic strains
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contrast between static laboratory tests of notched plates of sound
steel which did not fracture before the flow limit was reached, and
service failures which have occurred at low nominal stress levels,
shows that the ductility of sound steel is sufficient to avoid low average
stress fracture, but may be reduced during fabrication or in service.
This was demonstrated experimentally with extensive tests of pre-
strained notched plates, bent bars, and axially compressed bars. It
was found that the ductility depends on the whole history of strain and
temperature and is suddenly and drastically exhausted by cold straining
of a closely determined amount, and far more easily by straining at
about 500 F. This led to the first systematic static brittle fracture
initiation of unwelded steel plates at low average net stress, as low
as 10% of yield. These results provide an explanation of the initiation
of service failures, which are usually traced to cold worked regions or
to defects close to welds, where complex hot straining occurs, Further
tests have shown that the ductility of cold strained steel is restored
by a heat treatment at about 1100 F or higher. The required duration
of heat treatment is shorter for hot than for cold-strained bars and
appears to increase with the amount of prestrain, and to decrease
when the temperature is raised. A better understanding of the mechanism
of fracture initiation makes it now possible to express qualitative
macroscopic criteria of fracture based on the strain hardening law
and the ductility of embrittled steel and on the strain and stress
distribution at a sharp notch in such material,
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1. GENERAL CONCEPTS

Several reports and review articles
describe the conditions under which
service failures have occurred, and the
practical measures which led to a re-
duction of their occurrence. The present
report is concerned with the mechanism
of fracture initiation in structures sub-
jected to static loading, and is based in
part on earlier research (1}-(12),* carried
out at Brown University under the sponsor-
ship of the SSC.

la. Distinguishing features of brittle
fracture. The Tirst difficulty encountered
in the study of brittle fracture of steel
structures is the lack of a clear definition,
Simplified definitions of brittleness of
materials are not applicable. A cleavage
appearance is nota requirement of brittle-
ness in the failure of steel structures,
which always exhibit a good measure of
shear fracture mixed with cleavage. Nor
is a complete absence of ductility a good
criterion, because even the most brittle
service failures show signs of plastic
deformation at the point of initiation. Like-
wise the local stress at the point of in-
itiation is always high since fracture
starts at defects or points of stress
concentration. The problem of brittle
failure becomes clearer only when the
interdependence of local and overall be-
havior of the structure as a whole is
considered. The laws of plastic deforma-
tion and limit analysis of structures have
proved invaluable in this respect.

The characteristic feature of brittle
failure of structures was indicated by
the difference between service failures
and laboratory tests. In at least a few
clear-cut instances service failures oc-
curred under static loading at overall
stress levels well below yield (13), and
lower than nominal stress levels success-
fully sustained in similar structures. It
is believed that this is true in the majority
of service failures. On the contrary, it
had not generally been found possible to
reproduce static low-stress brittle ini-
tiation of fracture in the numbeous early
laboratory tests. Contrary to the elemen-
tary Griffith-type theories of fracture

*Numbers in brackets refer to the list
of references at the end of the text.

{(14)~(16) symmetrically notched plates
of mild steel having even the deepest
and  sharpest cracks and temperatures
below brittle transition, were not found
to fracture in central static loading before
the average stress over the net section
reached yield level and appreciable plastic
deformation occurred (1)-(12). This dif-
ficulty or barrier to the static initiation of
fracture in sound steel (1)-(4), (6), (11),
(12), (17), could only be overcome by a
strong impact at a notch, frequently in
combination with local severe cooling or
by fracture initiation at a brittle bead weld
(19). Once started, however, the fracture
would propagate at high speed in regions of
low stress and higher temperature, just as
in service failures.

It appears that brittle fracture passes
through the two distincet phases of initi-
ation and propagation. The inability of
energy theories of the Griffith type to
describe the initiation of fracture is not
surprising, because they only express
necessary and not sufficient econditions.,
When no other conditions need be satis-
fied, as in glass, necessary conditions
are also sufficient. But the barrier to
fracture initiation indicates that some
other criterion apparently more stringent
than energy balance must also be ful-
filled, probably a maximum stress or
strain criterion of fracture. Energy the-
ories may be applicable to the stages of
propagation or arrest of a crack, provided
the dynamic effects are properly con-
sidered.

1b. Definition of Static Brittle Fracture
Initiation. The Iracture of a structure or
struciural member containing defects or
notches, at a static load causing general
yielding of . the net section (i.e. at the
flow limit) is not surprising or irreguiar.
But fractures at static loads below the
flow limit are certainly irregular, and
in engineering will be called brittle. This
definition may also be derived from a
consideration of the magnitude of the
local strains prior to fracture in relation
with the overall loads and deformations.
As discussed by Wells (20}, plastic strains
at the notch roots are relatively small
and contained within elastic regions, as
long as the average stress level is lower
than the flow limit. They c¢an become
very large only when the flow limit is




reached and general yielding occurs. The
discussion has tacitly referred to per-
fectly plastic materials for which these
concepts are clear. The picture changes
little with materials like mild steel. Even
though strain hardening sets in at some
stage, it is still found that the overall
deformations increase distinctly more
rapidly at a specific value of the load

which nmm'l'l}r i eclnge to the flow limit
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of an idealized perfectly plastic material.
The local strains will again increase
slowly at first and rapidly after this
limit, with an intermediate gradual tran-
sition. The basic idea is that in sound
mild steel sufficient strain hardening and
fracture can occur only at the high strains
associated with the flow limit. This has
been extensively discussed by Drucker (1)
at the 1953 Conference of Brittle Fracture
held at MIT. He concluded that low average
stress fractures occur at small local
strains, and conversely that a ductility
smaller than needed to permit yielding
at the notches up to the flow limit, will
result in low average stress initiation
of fracture. Accordingly the smallness
of the average stress at fracture is an
adequate and sufficient criterion of brittle-
ness of fracture initiation in a structure.
If the average net iraciure stiress is of
yield intensity or higher, the fracture is
ductile; if it is decidedly smaller the
fracture is brittle, The average net stress
however is not the direct cause of fa11ure
but only a convenient indication of the
magnifude of the strains. No confusion
should be made with the true peak stress
at a crack or notch, which is of yield or
raised yield intensity long before general

vinlding
yielding occurs. Fracture starts and ad-

vances in a local field of high stress.

The average netsiress criterion of brit-
tle fracture initiation has been the basis
of the extensive research sponsored bv

the Ship Structure Committee at Brown
University since 1954 (2)-(13).

1lc., Causes of Static Brittle ¥racture In-
itiation in Structures. The proposed cri-
férion ol brittle fracture initiation andthe
concepts on which it is based provide a
clear understanding of the causes of
brittle failure of structures. Although the
material criterion of fracture is not
Known, it is clear that brittle fracture
does not occur when the material has

sufficient ductility under the conditions
of stress and constraint existing at a
notch, so as to be able to yield up to at
least the flow limit. Therefore the fail-

ures obtained in the laboratory ataverage

stress levels of yield intensity, even with
the poorest structural steels under the
worst conditions of stress concentration

and below the transition temperature show
that mild steel in its initial state has all
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the necessary ductility to avoid brittle
fracture. Since low stress failures did
occur in service it must be concluded
that in the region of initiation the original
ductility had somehow been reduced or
exhausfed during fabrication, service or
repair.

It must also be concluded that the flow
limit fractures generally obtained in the
laboratory tests did not reproduce the
phenomenon of static brittle fracture in-
itiation. Such reproduction of low static
stress failures is an indispensable step
in the study of brittle fracture, and a
fundamental check of the correctness of
the proposed concepts. It was the first
aim of this research. According to these
concepts low stress initiation under static
loading should become possible when the
initial ductility of mild steel is sufficiently
reduced, as e.g. by suitable cold working
or heating. This conclusion was completely
substantiated by a series of tests described
in later chapters. Typically brittle
fractures or arrested cracks were pro-
duced in unwelded precompressed notched
steel plates, at stress levels as low as
10% of yield (Fig. 1). A drastic exhaustion
of the original ductility was produced

with sufficient axial compression, orbend-

ing of cold or hotbars, which subseguently
fractured at extensions of the order of
2%. In general it was found that the re-
maining ductility depends strongly on the
whole history of strain and temperature,

and may be hlghly anisotropic,

These results, which arefully discussed
later, substantiate the concepts of plastic-
ity on which this investigation is based.
They also clarify some unsuspectedly
strong or unknown effects and properties
of steel. They also indicate methods for
studying the embrittling influences, and
for selecting steels according to the
properties which are important in
fracture, i.e, the properties of the damaged
steel.
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\zij, SldIung irom vdarious poimnws ol
view have studied many aspects of the
problem of work hardening or reduction
of ductility by straining at various tem-
peratures. Notable among them is, the
work of Korber, Eichinger and Moller
(21) at the Kaiser-Wilhelm Institute in
1941-43, which appears to have escaped
the attention of all subsequent investi-
gators, in the U, S. and abroad.* Qur
understanding of the mechanics of brittle
fracture has heen greatly delayed by this
oversight.

ld. The Criterion of Fracture. Once low
stress Dbrittle fracture initiafion has been
consistently produced, and the importance
of exhaustion of ductility demonstrated,
the obvious aim is to find methods of
assessing the danger of fracture. Frac-
ture of the material may obey a strain
criterion (e.g. a maximum strain under
certain conditions of constraint}, and then
the danger of fracture should be assessed
by a comparison of available material
ductility and required ductility, under the
local constraint existing at a notch, and
for the strain hardening law of the spec-

FIG, 1. NOTCH REGION
DETAIL OF 10" SQUARE,
3/4" THICK NCTCHED
PLATES PRECOMPRESSED
AND TESTED IN TENSION
VERTICALLY LOW LOAD
BRITTLE INITIATION AND
DUCTILE ARREST OF
CRACKS.

ific material. The criterion may also be
a maXimum stress. which mav ha rearhad
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after sufficient work hardening, such as
occurs with large strains, and under suf-
ficient constraint against low stress yield-
ing. But extensive ductility means slow
work-hardening and a weak lateral con-
straint, hence a small stress. Thus even
if fracture obeys a maximum stress cri-
terion, its fulfillment depends onthe mag-
nitude and type of the strains, as well as
on the complete strain hardening law.
Provided the interdependence between
ductility, strain hardening, constraint, and
stress is understood and the exact stress-
strain relations and straindistribution are
taken under consideration, the conditions

‘of fracture should be equally well expres-

sed in terms of stress or strain., At the
moment there is no way of knowing which
expression will be simpler or more
realistic.

*This work has been brought to our
attention by Professor N. H. Polakowsky
of the Department of Metallurgy, Illinois
Institute of Technology.



The answer to the problem of brittle
initiation requires a knowledge not only
of the exact strain-hardening law and
of the remaining ductility after a damaging
strain history, but also of the true strain
distribution at a crack or notch. Studies
of the properties after various types of
straining are reported in the chapters
which follow. The problem of the true
strain distribution at a notch in a strain
bardening material such as prestrained
steel is quite difficult. Stress distribu-
tions fulfilling differential equation of
equilibrium, compatibility and boundary
conditions have been given for a notch
in a perfectly plastic material in plane
strain {4Z)-{43], but the proofl of unique-
ness is lacking., An exact solution has
also been given for a notch in plane
strain subjected to shear (44)-(45). No
sotution exists for a plate of finite thick-
ness which has a three dimensional dis-
tribution of stress, but it has been shown
that conditions of plane strain are ap-
proached only when the thickness is many
times larger than the width of the net

section (46), Plane strain conditions in
elasticity are reached at a much smaller
thickness, which need only be large in
comparison with the radius of the notch
root (46)-(47).

Attempts have often been made to ob-
tain approximate solutions of the stress
distribution around notches inplane strain
with the help of gross simplifications
and arbitrary assumed distributions. For
example in a recent attempt (48), use
is made of the elastic solution around a
hyperbolic notch in plane strain. The
plastic zones are assumed to be regions
where the elastic strains violate the
Mises yield condition. The plastic stresses
are taken to vary linearly from the
elastic plastic interface to the notch
root, and the relative elastic stress dis-
tribution in the elastic region is assumed
unchanged. An adjustment is made to
achieve overall equilibrium between ex-
ternal load and the altered stress dis-
tribution, but otherwise neither diifer-
ential equations of equilibrium, nor com-
patibility, nor boundary conditions are
satisfied anywhere in the plastic zone
or at the elastic-plastic interface where
they are obviously violated. Approximate
solutions, such as the one mentioned
above, overlook the most important factor,
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namely the local plastic action, which
strongly modifies the stress distribution.
Errors by a factor of 2 should not be
surprising. An additional frequent error
is made in the problem of the symmetrical
notched bar in plane strain. The value
of the average stress at general yielding,
is frequently found equal to the yield
stress in simple tension, rather than
about 2.5 times higher, as is known from
limit analysis (1). This error has fre-
quently been made, obviously taken over
from the original work of Allen and
Southwell (42) and Jacobs (43) who, how-
ever, followed much more accurate and
thorough methods than the above men-
tioned. Their error was to assume that
general yielding sets in the moment when
the plastic =zones from opposite sym-
metrical notches first touch each
other, which does happen when the average
net stress is not much greater than the
yvield stress in simple tension. It is now
well known that this is not correct.
Drucker (46) and Lee (47) have explained
that the {low pattern needed {o cause
unrestricted plastic flow is not formed
when the plastic zones first merge, but
at a considerably higher average stress,
as much as 2.57 times the yield stress
for external deep parallel-edged notches.

Solutions based on an elastic-perfectly
plastic muaterial are of no great use in
the problem of brittle f{racture, even
when they are correct. It is quite clear
that in the range in which it may be
idealized as perfectly plastic, steel does
not fracture in a hrittle manner. Since
fracture does not cccur below the general
yvield level of the idealized material, the
elastic plastic solutions (contained plastic
deformation) are irrelevant to brittle
fracture. On the contrary, flow limit
calculations, though based on an idealized
perfectly plastic material, are relevant
to undamaged ductile steel which can
sustain large strains. The flow limit
indicates when the strains become very
large. At that stage strain hardening and
constraints build up in the real material,
and can raise the local stress to a
very large value (of the order of the
theoretical strength) at whichit{ractures.
Perfectly plastic sclutions are also in-
applicable to fractures occurring below
general yield (brittle), because these in-



a, Average net stress 90% of virgin yield

FIG. 2.
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b. Average net stress 102% of virgin yield

BIREFRINGENT COATING SHOWING LINES OF CONSTANT PRINCIPAL IN-PLANE

SIEAR DIFFERENCES IN NOTCH REGION OF 3/4" THICK PLATES LEFT: AV, STRESS 28KSI.

RIGHT: AV, STRESS 31. 3 KSI.

dicate an embrittled material which can-
not be approximated with a perfectly
plastic law. In embrittled or low-ductility
materials, strain hardening is rapid, so
that the local stress can rise to the
fracture value after little straining, as

on ovioncivelvy digonieend hu Nrirplrar
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(12). Such relatively small plastic strains
are evident in all brittle failures. Parallel
arguments employing a strain instead of
a stress condition of fracture may also
be used.

This discussion shows the futility of
stress and strain calculations based on

perfectly plastic materials, and even more
so of anpproximate r'a,lculatl.ons. It also
shows the importance of the determination
of the general anisotropic stress-strain
relations (tensorial relations) of work
hardened steel. Unless this can be found
or inferred from special tests, there is
no clear way of caleulating the stress or
strain distribution around a notch and
solving the problem of brittle fracture,

An experimental possibility of solving
the problem would be to measure the
strains at a notch. But this is extremely

| difficult, because interior and not merely

the surface strains are needed. No direct
means of interior stress measurement
exists at present. Measurements of the
strains in the midplane of an aluminum
notched bar made up of two cemented

halves marked with orids on their match-
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ing faces (51), have been made after
ungluing. The best available synthetic
cements, however, do not appear suf-
ficiently strong to hold rigidly together
work hardened steel plates deformed in
the plastic zone. Another possibility would
be to estimate the interior strains from
the wvariation of the surface strains and
from other measurements e.g. of surface
curvature and thickness changes during
the whole process of loadmg For this
purpose several tests were made with
10 in. square nctched plates having bire-
fringent coatings (52), attached to the
metal surface. Figure 2 shows (4) such
a plate with a 0.06 in. coating subjected
to an average net stress of 90% of the
yield point in the initial state (left) and
102% (right). The sensitivity is sufficient
to show the individual Liders’ lines at
low strains, which merge into a more
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uniforin distribution at higher strains.

2. PRECOMPRESSED NOTCHED PLATE

TESTS

The first object of the present work
was to reproduce consistently in  the
laboratory true ‘‘brittle’’ failures of es-
sentially unwelded steel plates, i.e., to

nhtiin initintione of franhiiro ooy atatie
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loading at a low average net stress. The
way to achieve this would be to exhaust
the oripginal ductility of the steel. To in-
crease the chances of success, a 3/4 in.
rimmed pedigree steel “E’’ of hiph brittle-
transition range was chosen. Typical com-
position and properties of E-steel are
given in Table I and in more detail in
reference 38. Various methods of em-
brittling the steel were tried (2)-(3).
The most efficacious was to prestrain
machine-notched plates in the direction
which would produce compression of the
notch roots  (3)-(4). Subsequently, the
plates were tested in tension at a tem-
perature of -5 to -14°F. The 10 in.
square 3/4 in. thick plate hadthe sharpest
possible milled 1 1/2 in. deep symmetric
90° notches on a pair of opposite sides
and was subjected to compression on
the other pair uatil 1.000 in. gage lengths
across the notch roots shortened by
amounts varying between 0.015 in. and
0.060 in. Clamping between heavier plates
prevented buckling. The prestrained plate
was next welded to special heads which
would yield under tension so as to elim-
inate any eccentricity of loading. It was

then covered with  foamed plastic
insulation, and with thermocouples fixed
at several points was cooled to about
-18°F in a freezer. The loading was
started at an initial rate of about 50,000
psi per minute. The rate slowed ap-
preciably when the hinges started yielding.

The results were remarkable. Most
prestrained plates fractured at a low
net-stress level, the lowest at 127 of
initial yield (3)-{(4). As was found by
about 100 tests (3),(4),(6), the general
trend was toward lower stress fractures
for higher prestrains. What is more
important, however, is that the prestrain-
ed plates developed arrested cracks at
extremel(y low net stress, usually between
g and 30% of initial yield. Figure | shows
such cracks on steel plates with oround
faces which were not carried to ultimate
failure. The brittleness at the point of
initiation of the fracture is in clear
contrast with the plastic deformation at
the point of arrest. It should be noted
that these cracks start under static condi-
tions at low loads and at the ralative
bluntness of the sharpest possible milled
90 deg. notch; that they are arrested at
a greater depth and root sharpness; and
that frequently they do not restart even
at loads producing general yielding of
the section. The result is totally contrary
to the elementary energy theories of
fracture of the Griffith type, which pos-
tulate an average stress at fracture in-
versely proportional to the square root

of the crack length (14)-(16)}). The obvious

TABIE. I. TYPICAL COMPQSITION AND PROPERTIES OF STEELS.
r Ultimate | b-omgation Charpy
Yield per cent Tmpact
Element, per cent Tensile
— Strength Temp,
\D
o si Strengeh In n fe-1bfdu.
@ ¢ | mn P s si cu | mi or | owe P . g in. | 2 in. Fahr.
psi
E 0.2010,3310.01210.0:2010.01 0.14 0.15 0.09 .02 32 000 65 000 36 30 13 toi55 to
3.3 -11
ADS-C 0,20 ]0.62; 0.014]0.030(0.20 1 0.27 43 000 70 000 29
A7 0.260.48( 0,014 0.032 35 000 65 000 30
T-1 0.12|0.69(0.011] 0.03010.17 031 0.88 | 0.96 (1. 44 111 000 120 000 20 15 =120
L‘d‘i-&(! l & DO 85 DO 4 140 -70
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explanation of this behavior is the plastic
compression of the steel in the region
of the notch root and a consequent re-
duction of its ductility below the amount
required when the flow limit is approached.
The crack crosses the embrittled mate-
rial and stops as it enters the more
ductile region, unless it has picked up
enough velocity to be able to propagate
at the existing low stress level. Similar
results have since been obtained with a
Brivish Admiralty steel (54), and with
an ABS Class B steel.

Tests were also made with plates pre-
strained in tension and tested cold in
tension in the direction of prestrain or
transversely to it (2). The results were
not as spectacular as with precompressed
plates, but fractures in the parallel di-
rection again occurred below the raised
vield strength, and even below the initial
yield point in the transverse direction.
Cold extension appears to reduce the
ductility anisotropically. Fracture aniso-
t(rt)}))y has also been found after hot rolling
35).

Unlike the earlier static test which
produced fractures at the fixed yield
stress, the present low average stress
fractures permit the detection of the
size effect as a change of the average
fracture stress. Comparisons made to
this effect between similarly compressed
10 and 20 in. plates (4), andbetweenplates
varying in width from 6.67 to 20 in. (7)
did not disclose fracture stress variations
consistent with a size effect.

n e

J. REVERSED BEND TESTS

A series of tests with uniformly com-
pressed bars was begun (section 7) in
order to study the exhaustion of ductility
by prestraining which led to the brittle
fractures of the precompressed notched
plates. These tests required a lengthy
compression procedure with precautions
against buckling, and great care in the
machining of the tension specimens to
prevent heating or straining. To get a
rapid approximate answer on the effect
of prestrain, Ludley and Drucker (8)
devised the practical reversed bend test,
shown in Figure 3, which has proved
quite usefull (9)-(10). A similar test
had been used by lLagasse and Hoffmans

; L“—: s ; FIRST STAGE

FIG. 3a
OF BENDING
V2 7,
FIG. 3b
SECOND STAGE
OF BENDING
FIG. 3¢
THIRD STAGE
REVERSED BENDING
FIG. 3. REVERSED BEND TEST

(27)-(29), in the study of metal forming,
but involved a severe lateral pressure
at the subsequently tested region of great-
est interest, Although the strain varies
with the depth from the free surface it
is almost constant over an appreciable
arc of the bent bar, The maximum pre-
strain is calculated from the radius of
curvature and the thickness of the bar.
The strain in a bent beam specimen is
far more homogeneous than a notched
specimen and far more reproducible.
In fact the scatter of results was much
smaller with the bent beam than with
notched plate tests. The success of the
reversed bent bar test raises the hope
that it can provide an absolute type of
test, if correlation is found with axially
compressed bar tests and with field ex-
perience.

The bars used were 10 in., long and
0.75 x 1.00 in. in cross-section,where
0.75 in. was the as-rolled thickness of
the parent plate. Tests with thinner or
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FIG. 4.
0.75 % 1.00 IN. BARS DURING REVERSED
BENDING.

wider bars failed to show any significant
differences. The tests disclosed that the
reduction of the initial ductility was not
proportional tothe compressive prestrain.
The ductility appeared to remain con-
sistently high until the prestrain reached
a critical value, at which the ductility
dropped suddenly to very small values.
A possible reason for this was given by
Drucker (12). The critical strain at which
this change occurs is henceforth called
the ‘‘exhaustion limit”’ and can usually
be determined to within a strain of + 0.02
or better. Figure 4 shows at the rear
two bars of E-steel which were initially

bent to strains of 0.57 (rearmost) and
0.30 {(i.e. 57% and 30%). both below the
exhaustion limit, and were ductile enough
to be bent open to angles of about 1207,
with strains of the order of 0.20 or more,
under loads of more than 5000 lbs. In the
front are two bars of an ABS Class C
steel which were prestrained to strains
of 0.63 (left) and 0.65 (right), which is
just above the exhaustion limit for this
steel, Both cracked and {ractured at
loads smaller than 2000 1b , with ex-
tensional strains of the order of 0.01.
Photomicrographs of a section in the
plane of bending of a bar of E-steel
which fractured at very small load showed
the compression of grains at the in-
trados and their extension at the ex-
trados (9).

BRITTLE AND DUCTIIL BEHAVIOR OF

0.030

FIG. 5.
STRAIN DURING UNBENDING OF BARS OF
ABS CILASS € STEEL PRE-BLENT TO 60%
STRAIN.

SKETCH O LOAD VS, MAX,

Obviously, the important characteristic
is the prestrain causing the sudden drop
in ductility, i.e. the exhaustion limit, and
this can be easily determined by load
measurements alone. A typical variation

of strain at the intrados as a function

anplied lopad is shown in Ficure 5.

~F tha

UL L8 #8071 CLPLJI.LG\.{ AP LD SLilsvval dll 4 1 T W
The bar was of ABS Class C steel precom-
pressed to 0.60, (lower limit for {fracture
of unaged bars), and the measurement of
strain during the final test was made
with a strain gage cemented at the in-
trados. The rapid change of slope at
about 1500 lb. corresponds to the onset
of yielding. The continued positive slope
is due to the spreading of the plastic
zone toward the neutral axis, to strain
hardening, and to the reduction of the
moment arm by opening up of the bent
bar. At a load of 5000 1lb. the strain is
estimated to be at least 0.10 and probably
much larger (the strain gage was not
working at such strain). In Figure 86 right,
the fracture load of each bar is plotted
against prestrain, but only up to 50001b.,
at which the tests were interrupted, as
the strains were well above 0.10. This
would happen with all bars prestrained to
less than 0.50. On the contrary bars
prestrained to more than 0.54 would all
crack and fracture at loads of less than
1500 1b. The drop in ductility occurs at a
prestrain of 0.52 £ 0.02. This sudden
drop of load permits an arbitrary choice
of a large load as limit between ductile
and brittle behavior. The load of 5000 lb.
seemed appropriate, but 4000 or even
3000 1b. would still give the same ex-
haustion limit.
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It was found that both aginpg after
straining (optimum accelerated agin
consisted of heating for 1 1/2 hours a
about 150°C), and lowering of the tempera -
ture of fina!l testing reduced the exhaustion
limit. This is indicated in Figures 86 and
7. A comparison (9) of FE-steel with
steels A-T7, ABS Class C, T-1, and HY80
{properties in Table I) is given in Table
II and Figure 8.

TABLE iII. SUMMARIZED RESULTS OF REVERSED BEND TESTS.
Tested st -167F Tested at /397

Sl

Aped Fohos - Thogreed Falios- Aped Txluws- ‘ Unayed Lehaos-

vlea Linit vlon Limit Iie Limil | tion Limic
E 0.4 Lo D044 D00 Lo 35 0,50 te Uoay 0.37 Lo .39
ANS-C 0.50 10 0.5° 0,37 to 0,57 0.5 Lo .56 0.00 e 0.062
18y -50 03,39 Lo 0,073 ULl Lo 063 .61 te 0.65 | U.B3 te 0,69
A=T . 040 to D48 G2l to 0.53 0.57 to 0.53 H 0.61 to 062
-1 . 0,409 o 49 Goold o 0,53 0,2k tae 0,59 OLB0 te D04
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TABLE III. REVERSED-BEND TESTS OF BARS
WITH MACHINED SURFACES.
Size of specimen: 10" x 1" x 3/8"

APPLIED LOAD, LB. STRESS (&M,fhdz)ksi_
COMPRESSIVE First Firsc

Steel PRESTRAIN Crack Fracture Crack Fracture
|y 0.52 300 900 75.3 75.3
4 0.54 1 200 1 200 94.0 94.0
L 0.63 120 330 -- --
AT 0.50 -- ++ -- ++
A7 0,54 -- ++ -- ++
Tl 0.50 -- 1 800 - et
Tl 0.57 0 690 0 56.6
Tl 0.60 0] 690 0 58.7
E 0,60 240 310 20.8 26.8
A 0.a0 420 500 358 42.3
A 0.62 120 420 10,4 28.7
T 0.60 0 660 ¢l 56,3
L 0.53 270 370 25,2 32.2
E 0.60 170 370 15.1 32.8
AT 0.52 -- +H - ++
AV 0.61 200 430 17.7 8.0
T1 J.54 0 750 0 64.0
Tl 0.54 o 800 it 68.0

++ No fracture occurred up to a load of Z000 lb., corresponding
to a stress larger than 90 ksi.

wrn nalam wmand

Tests were also made with beams of
different widths, and with depths down
to 1/4 in (8). Brittleness was induced at
the same prestrain in all bars, which
then fractured at similar stress levels,

L 10 Yo w3 4 LU 4 3

Ay Al

A limited number of tests were carried
out with bars having the compressed
face not in the as-rolled condition but
machined to a depth of 3/8 in., leaving a
1 by 3/8 in. cross-section. Similar tests
with bars machined down to 1/8. in. are
reported in reference 8. Since no size
effect exists, any variation in exhaustion
limit should be attributed solely to the
difference between as-rolled and machined
surface. The results are given in Table
IIl. The last two columns give the nominal
stress at the first crack or at fracture
for an assumed fully plastic stress dis-
tribution. This should be an acceptable
approximation for the purpose of a com-

parison, when the loads and strains are
large. The tests were not sufficient to
determine sharp transition limits as was
done previously. Wherever the results
differ from those of bars of full plate
thickness they appear to show a small
rise of the exhaustion limit. Later tests
with bars of ABS-C steel confirm that
machined surfaces raise the exhaustion
limit by about 0.05 {67).

The most remarkable result obtained
from the reversed-bend tests is the sharp
drop of the remaining extensional duc-
tility at a certain value of the compressive
prestrain. An interesfing confirmation
of this result is given in recent fatigue
tests with precompressed specimens (34).
The endurance limit was foundto increase
at small prestrains and to drop suddenly
to low values at prestrains of about 0.50,
which agrees well with the exhaustion
limit determined by reverse-bend tests.

“Transition temperatures’’ obtained
LR TR TR S - SO N D Y D R TR,
WILIET LT 1Al lal A1 ALD LIIALLAL DLdiy Lldve
been extensively used in the assessment
of steel’s resistance to fracture. The
present tests show that the important
properties are those of the damaged steel,
e.g. by prestrain and aging. Accordingly,
the exhaustion limit and its dependence
on temperature seem to be more sig-
nificant than a transition temperature of
the material in the initial state.

4. THE INFLUENCE OF RESIDUAL

STRESSES IN THE NOTCHED-PLATE
AND BEND-BAR TESTS

It is true that, besides an exhausted
ductility, the notched plates and the bent
bars had alsc a high residual tension at
the region of fracture initiation. It has
been argued that residual stresses and
not the exhausted ductility may be the
causes of fracture. Sound structures,
however, are known fo withstand suc-
cessfully extremely high residual stres-
ses. The subject of the role of residual
stresses in fracture has been extensively
discussed in recent years (55)-(64), and
opinions have differed widely.

The influence of residual stresses can
be studied in a rational way when not only
stresses but the corresponding strains
are considered (4),(11). Residual stresses
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are at most of yield or raised yield
intensity and therefore may be wiped out
or even transformed from tension to
compression by plastic strains of the
order of the strain at the yield point
(about 0.002). As is well known, plastic
strains of the order of 0.010 or more
are usually evident at the origin of even
the most brittle fracture.

A detailed discussion of the importance
of large fields of residual stresses (re-
action stresses) and of the probable un-
importance of localized stress has al-
ready been given (4, {11). The confusion
over the role of residual stresses arises
from their usual co-existence with pre-
straining and exhaustion of ductility. No
clear decision can be reached on the
relative importance of these two factors
as long as they coexist. Clear different-
iation can be done with tests involving
each factor separately. Accordingly, the
following 4 types of tests were conducted

and the following answers were obtained:

a. Notched plates with residual stresses
hut no prestrain do not fracture in a
hrittle manner.

b. Bars uniformly precompressed to suit-
able prestrains, but free of initial
stress, fracture at very small strains
in typically brittle manner

¢. After removal of the residual tension
without heating or plastic straining of
the notches, precompressed notched
plates still fracture at low average
stress

d. After removal of the residual tension
without heating or plastic straining of
the precompressed region, bars bent
beyond the cxhaustion limit still frac-
ture in a brittle manner.

The answer is clear and unambiguous:
In the present tests the localized re-
sidual stresses made no significant con-
tribution to the initiation of brittle frac-
ture. Initiation of fracture was caused by
the exhaustion of ductility resulting from
guitahle n'r‘ﬂ&.fr‘,nntno and aging.

These conclusions, however, should not
be interpreted as arguments against

““stress-relieving”’. On the contrary, they

emphasize the need for ‘‘stress-
relieving’” but indicate that its main
function appears to be other than the

aaaaa Al AfF roagirhinl gtrocgaocg A
LCIU.UVAL UL lCDJLludL sSLresses., o

be shown in paragraph 6, stress-r=lieving
causes a restoration of ductility. It should
also be remembered that large fields of
remdml stress may have an mﬂuence on

AT e . i
the initiation and more on the prop

of brittle fracture.

1]l
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5. REVERSED BENDING OF BARS
STRAINED HOT

The tests performed with precompres-
sed notched plates, reversed-bent bars,
and axially compressed bars (discussed
in section 7} show that the exhaustion
of ductility caused by suitable room fem-
perature prestraining can lead to brittle
fracture initiation under static leoading
alone. This is in agreement with obser-
vations on several service failures where
the initiation was traced to cold-worked
regions (65). The origin of brittle frac-
ture, however, has also been traced to
regions close to welds (65}, though not
at the welds themselves when they were
sound. In effeet this has led to various
tests of plates containing o central long-
itudinal butt weld running over varicus
types of notches in the welded edges
(h77)-(64). When cooled below zero, some
of these plates develop arrested cracks
originating at the welded-over notches,
or fail at low—longitudilml loads. As in-
dicated by Wells (13),{(60), the zonec ad-
jacent to a weld is sh etched by amounts
up to 0.02 during coolmg, Anv notch or
defect in this region will locally raise
the strains by a substantial factor. The
stretching caused by the shrinkage pro-
duces also large residual tension stres-
ses which, unfortunately, have frequently

been considered as the main cause of
brittle fracture
Buf, as was shown in section 5, the

existence of stronglocal residuil stresses
does not cause brittle fracture if the steel
has sufficient ductility. Oneisnecessarily
led to the conclusion that the steel has
been embrittled at the root of the welded-
over notches, and algso at the correspond-
ing points of fracture origin near welds
in service failures. The heating due to
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welding, however, does not by itself cause
such damage. On the other hand simple
cold extension of notched plates (2), though
causing some reduction of ductility, did
not produce the extremely low load frac-
tures achieved by precompression. It
thus appears that the complicated hot
prestraining occurring during the welding
cycle should be the embrittling factor.
The purpose of the hot-strained bar tests
was to check the wvalidity of this hy-
pothesis (10).

As the actual straining at a defect
close to a weld is very complex, changing
from compression during heating tolongi-
tudinal and transverse stretching during
cooling, it was decided at first to try
only simple straining such as the com-
pression or extension occurring during

TABLE IV.
BENDING AT 150-250 F.
E -STEEL.

REVERSED BEND TESTS.

INITIAL
TESTED AT 75 F.

s R SLNTAL, MEND | AOVIIED LOAD, Th. | STRESS (W/hd”) ls
wo | :5‘;'?' sienin | First Grack } P j s vack | Fragruro
| 150 R v ' "
. . .
3 -+ - +
2 + +
5 | +
b - + .
i - | ; f
8 - + - +
9 - 4 4
10 - - - B
1 § 14 1706 S
1i . -- + -- I
13 0,57 100 1RO 25
ih a.n 110 100 i
| S0 .23 + - "
2 0.3 | |
3 nLh - -
4 044 - v
) LN - + -- +
5 0onE . - I
7 .52 - | +
8 1o - - -
1 150 0.20 v
2 a0 + -
3 0o -- - +
4 G50 + -- +
5 0. 30 -- ' -- |
6 i 4200 ti) [ -
‘ .37 - - -
B 0.3 -- 1 -- |
il .40 t - +
10 0.4 210 i 50 -
11 b au 1400 Lamn I -
12 LAt - - . +
1 0oa - + -- +
it U, a4 - l -- +
15 .40 400 1100 1 -
" 0,50t A6H00 - -
17 0.5 | 301 1000 : | -

§ No lvacture seenrred np faoa load ul
stross Larger than 78 ksl

TABLE V. REVERSED BEN

BENDING AT 300-400 F.
E STEEL.

SO0 1., corTuspusding Lo

D TEST. INITIAL
TESTED AT 75 F.

3ar INITLAL HERD APPLIED LOAD, 13, STRESS (4M7hd”)les
ko TERE | serain | Fiest Grack |Fracture virst Orack | Eracturc
L 100 25 -- + -
P i B E
3 1.3 + - +
4 G -- + - +
5 i, 36 - n +
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1 (U -- + -
Ll [LREL -- +
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1 - | - 3
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5 UL Al gl a0l 20 -
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? a_4% i Lznn 20
B 0 A% 30 ueit 1
E 0,54 200 1auu 5
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3 a0 L300 3L
& 400 110 2
" B L300 i
8 [ 140 a1
7 00 LRIy R
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9 (A 0 E 13
0 I} q0it 1000 22
1 0.50 Fal B &
17 9,52 il Lion 3 -
1% [Nt pEEds 1500 4
14 034 0T 1100 5
I —
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stress larger chan 78 kei.




TABLE VI,

E-STEEL.

REVERSED BEND TEST.
BENDING AT 450-600 F.

TESTED AT 75 F.

Rar TKITIAL BEND ATPLIED L&D, LK. STRESS (A4l Y kni
too [ rmp Strain | Eirst Crace | Traciute | First Grack | Fracturs
.
1 450 -- R :
2 -- + - I
1 -- b -- -+
& - ! T !
5 -- + -- +
b - + - +
5 - - I
H - + -- -+
4 -- | -- +
10 Lan Taun 4 .
11 2200 10 ) -
lz T 1.0 17 -
11 300 i s -
14 -- | - +
s 700 -
18 1000 -
17 410 ; -
18 1 -
19 A6 1 -
) L5 .
1 sy - - _
3 3 3 -
3 -
5 o _
o ! -
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3 23 ,
9 4 -
10 14 -
il ) -
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. — [
! R u,3 - + [
2 [T ) T4 |
1 a.4n 50 1. ; -
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stress larper tihan S8 ksi.

TABLE VII,

E-STEEL.

REVERSED BEND TEST,
BENDING AT 700-%00 F,

INITIAL
TESTED AT 75 F.

. '
NITLAL LCKD APPLIED LoAD, Li. ! L
" Strain Firat Lrack Fracture] First Grack [ roclure
I e [ -- - - +
H L33 259051 2900 b -
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INITIAL TABLE VIII.
BENDING AT 200-400 I,

E-STLEL.

REVERSED BEND TEST.
TESTED AT -16 F.

INTTIAL

Lar LNLIELAL GEXD b AMPLLER Ldad, L, STRESS (A nd ks
e | pemp Arceslud | praciur Arrosied Frazture
it Sitain Crale Crack
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2 (IR | +
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3 ' + |2
A -- 1700 .- it E
F [83] 1300 15
I i T B v
2 : -
) + v
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TABLE TX, REVERSED BEND TESTS.
BENDING AT 450-600 F.

E-STEEL.

INITIAL
TESTED AT -16 F.
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TABLE X. REVERSED BEND TESTS.
BENDING AT 700-1100 F.
E-STEEL.

INITIAL
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the initial bending of bars of the reversed
bent test (section 3). The bars were
heated at the required temperature for
a period of 45 to 90 min., then given the
initial four-point bending (Fig. 3a). After
reheating for about 30 min., they were

bent (Fig. 3b) to various radii and left
to cool. About one day later they were
finally tested in reversed bending (Fig.
3c) at 75°F, or at -16°F. The results of
122 tests at 75°F and of 84 tests at -16°F
are shown in Figures 9 and 10 (10), and
in Tables IV to X. The last two columns
give the nominal stress at the first crack
or at fracture for an assumed {fully
plastic stress distribution. The influence
of the prestrain temperature is quite
marked. Already at 200 to 250°F, the
transition occurs at lower prestrains
(the embrittlement is stronger) than at
room temperature. The lowest transition
limit occurs at the blue brittleness range
around 450°F for reversed bending at
75°F, and around 600°F for reversed

TESTED AT -16 F.
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bending at -16°F. The transition prestrain
for bending at 450 to 600°F is almost
half as big as at room temperature. As
expected, the transition prestrains are
lower for -16°F than for 75°F. The
lowest transition prestrain is only about
0.20, which is less than half the value
found with bending at 75°F. The damage
diminished when the temperature of pre-
straining was raised above 800°F as is
obvious from the increasing transition
prestrain. Above 900°F the effect of
prestraining was smaller than at room
temperature. Tests were made up to
1250°F where no reduction of ductility
by prestraining could be detected. Similar
tests were made with an ASTM A-7 steel.
It was found again that precompression
at about 600°F was far more damaging
than at 75°F (10).

Tests in small numbers were also made
to study the effect of hot extension on the
cold ductility (10). For this purpose after
initial hot bending and cooling to -16°F,
the bars were subjected to a continued
bending in the same manner as during
initial bending (Fig. 3b). Because of
shortage of E-steel, only bars of A-7
steel were used. It was found that em-
brittlement could be induced with exten-
sional prestrains of the order of 0.35.
In cold continued bending, these bars
fractured at the extrados at additional
extensions of 0.02 to 0.03. However, the
scatter of the results was considerable.

The effect of hot straining had been
studied by Korber, Eichinger, and Moller
(21), and by several other investigators
(35).(38)-(40). The embrittlement caused
by relatively small strains at medium
high temperature is of great significance
because it appears to be the cause of the
frequent service fracture initiations which
are traced to defects close to welds.

6. RESTORATION OF DUCTILITY BY
HEATING

6a. Purpose and Method of Testing. Work
hardened steels, as e.g. by forming or
spinning, are made again ductile by heat-
ing close to the annealing temperature,
Lagasse and Hoffmans (30) have recently
shown that considerable ductility may be
restored after a heat treatment at about
1100°F. The present tests with bars of
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E-steel are a first attempt to determine
the relation between time and temperature
needed to restore ductility. More de-
tailed results obtained with controlled
heat treatment of prestrained bars of
ABS-B steel are reported separately (66.).

The previously developed method of
controlled embrittlement and testing by
reversed bending proved very useful in
this investigation. Three steeis weretest-
ed: E-steel, ABS Class C, and an A-7
steel (Table I). All three have been used
extensively in earlier tests, and their
exhaustion limits when prestrained at
75°F or 450°F, or tested at 75°F or
-16°F have been reported (9)-(10). In
the present tests the bars were pre-
strained beyond the exhaustion limits for
the conditions under investigation, and
were then heat treaied at various tem-
peratures between 1050° and 1500°F for
various lengths of time. After cooling
in air to 75°F, the specimens were
tested in reversed bending in the usual
way. Some specimens, however, were
aged by heating to 300°F for 1 1/2 hours
before heat treating. Their results are
identical with those of bars which did
not receive any separate aging treatment.

The heat treatment was done inanoven,
which is not an ideal method for this
purpose as the gradual heating obscured
the exact time-temperature relationship
which was sought. Nevertheless, with an
identical temperature rise in all similar
tests it would still be possible to get a
close approximation of the time needed
at each temnerature for the restoration
of sufficient ductility. In effect the time
probably varies almost exponentially with
the temperature, so that only a small
temperature range close to the highest
in each test should have a significant
influence. Unfortunately the time spent
in this range was unavoidably influenced
by many factors such as position and
number of bars in the oven, variations
in circulation, etc. Thus the present
resuits are only of a preliminary nature.
In addition the number of tests was
limited by the short supply of E-steel,
but is sufficient to show the general
trend of the heat treatment.

Typical heating curves of the bars
are shown in Fig. 11 for oven temperatures
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TYPICAL HEATING CURVES.

FIG, 11,

of 1050, 1200, and 1380°F, as measured
with thermocouples placed inholes drilled
in the bars. In view of the uncertainiy
inherent to heating in an oven, no attempt
was made in the present tests to determine
the effect of a constant heat-treating
temperature. Only the total time in the
oven is reported for each bar. The tem-
perature history may then be judged {rom
the curves of Figure 11. Complete curves
of heat treating time vs. prestrain for

TABLE XI. REVERSED~BEND TESTS OF
BARS HEAT TREATED AFTER HOT INITIAL
BENDING. LE-STEEL.

REVHRSE END

Compressive | Tenp,
Pregtrain

) HEAT TREATMENT TATITLAL BENDING

Temp Time Temp.
No. Oy fmin.) oF

LAl 550 5| 430 .45

EC27? 1050 15 450 0.4

r ECIS | i050 15 430 0.44 A
ECL0 | 1050 30 450 0.44
EaAls 1100 5 430 0.43

1100 10 450 0,04

TAD 1100 15 430 0.46

EATL 1100 e 450 Q.43

EAR 7 1160 1z 450 0.43

1160 19 450 Q.43
450 0.43

ELL 1160 25 450 0.4%
J n2 1160 29 450 .43

1400 100 }

EC2Z6 1200 8 450 048 &

et | 1200 3 450 0.4b
1300 1300
VORCL3 1200 10 A%0 Q.48 +
E025 1385 15 430 0. il +
B2 1225 15 450 1 050 75 2200 2900
eolLl | e s a HGLL_“_‘J,OJ

+ No fracturé wp to g Joad of 3000 1b.
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various heat treating temperatures were
determined in later extensive tests of
ABS-B steel bars heated rapidly to the
final temperature {(60).

6b. Bars Prestrained Hot. As described
in section 9, precompression by bending
at about 450°F was found to be more
damaging than at 75°F. The exhaustion
limit for bending of E-steel at 450°F
and reversed bending at 75°F was 0.35%
0.02 (Fig. 9). For the present tests the
bars were bent at 450°F to prestrains
in excess of the exhaustion limit by 0.05
to 0.15, so that without heat treatment
they should all be brittle. The results
are given in Table XI and are indicated
by the letters H.B. in Figure 12 and 13.
A period of ten to fifteen minutes in an
oven heated to 1100°F restored the duc-
tility of all hot prestrained bars. The
amount of prestrain did not appear to
influence the duration of the necessary
heat treatment,

6c. Bars Prestrained at 75° F. The results
obtained with E-steel prestrained at 75°F
beyond its exhaustion limit, heat treated,
and tested at ~-16°F and 75°F are given
in Tables XII a,b. Similar results with
ABS-C and A-7 steels are given in Tables
XIII and XIV, Figure 13 shows the length
of heat treatment at 1100° and 15000F
versus the excess prestrain (for aged
specimens) of various bars, and indi-
cates whether the bars were ductile or
brittle. It appears that the minimum
time needed to reductilize the bars at
about 1100° increases with the excess
prestrain. At 1500°F the necessary heat
treatment was much shorter, down to
3 minutes in the oven for the smaller
prestraine, and probably i0for the higher,
though some of the most severely pre-
strained bars remained brittle. It is
obvious, however, that short heating times
did not ensure either that the specimen
had reached the oven temperature or
that the temperature was uniform through-
out the cross-section of the bars.

6d. Conclusions from Heat-Treating

Tests.” Thé present preliminary tests
are insufficient for drawing exact con-
clusions, but they do indicate the following
trends:
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TABLE Xila. REVERSED-BEND TESTS OF BARS
HEAT TREATED AFTER INITIAL BENDING.
E-STEEL.

HEAT TREATYENT LHLLLAL BESDENG REVERSE BND
dur Temp. | ime Temp. | Gimpressive | Zemp Taad {1h.)
. “p {min.) M Prestrain s Firsr] Fractore

Crich

ksl 1100 3 73 0.4 -16 1o i
E37 L10u 5 75 0.54 -tk

[ 1120 & 73 054 - 600 500
E56 Llon 10 75 0,54 “14 300 500
En 1100 15 73 0.54 -ih 260 200
k34 1100 20 75 G.ab -lb -- I
23 1:00 5 5 0.54 -4 --

BT L1100 1 7 0.4 -l -- I
11 1100 5 7 054 16 -- +
En L100 a0 EH a4 It -- -
43 1100 3 75 7 Lo 1c0 300
5y 1100 H 7 ¢.57 -6 100 1102
Shoc Lo 3 75 iy -6 3006 1300
Gl 1100 ) 75 .57 - 1i 500 L3
Iy e 12 i Goud -1 ENE) 1600
45 1100 0 i 0,58 -16 50 1200
21 1760 4 15 057 -1v s Ltwo
73 1200 3 1 054 -l 300 1500
61 1200 a 75 0,54 -l 300 1050
59 1200 10 75 0,54 16 200 1150
i 1200 L2 b I -16 200 1050
i Loe 15 & 0.58 -1h 700 13

1360 1 -16 .32 -16 00 1100

1380 5 s 0.52 16 100 1100

1380 8 16 .52 16

1480 15 16 0.58 16 700 1300
ig 1160 20 By 8.52 -1e - i
a7 1180 7 16 0,52 B - +
1z 1380 30 16 52 -1s - 4

| Ne freclure up b .

mADTD YTTL

TABLE XIIb.
HEAT TREATED AFTER
ING. E-STEEL.

Hitat Treatwent laitial Bonding Reyerse ;and
Bar Tewmp. e Coup. | Compressive | Temp, Lead (ib,}y
Ko. O tmin.) O Frestraln Yr | First [Fracture
Grack
26 1160 o’ 5 U, wd -ln Ericrle| Tracrure
33 11030 2 75 .50 -lo Lrm 1700
7 [WRei) 30 il 0,54 -lh Laog 1090
i 11o0 k) 75 0.nd -16 -- F
32 LiGo 45 s .54 -lh - I-
82 LiGo 20 7 057 -l 500 1300
2} Lipa 2% T 057 =L L) Tao
41 100 30 T3 G.a7 =i 2500 2800
a2 l1o0 Ul 5 [0 =1l - +
39 L 3 79 057 =16 - |
4an Lo s I 0,57 -l - 4950
1 18 [REE) a8 7% o5y =16 v -+
S 1160 &0 i [R-T3 -1f 1924 el
21 110 @40 7T (LN -1n - +
38 Ll A% 5 0,57 -6 1108 $100
- i liea 4y 75 PICY -1 - +
26 [WEE) 70 I 0,37 -li 1540 070
h 1100 108 75 G.nd =1h -- +
42 1160 0 i [+, 58 - Lo Z0x) 10010
Gt L1ea 29 T3 0.58 =i 500 800
&4 1100 30 75 50 ~16 - +
41 Lioa 45 N .58 -ln -- |
83 15060 K ik (B 75 - 4140
59 15060 B 7 CLhid IE] L2y =40
30 1500 10 ) .Gl i 1413 2370
5 L5Gd hl1) 5 DAL I -- I
& L300 19 75 [P 05 73 - +
i Ko Fracture up ro o Joad of 5000 ib. or wmoTe
. o .
1. Heating to 1100°F for 30 minutes
appears to restore sufficient ductility
to all but the most highly strained

bars.

2. The necessary duration of heat treat-
ment shortens as the temperature rises
above 1100°F. At 1500°F a few min-

TABLE XIII, REVERSED BENDING TESTS OF
BARS HEAT TREATED AFTER COLD INITIAL
BENDING. ABS-C STEEL.

s HEAT TREATMTNT IHTTTAL BENDLING KEVERSE BEND
ar
" Temp. Trime Temp. | Compressive | Temp. Load (1b.)
Ho. - -
‘e (min.} F Prestrain o i:;:i Fraceure
Dlz 1100 7 75 0.57 -6 300 1600
Bl 1100 8 7 0.57 -16 100 1350
74 1100 LS i5 0.7 -16 3c00 3600
19 1100 I3 i Q.57 -16 -- -~
13 1100 20 75 0.57 -1 .- +
19 1100 25 5 0.59¢ -1t -- 4
2 1100 30 73 0.57 -6 -- +
D58 1180 3 7 0.58 16 100 1400
D3¢ 1100 5 0.1% -16 200 1450
| DE7F 1100 8 d 0.5g -16 500 1004
| i P
foonla 1100 15 75 0.5 3 -- -
DES 1100 20 5 0.57 75 -- +
D7 1100 5 5 0.58 75 100 1350 _
09 1100 10 7 058 75 -- 43007
3l 1340 5 15 0.6l 75 400 L1700
DES 1280 8 5 0.5l I -- 4500
03 1380 10 5 0.61 I -- 43507
DA 1330 12 5 0.61 75 - 4100
LEX] 1380 15 5 0.61 5 - +
vl4 L1280 20 73 a.51 15 -- +
pI%] 1500 3 5 0.57 5 - oL
ns? 1500 5 75 0.5/ 5 -- 4000
V48 1500 a 5 .57 5 - +
D2 1500 10 75 0.57 i - +
D24 1500 12 75 0.57 i5 -- +
Dz ¢ 1500 15 75 0.57 73 - +
nzy 1500 20 I 0.57 3 -- +
i D34 1500 ?5 3 .57 5 - +
5 1500 0 75 0.61 7 - +
' 5 1500 10 5 0.1 5 - +
‘ 1l 1560 15 75 0.65 5 R 43507

4 Ne fraciure up Lo a load of 5000 Lb. or wove.

Specimen behaved in doctile Lashion initially, then failed in a
Lrittie manner,

Failure by gradual ductile tesring.

TABLE XIvV. REVERSED BENDING TESTS
OF BARS HEAT TREATED AFTER COLD
INITIAL BENDING.

AT-STEEL.

leal Trealment Toitial Reading Reversy Bend
bar Jump . Time Temp. | Compressive Loag {1b.)
Yo 5 : o o T =
¥ (min.} Prestrain ¥ [First Fracture
track

12 1a00 135 Y 0,54 73 -- +
1% 1560 15 M J.60 7% -- +
- Lot H 73 Boet 75 00 oD
95 1500 B 75 061 75 840 870
149 1500 i P [V 75 - 2730
- 1500 (K] 75 C.él i -- +
15 thanog L5 3 VK rE) 1780 1710
9% 1500 15 £ LN 73 -- 38H)

+ Ho [racture ap te @ load of 5000 1b. or mere,

utes appear to be sufficient for the
medium and lower prestrains.

3. A few of the most severely prestrained
pars (0.15 above exhaustion limit) re-
mained brittle even after long heating
at all the temperatures used. This may
be a real irreparable embrittlement,
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or may be caused by a deterioration
of the steel by the long heating.

4, Bars of E-steel embrittled by hot
straining need a much shorter heat
treatment than bars strained cold.

5. A-T7 steel appears to require longer
heat treatment than E or ABS-C steels.

These tentative conclusions indicate that
the so-called ‘high-temperature stress-
relieving’’ treatment may be an efficient
method for restoring ductility and

preventing fractures, particularly in

structures which have suffered embrit-
tlement by hot straining close to welds.
The heat treatment would be less ef-
ficacious with structures containing cold
worked regions, particularly when the

work h'lrdenmg is very strong

7. AXIALLY COMPRESSED BARS

7a. Method of Compression. Once sys-
tematic Tow static stress fractures in
unwelded steel were achieved in pre-
compressed notched plates, attention was
focussed on the relation between duc-
tility and compressive prestrain. This
relation cannot be easily studied in the
strongly wvariable strain distribution a-
round the notches of the compressed
plates, but requires a uniformly pre-
strained wvolume where both strain and
stress may be directly measured. Such
a uniform state of large deformation
has already been achieved in a prelim-
inary series of tests with axially com-
pressed relatively slender bars laterally
supported against buckling (5). It should
be noted that the {frictional constraint
to lateral expansion of the bar ends
may cause a local non-uniformity of
straining which may extend over a length
equ;u to the bar thickness. In Lcmuv'ery'
long bars this is of no consequence as
only the uniformly strained middle portion
is measured and tested. When the height
is small in comparison with the bar

thinl m
thickness the two end regions merge and

the strains are nowhere uniform nor
accurately known. In effect steel cylinders
sufficiently thick to avoid buckling were

compressed at the National Physical Lab-
nvﬂfnr}r in Eneland IQ1\ (329 At first

L =R AV A Afiiiia WS . 4aas

they showed an ordmdry barreling, but

FIG. 14.
SUPPORTING AXIALLY COMPRESSED BAR.

PLASTIC CYLINDER

at higher prestrains deformed to a pec-
uliar two-humped shape with a waist at
mid-height., Considerable differences in
strain could be inferred from polished
and etched sections. The strain did show
some uniformity over the central volume
of the compressed cylinder, but varied
considerably from the center to the cir-
cumference, The N.P.L. tests used spec-
imens cut from the uniform central region,
and were not concerned with the exact

ﬁmh‘|n+ Af tho nroctevnin
A LIVGIEL UL UIT pJAaTollalll.

The buckling of axiaily compressedbars
can also be prevented by using specimens

with a reduced middie pnrtion and guided
u)i‘lg‘ltuuuhu motion of the bar ends. Such
specimens have also been used in tension
(4). The strain distribution in the re-
duced portion of this specimen may be
almost uniform in the elastic range.
When yielding sets in, however, and es-
pecially at large strains, the constraining
action of the thicker ends and the var-
iation of thickness may cause a substan-

tial variation of strain across the minimum
gectinn even when the {‘}1"]]10“3 in sections

Lo e Y il AT Laia ALl STL AW

is not very pronounced. ’I‘hus the overall
change of diameter of the neck may not
be an accurate measure of the maximum
imposed strain.

In a first series of tests (3) cylindrical
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FIG. 15, COMPRESSION JiG WITH GUIDING V-BLOCKS, PLUGS, AND TEST
BARS (LEFT) AT VARIOUS STAGES OF COMPRESSION.

bars of 0.75 in. diameter and 6 in. length
were used. They were fitted in an axial
hole bored in a plastic ecylinder of 5 in.
diameter. Bar and plastic cylinder were
of equal length and were compressed
together, so that the plastic buckling of
the steel bar was prevented by the lateral
elastic or viscoelastic support of the
cylinder, Fig. 14. Compression was done
in steps, large originally and smaller
later, between which the bar was re-
moved and the cylinder was machined to
fit in the unstrained state the diameter
and length of the compressed bar. The
bar was also machined whenever the
slightest non-uniformity was detected.

™. The Compression Machine. The com-
pression 1nside a plastic cylinder re-
sulted in very lengthy delays for machining
between compression steps and was a-
bandoned in favor of a simpler method.
Bars of a square cross-section were used
and were laterally supported against buck -
ling by two V-grooved blocks fitting over
two diagonally opposite edges of the bar,
This is shown in Fig. 15 where the V-
blocks face each other and create a
square hole. They are pressed on the
- specimen with a force of about 12000 b ,
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cylinder placed in the cavity at the left
of the V-blocks and operated with the
hand pump shown on the right. The whole
compression jig is placed in a 200,000
Ib. compressgion machine, as shown 1In
Fig. 16. Figure 15 shows (background)
the array of hardened plugs used to
compress the bars, and on the left four
bars at various stages of compression
from an unstrained 9 in. long bar down
to 58% compression. Friction between
bar and V-blocks, and between bar ends
and compression heads is reduced with
the help of a 0.001 in. thick Teflon sheet.
This reduces appreciably the axial load
needed to produce the same strain, and
prevents the uneven lateral expansion
(thicker at top) of the bars.

The uniformity of straining of the bars
was checked on longitudinal sections pol-
ished and etched (50% hydrochloric acid
at 80°C} to show flow lines. Figure 17a
shows a section across the thickness of
an unstrained 3/4 in. plate of E-steel,
in the rolling direction. Figures 17b
and ¢ show sections across bars pre-
strained by 30% and 50% respectively.
About one third of the width of the bars
has been removed after prestraining (to
the right of Figures 17b and c). AU
three photographs show a distinctly finer
banded structure in two outer layers and
a coarser at the interior. The bands
remain parallel even at the higher pre-
strain, except at a small region at the
ends of the bars, and within a distance
of about half the bar thickness from the
ends. No macroscopic variation of strain
across the bar thicknegs is evident,

The compressed bars were stored in
a freezer at -18°F to prevent unwanted
aging, except for the few hours required
imens. The machining was done under a
coolant and with great care to avoid
heating or straining. Standard 3/4"-14
threaded heads were first made on all
bars prestrained below 50%, but were
increased to 1"-10 al higher prestrains,
when some 58Y% tension bars broke at
the threads.

Aavans 4

rre Acino Tecte were
¢, ARINg 1e81t8s were
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made” with unaged bars as well as with
bars aged without load or under tension

up to 75,000 psi. Aging under tension
was done in a special straining frame
with a ¢ylindrical three-zone oven and
a hydraulic-pneumatic loading system
which kept the load constant over iong
periods of time. Figure 18 shows the
straining frame, oven, and specimen in
its holders.

7d. Tension Machine with Cooling Bath.

Tension tests were made at 75° F and
at -16°F. Almost all 75°F tests were
done in an ordinary testing machine,
at first with a dial extensometer and
later with an autographic extensometer,
up to strains of a few thousandths so
as to determine the 0.1% offset yield
strength. Higher strains were calculated
from the change of diamefer which was
measured with a dial gage. The bars
to be tested at -16°F, however, would
warm up before the test was finished,
This was corrected with a specially con-
structed miniature testing frame which
had narrowly spaced slender columns
and could swing and be immersed into
a cold tank bath at -16°F. Loading was
done with a 21,000 1b. low friction hy-
draulic cylinder and pulling heads with
spherical self-aligning seats. Figure 19
shows the testing {rame swung out of
the tank, with a specimen and extensome-
ter held in place. A strain gage load
cell in series with the specimen and a
linear variable differential transformer
type extensometer with associated de-
modulator provided the signals for plot-
ting the load-elongation curve on an x-y
recorder (right foreground). For each
test the frame with mounted specimen
was swung out of the coolant, the ex-
tensometer was attached and loading with
autographic recording up to strains of
about 0.010 was rapidly completed (less
than 1 min.). The extensometer was then
removed without interruption of the load-
ing, the frante was swung into the bath
and the testing was continued to fracture.
No diameter measurement was taken dur-
ing the test.

Use of the coolant was beneficial also
for reducing the heating due to plastic
deformation of the specimens which did
not fracture at low strain. For this
reason a pure water bath was used in
the later tests at 75 °F,
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FIG. 20. FRACTURE OF BAR E-146: €O= G.61, Ef= 0.023,

FIG. 21. BARE-114 FiG, Z22. FRACTURE OF BAR E- 137a

€ = 0,61, ¢=0,021, € =0,58, €=10,04,
o} f o) f

FIG, 23. FRACTURE OF BARE -~ 157 €O= 0.61, €.=0,60,
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FIG. 24. FRACTURE OF BARE - 111
EO== 0.67, efz 0.40,

It is true that water as well as glyc-
erine may affect the fracture strength,.
Water, however, is unavoidable, as it
condenses and {reezes on the cold spec-
imens, but it is acceptable as reproducing
standard service conditions. The cor-
rosive action of glycerine on steel is
not exactly known, but even if it differs
appreciably from water, the effect should
be  altogether negligible in the short
duration of a tension test. Even with an
energy approach to f{racture, the re-
duction of the surface energy due to
either liquid should not be important.
FEven in the mast brittle fracture the
gross strains are of the order of 0.02
and the local strains are considerably
higher. Surface energy is negligible in
comparison with plastic strain energy.
In addition, tests with and without a
bath did not indicate differences which
could be attributed to the surface effects
of the coalant.

7e. Brittle and Duectile Behavior. Brittle
fractures” were achieved at the highest
prestrains. Figure 20 shows a typically
brittle fracture (prestram o~ 0.6Lstrain
at fracture ey = 0.023) which may have
started at the center. Figures 21 and
22 show fractures which appear to have
started at or close to the surface (pre-
strain 0,61 and 0.58; strain at fracture
0.21 and 0.04 respectively).

Ductile fractures showed an irregular,
jagged cup-and-cone surface as in Fig-
ure 23 { €= 0.61; £f = 0.60). Some-

i
FiG. 25. BARE- 117
€ = 0,55, ¢ > 0,37.
o i

times bars fracturing at large strains
(order of 0.50, with pronounced neck}
showed a central irregular region with
some fibrous appearance, surrounded by
a flatter region with steps, similar in
texture with the most brittle fracture
surfaces, as in Figure 24 (¢~ 0.67;
ef= 0.40). This pronounced difference
from center to circumference raised the
question of the uniformity of prestraining,
and led to the macroetch studies (Figure
17), which indicated a high uniformity of
macroscopic strain.

An interesting phenomenon appeared
on the surface of ductile bars after the
neck became evident, but well before
fracture. A series of pinhole cavities
with yield bands emanating from them
at about 45° to the bar axis appeared
and multiplied mostly along the same
generator (Figure 25, €, 0.55;er =0.37)
and grew with the load. On one occasion
the generator with the pinholes was i-
dentified with the trace on the specimen
surface of a plane in the banded struc-
ture (perpendicular to the planes of the
macroetch surfaces of Figure 17). The
bands at 45° do not appear to be in-
tersecting slip zones causing the cavity,
but rather yield zones caused by and
starting at the circumferential extrem-
ities of the cavities. This conclusion is
based on the observation that the paral-
lel zones from opposite sides of a cavity
are not aligned segments forming a shape
like the letter X, but are offset by a
length of the order of the width of the
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FIG., 26.

cavity as in the form » ( .The fracture
surface usually contained one suchcavity,
which frequently appeared to be the sur-
face trace of an inner earlier fracture,
as is clearly shown in Figures 24 and 26
(€, =0.67; ££=0.40). These interiorfrac-
tures appear to produce the central region
of different texture observed in some
fractured bars, and also to be the cause
of necking.

At the present no direct relation is
found betweén these pinhole c¢racks or
interior fractures which seem to occur
at strains of the order 0.10 or more,
and brittle fractures which occur at strains
of the order or 0.0l1. It is surprising,
however, how a series of local frac-
tures, as indicated by the pinholes of
Figure 25, not only fail to initiate a
complete fracture in a severely work
hardened bar, but even allow it to sus-
tain an increased stress. Considerable
ductility is present even after compressive
prestrains as large as about 0.60, as
is also evident from the large overall
straining at fracture of such bars (0.60
to 0.80 or more).

f. Test Results, The test results are
given In detail in Tables XV a-d for
bars tested at 75°F, and XVI a-c at
-16°. They are tabulated according to
increasing compressive prestrain, and
show the 0.1% offset, the natural strain
at fracture (equal to loger where r is
the ratio of initial to instantaneous area
at fracture), the true stress at fracture

€ = 0,58,
0

€f= 0,46.

(based on thé instantaneous fracture area),
and the conditions of aging.

The natural strain at fracture plotted
against the prestrain is shown collectively
for all bars tested at 75°F in Figure 27,
and separately according to whether they
are unaged; aged without load; aged under
15 to 50 ksi; or under 60 to 75 ksi, in
Figures 28 and 29. Likewise collected
results of all bars tested in tension
at -16°F are shown in Figure 30,
and according to aging group in Figures
31 and 32.

These results fully confirm the drop
of extensional ductility at a relatively
narrow range of compressive prestrains,
and the amazingly small effect of pre-
strains of lower magnitude. The scatter
of the results is greater than with the
reversed-bend bars and does not permit
as sharp a definition of the exhaustion
limit (with reversed-bend bars this was
possible to within strains of + 0.02). It
i8 not possible to distinguish clearly
between the effects of different aging
procedures of bars tested at 75°. With
bars tested at -16°F the exhaustion limit
appears to decrease from about 0.61 to
0.50 as the aging load increases. The
effect of a change of temperature from
75% to -16°F is more distinct. With few
exceptions the exhaustion limit at 75°F
lies between about 0.59 and 0.66, and
at -16°F between 0.50 and 0.61. These
are larger by 0.06 to 0.10 than the
limits found with reversed-bend bhars
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having as-rolled surfaces, which is not
inconsistent with the increase of the
exhaustion limit by about 0.05 found for
bars with machined surfaces (67). The
remaining difference may be attributed
to the post-compression machining of
the axially compressed bars instead of
the pre-compression machining of the
reversed-bend bars. Post-compression
machining should any small
surface irregularities developing during
compression, and should increase the
apparent overall ductility.

The 0.1% offset yield strength, the
true stress, and the natural strain at
fracture have also been plotted according
to aging treatment, for compressive pre-
strains of 0.48-0.52, 0.54-0.58,0.59-0.63,
and 0.65-0.67 for tests at 75 F (Figures
33a and 33b); and likewise for prestrains
of 0.50, 0.58, and 0.61 at -169F (Figure
34). Contrary to earlier expectation it
is not possible to distinguish any de-
cisive trend, except a small increase of
the 0.1% offset strength with the aging
tension. The 0.1% offset strength is al-
ways appreciably higher than the aging
tension. In unstrained bars tested at
-16°F, however, aging has a considerable
effect on the lower yield point. As shown
by the first four lines of Table XVI, aging

without load raised the lower yield point
from 36 ksi to 46 and 51 ksi, but did
not have a significant influence on the
natural fracture strain or on the true
fracture stress. All four bars showed
an upper yield point. For better compari-
son aged bar A2 and unaged bar U4 were
cut from a single 9" long bar, as also
were bars A3 and UD,

8. CONCLUSIONS

A consideration of the relation between
local strains at a crack and the behavior
of a structure as a whole has led to a
definition and a criterion of brittleness
a struciure based on the
average net stress at fracture. It then
became evident that mild structural steel
has sufficient ductility to avoid britile
Iracture under stafic loading even when
it has the deepest notches and a low
temperature, and that low stress frac-
tures under static load should result
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from a prior suitable reduction or ex-
haustion of the initial ductility of struc-
tural stéel.

The tests which were then undertaken
have demonstrated the important influ-
ence of the whole history of strain and
temperature on the subsequent ductile or
brittle Héhavior of steel. The magnitude

thnon aAaffnnte had wad hao
tACSse Ciiedis nada not oeen

widely recognized. The extensive tests
with notched plates, bent bars, and ax-
ially compressed bars of E- and other
steels, subjected to various types of
straining and heating history, have shown
the following:

Af onvan ~F
oz [=AWFYYLey VA

A. Sufficient precompression at room
temperature exhausts the extension-

f]] r"(\ﬂ|'111f|r "'n anirnh an wtont as "r\
sucn an exient

result in fracture after extensions
of the order of 0.01 (1%).

B. The reduction of extensional ductility
is not proportional to the amount
of precompression. A narrowly de-
termined limit of compressive pre-
strain exists (the exhaustion limit)
at which the ductility suffers a

ranid reduction. Dreatrains amallar
A L AVd AL AAML LAV LA, P LLACR AR A

than this limit have 11ttle effect
on the extensional ductility. Larger
prestrains cause complete embrit-
ttement. The exhaustion limit was
found to be about 0.5 (50%).

C. The exhaustion limitis lower (easier
embrittlement) when the final test
1s made at a lower

D. The exhaustion limit is lower for
bars which are subsequently aged

(l.e. heated for 90 min. at about
300°F).

E. Exhaustion of ductility by precom-
pression and aging does cause hrit-

tle fracture in originally ductile

n‘CIfDQ T\Tnh’\hori n]nfc\u c'n{'fIn At lar
uuuuuu ‘ ACLbid LiLL lb.l'.ulll.].y

pxecompressed in their plane at
right angles to the noteh axis suf-
fered such a reduction of ductility
in the highly plastically compres-
sed notch regions, so as to fracture
or develop arrested cracks under
static loading, at average net stress

temperature,’

levels as low as 10% of virgin
yvield. These tests duplicate service
fractures insofar as stress level,
fracture appearance and abSence
of plastic deformation are con-
cerned,.

F. Exhaustion of ductility is highly
anisotropic, as was conclusively de-
monstrated by Allen (31) and Rendall

(32), and had been indicated by

the transversely prestrained notched

plate tests (2). Steel compressed
to the extent to be brittie in tension
in the same direction as the com-

pression, was highly ductile in a

transverse direction. Likewise cold

rolled steel has much less ductility
in the direction of the thickness
than in the rolling direction.

G. Localized residual stresses of yield
intensity have no influence on the
brittle or ductile behavior of the
test specimens,

H. An increase of prestraining tem-
perature reduces the exhaustion
limit (easier embrittlement) {or sub-
sequent tests at 759 or -16°F. The
reduction is highest at about 500-
600V F, where tihe exhaustion limit
has about half the wvalue for cold
prestraining. Prestraining ahove

700° raises again the exhaustion
limit, till at about 900% it is higher
than at room temperature ({(more
difficult embrittlement). Hot strain-
ing in extension can alsc exhaust
the ductility in subsequent cold ten-
sion.

I. Heat treatment at temperatures a-
bout 1100°F, of a durativn depend-
ent on the amount of prestrain,
can restore sufficient ductility to
prevent fracture at small strains.
The effectiveness of the so-called
““thermal stress relieving’ oper-
ation in preventing brittle fracture
appears to result mainly from the
restoration of ductility than from
the reduction of the residual stres-
ses, ‘

Exhaustion of ductility by hot or cold
straining and aging appears as afundamen- -



tal cause of brittle fracture initiation.
This is in agreement with the obser-
vation (65) that the origin of service
fractures is usually traced to a cold-
worked region or to a defect close to
a weld, where complex hot straining
oceurs during the welding eycle. It is
quite likely that very local strains of
the order of 0.50 may develop at a strain
concentration or at a defect in such a
region, and more so in regions which
have been work hardened by external
means. It appears even likelier that local
strains of the order of 0.20develop at
a defect close to a weld at temperatures
around 500°F. In effect the weld zone
is known to suffer a uniform stretching
of the order of 0.02during cooling, and
the concentration due to a defect could
raise this substantially. The straining
of this region is quite complicated be-
cause longitudinal and transverse com-
pression develops as the weld approaches,
and is changed into tension when it re-
cedes. However, there 1s no indigation
that the cold or hot straining now employed
are the most effective methods of em-
brittlement or the closest to reality.
A strain and temperature history causing
easier embrittlement may exist.

It may also be found that prestrained
steel which is still ductile in simple ten-
sion is brittle under the triaxial con-
straint of a notch. This shows how much
has still to be learned about the strains
developing at cracks or notches in mate-
rials of specific anisotropic strain hard-
ening laws, and on the behavior of pre-
strained steel under the specific con-
ditions of strain and constraint existing
at a notch.

The present investigation, however, has
clearly shown that the properties re-
sponsible for brittle fracture are those
of damaged and not of virgin steel. It
would appear then that tests designed to
measure the properties of embrittled
steel, or better, the ease with which
steel is embrittled during some strain-
ing cycle, would give results more di-
rectly related to brittle fracture than
tests of virgin steel. It is therefore
suggested that tests of embrittlement
by cold or hot straining be seriously
considered as possible acceptance tests

-3]-

for steel. The ‘reversed bend test in
particular provides a practical repro-
ducible test for the study of the amount
of strain which causes embrittlement,
and of the effect of aging, of the tem-
perature of straining or testing, of sur-
face condition, etc. It offers real hope
of hecoming also a simple shop and field
inspection test of direct and understand-
able physical meaning.
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