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ABSTRACT

The initiation of brittle fracture and the transition between
ductile and brittle behavior of an annealed mild steel has been inves-
tigated, A theoretical and experimental investigation has been made
on notched tensile specimens to determine the state of stress be-
‘neath a notch which governs the initiation of a brittle fracture, The
experimental investigation was conducted for constant rates of

7 2

stress application of from 102 to 10" 1b/in.~ sec at temperatures

of -110° F (-79° C) and -200° F (-129° C). The stress analysis of
the notched specimen includes the effect of limited plastic deforma-
tion known to precede brittle fracture,

The true tensile stress at the position and instant of initia-
tion of brittle fracture in the notched tensile specimens is deter-
mined from the experimental results, a knowledge of the yielding
behavior of the material, and the elastic-plastic stress analysis,

In this manner it is shown that brittle fracture occurs when a criti-
cal value of the maximum tensile stress is attained. This critical
value of the tensile stress is found to be constant, independent of
rate and temperature, and is shown to occur at the elastic-plastic
boundary beneath the root of the notch,

The information gained from the investigation of the initia-
tion of brittle fracture in notched tensile specimens is applied to
the prediction of the transition temperature in the case of the Izod
impact tests The prediction is checked by experiment and the agree-

ment is found to be good.
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I. INTRODUCTION

Structural steel has become of ever increasing importance
since Bessemer first introduced his steelmaking process in 1856,
Steel is readily available, economical and under normal conditions
it possesses excellent mechanical qualities. One of these qualities
of particular importance is the fact that structural or mild steel
will normally undergo a large amount of plastic deformation before
it fractures, This property is known as ductility, A high local
stress in a structure of ductile material will cause local plastic
flow or yielding to occur, if this stress is in excess of the yield
point of the material, This local yielding nday act to redistribute
the high stresses in such a way that no further yielding will occur,
Hence, the normal ductile properties of mild steel would seem to
make it ideally suited as a structural material,

Shortly after the introduction of mild steel as a structural
material, however, a sfrange property of the material was re-
ported, In certain instances steel structures were observed to
suffer sudden and catastrophic failure without apparent prior plas-
tic deformation, However, when material from the fractured
structure was sﬁbjected to a standard tensile test, it was found to
possess a normal amount of ductilify. The reports of cases of
these catastrophic failures are not isolated. Such failures have
been recorded for bridges, pressure vessels, pipe lines, ships,
etc, (1l)*, Some of the more recent and spectacular of these fail-

ures involve the breaking up of T-2 tankers and Liberty ships
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*Figures appearing in parentheses refer to references listed at
the end of this thesis,
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during the second World War, Such failures have become known as
"brittle'', as opposed to "ductile' fractures, due to the apparent lack
of plastic deformation,

Investigations of cases of brittle fractures showed that in
each case the structure failed during, or soon after, a condition of
low temperature existed, The fractures were found to be of the
cleavage type, instead of failure in shear which is normal to ductile
materials, Often the fracture surfaces exhibited herringbone mark-
ings. The apex of these markings were found to point to a common
origin, presumably the origin of fracture, In this manner, it was
found that the brittle crack originated at a place of high stress con-
centration, such as a notch or sharp corner, Also, in many in-
stances, the occurrence of a brittle type fracture was identified
with a high rate of stress rise, such as an impact,

Extensive experimental research on the problem of brittle
fracture has been in progress since thellatter part of the nineteenth
century, The vast majority of this research has been connected
with notched bar impact tests of materials such as mild steel. The
purpose of these tests is to determine the amount of energy absorbed
by the material as a function of the temperature, Impact tests on
mild steel, for instance, show that at high temperatures a large
amount of energy is absorbed, However, as the temperature is
decreased the amount of energy absorbed decreases until at low
témperatures an extremely small amount of energy is absorbed,

i. e, , brittle behavior is observed,
The transition from ductile to brittle behavior in notched

bar impact tests is not sudden, rather, there is a gradual transition,
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However, investigators have come to accept a certain amount of
absorbed energy as indicating the temperature at which transition
from ductile to brittle behavior occurs, This temperature has been
called the "transition temperature''.

A transition from ductile to brittle behavior in conventional
notched bar impact tests has been found to occur in many, if not
all, of the metals which exhibit the body-centered cubic crystal
structure, While some of the hexagonal close~packed metals also
exhibit a transition temperature, the face-centered cubic metals
do not (1). It is significant that the classification of metals on the
basis of their crystal structure also differentiates those which do
and do not exhibit distinct yield points or discontinuous yielding
in their conventional stress-strain relations, The metals that crys-
tallize in the body-centered cubic structure and some of those that
- have hexagonal structure exhibit distinct yield points, while the
face centered cubic metals do not. Those metals that exhibit a
transition temperature and distinct yield points also exhibit de-
layed yielding (2), (3), (4)s (5); (6)e The probability is thus strong
that the existence of a ductile to brittle transition temperature and
delayed yielding are closely related.

Many attempts have been made by engineers to find a rem-
edy to the brittle fracture problem. Much of the progress in the
brittle fracture field has come about by studying the effects of
metallurgical variables such as chemical composition, grain size,
etc,, on the suppression of the transition temperature in notched

bar impact tests of structural materials. By proper metallurgical
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control, engineers have to a certain extent been able to reduce the
susceptibility of structures to the initiation of brittle fracture, Other
‘means have also been used in an attempt to lessen the susceptibility
of é structure to brittle fracture, One of the earliest attempts in
this iine was to install crack arrestors, or extra material, near
places of high stress concentration. However, these attempts were
only moderately successful because of the extremely fast speed with
which a brittle crack progresses (several thousand ft/sec), thus
allowing the crack to travel through regions of low stress,

The study of the brittle frac:ture phenomenon has so far not
led to a'basic understanding 6f its mechanism, Various suggestions
as to the cause of brittle fracture have been made., For instance,
earlier investigators thought that a brittle fracture was truly brit-
.tle, i, €., that no plastic deformation occurred. The role of the
notches in ’the impact tests was then thought to be due to the triaxial
stress state existing beneath the notch, tending to inhibit plastic
flow, The reason for the transition phenomenon was not satisfac-
torily expla.ine\d. Recent investigations have definitely shown that
a brittle fracture is not truly brittle. In fact, even in the ipr esence
of the most severe notches, a small but perceptible amount of plaé-
tic flow occurs (7).

' Hence, it seems that the factors that must be considered in
obtaining a basic understanding of the brittle fracture and transition
phenomenon are low temperature, rate of stress rise, notches or
stress raisers and the yielding behavior of the material. An under-

standing of the interdependence of these parameters is of importance
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from two points of view, First, such an understanding is necessary
for the establishment of quantitative methods by which the suscepti-
bility of structures to brittle fracture in service may be predicted
from the results of laboratory fracture tests, Second, qﬁantitative
knowledge and control of these macroscopic parameters is a pre-"
requisite to the planning and interpretation of experimental investi-
gations concerning the microscopic or atomistic mechanisms of

the initiation of brittle fracture, Investigations of the latter type
are the means by which a fundamental understanding of the influence
of metallurgical variables such as grain size, chemical composi-
tion, heat treatment, etc. upon the initiation of brittle fracure may
be obtained, An understanding of the mechanism by which brittle
ffacture is initiated may réquil"e new, rather than traditional, ave-
nues of approach, as has been indicated by Shank (1) in an excellent
summary of progress in the field of brittle fracture,

The study of the phenomenon of brittle fractwwre may be broken
up into two main fields of endeavor, First, the initiation of brittle
fracture, i,e,, what factors combined give rise to the formation of
the crack, Second, the study of the propagation of the crack., This
thesis will be concerned only with the first of these two aspects,
Furthermore, the material investigated will be limited to anannealéd
‘mild steel, |

The purpose of this investigation is to determine quantita-
tively the inter-relationship betwe.en temperature, loading rate and
notch geometry which governs the initiation of brittle fracture. A
further purpose is to determine the relationship of these parameters

to the transition temperature, and what relationship, if any, exists
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between the transition from ductile to brittle behavior and the de-
layed yield phenomenon,

The first section of this thesis is devoted to a study of the
yielding behavior of mild steel when subjected to different temper-
atures and different constant rates of loading. This information
is necessary to the study of the effect of limited plastic deformation
on the brittle fracture phenomenon, The second section of the
thesis is concerned with the effect of temperature, loading rate
and limited plastic deformation én the brittle fracture behavior of
notched tensile specimens,

The purpose of the tests on notched specimens is to inves-
tigate the true stress state, including the effects of limited plastic
defo‘rmation, that exists beneath the notch at the instant of initia-
tion of fracture, The true stress state is obtained by combining
experimental results of fracture tests with an elastic-plastic stress
analysis of the notched specimen. The yielding behavior of the
annealed mild steel for different rates of loading and temperatures
must be known in order that quantitative results may be obtained
from the elastic-plastic stress analysis of notched specimens,
The information obtained from the investigation of the yielding
and brittle fracture behavior of the material will be appiied in the
final part of this thesis to a study of the transition temperature as
obtained from notched bar Izod impact tests, |

“An understanding of the basic mechanism underlying the
transition temperature and brittle fracture behavior of structural

materials such as steel is of great engineering importance, Such
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an understanding may enable future investigations to be directed in
a more fruitful manner than in the past toward a final solution to
the problem of initiation of brittle fracture in structures, Also
the problem as to the propagation of a brittle fracture may be more

readily attacked if the mechanism of initiation is understood,
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II. THE EFFECT OF RATE OF STRESS APPLICATION

AND TEMPERATURE ON THE UPPER YIELD STRESS

2:1 Introduction

The yielding behavior of the annealed mild steel of this inves-
tigation must be known so that the effect of limited plastic deforma-~
tion on the brittle fracture behavior of the material may be taken
into account, The brittle fracture phenomenon is investigated under
conditions of different constant rates of sfress application and tem-
perature, Hence, the yielding behavior of the material must be known
for the same test conditions,

An experimental investigation of the effect of rate of stress
application on the upper yield stress of an annealed mild steel has
béen made by Morrison (8). Morrison’s investigations were made at
room temperature for a steel of slightly different composition than
the steel used in the brittle fracture investigation of this thesis, The
results of Morrison's investigation show that the upper yield stress
of the si:ee,l increases above the static value as the rate of stress ap-
plication is incréased beyond a lower Vlimiting value,

The experimental results of Morfison, however, are too
limited to allow any definite conclusions to be drawn, Hence, it is
necessary to perform an experimental investigation in order to de-
term’ine the effect of rate of stress application and temperature on
the upper yield stress, Moreover, the temperatures and rates must
cover the range of these variables that are to be investigated in
studying fhe brittle fracture phenomenon, Also, it is desirable to
obtain a theoretical understanding of the effect of rate a.ﬁd tempera-

ture on the yield stress so that the yielding phenomenon may be



bétter und erstood,

Extensive investigations have been conducted on the yielding
behavior of annealed mild steel, of the type used in this investigation,
when subjected to rapidly applied constant tensile stresses in excess
of the static upper‘ yield stres‘s (2)s (3); (9)e These investigations
have shown that a well defined period of time is required for the initi-
ation of plastic deformation, This period of time has been defined
as the ""delay time for yielding'", and is a function of both the magni-
tude of the applied stress and the temperature,

The experimental observations of delayed yielding have been
quahtitatively described in terms of the generation and motion of
dislocations by means ofa théor etical model of a yield nucleus (10),
(11) This model is based upon the concept of the thermally activated

release of dislocations from carbon and nitrogen '""atmospheres'' as
proposed by Cottrell and Bilby (12), the Frank-Read dislocation
source (13), and the obstruction of dislocation motion by grain bound-
" aries proposed by Cottrell (14). 'Such a model of a yield nucleus

should also be capable of predicting the effect of rate and tempera-

ture on the yield phenomenon in mild steel.

' This section of the thesis presents the results of the deter-
mination of the upper yield stress of an annealed mild steel as a
function of rate of stress application and temperature. The purpose
of this phase of the investigation is to provide necessary informa-
tion to the study of the brittle fracture phenomenon. A further pur-
pose is to show that these results can be predicted from delay time

data by the use of the dislocation model of yielding.
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2:2 Material Tested and Test Specimen

The material used in this investigation is the same 0.17%
carbon steei employed in previous studies (2); (3). This steel was
obtained from the Columbia Steel Company, Torrance, California
Works, The steel was hot rolled to 5/8 inch diameter bars from
one billet of heat number 32882, The analysis as given by the mill
is as follows:

Carbon 0.17%
Manganese 0.39%
Phosphorus 0,0 17‘0/0
Sulfur 0.040%

The material was tested in the same annealed condition em-
ployed previously (2), namely, the specimens were annealed by heat-
ing at 1600°F for 50 minutes followed by slow cooling in the furnace.
The entire annealing treatment was done in an atmosphere of dry
hydrogen after all machining operations on the specimens had been
completed, The average grain size of the material is ASTM number
64 5,

| The design of the specimens is shown in Figure 1, This is
the same Specimen design as that used in a previous investigation

of delayed yield phenomena (3).

2:3 Equipment, Test Procedure, and Experimental Results

The applied loading rates were obtained by means of a hydro-
pneumatically operated rapid load tensile testing machine described
previously (2). This machine is capable of rates of load application

up to about 106 1b/sec and provides a maximum possible specimen
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extension of 0,05 in, The maximum load of 104 can be applied in
a minimum time of about 10 millisec, The minimum loading rate
attainable with automatic operation of the machine is about 7 x 103
Ib/sec, Lower rates of loading f1;0~m about 10 1b/sec to about
7 x 1’03 1b/sec may be obtained through proper manipulation of
‘various manually operated fralves associated with the machine,
These loading rates are reproducible and, for all practical pur-
poses, are constant with respect to time. The diameter of the
gage section of the test specimeﬁ is 0,300 in, Hence, the maxi-
mum stress is limited to about 140,000 1b/in.” and the range of
rate of stress application attainable is from about 102 to 107 lb/in.?'
sec,

The applied load was determined as a function of time dur-
ing each test by means of a dynamdmeter, described previously
(15); employing type AB-14, SR-4 wire strain gages, The signal
from the dynamometer was recorded on photographic paper by
means of a recording oscillograph, manufactured by the Consoli-
dated Electrodynamics Corporation, Pasadena, California, A
3000 csrcle/sec carrier bridge amplification system was used in
conjunction with the recording oscillograph, The time resolution
of the recording system is about + 1 millisec at the maximum
recording rate. The load acting on the specimen at any time could
be determined to within an estimated overall error of about 4 per
cent, The onset of macroscopic yielding is characterized by a

sudden decrease of load which is readily detectable on the test

record.
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‘The specimens were tested at the temperatures where brittle
fracture in notched tensile specimens was observed, as will be de-
'scribed in a later section of this thesis, namely, ‘—-1100 F (-79o C)
and -200° F (-1290 C). The test temperature of -110° F (-79O C)
was achieved with dry ice and Freon 12 placed in a hard rubber con-
tainer surrounding the specimen and attached to the grips, The
specimen grips, described previously (16), are fhermally insulated
so as to minimizé the heat flux into the specimen, Prior to the be-
ginning of tests at a temperature of -110° F (-79o C), the specimen
and grip assembly were pre-cooled in dry ice so that the equilibrium
temperature of the dry ice and Freon could be attained quickly.

The test temperature of -200° F (-~1290 C) was secured by
means of the arrangement shown in Figure 2. The specimen is sur-
rounded by liquid Freon 12 contained within the inner brass csrlinder
of this device, A 250 watt electric heater is also placed in this cyl-
inder, Liquid nitrogen is placed in the annular space between the
inner and outer brass cylinders, The entire outer surface of the
arrangement is insulated with cork, The desired specimen tem-

. perature is obtained by adjusting the voltage applied to the heater
‘coil, |

The temperatures were measured with three copper constan-
tan thermocouples, A thermocoupie was attached to each of the
specimen fillets and one was attached to the center of the specimen
gage length, Temperature measurements made during the tests
indiéated that the total temperature difference along the specimen

gage length was less than + 5° F for the tests at a temperature of
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-200° F (-129° C) and less than ;l-_lo F during the tests at a temper-
ature of -110° F (-790 C). The temperature variation was _-l_-_100 F
or less during the tests at a temperature of -200° F (-1290 C) and
less than _-_!-_10 F during the tests at a temperature of -110° F (—79°C).

| The rates of load application were measured from the photo-
graphic record of the test, A typical test record is shown in Figure
3 for one of the tests performed at a temperature of -110° F (-79°C).
The rate of load application is taken to be the average slope of the
load vs, time trace prior to yielding, as indicated in Figure 3, The
rate of stress application is then taken to be the rate of load appli-
cation divided by the initial cross sectional area of the test speci-
men, Enough tests were performed at each temperature so as to
reasonably define the variation of yield stress with rate of stress
application,

The experimentally determined relation'ship between the

yield stress and the logarithm of the rate of application of stress
is shown in Figure 4 for temperatures of -110° F (-79° C) and -200° F
(—1290 C). The experimental results are given by the plotted points,

and the average trend of these points is represented by the full lines,

2:4 Theoretical Considerations

The dislocation model of a yield nucleus employed in this
thesis has been discussed previously (10). Briefly, this model
consists of a Frank-Read source, which is a dislocation segment
with fixed end points, lying on a slip surface bounded by a grain
boundary. The dislocation segment is bound aiong its length by

interstitial solute atoms such as carbon and nitrogen. This Frank-
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Read dislocation source may generate dislocation loops under the
action of applied stress, A generated dislocation loop will then ex-
pand causing a very small amount of plastic deformation, until an
obstacle, such as the grain boundary or a previously generated dis-
location loop, prevents the loop from expanding further, The piling
up of these loops at the grain boundary concentrates the stress act-
ing on that boundary to a much higher value than the stress that
acts on the dislocation source. The assumption is made that general
yielding occurs when the concentrated stress acting on the grain
boundary reaches a critical value,

An expression may be derived for the yield stress as a func-
tion of the rate of load application and temperature on the basis of
the dislocation model of a yield nucleus described above, The rate
of generation of dislocation loops at the Frank-Read source is as-
sumed to be controlled by the thermally activated release of the
‘'source dislocation from its "atmosphere'', The expression for
the rate of generation of dislocation loops from a single source,

given previously by Fisher (17) is:

dn s Gb
.__t_gn-.v exp (- =) » TZ

(1)

where
n  is the number of dislocations generated,
t is the time,

) is the frequency of the appropriate form of thermal
fluctuations,

T is the resolved shear stress at the Frank-Read source,



-19-

k is Boltzmann's constant,

H

is the absolute temperature,

W  is the thermal activation energy required for the re-
lease of a dislocation from an '"atmosphere! of solute
atoms,

G is the shear modulus

b is the atomic slip distance or Burger's vector, and

¢ is the distance between the end points of the Frank-
Read source,

Fisher's (17) expression for the activation energy is:

W= Y3 f(3), (2)
b7s O

where

Nh—-

3/2
4z Y :
37_ (1-g=) for =1,

f(%)zcos—l(%) s i( % )l = - -

Y is the energy per atomic dlstance of a dislocation without

(o]
an "atmosPhere”

and ¥ is the energy per atomic distance of a dislocation with an
"atmosphere'',

‘Equation 1 may be put in the following form through the use

of Equé,tion 2:

* B
ng'l) exp (- m)
S

where
2r2 g ¥
B = ° (YO
bk

Further, if the applied shear stress at the source, T g is assumed
to be independent of the number of loops generated, and equal to one

half the applied tensile stress, 0, then
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h=vexp (- 5x) . (3)

L
*

For tests at constant rates of stress rise, ¢ = Ut_, where ©
is the constant applied stress rates The number of dislocation loops
presént at any instant is then obtained by using this relation in Equa-
tion 3 and integrating with respect to time, The result is

B+ BV g (B, (4)

n=Vtexp (- - i *
otT cT otT

where Ei (- 61:]?[‘ )} is the exponeﬁtial integral of the indicated argu-
ment,

The assumption will now be made that macroscopic yielding
occurs when the critical resolved shear stress at the grain boundary
reaches the theoretical strength of a perfect crystal, This is the

- same condition for yielding used previously (11) and implies that

yielding occurs when
G
n’ES 371-; . (5)

Thus, by using Equation 4 to eliminate n from Equation 5 and set~
ting ©_=2% = Y9, the following relation bet th
ing g 2= ®——, the owing relation between the upper

yield stress, oyd’ the stress rate, and the temperature is obtained:
G_vV B Bayd

== —— [(o_Fexp (- ) +
2w 28 yd oYdT T

B

E, (-

An expression for the delay time for yielding, tq under con-
ditions of rapidly applied constant stress, may be derived by em-

 ploying the same dislocation model and assumptions as those used
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in the derivation of Equation 6, The expression for the delay time,
ty: is obtained by integrating Equation 3, while holding the stress,
0, constant and using the yield condition expressed by Equation 5
to eliminate n. Hence, if the time, t, is set equal to the delay
time; tys and the applied shear stress, T is set equal to one half

the applied tensile stress,0,; there results:

.G B
ta = 75 °*P (o) - (7)

The undetermined constants, B andvV ', are common to both Equa-
tions 6 and 7, Their numerical values have been determined by
fitting Equation 7 to the experimental relationship between delay
time, stress, and temperature found in previous investigations
(2); (3) on the same steel, This fit covers the ranges of the var-

iables

> secS td$ 103 sec,

40 x 10> 1b/in.% € 6 115 x 10 Ib/in.?,

3x 10

141°K (-205°F) £ T € 394°k (250°F) .

The values of the constants obtained in this manner are

B=1,67x 10"6 G2 lb/in.2 OK,

V=677 x 1010 sec™ .

The values of the shear modulus, G, as a function of temperature
are obtained from the results of KBster's (18) measurements of
Young!s modulus and the assumption that Poisson's ratio is inde-~

pendent of temperature, Thus,

G = (13.30 - 0,003T) x 10° 1b/in? .
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The fit of Equation 7 to the experimental relationship between delay
time, stress, and temperature is shown in Figure 5. The solid lines
in Figurev 5 indicate the logarithm of the delay time vs, stress as
given by Equation 7 and the above values of B,V, and G. The plotted
points represent the experimental data,

These values of B,7V, and G have been used in Equation 6
to obtain the ''dash-dot' curves of upper yield streés vs, applied
stress rate shown in Figure 4 for temperatures of ~-110° F (-79° C)
and -200° F (-12.90 C). The variation of vyield stress with rate of
stress application for a temperature of -23°F (-300 C) has been
computed from Equation 6 and is plotted in Figure 4 for use in the |
investigation of the initiation of brittle fracture in notched tensile
specimens of the same steel,

Yokobori (19) has developed a theoretical relationship for
the yield stress as a function of the rate of stress application and
temperature based on the work of Campbell (20). Yokobori has

expressed this relationship in the form

60 mkT
0a =% lerre ) » mkT<<l, (8)

0.

where m and C are constants for the material,& ;s k, and T have

the samé meaning as described previously, and o, is the yield
stress at absolute zero. The constants m and C may be determined
by fitting the delay time results on mild steel (2), (3), using Camp-
bellés theory of the delay time vs, applied stress for constant stress
tests (20). The value, 1/m, determined in this manner, is found

to be 0.63 eve The constant, C, is found to be about 10-16 seconds,
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The yield stress at absolute zero, O is taken to be 1.25 x 1010
dynes/cm? or 181.5 x 10° 1b/in.% (21).

The yield stress as a function of stress rate for tempera-
tures of -110° F (-79° C) and -200° F (-129° C) given by Equation

8 is shown by the dashed curves in Figure 4 together with the re-

sults as derived in this thesis (dash-dot curves).

2:5 Discussion

The relatively good agreement between theory and experi-
ment, shown in Figure 4, indicates that the yield stress as a function
of applied stress rate is directly related to the delay time for yield-
ing at constant stress, Also, the agreement between theory and ex-
periment further substantiates the dislocation theory of yielding,

The only significant divergence of the theory derived in this
investigation from the experimental fesults occurs at a temperature
of -2.00.0 F (—-1290 C) for stress rates greater than about 106 lb/in.2
sec, The deviation of the theory from experimental results may
become greater at higher temperatures for stress rates greater
than those obtainable with the present equipment, namely for \stress
rates exceeding about 107 lb/in.,2 sece, The maximum stress rate
for which the theory is accullate seems to be less for lower temper-
atures. The reason for the failure of the theory at low temperatures
and high rates is not understood,

The present theory differs in two respects from the theory
of Campbell and Yokobori, First, the expression for the activation
energy required for the release of a dislocation from its "atmos-

phere' differs, Second, the conditions assumed for the onset of
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yielding differ for the two theories, For instance, Campbell (20)
assumes that yielding occurs when a critical number of dislocation
loops are generated, whereas the present theory assumes that a
critical stress acting on the grain boundary is required to produce
yieldqing. However, since both theories fit the experimental data
with about the same accuracy for the range of temperatures and
rates investigated, no definite conclusion can be reached as to
which theory is more apt to be correct for other conditions of rate
‘and temperature.
Fisher (17) has proposed a different combination of the

“expression for the activation energy and the yield condition than
that used in this thesis or by Campbell and Yokobori, Fisher sug-
gests that the activation energymis given by the expression used in
- this thesis. However, Fisher suggests that yielding occurs when
a critical number of dislocation loops are generated in accordance
with Campbell's theory., A third expression for the activation
energy has been proposed by Cottrell and Bilby (12), This latter
expression, however, is much more complicated than those pro-
posed By Yokobori and Fisher, Hence, there are three existing
expressions for the activation energy and two suggested yield con-
ditions, The combination of the form of the activation energy and
the yield condition that is correct is not known, However, the re-
sults of the present investigation indicate that at least two com-

binations lead to approximately equivalent results,

2:6 Summary and Conclusion

The upper yield stress of an annealed low carbon steel
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has been determined as a function of rate of stress application within
the range from 102' to 167 lb/in.z sec at temperatures of -110° ¥
(-79° C) and -200° F (-129° C).

A theoretical expression has been obtained to relate yield
streés to rate of stress application for different tefnperatures. - The
constants a,ppeariﬁg in the theoretical expression have been evalu-
ated by means of data obtained in tests to determine delay time of
yielding at constant stress., This theoretical expression agrees very
well with the experimental results within the range of temperature
and rate of stress application investigated.

| The expressions proposed by Campbell (20) and Yokobori
(19) have been evaluated and compared with the results of this in-
vestigation, These expressions are also in reasonably good agree-

ment with the experimental results,
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III. BRITTLE FRACTURE

IN NOTCHED TENSILE SPECIMENS

3:1 Introduction

The initiation of brittle fracture in a material such as mild
steel is known to be related to s‘uch factors as low temperature, a
high rate of stress rise, and the presence of a tri-axial stress con-
dition such as exists beneath a hotch. Investigations have also
shown that a small amount of plastic deformation is involved in brit-
tle type fracturés (7)¢ An understanding of the initiation of a brittle
fracture requires that the role of all of these factors be known. Of
Vparticular importance is the understanding of the state of stress at
the instant and position of brittle fracture initiation,

| This section of the thesis presents the results of an investi-
gation of the behavior of notched tensile specimens subjected to
different constant rates of loading at‘ different temperatures, The
purpose of this invesfigation is to determine quantitatively the effect
of rate of loading, tempeiratur‘e, and limited plastic deformation
on the stress state beneath a notch which governs the initiation of
brittle fraétu,re in an annealed mild steel,

Notched specimens subjected to tensile loading were chosen
in preference to the more conventional notched bar bending tests
because of the availability of a rapid load tensile testing machine
(2). The use of this machine allows a large range of applied rates
of loading to be studied., Furthermore, these rates of loading are

controllable and reproducible.
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3:2 Theoretical Considerations

Thé stress condition beneath a notch, in a tensile specimen,
includes triaxial tensile stresses, Such a stress condition suppresses
general yielding of the material and hence is conducive to fracture
with’greatly reduced plastic flow or brittle fracture., The fact that
some plastic deformation in a local region near the notch root pre-
cedes brittle fracture, even in the case of extremely sharp notches
is rather well established (7). Brittle fracture appears to be initiated
at some distance beneath the notch surface (22), presumably at some
point near the boundary between the region of elast‘ic behavior and
the plastically deformed region. Since plastic deformation occurs
prior to the initiation of brittle fracture, the stress disti’ibution be-~
neath the notch at the instant of initiation of fracture cannot be de-
termined solely by means of the theory of elasticity, Thus a suitable
form of the theory of plastic deformation must be employed in the
region of plastic flow, while the theory of elasticity is employed for
the remainder of the specimen,

The stress solutions for the elastic and plastic regions must
be such that the conditions of continuity of both stresses and dis-
placements are satisfied at the boundary between the two regions,
The solutions in both the elastic and plastic regions must also satisfy
the external boundary conditions, That is, normal and tangential
stresses on the free (notch) surface are zero and the appropriate
integral of the stresses over the other external surfaces (assumed
to be at infinity) is equal to the applied load.

An elastic-plastic stress analysis appropriate for applica-

tion to the experimental results obtained in this investigation will
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now be presented, The stress analysis has been made for a solid
body having the cross-section shown in Figure 6, The notch sur-
faces are formed by the two sheets of an hyperbola ha%ring an included
angle of 29° between the asymptotes, The ratio of the half width at
the minimum cross-section, a, to the radius of curvature at the

root of the notch, p, is a/p = 15, The body is of infinite extent in

the plane of Figure 6 and in the direction normal to that plane, All
cross-sections pa.réllel to the plane of the figure are the same, Thus
“the problem to be solved is one of plane strain, 7‘

The tensile load, P, per unit thickness normal to the plané
of the figure acts in the direction perpendicular to the plane of the
minimum cross-section, This load is assumed to be applied by
suitably distributed surface forces acting on the body at an infinite
distance from the minimum cross-section, The load may be ex-
pressed in terms of the nominal stress, O, acting on the minimum
cross-section by the relation P = 2a0 . |

'I“his elastic-plastic body. does not coincide with the actual
specimen shape employed in the experimental portion of this inves~
tigation, The specimen ‘sha.pe is axially symmetric wifh‘the notch
surface in the form of an hyperiaoloid of revolution. However, the
results of the stress analysis are believed to pfovide a close ap-
proximation to the stress state in the test specimen, as will be dis-
cuésed later, The plane strain approximation is employ.ed in the
analysis because a method of solution for this problem is av#ilable
while a method applicable to the »ax;ially'symmetr’ic case is not,

The stress analysis for the elastic-plastic body in plane



P=2a0,

Figure 6 Elastic-Plastic Solid with Hyperbolic Notches
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strain is based upon the following assumptions:

(1)

(2)

(3)

(4)

(5)

The material (mild steel) is assumed to bet homogeneous
and isotropic in both the elastic and plastic regions,
This assumption means, in effect, that the stresses and
strains are only considered as average values over
regions larger than the grain size of the material.
Hook's Law, implying a linear relation between stress
and strain, is assumed to apply at any point in the
elastic region.

Plastic deformation occurs when the maximum shear
stress, T nax’ reaches a critical value, L This is
the commonly used Tresca Yield condition and holds
quite well for steel which exhibits a distinct yield point.
The material is non-strain hardening., This assumption
holds true in mild steel for small plastic strain. The
inclusion of strain hardening considerations in this
investigation would require a modification of the yield
condition with an attendant increase in mathematical
complexity,

The direction of the maximum shear stress, Tmax’ is
assumed to always lie in the plane of Figure 6, Hence
the component of plistic strain in the direction normal
to the plane of Figﬁre 6 is always zero, When plastic
deformation is first initiated at the root of the notch, .
this condition is satisfied. Thus it may also be ex-
pected to hold true for a small penetration of the plastic

region beneath the notch.



-32-

(6) The displacements at the free (notch) surface are small
enough that the change in shape of the notch contour dur-
ing plastic deformation need not be taken into account,
The justification of this assumption comes from the so-
lution of the problem. Namely, the plastic region exist-
ing at the instant of initiation of brittle fracture is always
small and confined to the immediate vicinity of the notch
root. Thus the plastic strains are small (of the order
of elastic strains), and therefore the displacements of
the free surface are negligible,

(7) The load is applied in a monotonically increasing manner
and the strain in any element of the body increases mono-
tonically, This corresponds with the type of loading em-
ployed in the experimental work,

The origin of the coordinate system employed in the stress
analysis is at the center of symmetry of the body as shown in Figure
6, The z coordinate is normal to the plane of the figure, The x
axis is in the direction of the applied load and the y axis passes
through the notch root,

The equations of equilibrium of an element of the material
are the same in both the plastic and elastic regions. These equations
may be satisfied by expressing the stresses in terms of appropriate
derivatives of a stress function which is single valued and analytic
everywhere within the body. These expressions for the stresses

may be written in the following form:
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x _®Y ., ‘xy__ 8% _ %y 9%y 9)

where ¥  is the stress function,

Gyd is the upper yield stress in simple tension,
Ux ~ is the direct stress in the x direction,
Gy is the direct stress in the y direction,
and
’Exy is the shea? stress in the x-y pia.ne.

The requirement that the displacements be single valued and
continuous in the elastic region (compatibility of the strains) is satis-

fied provided that the stress function is a solution of the equation

vy =-,é1’z+2 aa‘yafagi:m (10)
ox ox"ay oy
The differential e'quation for the stress function in the plastic region
is determined by the yield condition, namely, in view of assumption
3 above,
(0, -6 +41_ 2 =412, (11)
X |y Xy c

Since T_ is one-half the yield stress in simple tension, G, Equa-

tion 11 may be written in the dimensionless form

2 2
oo T ,
X Y} +4 6_’5.’ =1, ' (12)
°yd yd
Equation 12 may be written in terms of the stress function, ¥ , by

substituting for the stresses their equivalent form from Equation 9.

Hence the yield condition may be written as
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2 2
oy ox

The boundary conditions of the problem are as follows: the
normal and tangential stresses must be zero at all points on the
free surface (notch surface). The stresses must be continuous
across the boundary separating the regions of elastic and plastic
deformation, and the integral of the axial stress component over
the minimum cross-section of the notched bar must be equal to a
specified value of the total load. The continuity of stresses at the
elastic-plastic boundary is satisfied by requiring that the stress
function and its derivatives up to the second order be continuous
at that boundary.

The stress function and its first derivatives may be deter-
mined on the boundary of the notched bars by means shown in
Appendix 1 at the end of this thesis, The boundary conditions a;re
satisfied provided 8¥ /8x and 3¥ /9y, at any point on the free sur-

face, s, are given by

; ’ a0
v | _ .. 9% . n
&-sno,wisaq,y>o
| Y (14)
ag
5 b= 5= veo.
yd

The value of the stress function, ¥, on the free surface, s, is given

by the expression

o
¥ =C+a(‘.—,‘-—r—l-) vy (15)
L=C D Iy
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where C is an arbitrary constant of integration. The value of the
stress function at the root of the notch, y = a, is taken to be zero
for convenience, Thus the stress function at any point on the free

(notch) surface is given by

) | (16)

7], st 2
yd
where |y| is the absolute value of vy,

The specification of the boundary conditions may be com-
pleted by choosing the values of the stress function within the body
at x = + © in such a way that the net resultant of the stresses at
x = + o is equal to the applied load, P = 2a0n. This may be done
for the present problem by using the stress function determined by
Neuber (23) in his stress analysis of elastic bodies of this shape sub-
jected to the same type of loading., This is possible since plastic
deformation in a‘re gion limited to the vicinity of the notch does
not influence the state of stress at an infinite distance from that
region, The problem has thus been reduced to the problem of find-
ing the stress.function, ¥, as a function of the coordinates, x, and
y, which sati.sfies the differential Equations 10 and 13 in the regions
of elastic ’and plastic deformation respectively, sﬁbject to the bound-~
ary conditions expressed by Eqﬁations 14 and 16, and the require-
ments of continuity at the elastic-plastic boundary.

There are two fundamental mathematical difficulties_ in ob-
taining the desired solution to this problem. The first is that
différentialEquation 13 is non-linear. The second is that the position
of the boundary separating the elastic and plastic regions is unknown

and must be obtained as a part of the solution of the problem., For
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these reasons no general methods are known‘ by which solutions for
such problems may be obtained in analytical form,

Fortunately, numerical solutions may be obtained for prob-
lems of this type by' a technique of step by step numerical iteration
known as the ''relaxation method' due to Southwell (24). Allen and
Southwell (25) have successfully applied the relaxation method in
the investigation of problems of plane elastic-plastic deformation
similar to the present problem,

The procedure in the relaxation method is to replace the
‘differential equations that the stress function must satisfy by finite
difference approximations in which the differential equations are
expressed in terms of the values of the stress function at a finite
number of points within the body. These points are arranged in the
form of a regular lattice, The lattice spacing must be chosen small
enough so that the second differences of the stress function (finite
difference approximations for the stresses) do not change by exces-
sive amounts between adjacent lattice points, in order to achieve a
reasonable accuracy in the values of the stresses,

The lattice points used for the relaxation procedure in this
investigation are equally spaced in both the x and y coordinate di-
rections, thus forming a square net. The following formulae,
reproduced from Southwell (24), are the finite difference expres-
sions for the required differentials of the stress function evaluated
at a typical point«'«“O" in terms of the values of the stress function
at neighboring points, as shown in Figure 7, for a square net hav-

ing a side of length ''d'.
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Y, ~ 1
(17)
¢, ~ 1
(GV) -(ﬂ) ~ 1 [¥.-2¥ 4V '
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e R = Ya¥s*¥c ¥p)
a4w
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The finite-difference approximation for the Yi.eld criterion,

Eqﬁétion 13, may then be written in the form:

1/2
1 1
F {[‘1’2 (2 70 STRE Y R SR SN Jo £ ‘YDJQ} =1 (20)
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and the finite difference approximation for the differentiai equation
that holds in the elastic region, Equation 10, becomes:

(v ) gy gwl S Y R Y FY L RY Y )-SR L) (21)
—d
+20\f(} =0

Valuesﬁ of the stress function at lattice points within the body
‘at a distance from the minimum cross-section greater than 10p may
be computéd from‘Neuber‘s'v(23) solution for the elastic problem
which is summarized in Appendix 2, These values of the stress
function are not vaﬁed during the relaxation procesé. This is an
approximafion which is justified by the observation that in the cases
of interest for this investigation the regions of plastic deformation
never extend a distance of more than 6p from the root of the notch,

The initial values of the stress function at interior lattice |
points less than 10p from the minimum cross-section are also chosen
to be Neuber's values for the elastic case, These do not satisfy
Equation 13 in the plastic region. However, they represent the best
available.first approximation for the correct values, Thus this
initial choice of the values of the stress function at interior lattice
points minimizes the computational labor required in the relaxation
process,

Equations 20 and 21 express the mathematical condition of
the problem at interior lattice points in the plastic and elastic re-
gions respectively, Equation 21 is satisfied af the outset since the
elastic stress solution is used as a starting point, However, Equa-

tion 20 is initially violated within a certain region of the body,
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This region is the first approximation of the regiony of plastic defor-
mation, The region of plastic deformation is confined to the immedi-
ate vicinity of the root of the notch for values of the applied load of
interest in this inVe"Stigation. ' The true plastic region, determined
at the completion of the relaxation procedure, is slightly larger in
‘extent than this first approximation.

The amount by which the left side of Equation 20 exceeds the
value of unity, is called the piastic residual, (Fp)o, at the point

"O" in the plastic region, Thus
. v 1.1 =) 1/2
(F)o = = (¥, +%, -¥) -¥;] + 7 ¥y +¥ ¥p-¥p] -1, (22)

The plastic residual is never negative. Any lattice point at which
Equation 22 gives a negative result lies in the elastic region and
hence is subject to Equation 21 rather than Equation 20, The values
of the stress function at lattice points within and adjoining the plas-
tic region must be altered so as to reduce the residuals at all lattice
points in the plastic region to an acceptablf low value, This relaxa-
tion of \;alues of the stress function so as to reduce plastic residuals
as given by Equation 22 leads to a violation of Equation 21 at lattice
points which lie in the elastic region near the elastic-plastic boundary,
Hence elastic residuals, (Fe)o exist, the values of which are just

the amount by which Equation 21 is violated. Elastic residuals may .
be either positive or négative. The elastic residuals must be elim-
inated or sufficiently reduced in value by altering the values of the
stress function in the elastic region, This in turn ré—introduces re-

siduals in the plastic region, Hence the relaxation process involved
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will alternate betweeh reducing residuals in the plastic region and
then the elastic region until the desired reduction of all residuals
is attained. During this proc’éss the elastic-plastic boundary ex-
pands slightly from the first approximate‘,position. The position of
the élastic-plastic boundary at any stage in the relaxation process
is given by those lattice points at which the plastic residual is just
slightly negative., Such points are in the elastic region immediately
adjacent to the boundary,

The boundary condition at the free (notch) surface must be
put in finite difference form before the actual process of relaxation
of the elastic and plastic residuals can be accomplished, Values
of the stress-function for lattice points which are less than one-half
the net spacing, d, from the actual free surface in either coordinate
direction (either inside or outside the actual surface) are computed
b‘y means of Equation 16, and these values remain fixed during the
relaxation process, Typical lattice points of this type are those
marked q in Figure 8, which is a schematic representation of a
éortion of the relaxation net in the region of the notch surface,

The values of the’ stress function at those lattice points desig-
nated § and Y in Figﬁre 8, which are at a distance greater than one-
half and less than one and one-half the lattice spacing from the actual
free boundary in either coordinate direction, must be varied during
the relaxation process., This must be done in such a way that the
conditions expressed by the finite difference form of Equation 14

are satisfied, For example, the second of Equations 14 and 17 give
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Thus when the value of the stress function, W[S s at the lattice point
, 1
Bl’ is varied during the relaxation procedure, the value of the stress
function, ¥y , at the point Tl (outside the actual body) is given by
‘ 1 ) :

)
¥y, =2ad (—) +¥g .
Oyd 1

This value of the stress function at the point Yl’ must be computed,
even though the point is outside the actual body, because it enters the
" expression for the residual at the points Bl and (32 as may be seen
from Equation 21 or Equation 22 and Figure 7,

The reduction of residuals is systematized by the use of ''re-
laxation patterns'', | Consider a typical lattice point, "O'", in the
elastic region, The effect of a unit change in the stress function at
this point is to change the residuals at '""O" and surrounding poinfs
by the amounts shown in Figure 9, as may be seen from Equation 21,
Figure 9 is thus the 'relaxation pattern' for the elastic region, This
. relaxation pattern serves two purposes. First, it aids in judging
whiéh lattice points should be relaxed first and the amount by which
the stress function should be changed in order to obtain the most
rapid convergence of the relaxation process. Second it provides
thé means by which the residuals at all lattice points in the elastic
region are continuously corrected as changes in the stress function
are made,

A single relaxation pattern applicable to any point in the
plastic region does not exist in view of the quadratic form of Equa-

tion 22, However, an approximate pattern may be used in the plastic
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region if (GX ~oy) is large compared to ‘ny. Neglecting TXY com-
pared with (GX -—Oy) in.the expression for the yield condition, Equa-

' tion 12, the plastic residual becomes

1

(Fp)o = 'gg [Yz +\E4‘ -Yl -Ef3 ] -1, ' (23)

instead of Equation 22, Since this expression is linear in the values
of the stress function it provides the basis for the approximate plas-
tic relaxation pattern shown in Figure 10, This pattern serves to
indicate which lattice points in the plastic region should be relaxed
first and the approximate amount by which the stress function should
be changed in order to achieve the most rapid converg‘ence of the
process, However, since Equation 23 may be appreciably in error,
the plastic relaxation pattern shown in Figure 10 may not be employed
to keep a continuous account of the residuals in the plastic region,
After a set of changes has been made in the values of the stress func-
tion at the lattice points in the plastic region, the residuals are re-
calculated using the correct expression given by Equation 22, Thus
the use of the approximate relaxation pattern does not introduce
errors in the values of the stress function obtained at the comple-
tion of the relaxation process, This method of carrying out the re-
laxation in the plastic region has been employed iby Allen and South-
well (25).

The relaxation calculations for this investigation were con-
ducted in the following manner for each of four values of the ratio
between the nominal stress on the minimum cross-section and the

yield stress, namely, 0 /0, = 0.70, 0,81, 1,12, and 1,35, The
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Point "O"
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Figure 10 Approximate "Relaxation Pattern" for the Plastic
Region
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coordinates x and y were made dimensionless by choosing the value ’
a = 1 for the half width of the body at the minimum cross-section,
An initial spacing of the lattice points of d = p = 1/15 was chosen,
This net of lattiée points covered that region of the body bounded by
the lines x = 0, y = 0, x = 12p, y = 22p and the notch surface, The
'values of the stress function at the lattice points lying on the lines
x = 1lp, x = 12p, vy = 21p, and y = 22p were maintained constant
during the relaxation calculations and equal to the values given by
the solution for purely elastic deformation,

After the residuals at all lattice points of this net had been
reduced to gcceptably low values, additional lattice p‘bintS having
a spacing of d = 1/2p = 1/30 were introduced in a region near the
notch root somewhat larger than the reéion of plastic deformation.,
Residuals for this net were then reduced by the relaxation procedure,
Finally a third net of lattice points having a spacing of d = 1/4p = 1/60
wasremployed in the region extending a distance of 1-1/2p from the
root of the notch in both the x and y directions, This was done in
order to improve the accuracy in the determination of the stresses
in this critical region, The relaxation for all the grid sizes was
continued until the residuals at all lattice points v;/ere reduced to
sufficiently low values that the stresses could be obtained to an ac-
curacy of 5 per cent of the yield stress,

The values of the stress function obtained at the lattice .
points for the c>ase Gn/cryd = 0,81 are shown in Figures 11 and 12,
Figure 11 shows the entire region within which the relaxation cal-

culations were made, except for a sub-region near the notch root,
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This sub-region is shown on a larger scale in Figure 12, and contains
the lattice points at spacings of d = 1/30 and d = 1/60 as wéll as those
of d = 1/15,

The principal stresses at the minimum cross-section,computed
by méans of Equation 18, are shown as a function of position, (a - v)/ ps
near the root of the notch in Figure 13 for the case Onlayd = 0,81,
The full lines represent the stresses for elastic-plastic deformation
and the dashed lines show the stresses for purely elastic deformation,

The maximum stress, (oa)m » in the case of elastic-plastic defor-

ax
mation is the stress in the x direction at the elastic-plastic boundary.
The value of this maximum tensile stress in the notched bar has been
determined for the several values of nominal stress for which the

elastic-plastic stress analysis has been made, The relationship be-

tween (0_)

/o . and 0_/o_ . for the notch considered in this inves-
a'max’ " yd n  yd

‘tigation is shown in Figure 14,

The elastic stress coﬁcentration factor for 'the‘ particular
notch in‘ve‘st’igated is 4,96, Hence, at a value of ¢ /0 yd = 1/4,96
yielding will just begin at the root of the notch at which point

(c.)

a maxlﬁyd = 1, The body deforms purely elastically for any

value of Gn/O Yd.< 1/4,96 as indicated in Figure 14, The regions of
plastic deformation which occur for values of 1/4,96< cnloyd < 1,35
are similar to the region of plastic deformation shown in Figure 12,
in that they are confined to the immediate vicinity of the root of thé
notch, However, when On/o vd exceeds about 1, 35, narrow regions
of plastic deformation extend toward the axis of the specimen but
away from the minimum cross-section, This mode of plastic de-

formation is very similar to that found by Allen and Southwell (25)
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for '""v'' notched specimens when a critical load is eﬁcceeded. The
extended regions of plastic deformation join with small isolated
plastically deformed regions which form on the axis of the speci-
men away from the center of symmetry., Thus for the notch con-
sidered in this investigation the confined plastic regions at the root
of the notch become unstable at a nominal stress of On = 1, 350Yd,
and plastic deformation extends completely across the body for
very little further increase in the applied load., As Hill (26) has
pointed out, the present method of solution is no longer strictly

valid for loads which exceed this critical value, For this reason

the relation between (0 _) /

o shown in Figure 14
a’'max’ " yd

and cn/o vd

is terminated at the value cn/G qi= 1,35

v
A consistent definition of "brittle!! as opposed to '"ductile"
fracture in notched specimens may be made on the basis of the
foregoing results, Namely, "brittle" fracture is a fracture which
takes pléce while the plastically deformed regions are confined to
the vicinity of the notch root, Thus any fracture which occurs in
the particular notched‘ specimen employed in this investigation,
at a nominal stress, o s such that Gn/cyd< 1, 35 is a ''brittle"
fracture, Conversely any fracture which occurs after plastic de-
formation has progressed to the axis of the specimen, i.e., when
Gn/cyd > 1,35, is a "'ductile'" fracture, This definition of the dis-
tinction between brittle and ductile fractures should correlategwebll

with the transition in the amount of energy absorbed by the notched

specimen, since the total energy absorbed will increase markedly
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when the plastically deformed region extends to the specimen axis.
The results of the theoretical investigation provide a means
for computing the maximum stress beneath the root of the notch at
the instant of initiation of brittle fracture, These calculations can
be made provided the values of the nominal fracture stress, O ¢
and the yield stress, ¢ ya are determined experimentally, for dif-
ferent constant rates of stress application and temperatures, The
variation of the yield stress with raté of stress application and
temperature has been determined in the previous section of this
thesis, I-Ience_, it remains to determine the nominal fracture stress,

o p 352 function of rate and temperature,

3:3 Material Tested and Test Specimen

The material used in this investigation is the same 0, 17
per cent carbon-steel employed in previous studies (2), (3)s Thus
its delayed yield behavior under rapidly applied constant stress in
the absence of notches is known for extensive ranges of stress and
temperature, The details as to annealing treatment and metallurgi-
cal analysis have been given in part 2:2 of this thesis,

The form of notch chosen for the experimental investigation
is a hyperboloid of revolution, This form was chosen‘ for two prin-
cipal reasons: First, a complete elastic stress analysis is avail-
able from the work of Neuber (23), and second, a notch of this type
may be accurately machined by a generating process, ‘

The use of a specimen in the form of a wide plate with two
symmetric hyperﬁolic notches on the faces would be preferable for
the purpose of affording a direct relationship between the experi-

mental results and the theoretical elastic-plastic stress analysis,
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However, this was not feasible with the available rapid load testing
machine, This machine has a maximum load capacity of 10, 000 1b,
Therefore the thickness of a sufficiently wide flat plate specimen
at the minimum cross-section and the radius of curvature at the
root of the notch would be about 0, 150 in, and 0, 005 in, respectively.
Such specimens would be quite difficult to manufacture, since a notch
in a plate cannét be'genera_ted. Furthermore, experimental errors
due to bending stresses would be about doubled as compared with
the axiaily symmetric specimen having a diameter at the minimum
section of 0,300 in, Thus the theoretical advantage of a wide plate
specimen would be offset by its practical disadvantages,

The profile of the experimental notch is the same as the
notch considered in the stress analysis, The ratio between the radius
of the specimen at the minimum cross-section and the radius of cur-
vature of the root of the notch is a/p = 15, since a 5 0,150 in, and
p=0,010 ine

The notches are cut in a c'ylindricail specimen of 0,600 in,
diameter. Thus the stress analyses for an infinitely deep notch
does riot strictly apply. However, since the notch root r‘adi“us is
small compared with the notch depth, the errors introduced in this
way are negligible,

The specimen design is shown in Figure 15, The notch was
ground with a generating type of operation. | Thé principle involved-
in this grinding operation is based on the fact that a hyperboloid of
revoluation can be generated by straight lines, The method of

grinding the notches is as follows. A carborundum grinding disc,
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6 in, in diameter and 0,020 in, thick was faced to a sharp edge.
The specimen was rotated about its cylindrical axis at.a speed of
about one r.p.m. by means of a suitable mechanism, This mecha-
nism with the specimen was placed on the table of a No, 2 Cincinnati
tool and cutter grinder with the axis of the specimen at 12%0 to the
axis of rotation of the grinding disc. The table of the‘grinding ma-
chine was given an oscillatc;ry motion parallel to the plane of the
grinding disc, The sharp edge of the grinding disc together with
the oscillatory motion of the grinding machine table serves as the
straight line generator of the hyperboloid of revolution, The rota-
tionﬁl of the specimen about its own axis causes this line to generate
the desired notch surface, The depth of the notch is controlled by
the feed of the table into the grinding disc, The finite thickness of
the edge of the grinding disc and the unavoidable small wobble of
the disc, causes the generation of a notch corresponding to an
angle of 141°, The latter value is the éngle associated with a notch
for which a/p = 15,

‘ The dimensions of the notches prdduced by this method
were determined by means of an optical comparator, The mea-
surements show that the notches correspond quite well to the theo-
retical shape as indicated in Figure 16, The radius of curvature
at the root of the notch is reproducible to within 10 per cent from
specimen to specimen, The details of the measurement of the
notch shape and the determination of the notch root radius of

curvature therefrom are given in Appendix 3,
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3:4 Equipment and Test Procedure

1. Rapid Load Tests on Notched Specimens

The means of obtaining and measuring the rates of load ap-
plication are the same as described previously in part 2:3 of this
thesis, The diameter of the minimum section of the notched test
spe’cimen is the same as the gage section diameter of the unnotched
test specimen described in part 2:2, namely 0, 300 in, Hence the
maximum nominal stress at the minimum section of the notched
specimen and the range of rate of nominal stress application attain-
able at the minimum section is the same as was obtainable for the
tests on unnotched specimens, namely, 140,000 lb/in. 2 and from
about 102 to 107 lb/in.Z sec respectively,

The notched mild steel specimens were tested at temper-
atures of -23° F (-30° ¢), -110° F (-79° C), and -200° F (-129° C).
The test temperature of -23°F (—300 C) was accomplished by plac-
ing liquid Freon 12, previously liquefied by the use of dry ice, into
a hard rubber container surrounding the specimen and attached to
the grips. The boiling of the Freon provides a simple and stable
thermostatic bath, The test temperatures of -1 10°F (—790 C) and
-200° F (-129° C) were secured in the fashion described in part 2:3
of this thesis,

The temperature of the notched specimens was determined
by means of copper constantan thermocouples secured to the speci-
men by "Scotch" electrical tape,. A thermocouple was secured to
the s‘pecimen at each of two positions about 1/4 in, on each side of

the notch. Readings during tests indicated that the total temperature
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difference across the notch was less than + 4°F for the tests at a
temperature of -200° F (—1290 C), and negligible for the other two
test temperatures. The temperature variation during a test and
from test to test was about + 3°F at -200° F (-‘129o C) and negligible
o o o o
at temperatures of -110" F (-79° C) and -23" F (-30" C).

2, Static Tests on Notched Specimens

Static tests were performed to check the theoretical pre-
diction that macroscopic yielding occurs at a critical value of the
ratio between the nominal stress and the yield stress., The static
tests were performed at room temperature and at -23°F (-300 C).
The tests at a temperature of -23°F (-300 C) were made in the
rapid load testing machine with the same grips and means of ob-
taining test temperatures as for the tests at higher loading rates.
These tests were performed by controlling the applied load with
the various manually operated valves associated with the machine
in such a manner that the load was applied in steps. The static
test at room temperature was performed on a 150,000 1b Olsen
Universal Testing Machine having a least reading of 1 1b, The
head of the rapid load testing machine was mounted in the static
testing machine so as to provide for the gripping of the specimen
in such a manner that the bending stesses in the specimen were
minimized.,

The extension of the specimen in the static tests was mea-
sured by means of type AD-7 SR-4 wire strain gages, The gages
were bonded to strips of steel shim stock 0,001 in, thick, 0.4 in.

wide and long enough to bridge the notch in the specimen. Two
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such strips with gages attached by Duco cement were placed dia-
metrically opposite one another on the specimen such that the gage
section of the wire strain gages bridged the notch on the specimen,
The steel strips were held to the specimen by means of specially
designed small aluminum clamps.

Temperature compensation was obtained by means of strain
gages attached to an unstrained specimen maintained at the same
temperature as ’fhe test specimen, These strain gages were con-
nected in the same bridge circuit with the strain gages on the test
specimen, The extensions across the notch‘of the specimen were
obtained from the measurements on the assumption that the strain
in the steel strips was uniform, Thus the extension was taken as
the strain indicated by thé strain gages multiplied by the gage length
of the steél strip.

The extension of the specimen in the static test at room
temi)erature was also determined by a second method which per-
mitted the determination of greater extensions than those obtained
by means of the strain gages, Two extensometers, mounted dia-
metrically opposite to one another, were attached to the specimen
grips. The extensometers, employing SR-4 wire strain gages,
have been described previously (2). A correction factor, based
upon the strain gage indications, was applied to the extensometer
measurement to account for the elastic extension of the specimen
grips and the part of the Specimenvaway from the notch.

The load in the static tests was measured by the same

dynamometer employed in the dynamic tests. The signals from
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the strain gages, extensometers and dynamometer were recorded
with the same oscillograph used in the dynamic tests after a period
of about five minutes at each load increment,

3. Location of the Elastic-Plastic Boundary

The position of the elastic-plastic boundary may be determined
theoretically. Hence, the theory can be checked by comparing the
elastic-plastic boundary determined theoretically against that de-
termined experimentally, The position of this boundary was deter -
mined experimentally for several of the notched specimens that
fractured at test temperatures of ~110° F (-790 C) and -200° F
(-129° C).

The fractured specimens were sectioned longitudinally along
the axis of symmetry and mounted in lucite, The specimens Were
then alternately polished and etched to remove the cold worked sur-
face layer, A micro-hardness survey was then made in the vicinity
of t