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ABSTRACT

The purpose of this investigation was to study the conditions
of brittle-fracture initiation in low-carbon steel. An elastic~-plastic
stress analysis was developed from which the state of siress along
the minimum section of a notched specimen could be determined as a
function of the average applied siress and the vield stress. A series
of tests on plate-type specimens, with the same notch configuration
as that used in the stress analysis, provided experimental values of
average fracture stress under various test conditions.

Application of the elastic-plastic stress analysis to the ex-
perimental results provided a theoretical prediction of the state of
stress at the instant and location of fracture initiation and also an
indication of the position of the elastic-plastic boundary at fracture.
It was found that the stress condition necessary for brittle fracture
initiation, in the mild-steel specimens studied, was achieved when
the maximum tensile stress reached a critical value of approximately
246,000 psi. FPor a ratio of average applied stress to vyield stress
above a certain value, the maximum tensile siress cannot attain the
necessary stress value for the initiation of a brittle fracture as de-
fined herein, and the resulting fracture will be ductile in nature, pre-
ceded by gross plastic deformation.

Results from this investigation were compared with existing
information related to fracture initiation to provide a basis for eval-
uating both the analytical technique employed and the final results

obtained.
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NOMENCILATURE

2a Minimum section width of speci-
men {1 in.)

o} Root radius of hyperbolic notch
(0,01 in.)

d Finite-difference net spacing
(a/16)

7] Stress Function

Oy Yield stress in simple tension
corresponding to a given tem-
perature

P Applied Load

a, Average applied stress across

minimum section (%)

Op¢ 0, at fracture

0,/ 0y Stress ratio corresponding to ap-
plied load

Xs Distance from coordinate origin

to elastic-plastic boundary

INTRODUCTION
General

Fracture has been defined as the separation
or fragmentation of a solid body into two or
more parts under the action of stress.® For
most gtructural metals and alloys this process
of separation is clagsifiedinto the two general
categories of ductile and brittle fracture. The
ugual distinction between the two types of frac-
ture ig made on the basis of the amountof plas-
tic deformation preceding actual separation.
Ductile fracture is preceded byextensive plas-
tic flow, not only during fracture initiation,
but also during relatively slow fracture propa-
gation and finally separation. This ig the type
of fracture mogt commonly observed in struc—
tural metals such ag low-carbon steel, Brittle
fracture, on the other hand, is characterized
by a rapid rate of crack propagation with no
gross plastic deformation during any stage and
very little microdeformation. The predominant
feature of a brittle fracture in service 1s that
usually it is unexpected and cannot be antici-

pated on the basig of conventional design cri-
teria.

To facilitate the study of brittle fracture,
it is convenient to separate the total brittle-
fracture process into two stages, imtiation
and propagation. Since the investigation re-
ported herein was concerned with the condi-
ons related to initiation of a brittle fracture,
the propagation aspect is not discussedin this
report. The study of i1nitiation canbe conduct-
ed on a microscopic level (atomic or molecular)
in which the material is consgidered to be dis-
continuous and made up of discrete particles,
or it can be conducted on the phenomeno-
logical (large scale) level in which the mate-
rial 1s considered to be continuous and homo-
geneoug and to be composed of 1dentical vol-
ume elements of finite dimensions. The former
area is the domain of metallurgists and solid
state physicizts, The investigation described
in this report was conducted within the phe-
nomenological realm with engineering design
applications in mind.

In the phenomenological study of imtiation
it is necessary to consider macroscopicfactors
that influence the phenomenon of initiation.
Of these factors, probably the most important
is the general state of stress at the origin of
fracture 1nithation, and in particular the max-
mum tensile stress present. A determination
of a maximum cntical stress, or a critical
sitress ratio necessary for brittle fracture initi-
ation would certainly provide the simplest
basis for improved design procedures. In order
to effectively make use of a critical stress in
design it would also be necessary to have a-
vailable effective stress concentrationfactors
for the more prevalent types offlaws or cracks
expected in & material. From a knowledge of
the maximum tensile stress required for frac-
ture imitiation, the average applied stress at
which a brittle fracture would be expected to
occur could easily be predicted. Regardless
of practical implications, however, a knowl-
edge of the maximum stress, and general
stress state at fracture is a necessary part of
atotalunderstanding of the mechanism of brit-
tle fracture initiation.

Related Work

Since this report is concerned with the
general state of siress, and in particular the
maximum normal stress, existing at the frac-
ture origin, a summary of recent work relating
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to this particular aspect of fracture initiation is
presented in this gection.

Jenkins and his assocates® found that, for
brittle fracture, it appears that the maximum
normal stress and the ratio of maximum normal
stress to maximum shearing stress are the most
sigmficant factors, and these concepts are ap-
parently accepted by many investigators., Cot-
trell,® in discussing the fracture transition
mode from ductile to brittle, expressed the
view that a large ratio of maximum normal to
maximum shear stress can aid materially in
causing such a trans:ition.

Davig, Parker and Boodberg® conducted
several fracture tests on plate specimens of
mild steel in a study of the shear to cleavage
fracture transition. The state of stress, de-
fined in part by the ratio of maximum tensile
stress to maximum shear stress, was found o
be directly related to the transition tempera-
ture. The lhikelihood of brittle fractures oc-
curring at normal temperature is increased if
the ratic of maximum tengile to shear stress is
increased by means of a notch. Also it was
concluded that brittle fractures initiate at the
mid~thickness of a plate, where the tensile
stress in the thickness direction 18 a maximum.

Wsiss, Sessler and others® ~® analyzed the
notch properties of high strength sheet alloys
as a function of test temperatures and initial
stress distribution. In exiremely brittle alloys,
the stress gradient is the predominant factor
influencing notch strength. Other factors, such
as specimen geometry and elastic stress-
concentration factors, are significant only in-
sofar as their contribution to the magnitudes of
the stress gradient and the maximum stress in
the region of the notch root.

Grinter,’ in a qualitative discussion only,
reasoned that in a notched steel plate of suf-
ficient thickness, the tensile stress in the
thickness direction could attain a value at
least equal to the uniaxial vield stress., He
expressed the view that this tensile stress
could be significant for plate thickness of 1/4
in. or more. He also qualitatively describad
a mechanism by which the maximum axial stress
could reach a value of approximately 2.75
times the vield siress.

Yukawa and McMullin® tested a series of
notched bar specimens in bending utilizing
different sizes of specimens and different

notch preparations. They found that the limit-
ing strength, calculated from bending theory,
was approximately 260, 000 pgi, and that for
specimens less than 1 in. in size, very little
variation was observed in fracture strength.

The most recent work pertaining directly to
the investigation reported herein was conduct-
ed by Hendrickson, Woad, and Clark® ® at the
California Institute of Technology. In their in-
vestigation, small notched cylindrical speci-
mens of annealed mild steel were tested over
a range of temperatures and loading rates.
From the 1nitial study of yielding, results
showed that the maximum stress for local
vielding in a notched specimen was the same
value as the static upper yield stress 1n un-
notched gpecimens. Also there was apparent-
ly no indication of delayed vielding in the
notched specimens.

In a later study of the same nature, the
state of stress at the minimum cross-section
of a notched cylindrical spescimen subjected to
tengile loading was determined by means of an
elastic-plastic stress analysis. An experi-
mental study supplied valueg of average frac~
ture stress for the range of conditions employ-
ed. The true maximum tensile stress at the
position and at the instant of initiation of brit—
tle fracture was determined from experimental
results by the application of the stress anal-
ysis. They found that brittle fracture is initi-
ated in their mild steel specimens when a
critical maximum tensile stress of about
210,000 ps1 is attained. This value was
found to be independent of stress rate and
temperature.

The results of their investigation also in-
dicated that a necessary condition for brittle
fracture is that the ratio between the average
aprlied stress and the vield stress never at-
taing the critical value which would cause
vielding to progress to the axis of the spaci-
men.

Object and Scope

The purpose of this investigation was to
determine the maximum tengile stress and the
corresponding stress field present in a notched
steel spszcimen at the ingtant of fracture. An
approximate elastic-plastic stress analysis
was developed as a part of the investigation.
Also included as a part of the investigation
was a study of the fracture behavior of notched



steel plates and a study of the effect of certain
parametiers on fracture behavior.

In this investigation a series of notched
flat plate specimens were tested in tension at
a Nixed gradual rate of loading. With the ex-
ception of temperature and thickness all other
test parameters were held constant. Test tem-
pzratures were varied from room temperature
(78 F) down to liquid nitrogen temperature
(-320 F), and nominal specimen thickness
varied from 1/4 in. to 1 in. The results from
the experimental study were combined waith the
results from the approximate elastic-plastic
stress analysis developed as a part of thig in-
vestigation to obtain the desired information
regarding the state of stress in the specimen.
This analysis makes it possible to predict the
applied load at which general yielding will oc-
cur and thus provided a divading line between
brittle and ductile fracture. The analysis also
provided a theoretical prediction of the posi-
tion of the elastic-plastic boundary in the
specimens.

The final results of this study include a
theoretical prediction of the mazamum tensile
stress necessary for fracture initiatnon under
the conditions studied, a description of the
stregs state at fracture for the particular test
conditions employed, and a prediction of the
ratio of average applied stress to yield stress
above which only ductile fractures are pos-
sible. In addition, the resulls originating
from this investigation are compared with re-
lated fracture studies previously conducted and
the validity and applicability of the results are
analyzed and discussed.

The following sections of this report con-
tain the development of the elastic-plastic
stress analysis and a discussion of the appli-
cation and utilization of this analysiz; a de-
scription of the experimental phase ol the in-
vesiigation including specimen descriptiorn,
test procedure and results; the analysis and
digcussion of the results of the study; and a
summary of the program and conclusions drawn
from the study.

ANALYTICAL STUDY
General
The mechanism of fracture initiation at a

notch in a plate-type tensile specimen is a

complex and little understood phenomenon. It
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is known, however, that although the stress
state in the vicinity of a notch in a tensile
specimen is difficult to analyze, triaxial ten-
sile siresses are present at interior locations.
Equal triaxial tensions theoretically prevent
any plastic flow or deformation and triaxial
tensile stresses of any exient will suppress
vielding to some degree thus promoting the
possibility of a brittle fracture. The extent of
triaxiality will be a function of notch and spec-
imen geometry with the actual stress condition
falling somewhere between plane stress and
plane strain, although conditions i1n most struc-
tures more closely approximate plane strain.

Although a triaxial stress state can serve to
inhibit general yielding, it has been fairly
well established that some plastic deformation
at the notch tip always precedes brittle frac-
ture 1mitiation, no matter how sharp the
notch.'! 8ince Limited vielding does precede
fracture initiation, the maximum stress will
not necessarily occur at the notch tip as pre-
dicted by elastic theory, but rather at some
fimte distance beneath the notch surface at
the midthickness of the plate. In order to
study the initiation mechanism and the
stresses associated with the onset of rapid
fracturing, it then becomes necessary to con-
sider the conditions at an interior point in &
body--conditions which cannot all be deter—
mined experimentally, nor easily measured.

Bzcause the stress state and swress dis-
tribution at the region of interest are at an in-
terior point in a body, surface measurements
alone will not suffice as a means of predicting
these quantities. A mathematical approach
must be emploved to provide the necessary
supplementary information. Because some
plastic deformation always precedes fracture
initiation, the mathematical technique used
cannot rely solely on the theory of elasticity,
but must include some theory of plastic de-
formation applicable to the yielded region.
The particular stress analysis chosen must
not only satisfy the appropriate equations of
elasticity and plasticity but also must satisfy
the boundary conditions.

The general procedure to be followed in the
stress analysis of the problem 1s as follows:
a model will be selecied that will vield easily
to mathematical analysis and also one which is
similar to the experimenial specimen to be
analyzed. A complete elastic solution to the
problem will then be obtained. In the elastic



FIG. 1.

ANALYTICAL MODEL,

analysis of the problem, the appropriate egqua-
tions of elasgticity will be solved at a discrete
number of points in the exact continuous model.
Once the elastic solution has been obtained,
an approximate technigque will be utilized to
take into account any plastic deformation that
would have occurred. The firal results will
then be obtained from the elastic~plastic stress
analysis.

Model Used

The model chosen for the stress analysis
is a sohd body whose crosg-section is shown
in Fig. 1. The geometry of the model was ge-
lected such that the dimensions of the cross-
section in the region of the notch in the x-vy
plane corresponded to the cross-section and
notch configuration used for the specimens in
the experimental study. The body is assumed
to be of infinite extent both in the x-y plane of
the figure and also in a direction normal to that
plane. Thus in this analytical study the prob-
lem to be considered is one of plane strain.

In both the elastic and elastic-plastic
stress analysis, it is assumed that the ma-
terial is homogeneous and isotropic throughout
the body. The uniaxial tensile load, P, per

unit thickness normal to the x-v plane acts in
a longitudinal direction parallel to the y-axis.
This load, which is applied in some manner at
an infinite distance from the minimum cross-
section, may also be expressed in termg of
the average applied stress on the minimum
cross-section, (i, by the relation P = 2a 0, .
All other surfaces are free of stress.

For convenience, dimensions have been
assigned to the model which correspond to the
dimensions of the experimental gpecimen. The
total minimum section width, 2a, 18 equal to
1 in. and the root radius of the notch, p, was
selected to be 0,01 in., The ratio of the half
width at the minimum cross-section, a, to the
radius of curvature of the root of the notch, p,
is a/p = 50. The notch surfaces are formed by
the two sheets of an hyperbola having an in-
cluded angle of 16.1 degrees between asymp-
totes. With this particular specimen con-
figuration of a/p = 50, the theoretical elastic
stress concentration factor at the notch tip is
approximately 9. The expression representing
the notch surfaces in rectangular coordinateg
may be written as:

x*/a° - v /ap = 1 (1)



Elastic Stress Analysis

The purely elagtic stregs analysis is con-
sidered first because it forms the foundation
for the subsequent elastic-plastic stress anal-
ysis. FPor the elastic solution it is assumed
that the material ig perfectly elastic through-
out and obeys Hooke's Law.

The golution to the elastic problem will be
in the form of a stress function, ¢, which will
then define the stresses at any point in the
body. The general form of the stress function
is that developed by Neuber*® in his stress
analysis of elastic bodies with the same notch
configuration and the same type of applied
loading as used in this study. The general
stress function as given by Neuber is:

@ =Axv +B coshucos v+C (2)

where A and B are constants to be determined
from the boundary conditions and C is an arbi-
trary constant which may be used to set the
value of the stress function to some convenient
value at any desired point, such as the coordi-
nate origin or notch root.

The general equationg of elasticity must be
satisfied by the stresses at every point in the
body. Generally these consist of equilibrium
equations, compatibility equations and the
boundary conditions of the problem., The equi-
librium equations may be satisfied by selecting
an appropriate stress function, ¢ (Airy stress
function) such that the stresses may be ex-
pressed as,

2

o, _2d%
Oyx 3V
2
L 228 (3)
0,s ox
Ty _Fo_
Oy X3y

where 0,5 is the vield stresgs in simple ten-
sion.

The compatibility requirements are satisfied
providing that the stress function, ¢, satisfies
the equation

% 3% 2*
74@=§+2 P -I-:d?;e =0

(4)

The boundary conditions of the problem may

be summarized as follows: (1) the notch sur-
faces (free surfaces) must be free of stress;
i.e., the normal and tangential siresses along
the notch surface must equal zero (0y = 0, =
Ty = 0}. (2) the integral of the axial siress
component (0,) across the minimum ¢ross-
section (along x-axis) of the body must be
equal to the total applied load. Actually the
integral of the axial component of stress a-
cross the body along any line v = constant
must equal the apphied load, but it will be
shown later that satisfying this requirement
along the minimum cross~section alzso insures
that it will be satisfied along any line parallel
to the x-axis.

Consider the first boundary condition:
0y = 0, = Ty = 0 (along notch surface)

This condition requires that along the boundary
(notch surface),

= = constant

3y

and (5)
20 = constant

ax

These conditions are satisfied provided that
B = Aa sin vo (6)

The second boundary condition requires
that the integral of the axial stress component
across the minimum sec¢tion must equal the
applied load.

This boundary condition is satisfied by
taking
a 0,

A=
Ovs (vo + 5in vo cos vo) ()

For convenience, © at the notch tip was arbi-
trarily selected to be zero, and the constant
C thus becomes:

T ®

The final form of the gtress function, ©,
which satisfies the equations of equilibrium,
compatibility and the boundary conditions, is
given as follows:
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(v sin v + sin® vo cos v)
(vo sin vg + sin® ve COSs Vo)

cosh u
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With the stress function defined for the
problem under study, it is now possible to
calculate all desired stresses for the elastic
case, Thig was done by calculating the value
of the stress function at a finite number of
points arranged in the form of a regular x-y
net, and calculating the desired stresses uti~
lizing finite difference approximations instead
of the exact differential expressions. The
finite difference net selected was a square net
with the lattice points equally spaced in both
the x and v coordinate directions. :

The values cf the stress function at points
within the net were calculated with the aid of
the University of Illinois high-speed digital
computer, the ILLIAC. The initial net spacing
wag arbitrarily selected to be d = a/16 (1/32
in.) since this seemed to provide a net with
sufficiently small spacing, and at the same
time did not result in an unreasonably large
number of points. Because the model con-
tained two lines of symmetry, it was necesgsary
to calculate stress function values over only
one-quarter of the gpecimen. The calculation
of stress function values wag limited to a
region bounded by the linesx =0, vy =0, x =
24d, v = 12d, since this would be the major
region of interest in the elastic-plastic anal-
ysis. A sketch of this region of the net is
shown in Fig. 2 (a).

Since the value of the stress function is
dependent on the applied loading, an arbitrary
ratio of 0, /U,s = 1 was selected for use in the
computer solution. Values of the stress func-
tion or subsequently calculated stresses could
eagily be obtained for other ratios of 0,/ 0y
by applying an appropriate multiplication fac-
tor. The input values of coordinates to a
point were given in terms of ¥ and y and were
transformed to comresponding values of u and
v by the computer.

The accuracy of the stresses determined
from the ILLIAC-calculated stress function
values could easily be checked along the x-
axis where Oy and .0y, available exactly from
Neuber's closed form solution, were equiva-
lent to 04 and O0y. It was found that the ap-
proximate values of the stresses were con-
siderably in error in the region of the notch

/ \J
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FIG. 2. FINITE-DIFTERENCE NET USED IN

ANALYSIS.

tip because of an inherent error in the calcula-
tion of arc sin v by the computer. The comput-
er program was then modified so that the value
of arc sin v could be calculated by hand. This
eliminated any computer error in the calcula-
tion of the stress function and insured that any
subsequent error in the calculated stresses
was attributable primarily to the lattice spac~
ing. A subsequent check of stresses as de-
termined from the new exact stress function
values indicated errors of less than 2 per cent
except within a distance of 2d (2 lattice spac-
ings) from the notch root. Within this dis-
tance, however, where the stress gradient was
large, errors as large as 10 per cent in calcu-
lated stresses were observed.

Subsequent investigation revealed that the
maximum error could be reduced to less than
5 per cent by refining the initial lattice net in
the region of the notch by a factor of 4. And
an error of this magnitude was noted only for
node points immediately adjacent to the notch
surfaces. Thus the new net spacing chosen
wag d' = d/4 = a/64. This grid refinement
wasg carried out within a region bounded by
x =14d, x =18d, v =0, y = 3d. This refined
region of the net is shown in Fig. 2 (b).
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Values of the stress function at the additional
points within the finer net were calculated in
the same manner as described previously.
Calculated values of the stress function for a
ratio of 0,/0,s = 1 are given in Fig. 3. With
stress function values determined for each
node in the lattice, stresses could be calcu~
lated at any desired point and the elastic anal-
vsis of the problem wag now complete. The
elastic distribution of 0y and 0y along the
minimum section ig shown in Fig, 4.

Elastic-Plastic Stregs Analysis

With the elasgtic solution forming the foun-
dation, a more complete solution of the prob-
lem now requires some modification such that
plastic deformation will be taken into account
along with the resulting changes in stresses
and stress distribution. In the elagtic-plastic
analysis, additional conditions must be im-
posed that were not required for the elastic
solution. These basic assumptions are as
follows:

(1) The material is assumed to be homogeneous
and isofropic in the plastic region as well ag
the elastic region.

STRESS FUNCTION VALUES FOR (T/ g =

1, MULTIPLIED BY 16, 384.
a ys

(2) The material is ideally elasto-plastic;
i.e., the material obeys Hooke's Law only
within the elastic region and the material is
non-strain hardening.

(3) Plastic deformation begins when the stress
state reaches a critical value defined by the
selected vield criterion.

(4) The change in shape of the notch surface
as a result of plastic deformation is negligible
and has no effect on the solution of the prob-
lem.

In the initial formulation of this problem,
several yield conditions were considered and
the Von Mises criteria was selected for use in
this investigation. In terms of the vield stress
and the principal stresses, the Von Mises
vield condition is

(0~ 0)% + (0 - 05)° +(0a~ 0)° =
ngsa (10)

Since this analysis is concerned only with
pPlane strain conditions, T3 = v (0, + 02),
where Vis Poigson's ratio. Substituting for
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05 in Eq. 10,

02 (1-v+0?)+0.° 1-v+0% -20, O
(1/2 +v - 1%) = Oy° (11)

In order to simplify this expression, it is
necessary to consider the behavior of the ma-
terial after yielding. It can be shown (13)
that during plastic flow Poisson's ratio in-
creases from its value at the elastic limit of
the material to a final value of V= 1/2, ap-
proaching this value asymptotically. Because
of this, and since any consequent error may be
expected to be small, in the expression of the
vield condition, v will be given the value of

1/2. Making this substitution in Eq. (11)
vields:
(0y - 02)° = 4/3 0y¢® (12)

or, converted to rectangular coordinates:
(0, - O_x)E +4Txv2 "‘4/3 O-st (13)

Equation (13) may be expressed in terms of
the stress function, ¢, as follows:

STRESS DISTRIBUTION ALONG X-AXIS.

2 2
ae 2 -1
[__EQ_MJ s [a_tp_} -/

% oy 2%y (14)

At this point, the formulation of the prob-
lem for the elastic-plastic stress analysis is
complete. The equations of elasticity and the
plastic equation, or yield condition, which
must be satisfied in the elastic and plastic
regions respectively, and the boundary con-
ditions of the problem, have been derived in
terms of the stress function, ¢. For conven-
ience these are summarized below.

(1) Differential Equation in Elastic Region:
o ,, do_ 2o )
%t 3x%® ay* 3yt

(2} Differential Equation in Plastic Region:

BT BT e



(3) Boundary Conditions:

o0 _ . Oy
3% Oys !
(along notch surface) (17}
3o _
3y 0

The complete solution of the elastic—
plastic problem is ideally to find a stress
function, ¢, as a function of the coordinates
% and y, which will satisfy Egs. (15) and (16)
in the elastic and plastic regions respective-
ly, subject to the boundary conditions given
by Eg. (17) and the requirement of continuity
at the elastic-plastic boundary. Unfortunate-
ly, there are several difficulties involved in a
direct solution to this problem. Eguation (16)
is non-linear and therefore the usual tech-
niques available for the solution of linear
equations are not applicable. Also the exact
location of the elastic-plastic boundary is not
initially known but 1s determined as a part of
the solution., For problems of this type, no
general methods are known by which solutions
may be directly obtained analvtically.

Problems of this same type have bsen
solved, however, by utilizing a step-by-step
numerical iteration technique known as the
relaxation method, due to Southwell'*.

Allen and Southwell'® applied the "method

of systematic relaxation” to a class of prob-
lems involving plane elastic-plastic deforma-
tion similar to the problem under discussion.
In a similar investigation, Jacobs!® applied
Southwell's relaxation procedure to the problem

of plastic flow in a notched bar under tension.
More recently, Hendrickson, Wosd and Clark®®
utilized the relaxation procedure 1n the solu-
tion of elastic-plastic stress distribution in
cvlindrical notched specimens.

In the present problem, however, the net
spacing required for a satisfactory representa-
tion of the steep stress gradients existing
around the notch tip results i1n an excessively
large number of points at which the elastic and
plastic equations would have to be solved. A
manual solution of the equation by the relaxa-
tion technique would be exceedingly lengthy
for even one loading condition, and the work
involved in solving the problem for several
loading conditions would be prohibitive. It
was found that even by using the ILLIAC, the
University of Illinois high-speed computer, the

time required for one golution would be exces~
sive. The difficulties encountered in attempt-
ing to solve a problem of this type by relaxa-
tion methods emphasizes the need for a more
direct, less involved, approximate analysis
which would vield results compatible with
those obtained from a more rigorous solution,
and which would be easily adapteble to speci-
men configurations other than those considered
in this study.

The elastic-plastic stress analyvsis devel-
oped herein is based on the elastic solution
discussed in the preceding section. In this
analysis, rather than finding the maximum
stresses corresponding to a given loadinyg con-
dition, the maximum stresses are selected
first and the actual load corregponding tothese
stresses 1s then calculated. As will be dis-
cussed later, the resultg obtained from thig
analysis are felt to give a reasonably accurate
representation of the actual stresses existing
at the instant of iracture.

The first step in the procedure was to de-
fine the stress distribution in the elasiic por-
tion of the specimen, In a similar study ofthe
stresses in a body after elastic-plastic deform-
ation by Hendrickson, Wood and Clark®®,
1t wag found that although the magmtudes
changed, the distribution of the stresses inthe
elastic region was approximaiely the same be-
fore and after limited plastic deformation.

This observation was also made by Russian
:'anestigatorsl6 in a similar study 1n which
they made the basic assumption that the
stresses in the elastic region are given by the
Neuber solution.

Since 1t 15 probably close to the true stress
distribution, it is assumed in this 1nvestigation

that after limited plastic flow the distribution
of stresses in the elastic region is adequately
described by the elastic solution discussed in
the preceding section. The procedure for the
remaining analysis entails defining the yield
zone and the stress distribution within the
plastic region and subsequently determining
the actual applied load corresponding to this
particular stress digtrnibution,

Since the stresses at the elastic-plastic
interface are the ones of primary interest and
can be obtained from the elastic distribution,
1t 15 not necessary to define exactly the stress
distribution within the plastic region. It will
be sufficient to roughly approximate the plas-
tic stress distribution of the axial siress since
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it w11l be used only for determiming the applied
load on the specimen. The maximum value of
the stresses can be determined at the elastic-
plastic interface from the elastic solution, and
the value of the axial stress at the root of the
notch can be found from the yield condition.
The value of the transverse stress, 0y, at the
root of the notch is of course zerco. Whether
the distribufion of the axial stress between the
elastic-plastic boundary and the notch root 13
parabolic or linear or 15 described by some
more ¢complex function will have a neglgible
effect on the subsequent calculation of the
load carmed across the minimum section by the
plastic region. Hence for convenience and
simplicity, the distribution of the axial stress
between the elastic-plastic boundary and the
notch root was agsumed to be linear. By as-
suming a location of the vield zone, or a cor-
regsponding elastic gtress distriburion, the
maximum stresses at the elastic-plastic bound-
ary can be determined and the corresponding
applied load found by integrating the axial
stress across the minimum sgection.

To determine the stresses at the elastic-
plastic boundary (or {fracture origin), the first
step was to arbitrarily select an initial applied
load or corresponding ratio 0, /0,5, assuming
purely elastic behavior, which then defines a
definite stress digtribution in the elastic re--
gion. From the preceding elastic solution, the
values of the stress function corresponding to
the selected load could then be determined at
every point within the lattice. For conven-
1ence, the first approximation of the applied
load initially selected was the ratio 0,/0yg =
1; thig 15 the same ratic selected previously
for use in the calculation of stress function
values. Equations (15) and (16), the elastic
and plastic equations, express the mathe-
matical conditions of the problem at lattice
points within the elastic and plastic region,
respectively. The elastic equation Eq. (15),
is initially satisfied at all points within the
lattice since the elastic solution is used as a
starting point., However, the plastic equation,
which defines the condition for initial yielding,
is violated at certain peints within the body.
The region defined by these points is the re-
gion of plastic deformation corregponding to
the actual applied load which must be sub-
sequently determined.

The region in which the plastic equation
was violated was determined by computing the
plastic residuals, Ri, at every lattice point in

the vicinity of the notch tip. The plastic re-
sidual, Ri, is defined as follows:
3® e T [3%0
-~ +4

5y° w2y
where the superscript, 1, denotes the value of
the ratio 0,/0s; the values of R% were com-
puted first for the ratio, 0,/0,5 = 1. Since
the values of the stress function, ¢, are
linear functions of the applied load, it was
possible to calculate plastic residuals for
other loadings directly from R:. The expres-
sions for the plastic residual corresponding
to typical loadings are shown below.

-
R =2

2
1 - 1,333 (18)

1

R;2_= 1/4 ‘-R% - 41
3

REL_= 9/16 [R& - 1.037]

= lr] (19)
3

R?= 9/4 [R% +o.741]

RE=4 [R% -+ 1.000J

To determine the approximate extent and
shape of the yield zone, the actual value of
the plastic residual is not actually necessary
since 1t is the sign of the expression of R,
that determines whether or not the plastic
equation was violated at a point. A negative
value for R, at a point within the lattice in-
dicates that the plastic equation has not been
violated, and thus the point is within the elas~
tic region; a positive value of R. at a point de-
notes a violation of the plastic equation, in-
dicating that the point ldes within the plastic

or vield region. A sketch of the vield regions
for different applied loads is presented in Fig.
5.

The exact location of the elastic-plastic
boundary along the minmimum section was ob-
tained graphically by plotting the computed
values of R, at lattice points along the notch
line versus the logation of the node. From this
plot, the exact distance of the plastic front
from the coordinate origin could be determined.
This distance, %z, is shown plotted against the
first approxamation of the load in Fig. 6.
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The steps in finding the actual applied load tic region and subsequently determines the

after plastic deformation corresponding to a location of the elastic-plastic interface, Kp
given yield region and elastic stress distri- as indicated in Fig. 7. By integrating the
bution are ag follows. The initial assumed axial stress across the elastic zone, the load

load defines the stress distribution in the elas- carried by the elastic region can be found. The
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axial siress at the elastic-plastic interface,
which is the maximum axial stress, (O )uaxs
and the axial stress at the notch root determine
the distribution of stress in the plastic region;
thus the load carried by the plastic region can
be found. The actual load is the sum of the
loads carried by the elastic and plastic re-
gions; the siress distribution corresponding 1o
this load 158 as shown in Fig., 7. The final load
corregponding to a particular extent of plastic
deformation, X, will always be slightly less
than the first approximation to the load from
which %, wag first obtained.
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The principal stresses at the minimum
cross-section are shown as a function of their
location near the root of the notch in Fig. 8 for
an applied load corresponding to a ratio
0,/0ys = 0.70. For comparison, the stress
distributions for elastic-plastic and purely
elastic deformation are shown in this figure.
The maximum axial stress, (0y )wmx, Occurs at
the elastic~-plastic boundary and the values of
{0 )wax/ Ovs as a function of (0, /Oy s dacryaL

are givenin Fig., 9. Corresponding values of
(0x )wx /Oy s and (0, )uun/ Tvs as functions of
0./0ys are presented in Figs. 10 and 11 respec—
tively.
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For the particular notch used in this in-
vestigation, the elastic stress concentration
factor ig 9.014. The vield condition employed
ig such that at the root of the notch where
0y =0, 0y always has the value of 1.154 0y,
or 0,/0ys =1.154. For purely elastic deform—
ation, the axial stress at the root of the notch
is 0y = 9.014 0, . Thus the applied load at
1.154
9.014°
or 0,/0y; = 0.128. Obviously (0y )/ Tys also
equals 1.154. Thus for values of 0,/0ys <
0.128, all deformation in the body is elastic,
while for loads such that 0,/0,¢ >0.128, some
plastic deformation occurs in the region of the
notch root. For increasing loads, the extent of
the region of plastic deformation also increases
until a load is reached at which vielding has
extended from the notch root to the axis of the
specimen, Since the analysis described is
valid for only limited plastic deformation and
since brittle behavior was of primary interest,
it was necessary to define an upper limit to
the applied load for which the region of plastic
deformation wags limited to the immediate vi-
clnity of the notch tip.

which yielding just begins is 0,/0ys =

An examination of the vield regions for

different loadings indicated that for 0,/ 0y < 1,
the shape of the plastic regions were similar
and were confined to the notch region. For
0,/ 0ys >1, however, the region of plastic de~
formation began extending toward the axis of
the specimen above and below the notch line
as indicated in Fig. 5. This same hehavior
was noted by Allen and Southwell®® and also by
Hendrickson, Wood and Clark®® in similar in-
vestigations. Thus for the particular condi-
tions of this study, the extension of plastic
deformation becomes unstable for an applied
load corresponding approximately to G, /0y =
1, and further increase in load will result in
gross yvielding of the specimen.

A consistent definition of brittle, as op-
posed to ductile, fracture in notched specimens
can now be made on the basis of the foregoing
discussion; this same basis of definition was
used by Hendrickson, Wood and Clark'® in
their study of brittle fracture initiation. Any
fracture, which occurs in the notched speci-
mens used in this investigation, is defined as
a brittle fracture if the applied load at frac-
ture is guch that (0,:/0ys) < 1. Conversely,
any fracture which occurs after extensive
plastic deformation, i.e., (0w /0Ove¢) >1, is
defined as a ductile fracture.

The results of this analytical phage of the
investigation provide a method for determining
the maximum principal siresses existing in the
region of the notch at the instant of fragture
initjation. These stresses can be calculated
provided that the nominal stress at fracture,
Osr, and the yield stress, 0Oy, are known.

EXPERIMENTAL INVESTIGATION
General

The purpose of this phase of the investiga-
tion was to study experimentally the initiation
of brittle type fractures in flat plate specimens.
Specifically, it was desired to determine the
vield stress of the material at given tempera-
tures, the nominal stress on the minimum sec-
tion at fracture, and to evaluate the effect of
specimen thickness and test temperature on
the fracture behavior.

The values of yield stress and nominal
fracture stress, as determined in these tests,
were used directly in conjunction with the an-
alytical stress solution to provide a picture of
the stress state existing in the specimen at the



ingtant of fracture. The remainder of the ex-
perimental measurements recorded during the
tests were used to provide a qualitative de-
scription of the behavior of the specimens
during loading to fracture, such as the general
deformation characteristics and the type of
fracture at given test conditions.

Material Properties

The material used in this investigation was
a semikilled, as-rolled steel manufactured by
Bethlehem Steel Company (Heat No. 60B528).
Although a heat-treated steel might possibly
have given more congigtent results, an as-
rolled mild steel was selected since it is
precisely this material in which a satisfactory
explanation of the brittle fracture phenomenon
seems most elusive. A check analysis of the
material ig included in Table 1.

Standard tensile tests were conducted at
temperatures of 78 F, =100 F and -320 F, the
same temperatures at which fracture specimens
were tested. At room temperature, the upper-
vield point of the material was 30 ksi and the
ultimate stress was 58.6 ksi. A summary of
the tensile test data is presented in Table 1.
The variation of the vield strength and ulti-
mate strength of the material as a function of

-14-

temperature is shown in Fig., 12.

Charpy V-notch impact tests were conduct-
ed over a rarige of temperatures from -40 F to
140 F and also at -320 F; all Charpy speci-
mens were parallel to the direction of rolling.
The 15-ft-1b Charpy V~notch temperature was
approximately 60 F as may be seen from Fig.
13. The energy absorbed at ~40 F was approxi-
mately 4.0 ft-lbs and at -320 F, the energy ab-
sorbed was approximately 3.5 ft-lbs.

Specimen Description

The specimens used in this study were all
machined from the same 1-in. thick plate.
The overall width of each specimen was 2 in.
and the edge notches were 1/2 in. deep re-
sulting in a minimum section width of 1 in.
Nominal specimen thicknesses used were 1/4
in., 1/2 in., 3/4 in, and 1 in. although the
1-in. specimen, after machining, had an
actual thickness of approximately 0.9 in.
Preparation of the specimens were such that
the middle plane of the gspecimens coincided
with the middle plane of the parent plate. A
sketch of the specimen configuration is pre-
sented in Fig. 14.

TABLE 1. MATERIAL PROPERTIES.

A. Tensile Test Data (Standard ASTM 0.505-in. Diameter)*
Temperature Upper Yield Ultimate Elongation Reduction
% Stress Stress in 2 in. in Area

(ksi) (ksi) % %

+78 30.0 58.6 46 67.0

~100 43.6 70.3 35 65.0

~320 114.2 114.8 0 0

- (A1l specimens parallel to direction of rolling-~each value
represents average of two tests.)

B. Check Analysis
C Mn Si P S Ni Cr Cu Al
0.18 0.82 0.03 0.018 0.028 0.03 0.04 0.06 0.02
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The notch configuration selected was such
that the notch surfaces were formed by the two
sheets of an hyperbola ag indicated in Fig. 14.
The minimum radius of curvature at the notch
tip was 0.01 in., resulting in a theoretical
elastic stress concentration factor of approxi-
mately 9. This particular notch configuration
was selected so that the geometry of the ex-
perimental specimen would correspond as
closely as possible to the geometry of the
model used in the analytical study.

All specimens were prepared with their
longitudinal axis parallel to the direction of
rolling. The surfaces of the specimens were
machined and polished to the desired dimen-
sions. The notch was machined in the speci-
men edges using a milling cutter manufactured
especially for thig particular series of tests.
A comparison of the shape of the machine
notch with the theoretical shape indicated that
the maximum difference between the two was
less than 0.001 in.

Test Procedure and Equipment

All tests, with the exception of a few pre-
liminary pilot tests, were conducted in a

Y
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FIG, 14. SPECIMEN AND NOQTCH DETAILS.

120, 000-1b~capacity hydraulic testing ma-
chine. The general test procedure consisted
of instrumenting the specimens, cooling to the
desired temparature for low temperature tests,
and loading to fracture.

Tests were conducted at room temperature,
-100 F and -320 F; room tempsrature wag ap-
proximately 78 F. The test temperature of
~100 F was obtained by placing alcohol and
dry ice into a container and pumping the cooled
alcohol through a closed cooling tank surround-
ing the test section, with regulated flow for
temperature control. The test temperature of
-320 F was obtained using the same cooling
tank except that liquid nitrogen was pumped
through the cooling system. In this case,
pumping was accomplished by introducing
nitrogen gas under pressure into the flagk con-
taining the liquid nitrogen; the rate of flow was
controlled by adjusting the pressure of thegas.
To achieve the temperatures of -100 F and
~320 T it was necessary to circulate the cool-
ing agent such that it was in direct contact
with the specimen.

The temparature on all specimens was
determined by means of copper-constantan
thermocouples mounted on the specimen sur-
face in the vicinity of the notch. Readings
from thermocouples placed on the transverse
center line and 3/8 in. above and below this
line indicated a negligible gradient in both the
longitudinal and transverse directions. The
maximum temperature variation for all tests
conducted at a given temperature was approxi-
mately +5 T, and was not considered large
enough to have any significant effect on the
test results.

The loading rate used for all tests was
maintained at a sufficiently low value so that
all tests could be considered as static tests.
All loading was applied in an increasing man-
ner so that no unloading occurred and thus
stress higtory could be eliminated ag a vari-
able. On room temperature tests in which
strain gages were emploved, loading above
the vield point wag done in increments, with
a particular load level being held until yield-
ing stopped and the strain gage readings be-
came stable. For all other tests, loading was
continuous.,

Instrumentation and Measurements

Before and after testing, the exact dimen-
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sions of the minimum section of each test
specimen were carefully measured uging a
micrometer and depth gage which gave meas-
urements directly to within 0.001 in. and per-
mitted estimated measurements to the nearest
0.0005 in.

Temperature-compensated foil strain gages
were used on representative specimens of each
thickness tested at room temperature and at
-100 F., The gages were oriented vertically
and horizontally along the notch line, with
each pair of vertical and horizontal gagesg
located back-to-back on oppogite faces of the
specimen at the notch tip and gpecimen center-
line.

Specimen extension in room temperature
tests was also determined by means of a 2-in.
extensometer, which permitied a check on the

tests was determined by dividing the fracture
load by the original area of the minimum cross-
section. This introduced relatively litile
error since, with only two exceptions, all
fractures, even at room temperature, were of
a cleavage nature and the final area at the
time of fracture was not substantially differ-
ent from the original area. Apparently, tem-
perature did not have a significant effect on
the value of the average fracture stress as
can be seen in Fig. 15. The average fraciure
stregs at all test temperatures was approxi-
mately 68 ksi.

Within the range of specimen dimensions
included in this study, the variation in thick-
ness was apparently insufficient to indicate
any significant effect of thickness on frac-
ture stress, especially at the lower tempera-
tures. The only indication of any thickness
effect was in the mode of fracture of speci-
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FIG. 15. AVERAGE FRACTURE STRESS vs. TEMPERATURE.

strains obtained from the strain gages. The
extensometer was made specifically for this
series of tests and utilized a 4-arm bridge
arrangement to measure extensions.

Test Results

The average fracture stress, 0,f, in all

mens tested at room temperature. The 1/4-in.
thick specimens and one 1/2~in. specimen
failed by shear after undergoing extensive
vielding, while all remaining specimens of
1/2-in. or greater thickness, tested at room
temperature, and all specimens tested at
lower temperatures failed by cleavage.
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The relationship between the average ap-
plied stress on the minimum section, 0,, and
the deformation of the specimen under load was
obtained from strain gage measurements and
limited extensometer data. It was found that
the deformation behavior of a specimen was eg-
sentially the same at a given temperature re-
gardless of thickness. The relations between
average minimum section stress and longitudi-
nal and transverse strain, at the center-line
and notch root of a typical notched specimen

S0

tested at room temperature, are shown in Figs.
16 and 17, respectively, Also shown 1in Fig.
16 is the longitudinal strain at the center-line
as determined from extensometer data. Al-
though the extensometer gage length was con-
siderably greater than that for a strain gage,

it can be seen that the strain behavior as
determined by the two types of measurements
are egsentially the same. Similar relation-
ships between average stress across the mini-
mum section and surface strains for a tvpical
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specimen tested at -100 F are presented in
Figg. 18 and 19. Although strain gage data at
-100 F could not be obtained once yielding had
commenced, a comparison of the previous
stress-strain diagrams indicate that initial
vielding occurred at a somewhat higher value
of applied load for the specimen tested at

-100 F.

The relationship between reduction in
thickness measured after fracture and the
temperature is shown in Fig. 20 and Fig. 21

for measurements made at the center-line and
notch tip respectively. The average reduction
in thickness at the specimen center-line for all
specimens tested at room temperature was ap-
proximately 10 per cent, while at the notch
tip reduction in thickness was roughly 19 per
cent for 1/2-in. thick specimens and 13 per
cent for the remainder. At ligquid nitrogen
temperature, the reduction in thickness at all
points along the minimum section was negli-
gible. Measurements from 1/4-1n. specimens
were not included because of the limited data
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available as a result of shear failures at room
temperature, but apparently reduction in thick-
ness for these specimens would have been
slightly greater at =100 F but negligible at
-320 F. The variation in the reduction of
thickness along the minimum section is shown
in Fig. 22 for typical specimens tested at room
temperature and at -100 F.
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As mentioned earlier, the fracture mode for
all specimens tested at -100 F and -320 F was

of a cleavage type and httle difference could
be noted 1n fracture appearance. A photograph
of two typical fractured specimens tested at
-100 F and -320 F are shown in Fig. 23. At
room temperature, the dividing line separating
cleavage fractures from ghear fractures was
apparently a specimen thickness of 1/2-in.;
all specimens less than 1/2-in. thick failed
in shear while specimens more than 1/2-in.
thick failed by cleavage. Of the two 1/2-in.
specimens tested at room temperature, one
failed in shear and the other fractured in a
cleavage manner. FPhotographs showing the
fracture surface of these two specimens are
presented in Fig. 24. All gpecimens which
failed by ¢leavage at room tempsarature exhib-
ited a small shear lip or thumbnail immediately
adjacent to the root of the notch as may be ob-
served from Fig. 24 (b). The remainder of the
fracture surface had the general appearance of
a brittle type fracture. However, in all room
temperature tests, a noticeably large amount
of plastic deformation preceded fracture, so
these fractures could not be classified ag
britile.

ANALYSIS AND DISCUSSION OF RESULIS

General

An approximate analyvtical elastic-plastic
stress analysis for a plane-strain model, and
the results of an experimental study utilizing
a gpecimen of identical geometry except for a
finite specimen width and thickness have now
been pregsented. In order to determine the
stresses existing at the location and instant



of fracture, it is necessary to combine the
results from the analytical and experimental
phases of this investigation.

It should be kept in mind that all results
arising from this study were obtained from one
particular specimen geometry and one material,
and although some of the results may be gen-
erally applicable, it is probable that they are
valid only for the mild steel employed.

Speaven H4-1
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Fracture: STrESS

Limitations of Analysis

Before proceeding further, it is necessary
to consider the limitations of the elastic-
plastic stress analysis and to examine the
justification for combining experimental re-
sults with an analytical stress analysis. The
stress analysis in this study is developed for
plane-strain deformations and stresses,
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although it is equally applicable to plane
stress. The test specimens, on the other hand,
have finite dimensgions and thus the correspond
ing deformations will be neither plane strain
nor plane stress, but somewhere in between.
However, based on the results of this investi-
dation, and on the results reported by other

investigators, it is reasonable to assume that
the actual state of stress in the test specimens
employed in this study more closely approxi-
mates the condition of plane strain than plane
stress. In fact, at the middle surface (mid-
thickness) of a specimen, it may well be that
a ¢ondition of plane strain does exist.
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In the experimental study it was observed
that specimens greater than 1/2-in. thick frac-
tured by cleavage at room tempserature, and at
the lower test temperatures, specimens of all
thicknesses fractured by cleavage. This is
certainly an indication that sufficient restraint
was present to prevent shear failures which
would be expected for plane stress conditions.
A further subsgtantiation of the plane strain
assumption may be found in the work of Stern-
berg and Sadowsky.Y These investigators
found that for a circular hole of diameter D, in
an infinite plate of thickness t, the maximum
stress 0,, normal to the plane of the plate,
approached the plane strain value of 0; as-
ymptotically as the ratio t/D increased. For
the cases considered in their study, it was
observed that 0, at mid-thickness had, for all
practical purposes, attained the plane strain
value for ratios of t/D greater than 2. In the
present study, the root radius of the hyper-
bolic notch was 0.01 in. and the smallest
thickness employed was 0.25 in. Thus at the
tip of the notch the ratio t/D would be approxi-
mately 12. It would therefore be reasonable
to expect plane strain conditions to exist at
the mid-thickness of the spacimen in the vi-
cinity of the notch tip, which is the primary
area of interegt in this investigation.

All results from the stress analysis are
developed as a function of the average applied
stress and the yield stress. For application
of the stress analysis to a particular test
specimen resulting in quantitative answers, it
is necessary that the values of applied stress
and yield stress be known. The average ap-
plied stress can usually be determined di-
rectly for a given specimen from the testing
apparatus, but the vield stress must be de~
termined separately as a function of rate of
loading and temperature. In this study, the
vield stress was determined for the specimen
material from standard tensile tests conducted
at the various test temperatures. A gradual
rate of loading (static) was maintained through-
out the test series and it was assumed that the
yvield siress as determined from tests on un-
notched tensile specimens would also be the
vield stress in the notched test specimens.
Other investigators® have found that in static
tests of notched specimensg, yvielding will oc-
cur at @ maximum axial stress of about the
same value as the static upper vield stress in
unnotched gpecimeng of the same material.
Thus for every notched specimen tested in the
experimental phase of this investigation, it

was possible to compute the ratio of measured
average stress at fracture to vield stresg

04 /Oy s; these values are given for each test
specimen in Table 2., Knowing 0, /U, for a
particular specimen, it was then posgible to
obtain theoretically predicted values of maxi-
mum stress from the stress analysis.

A final restriction on the analytical stress
analysis developed ig that it is valid only for
cases where plastic deformation is confined to
the immediate vicinity of the notch tip. The
analytical analysis predicted that this con-
dition would be satisfied provided the ratio
between average applied stress and yield
stress, 0,/0,s was less than approximately
1.0; for values of 0,/0,s greater than 1,
vielding would be expected to progress from
the notch root to the center of the specimen
and gross plastic deformation would ensue.
This predicted behavior from the analytical
studies may be compared with the actual be-
havior of the test specimens. If the experi-
mentally determined behavior of the specimens
should compare favorably with predicted be-
havior, then the use of the experimental test -
results in the elastic-plastic stress analysis
would seem to be justified., In room tempera-
ture tests, the average applied stress, 0,,
at which a marked increase in deformation
would occur is predicted by the analysis to be
approximately 30 ksi. From Fig. 16 it can be
seen that the average applied stress corre-
sponding to the beginning of extensive plastic
deformation is approximately 32 ksi as indi-
cated by both strain gage and extensometer
measurements. Specimens tested at -100 F
should undergo a marked increase in plastic
deformation at an average applied stress of
somewhere around 44 ksi. Figure 18 shows
that the corresponding experimental stress is
actually about 46 ksi. This is extremely good
agreement since the experimental stress
should be slightly higher than the predicted
stress, at which unstable yielding is only be-
ginning,

From Table 2 it can be seen that only for
those specimens tested at =320 F, was vield-
ing limited to the notch tip. For all of the
other specimens tested at higher temperatures,
the values of 0,¢/0ys were considerably larger
than one, and in accordance with the definition
of brittle fracture used in this report, frac-
tures at test temperatures of =100 T and room
temperature would be clagsified as ductile
fractures since considerable plastic deforma-
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TABLE 2.

SUMMARY OF RESULTS,

*

Specimen Temperature O Uaffoys (u'y)max (ui)max (D‘Z)max Tmax Tmaxfuﬁax
No. (Deg.F) (ksi (ksi) (ks i) (ksi) (ksi)
HZ-1 + 78 & —
HA-2 + 78 69.0 2.30
H4-4 + 78 s -
HE6-2 + 78 68.8 2.29
HE=1 + 78 68.6 2.29
HE-4 + 78 69.3 2.3
H2-6 =100 78.4 1.78
H4-1 -100 70.0 1.59
H6=1 =100 63.7 1.4%
HE6-4 =100 63.8 1.45
H&=-5 -~100 721 1.64
HB-6 =100 64.8 1.47
Hz-2 -320 62.1 0.54 232 113 104 G4 0.28
H2-7 -320 53.2 0.47 217 97 94 3] D.28
H4-3 =320 58.9 Q.52 227 109 101 %] 0.28
H4-7 -320 82.0 0.72 269 151 126 T2 0.27
H6-3 =320 67.8 0.59 243 123 110 &7 0.27
HE-5 =320 78.1 0.68 263 143 122 7 0.27
HB=-3 -320 79.1 0.69 264 145 123 71 0.27
Ha~7 =320 73.6 0.64 254 134 116 69 Q.27

* . . . - - . .
First number in Specimen Designation represents thickness in eighths of an inch;

i.e., H6 is 6/8 ar 3/4 in. thick.

sk
Shear Failures.

tion preceded fracture.

The results from the experimental work
seemg to substantiate the theoretical results
and also give ample justification for applying
the stress analysis to the experimental tests
conducted at liquid nitrogen temperature.

Stress Btate at Fracture

The state of stress at the origin of fracture
initiation is characterized by the values of the
three principal stresses 0y, 0y and 0; at that
point. Fracture is assumed to initiate along
the mid-thickness of a specimen at the elastic-
plastic boundary on the minimum section of a
notched specimen. At this point all three
principal stresses attain their maximum values
based on the analysis used.

The maximum axial and transverse stresses,
(0, )yax and (Oyx)u,x,» along the minimum sec-
tion of the specimen at the instant of fracture
initiation can be determined by incorporating
results from the experimental study into the
elastic-plastic stress analysis developed in
this report. The third principal stress,

(0;)uaxs can then be determined from the ap-
propriate plane strain relationships. The
maximum axial tensgile stress is most probably
the critical stress governing fracture initia-
tion, although whether or not thig critical
stress can be attained is likely a function of
the other principal stresses as well as other
variables such as temperature. For thig
reason, emphasis will be placed on the de-
termination of the maximum axial tensile
stress developed in the test specimen.

The procedure for calculating the maximum
stress in the y-direction cormresponding to a
particular value of applied stress was dis-
cussed briefly on Page 2. An explanation of
how the maximum axial stress at fracture in a
typical test specimen can be found follows.
For each specimen tested in the experimental
phase of the program, the average applied
stress at which fracture occurred was read
directly from the testing apparatus, and the
vield stress corresponding to the test tempera-
ture was determined from Fig. 12. The ratio of
nominal fracture stress to vield stress O/ Cyg
could then be determined and these values are
shown for all specimens in Table 2. If the
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value of 0,/0y, was greater than 1, the frac-
ture was classified as ductile according to the
definitions of brittle and ductile used in this
report, and the stress analysis was not ap~
plicable to these gspecimens. For specimens
in which brittle fractures occurred, i.e.,

0,/ Oys < 1, the ratio of theoretical maximum
axial stress to yvield stress, (Oy)ys«/ Ovss COT-
responding to a particular value of 0,:/ 0,4,
was obtained from the relationship plotted in
Fig. 9. The value of yield stress at each test
temperature had previously been determined
and hence the value of the maximum axial
stress, (0, )uix, could be calculated for every
specimen that fractured in a brittle manner.

The values of (0)y .y for each specimen in
which brittle fracture occurred are given in
Table 2. The values of (0y)ysx, shown in
Table 2, fell within a range from 217 ksi to
about 270 ksi with an average value of 246
ksi, which may b2 considered to be within the
limits of expected experimental and theoretical
errors. The maximum variation from the aver-
age value was on the order of 10 per cent. At
this stregs, the region of yielding had pro-
gressed to an average depth of approximately
0.01 in. beneath the notch tip along the mini-
mum section.

The extent of vielding as predicted by the
analysis can be gqualitatively verified by
examining the strain gage records shown in
Figs. 17 and 19. It will be noted that the
response of the horizontal gages, located
roughly 0.01 in. from the notch tip, shows a
noticeable break at applied stresses of ap-
proximately 16 ksi and 24 ksi for the speci-
mens tested at room temperature and -100 F
respectively, In both cases, this is a ratio
of 0,/0,; equal to 0.55, which corresponds
to a predicted position of the elastic-plastic
interface approximately 0.01 in. from the
notch tip.

The values of maximum stress in the x-
direction (transverse), (0w x, were obtained
in exactly the same manner in which (0y)ux
was found. From the values of 0,¢/Oys
available for each test specimen in the brittle
range, corresponding values of the ratio of
maximum transverse stresg to vield gtress,
(0 )uax/ Oy s Were obtained from the relation-
ship given in Fig. 10. (0y)yax was then cal-
culated and these values are given in Table 2.
As can be seen from the table, the average
value of (0y)uax was approximately 127 ksi,
but the range of stress values is somewhat

wider than was observed for (0y )y, v, varying
from a low value of 97 ksi to a high of ahout
151 ksi.

Since the conditions in specimens which
exhibited brittle fractures were very close to
plane strain conditions, the maximum stress,
(0y)uax, normal to the plane of the specimen
could be easily calculated from the relation=-
ship

0; =v(0; + 0y

inwhich v is Poigson's ratio, taken to be 0.3
in the elastic calculations. The average
value of {0;)uy.y was found to be approximate-
ly 112 ksi and values of {0, )ysx for each
specimen are also presented in Table 2. The
complete gtate of stress, defined by the three
principal stresses at location and instant of
fracture initiation, has thus been obtained.

Discussion of Results

The results obtained thus far from an ap-
plication of the analytical stress analysis to
experimental data suggest that a brittle frac~
ture of the notched plate specimens of mild
steel used in thig investigation will occur
only if a critical value of the maximum tensile
stress is reached before vielding progresses
across the minimum section of the specimen.
For some specimens, vielding extended
across the entire cross-section before the
critical maximum tensile stress could be
reached (0,:/0y¢ >1) and the resulting frac-
tureg were ductile, This transition from
brittle to ductile behavior occurs at a value
corresponding approximately to 0,/ Cvs = 1
which corresponds to a ratio of maximum ten-
sile stress to vield stress, (0y)uax/0vs Of
about 2,88, The average value of the maxi-
mum stress that can be reached before initia-
tion of fracture is 246 ksi and thus the vield
stress cormresponding to the brittle to ductile
246
2.88
85 ksi., For the material used in this investi-
gation, a vield stress of 85 ksi corresponds to
a test temperature of approximately -240 F.
Thus for the particular specimen investigated,
the transition from ductile to brittle behavior
occurs at about ~240 F, This, of course, 1s
true only for static loading; for rapidly applied
loads, the vield stress will be 1ncreased and
consequently the brittle-ductile transition
temperature will be higher.

transition is approximately O, = or Oy =



From a knowledge of the three principal
stresses at the origin of fracture initiation the
maximum shear stress can be calculated from
the expression

Tyax = 1/2 (0, - 03)

where 0, and 0 refer to the maximum and
mimmum principal stressés regpectively, For
all specimens considered in this investigation,
the maximum principal stress was always
(0y)uax and the minimum principal stress,
(0;)uax » The average computed value of T
was about 67 ksi, and values of Ty x for each
specimen are given in Table 2. The ratio of
maximum shear stress to maximum tensile
stress has been considered by most investi-
gators to be a significant quantity in any frac-
ture study, since Tu and Oy,.x are the stress
factors of greatest interest.™®

As has been stated before, it is likely that
mild steel will fracture brittlely when Oyax
reacheg a certain critical value; and plastic
deformation is closely related to Tuwy, be-
coming appreciable when Ty, x reaches a
critical value. Thus for a given set of test
conditions, the ratio Twax/ Ouax will be an
indicator of how the material will react to an
applied load.

Values of the ratio Ty, ¢/ Omx calculated for
the test specimens are given in Table 2, Even
though there was some slight variation in the
calculated values of the siresses for the dif-
ferent specimens, it can be seen that the
value of Tyay/Tuax was almost a congtant for
all tests, having a value of 0.27. It is pos-
sible that this ratio, when easily calculable,
may be just as indicative of the final fracture
mode of a specimen as would the maximum
tensile stress. Below some critical ratio of
Tune/ Ouay the resulting fracture would be

brittle, while for values of Ty, «/ Oy larger
than the critical value, the fracture would be
ductile, For the type of specimen used in
thig investigation at a test temperature of
-320 F, the resulting value of Tuux/ T ax
0,27 is obviously below the critical value.

The theoretical elastic stress concentra-
tion factor for the notch geometry used in
thig study was found to be approximately 9.
For any material in which even hmited plastic
deformation occurs, the elastic stress con~
centration factor is admittedly an erroneocus
and unrealistic relationship between the maxi~
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mum tensile stress in the vicinity of a notch
and the average applied stress. However, for
the gpecimens used in this study, an effective
stress concentration factor, K rr, appropriate
to the particular test conditions employed,
can be determined ag the ratio of maximum
tensile stress at fracture to average applied

(O_V)MAX .

stregs, i.e., K = The average

AF
value of K ;r calculated in this manner was
approximately 3.6.

Comparison of Results with Previous Work

The approximate elastic-plastic stress
analygis developed in this report hag been
shown to be valid for the types of specimens
and the material used in this investigation.

If this method of analysis is to vield results
which can be regarded as a legitimate and
reasonable approximation to the actual maxi-
mum stresses developed in mild steel, then
results from this type of analysis should show
reasonable agreement with results from other
studies involving different specimen geome-
tries and testing techniques. Although it is
widely accepted that initiation of a brittle
fracture is influenced predominantly by the
maximum tensile stress reaching a critical
level, relatively little work has been done to
determine the value of such a critical stress,
and thus limited data is available for compari-
son. The most significant studies in this
area were conducted by Hendrickson, Wood
and Clark!“in an extensive series of tests on
notched cvlindrical specimens. By applica-
tion of an elastic-plastic stress analysis to
the experimental results, the investigation
showed that brittle fractures were initiated in
the mild steel employed when a critical tensile
stress of approximately 210 ksi wag attaired.
This value of critical stress was found to be

independent of stress rate and temperature.
From the investigation reported herein, the

critical value of maximum tensile stress re-
quired for initiation of bnttle fractures was
found to be about 246 ksi.

Although of the same order of magnitude,
the two values of critical tensile stress de-
termined from the two investigations would be
expected to show closer agreement since the
material used in both cases wag a mild steel of
approximately the same chemical composition.
One significant difference in the two investi-
gations was the choice of a vield condition for
use in the analytical analysis. If the Tresca
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vield condition is used in analyzing the results
of the investigation reported herein, rather than
the Von Mises vield condition, it is found that
the resulting critical tensile stress required

for brittle fracture initiation is approximately
220 ksi, which compares very favorably with
the value of 210 ksi previously predicted by
Hendrickson and his associates.

Another source of comparison is possible
by utilizing strain data obtained in the courge
of an investigation of brittle fracture propaga-
tion in wide steel plates conducted by investi-
gators at the University of Illinois™ as a part
of Project SR-137. In Fig. 25 ig presented
values of peak dynamic strains measured
during fracture propagation plotted as a func-
tion of distance from the fracture. If this data
is extrapolated to obtain values of €, and & at
the source of the fracture, the resulting strains
are approximately €, = +1900 microin./in. and
€, = +7200 microin./in. Since these strains

were measured on the surface of the test speci-
mens, the corresponding stresses can be com-
puted from the plane stress relationships:

E
Oy =10t [ey + 0 ey ]

E
Oy =F‘I-J§ ey +v ey ]

Calculated in this manner, the maximum
tensile stress, (O0y)yax. at the tip of a propa-
gating brittle fracture, is found to he approxi-
mately 256 ksi and the maximum stress in the
transverse direction, (Uy)yax, is 134 ksi. This
is extremely good agreement with the theoreti-
cally predicted maximum values of 246 ksi and
127 ks1 for (0y )y x and (0y ), x respectively.
Admittedly there is some scatter in the data,
and the strain values obtained from extrapola-
tion of the data in Fig. 25 is somewhat arbi-
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trary. Nevertheless, any reasonable extrapo-
lation of that data will give strains at the
crack tip very close to those strains selected,
and congequently the possible range of calcu-
lated maximum stresses will certainly be with-
in the range of theoretical maximum stresses
obtained from the experimental work conducted
as a part of this investigation. This close
comparison is felt to be especially significant
since it is based on measured data rather than
theoretical data of other investigators.

It is felt that the preceding comparisons
give substantial justification to the validity
and applicability of the stress analysis de-
veloped herein to other brittle-fracture studies
in low-carbon steel,

SUMMARY AND CONCLUSIONS
Summary

The purpose of this investigation was to
determine the general state of stress associ-
ated with brittle fracture initiation in mild
steel, and 1n particular to determine the crit~
ical tensile stregs necessary for fracture
initiation. Also included as a part of this in-
vestigation was a study of the effects of cer-
tain parameters on fracture behavior. The re-
sults were obtained from both experimental
tests of notched specimens and an analytical
stress analysis.

In the experimental portion of the investi-
gation, 2-in.-wide plate-type specimens of
varying thicknesses, contaiming 1/2-in.-deep
edge notches, were subjected to static ten-
sile loading at different temperatures. Speci-
men thickness was varied from 1/4-in. to 1-
in. and tests were conducted at temperatures
of +78 T (room), -100 F and -320 F.

An approximate elastic-plastic stress
analysis has been developed which provides
a theoretical relationship between the average
applied stress, and the principal stresses
existing along the minimum section of a
notched specimen. This analysis takesg into
account plastic deformation which 1s limited to
the immediate vicinity of the notch tip. Appli-
cation of this stress analysis to the experi-
mental studies provided a theorefical predic-
tion of the true state of stress at the instant
and location of fracture imitiation and also
provided an indication of the position of the
elastic-plastic boundary in the specimens.
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Results obtained from this investigation
have been compared with related work in frac-
ture 1nitiation studies to provide a basis for
evaluating the particular stress analysis used
and the reliability of the final results.

Conclusions

The sigmificant results obtained from the
investigation reported herein, and subsequent
conclusions based on these results, may be
summarized as follows:

(1) In the study of brittle fracture 1nitiation in
mild steel, the assumption of plane-strain con-
ditions for plate thicknesses greater than 1/4-
in.is apparently justified. This observation is
based on the work of other investigators and
also from results of the experimental work
conducted as a part of this investigation.

(2) For the material and specimens employed
in this investigation, a brittle fracture will
initiate when the maximum tensile gtress

{0, )mix» reaches a "critical” value of approxi-
mately 246 ksi. This value of necessary stress
for fracture initiation compares favorably with
that determined from other analytical and ex-
perimental techniques.

At the instant of fracture initiation, the
remaining two principal stresses, (0 wy and
(01)uax, were found to be approximately 127 ksi
and 112 ksi respectively, and the maximum
shear stress, Ty, was calculated to be ap-
proximately 67 ksi.

(3) A brittle fracture has been defined in thig
study as a fracture preceded by only limited
plastic deformation in the immediate vicinity
of the notch root. Fractureg occurring after
vielding has extended across the entire cross-
section of the specimen have been defined as
ductile fractures. It was found that vielding
would spread rapidly from the notch root to
the axis of the specimen when the ratio of
average applied stress to vield stress reached
a critical value. This critical ratio of 0,/0ys
for the specimens tested, as predicted by the
theoretical analysigs and as determined from
experimental measurements, is approximately
equal to one. Thus a necessary condition for
brittle fracture as defined herein 1s that the
ratio of average applied stresg to vield stress
never reaches the critical value which would
cause extensive plastic deformation.
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(4) Tor the particular specimen geometry and
material used in this study, the ductile to brit-
tle transition will occur when the yield stress
reaches a value of approximately 85 ksi. For
static loading, this corresponds to atransition
temperature of about -240 F.

(5) The position of the elastic-plastic boundary
at fracture, as predicted by the theoretical
analysis, was approximately 0.01 in. beneath
the notch root along the minimum cross-section.
This position of the vield zone was also quali-
tatively verified by results from the experi-
mental work. The distance of the elastic-
plastic boundary from the notch root, as de-
termined by other investigators, was also
found to be on the order of 0,01 in. in speci-
mens of different geometry.

(6) Results from this investigation and the
good agreement between these results and
those obtained from other investigations indi-
cate that the elastic-plastic stress analysis
developed as a part of this study vields re-
sults which are consistent with similar results
obtained from a more exact analysis. Thus the
application and use of the analysis developed
herein in studying brittle fracture in mild steel,
1n place of more complex and time-consuming
methods of analysis, would seem to be justi-
fied.

By utilizing this approach, it should then
be pogsible to predict the conditions under
which brittle fracture will oceur 1n mild steel
specimens of other geometries.

(7) The effect of temperature on the average
fracture stress of the notched specimens used
in thig investigation was found to be negli-
gible. The gignificant effect of temperature,
however, was on the yield stress and conse~
quently on the fracture mode, resulting in the
occurrence of brittle fractures at low tempera-
tures.

(8) The average fracture stress apparently was
independent of any thickness effect, at least
within the range of thicknegses employed.
This observation was to be expscted, however,
since plane strain conditions probably exist in
the central regions of specimens for thick-
nesses greater than approximately 1/4-in.
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