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ABSTRACT

The isocﬁromatic strain patterns on the surfaces
of mild steel plates containing moving brittle
fractures have been determined by using strailn
birefringent coating and high speed photographic
techniques. The major part of these isochromatic
patterns may be described by a formula for the
igsochromatic pattern near a stationary crack in an
elastic medium. The variations from this formula are
caused by, shock waves in the specimen, inertia effects
due to the high velocity of the crack, and yielding
near the crack tip. The inertia effects cause a region
of biaxial tension ahead of the crack on the plate
surface. A crack model which predicts the extent of
the plastic zone near the crack tip has been proposed.
The predictions from this model and other theories are
compared with experimental estimates of the plastic
gzone depth. The results of a microstructural
examination of fracture surfaces supported
Tipper's (1957) explanation of the mechanism for crack

. (
propagation,
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1 Introduction

The problem of brittle fracture is of great
importance in many aspects of constructional
engineering for the stress reguired to propagate a
brittle fracture through mild steel may be only
one tenth of the measured ultimate strength, and well
below the designed working stress. In this thesis
the term brittle fracture, as applied to steel, is used
to denote fractures which absorb only small amounts of
energy as they propagate; 1in such fractures there are
small but quite definite regions of plastic yielding
adjacent to the fracture surface, which is composed of
regions of both cleavage and shear failure.
Catastrophic service failures have occurred in ships,
storage tanks, bridges, etc., and in most large steel
structures the potential danger of brittle failure must
be considered. Low temperatures and impact loading
increase the likelihood of brittle fracture but service
failures have occurred at ambient temperatures under
static loading. Brittle fractures have been reported

in both welded and riveted structures, but in a welded



- 10 -

structure there is a higher probability of fraciture
initiation because of residual stresscs induccd during
welding, the introduction of stress ralsing defects,
and the change of material properties in the heat
affected zone. In addition there 1s a greater danger
of completely catastrophic cracks forming because
welded structures are continuous. However because of
the saving in materials, labour, and time, welding is
the more desirable means of fabrication.

As Cottrell (1961) has pointed out, there are two
guite distinct conditions which must be fulfilled
before a material breaks. The first condition is that
there must be an atomistic mechanism available for
pulling the atoms apart in the crack path. The other
condition, a thermodynamical one, 1is that the energy
available for c¢rack provagation must be either equal to
or greater than the energy absorbed in crack
propagation. A material subjected to an increasing
load will fracture when both the sbove condltions are
satisfied. 1In a perfect material fracture would occur
by the parting of two planes of atoms, at the ideal

strength of the material (approximately a tenth of the
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elastic constant, E/lO,); in real materials fracture
commences as soon as the stress is sufficiently high to
operate one of the available atomistic mechanﬁsms.

In normal practice thec chances of operating atomistic
fracture mechanisms are minimised by trying to
eliminate stress raising defects. The same effect
could be accomplished by raising the yield stress of
the material, However this method is not used in
practice because it would reduce the energy absorbed in
fracture.

The thermodynamical condition for fracture in
steel depends upon two effects; thesc are the
elastic-plastic and mechanical instabilities.

The former controls the major part of the energy
absorbed during crack formation, while the latter
controls the transport of this energy to the crack
front. Since beth of these effects arce governed by the
state of stress near the crack tip, there have been
many 2ttempts to determine this stress state both
theoretically and cxperimentally. For brittle cracks
moving through mild steel the problem is complicated by
the strain rate sensitivity of steel, and by inertia
effects which change the stress field at high crack

velocities.
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If a steecl specimen is loaded to fracture, a graph
of frécture load, energy absorbed, contraction at
fracture surface, etc., plotted versus temperature of
testing, strain rate, etec., will show a step.

This\step marks the tfansitioﬁ from ductile‘to brittle
Tfailure, and depcrds upon the steel, upon the specimen
gize and shape, and upon the method of loading the
specimen.

The object of tests for brittle fracture is to
provide the engineer with a temperature above which a
gtrvcture made from a particular steel will not fail by
brittle fracture. OFf the tests for brittle fracture
the one which most nearly represents a running crack
crossing a structure is the Robertson test; 1t is not
often uscd because of the expensge involved. Thus it
would be useful to have a test which, while measuring
the samc material properties as the Robertson test,
could be carrizd out economically upcn a small gpecimen.
In order to design such a test, the state of stress

around a crack moving through a plate must be known.
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The object of this rescarch was to determine
experimentally the stress fleld near a moving brittle
fracture in mild steel and to compare the results With
theoretical predictions. For the reasons discussed in
chapter L, strain birefringent coatings used in
conjunction with singlec frame high speed photography
were the technioucs chosen for the experimental

programme.
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2 Theoretical Solutions for the Stress Fields near Cracks

2.1 Introduction

A brittle fracture propagating through mild steel
is accompanicd by a fileld of elastic~plastic deformation.
This field (in particular the extent of the plastic
deformation) determines the energy absorbed in crack
propagation, an important variable in the
thermodynamical criterion for fracture. 1In this
chapter theoretical soluticns for this stress field are
reported. Calculations of the stress field for a
stationary crack in an elastic medium are dealt with
first. This is followed by the consideration of
refinements to the crack model which allow for moving

cracks and yielding about the crack tip.
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2.2 Stationarvy Cracks in Elastic Media

A solution of the stress field about a crack in an
infinite elastic medium under biaxial tension was given

by Inglis (1913). Working in curvilinear co-ordinates

3

{

he Tound the stress distribution about an ellipse, then
took a crack to be an ellipse of zero eccentricity.
Neuber (195C0) gave the stress field about an ellipse

in a material vnder uniaxial tension. Westergaard (1939)
provided a semi-inverse method for the solution of the
stress field about a crack in an infinite thin sheet.

He put the Airy stress function as‘— P = Re(%) +y Im(Z);
and by choosing suitable expressions for the complex
variable stress function %, he obtained in Cartesian
co-ordinates the same result as Inglis (1913) but in a
more eagily treated form. Westergaard's method also
coverg cases of cracks subjected to splitting forces,
interral pressure, and several other loading conditions.

Uging the methods of complex variable Rothman and

N

Roge (1955) gave solutions for the stress fields around

O

cracks for various forms of loading. They also plotted
the icochromatic stress field (lines of constant

principal shear sbtress) around a crack subject to
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uniaxial tehsion, fig. 2.1. Following the method of
Rothmen and Ross, Dixon (1961) using a DEUCE computer,
gave tables and graphs showing the distributions around
a crack of certain stresses and stress combinations.
Sneddon (1946) solved the expressions for the
components of stress given by Westergaard (1939) to
obtain an expression for the maximum shearing stress,
and plotted the isochromatic pattern, about a crack
under internal pressure, fig. 2.2. His results were
identical with those otherwige obtained by Rothman and
Ross (1955). $Sneddon also determined the distribution
of stress 1n the lmmediaste vicinity of the crack, by
meking the simplifying approximation that r 1is small
compared with the crack length, where r and € are polar
co~ordinates used to describe the material containing
the cerack, r = O describes the crack tip, € =7V the
crack. He then gave a solution for the three
dimensional case of a "penny-shaped" crack in a solid

bedy.



Fig. 2.1

The isochromatic stress field near 3 staticnary crack

in an elastic medium under a uniaxial stress.

The numerals give values of the ratio of shear siress

to apvlied stress along the lines of constant shear stress.
(After Rothman and Ress (1955))



Fig. 2.2
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The isochromatic stress field near g stationary crack
in an elastie medium under a bilaxial stress.

The numerals give values cf the ratio of skear stress
to aprlied siress along lines of constant shear stress.
(After Sneddon (1946))
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Using an approximation similar to Sneddon's,

Irwin (1957) showed that the stress ficlds at the crack
tip, for five different ways of loading the crack, were
identical. He also suggested a method to take account
of finite plate width, by using "estergaard's (1939)
formula for a series of co-linear cracks, and noting
the symmetry of the repecating strcss field. Coker and
Filon (1931) made an approximate theoretical treatment
of the problem of a central ellintical hole in a plate
of Tinite width loaded in tension. Using a similar
approach Dixon (1960) gave the stress concentration

factor due to a central crack in a finite plate.

2.3 loving Cracks in Elastic lledia

Yoffé (1951) considered a crack of constant length
moving with constant speed through a fixed elastic
material, fig. 2.3, and obtained a solution for the
stresses in the vicinity of the crack from
Westergaard's (1939) static solution and the
superposition of elastic surface waves. Her analysis
showed that for higher spceds of propagation the

greatest tensile stress was not in line ahead of the
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" Fig. 2.3 Crack model used by Yoffé (1951).
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Crack model used by Craggs (1940) .



crack, but at an angle to it; thus offering an
ex>lanation for the curved or branching fractures often
obscrved in glass. The solution for the stress about a
moving semi~-infinite crack in an infinite medium,
loadced by a region of internal forces following the
crack tip, fig. 2.4, was provided by Craggs (1960).

He obtaincd a limiting velocity for the crack which was
controlled by the branching velocity. Cotterell (1964)
used a similar analysis to explain the relative
rouzhness of fracture surfaces from fast and slow
fractures in mild steel. The stress ahead of a slit,
growing under a uniaxial stress, was obtained by Akita
and Tkecda (1959)(a). Usging expanding elliptical
co-ordinates they showed that the stress normal to the
crack in the material contiguous with the crack tip
decrzased with increased crack speed. The equation of
motion of & slit propagating at corstant velocity
through a uniform tensile stress ficld was solved
approximately by Yoshiki, Kanazawa, and Itagaki (1961);
assuming the form to which the slit opsns up, they gave
the stress in line ahead of the crack. By using a
lattice model faus (1961) simulated the transient
strain distribution in a plate containing a propagating

crack.



2.4 Stationary Cracks in RElastic-rlastic ledia

The purely elastic solution for the stress field
about a crack gives an infinite stress at the crack tip.
In precctice: cither finite strains, which violate the
assu ztion of infinitcsimal deformaticns, occur, or
plastic flow takes place so that the crack tin stress
becomeg finite. ITiu (1941), using Irwin's (1957)
anosroximate formulae for the stress about a crack and
neglecting the stress re-distribution caused by plastic
deformation, calculated "elastic yield zones’. He used
the Von Mises yield criterion to show that the plastic
enclzve for plane strain is smaller than for plane
steress, hence accounting for the transition from
tcnsile to single or double shear failure observed in
thin sheets. Rooke (1963) pointed out that ncither
the A.S.T.M. critefion, that yield occurs when the
stress normal to the crack equals the yicld stress in
pure tonsion, nor the Tresca vicld criterion satisfy
Liuv's modsl. Rooke also computed values of the
“elagstic yield zones™ using the Tresca, Von lises,
ancé A.3.7.!i. yield criteria, and found the size and

shene of thcec areas about the crack tip where the
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tresses cxceeded the yield criteria, both for plane
stress ard strain. FHe also compared thc size of the
"elrgtic vield zones" calculated from Westergaard's (1939)
exact formulae with the size obtained from Irwin's (1957)
avproximation, and found that at large stresscs the
aocpvroximate formulae considerably underestimate the

sizc of the plastic zones, fig. 2.5. Dixon (1962)
assvmed that the strains in the plartic region were
proportional to the applied stress and similar to those
predicted by elastic theory. Then, using the Von Misges
yvield criterion, he was able to calculate the stress
distribution near a crack, and forecast plastic zone
size for any given applied stress.

Allen)and Southws1ll (1949) using a rclaxation
technigue found the size and shape of the plastic
enclaves in a V-notched tensile bar under conditions of
botir plane stress and plane strain. In this method,
firstly the elastic stress distribution is found.
Secondly a yicld criterion is assumed, Allen and
Southwell chose the Von Mises criterion, and the region

where tixe stresses exceaed this critcrion is determined.
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Fig. 2.5 Cempsrison of exact and approximate vield zones

in plane stress for three yield criteria.
The applied stress i1s kalf the uniaxial yi=ld stress,
(After Rooke (1963))



- 25 -

Thirdly the stress within this region is reguired to be
constant and ecual to the critical value, which means
that the higher stresses alrecady computed there must be
decrecascé. As this step is carried out the excess
plastic stress overflows into the originally
exclusively elastic region. Then the cycle 1s repeated
until the reguired sccuracy is obtalined. Jacobs (1950)
applied this technioue for planc strain conditions to
an cxternally cracked plate undcr tension. A similar
anslvsis for plane stress was carried out by Stimpson
and Taton (1961).

Dugdale (1960) obtained an expression for the
length of the plastic zone ahead of a crack. His model
consisted of an infinite plate under tension containing
g crack with internal stresses, which acted to close
the crack, at the crack tips; these stresses were
equal in magnitude to the yicld stress of the plate
matcrial, fig. 2.6. Using the stress functions gilven
by Muskhelishvili (1953), and the fact that the
proposcd yiclé zoncs causc the crack tip stress to be
finite, he obtained an exprecssion linking plastic zone

lenwth, crack length, yield stress, and the applicd



crack

[

"\ Plastic Zone

IyY
MITED
i
i

Py, Y O

Fig. 2.6

-

REEREREE

Crack model used by Dugdale (196C).

crack | Plastic Zone <t
I
P HHHJ:!E}ID
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Crack moiel used by Goodier and Field (1962).
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stress acting on the plate. e pointed out that this
expression could also be derived from Westergaard's (1939)
formvlae.

An electrical analoguc system renrcescnting a
stressed plate containing a crack was set up by Redshaw
and Rushton (1960). They Ffound that the infinite
stress which should arise at the andéd of a crack could
not be reprcsented becausc of the finite mesh of the
network. They also found thzt for long cracks comparcd
to plate width, the electrical analogue could not be
set up, because the stress at the end of the crack was
very large, and could not be represented by an
eguivalent electrical potential. They suggestcd that

the network might have becn acting analogously to a

metal plate yielding at the end of the crack.
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2.5 Moving Cracks in Flastic-Plastic Media

Fahn, Gilbert and Reid (1963) formulated the
yvielding of low carbon steel in terms of dislocation
dynamics. Their formulae described the stress-strain
behaviour of steel, and predicted strain-rate
gencitivity and yield delay times. Then using the
stress concentration formulze given by Inglis (1913)
for biaxial loading, and by Neuber (1958) for uniaxial
loading: they calculated the maximum stress and
plastic—zone size in front of a crack as a function of
the applied stress and the crack speed. They assumed
that yielding in advance of the crack is analogous to
yieilding in uniaxial tension and is not retarded by
plastic constraint; thus their treatment probably
overectimates the size of the plastic zone. Goodier
and Field (1962) combined the elastic dynamic solution
of Craggs (1960) with the stationary plastic solution
of Duzéale (1960), to obtain an estimate of the length
of vield zone ahead of a moving crack, fig. 2.7.

Thev removed the stress singularity energy sgink in
Cracg's analysis by using Dngdale's finiteness
condition, thus the available energy was used for

plactic work, and not to create new surfaces.
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2.6 Cracks Loaded in Shear

The complete solution of the elastic-plastic
stress fileld about a moving crack under tensile loading
would be prohibitively difficult, however the case of a
crack under shear is simpler. The distributions of
stress anc strain have been Tound around a sharp notch
in the face of a semi-infinite body subjected to pure
shear. by Fult and McClintock (1957). Bilby, Cottrell,
anG Swinden (1963) used a dislocation model to
renpresent a sheared slit. Thelr predictions for the
length of the plastic zone as a function of stress and
crack length from this model, agreed with those of Hult
and MeClintock (1957) from classical field plasticity,
and were similar to the relationships obtained by
bugdale (1960) for a crack under tensile loading.

The stress field around the tip of a crack,
subject to longitudinal shear, travelling at a constant
velocity in an elastic medium was given by Bilby and
Bullough (1954). Their results were extended by
McClintock and Sukhatme (1960) to show that in shear
there will be a critical branching velocity, in a
configuration analogous to the tensile case studied by

Craggs (1960).
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The elagtic-plastic torsion of a cylindrical bar
with a circumferential notch was investigated by Walsh
and Mackenzie (1959); they gave theoretical predictions
of angle of twist, notch root strain and plastic zone
lengtlhi. Rushton (1963) used an electrical analogue to
investigate the elastic-plastic torsion of bars

containing cracks and other structural discontinuities.

2.7 Further Development of Westergaard's Analysis

The work of Westergaard (1939) and Sneddon (1946)
on stationary cracks in elastic material is now given
in more detail and their theories used to obtain
expressions which are more useful in the analysis of
the results presented later in this thesis.
Waestergaard gave the following analysis for the stress
field around a crack of length 2a lying on the x axis
in an infinite plate with a biaxial tensile field O

at large distances from the crack.
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Let Z, Z, and Z' represent successive derivatives
with respect to z of a function Z (z), where z is

X + iy, and let the Airy stress function be:-

F = ReZ + yImZ ... (1)
Then,
yF
Ok = =-5 = ReZ - yImz' vee (2)
oy

. }\QF .
Oy = 35 = ReZ + yImZ ves (3)
- éQF
and I'xy = —%—— = — yReZ' el (W)

dxdy
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This notation may only be used iffrky is zero along
the x axis. The function Z (z) which solves the

problem for the case of blaxial tension is:-

(z) 2 (5)
Z R L b + NN
YT 5

Sneddon (1946) investigated thc case of a crack
opened up by internal pressure, and so added a uniform
liguid pressure O to the entire system, using as his

7 (z) function:-

- 72
7 (Z) = O.‘I;-é—:—;_éjg - ?—J . an (6)

Then uvsing a notation similar to that in fig. 2.8, and
choosing three related complex variables, he was able
to sevarate real and imaginary parts of Z' to obtain
Txy, and 3(0y - 0x), and hence he obtained an
exoression for the maximum shearing stress at any point

as:~—

e (7

. 2.3/2
r, sSin © a
r
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Fig. 2.8
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Notation to describe point P in a plate
containing a crack of length 2a.
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The isochromatic pattern about a crack opened by
internal pressure is the same as the pattern about a
c¢rack under biaxial tension, as the superposition of

liguid pressure will not affect the shear stress.

rys Ty and 91 are easily eliminated from
equation (7) to give the stress field in terms of r
and © polar co-ordinates with origin at the crack tip

asi:-

1

ﬁr}:O'az sin © (8)

r(ua2 + Lhar cos © + r2)3/2 T

This expression may be obtained directly from

Westergaard's results:-

>
, X - Oy
By definition ‘T =J/ ——————— ] + (Txy)? (9)
l 2

Thus from (1), (2), (3) and (9),

T = x/(ImZ')z + (Rez')? ... (10)



- 35 -

Also differentiation of (5) gives,

- a2 N

71 = 225_3-555375 ... (11)

Now £ = % + iy

or in polar co-ordinates,
Z = a + re ... (12)
From (11) and (12),

(Tmz ") + (Re%2")? = —mgmm—mgmm e 2337§

and as y = r sin @ from (10) and (13),

T:O"azsing\/ —————————————————————————

r (L;a2 + Lar cos @ + r2)37§
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Fig. 2.9 shows the isochromatic pattern near the
crack tip, plotted from equation (8), showing values
of T/O=1, 1%, 2. 3 and L. Sneddon plotted the
isochromatic pattern further from the crack for values
of T/0 less than 0.7, fig. 2.2.

Using Westergaard's (1939) suggestion a uniform
horizontal compressive stress 0 may be superposed upon
the biaxial stress field to give uniaxial loading.

This problem is easily solved using Sneddon's (1946)

notation: -~
Ory sin &4 a® 3/2 o
30y - 0%) = —=———-—-% — sin 3/2(0 + 0,) + -
a r,r 2
<o (1h)
Or, sin o) & 3/2
Txy = —S~————=z — cos 3/2(0 + Qz)
a r,r

ve. (15)
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The isochrometic stress field near g statiomary crack

in an elastic medium under & biaxial stress.

The numerals give.velues of the ratio of shear strrse

to applied streses along the lines’'of constant shear sirecs.
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From (9), (1h4) and (15)

(16)

or in terms of r and ©

+
tha

} ... (17
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Eguation (16) has been obtained by a different method
by Rothman and Ross (1955). The isochromatic stress
field plotted from equation (17) is shown in fig. 2.10.
This shows lines of T/0 greater than 1. Rothman and
Ross (1955) gave the isochromatic pattern for q?U-leSS

than 1, fig. 2.1.

2.8 Strain Rate Effects for loving Cracks in Mild Steel

The analysis of the stress field near a crack
meving through mild steel is complicated by the
strain-rate dependence of the physical properties of
mild steel. The only work, known to the author, which
makes allowance for this strain-rate sensitivitv in
steel, is by HMahn, Gilbert, and Reid (1963); this work
is now described in more detail, and another sclution
provounded with a more realistic crack model and
yielding criterion.

Fahn et alila formulated the yielding of steel in
terms of dislocation dynamics, to describe the
stress—-strain behaviour of a low carbon steel, predict
strain-rate sensitivity and yield delay times, and in

particular to calculate the onset of yielding for any
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CRACK

Fig. 2.10 Tre isochromatic stress €ield nerr n stationary crack
in an elastic medium under uniaxial stress. N
The numerals give values of the retio of srear stress
to applied stress zlong the lines of constant rchear stress.
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arbitrary loading rate for which the variation of
stress with time was known. Their calculated delay
times compared well with the experimental results of
Krafft and Sullivan (1962). They used the crack model
showvn in fig. 2.11 which consisted of a sharp crack
with circular plastic-zones at its tips. These zones
were assumed to support no load; the crack/plastic-zone
complex may thus be treated as an elliptical hole in an
entirely elastic mediuwm. The stress fields about
elliptical holes in elastic media have been solved by
Inglis (1913) for biaxial loading and Neuber (1958) for
uniaxial loading. By applying these solutions to their
model Hahn et alia were able to obtain the stress
history of a small element of materialg v in line ahead
of the crack, as the crack approached 1t, assuming that
the stress field was unaffected by crack velocity.

Then combining their eguation for vielding with this
stress history, they predicted the variations of
plastic-~zone size and stress at the elastic—pléstic
bovndary with crack velocity and nominal stress upon
the plate. Implicit 1in their trsatment was the

assunption that yielding in advance of the crack was



- L2 -

A
_——--""—— ----- e ——— [
“ .
CPaCk - J -/—‘ -------- E_’x
PLASTIC
ZONE
Sso .’—”
€
- Y -
‘\
AN Stress
Y
\ .
Y Strain —x

Fig. 2.11 Crack model used by Hahn, Gilbert and Reid (1963).
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analogous to yielding in uniaxial tension and was not

retarded by plastic constraint,

Fow consider a crack with "elastic yield sones”
at its tips, where stregs redistribution due to
vieldine is neglected, moving through a steel plate.
Assume that the dynamic stress field is similar tc the
static case; this will be true unless the crack
velocity is very high. The shear stress changes for a
series of small elements,g v, ahead of the crack, as
the crack passes them, fig. 2.12, may be calculated
from ecvation (17). This has been done and is shown
in fig., 2.13; these curves give the variation of /O
with x/a along lines of constant y/a, and are sections
through the isochromatic pattern of fig. 2.10. Rothman
and Ross (1955) gave results, fig. 2.14, similar to
fig. 2.13, but for values of y/a from 0.2 to 3, regions
relatively far from the crack tip. If the crack is
travelline at constant velocity v, the x/a axis may be
given in terms of time t as x/a multiplied by a/v, and

the cuvrveg in fig. 2.13 become the stress histories of
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Fig. 2.12 Series of small elements azhead of a movine crack.
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Fip. 2.14 The variztion of the maximum shear stress
along lines of constsnt y nesr the crack tip.
(After Rothman and Ross (1955))
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the elements of material, assuming that half crack
lenoth 2 is large compared to x and y, so that as the
crack growe from 2a to 2a + 2x the stress field is
unaltered. These stress histories show that as the
crack passcs the elements of material they are
subjectecd to a stress pulse; the closer the elements
are to the crack the greatcr the pulse is in magnitude
and the shorter it is in time. It would now be
possible, using these stress histories, to conduct an
analysis similar to that completed by Hahn et alia (1963).
Such an analysis would be of doubtful value because of
the approximations involved and would also bc extremely
tedious; this tedium may be circumvented by comparing
the stress histories with the results, relating delay
time and yield stress, obtained by Krafft and

Sullivan (1962) for mild stcel.

For the curves of fig. 2.13 the duration of the
pulse 1s taken as the period of time that the stress is
greater than £ of its maximum valuc and the stress is
agsumed to remain at the maximum value for this time.
Belsheim (1957) used a similar approximation to compare

his experimental results with those obtained by other
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workers and found good agreement. Now graphs of stress
versvs time of loading may be dravn, using the above
approximation, one point being obtained from each curve
of fig. 2.13; figs. 2.15 and 2.16 show the effects of
varying crack velocity v, and varying applied stress C,
respectively. On these graphs the lower values of time
corrcspond to smaller valucs of y; thus as is cxpected
the closer the créck Passes to an clement of material,
the larger is the stress upon it, and the shorter the
duration of this stress. The results of Krafft and
Sullivan (1962), for a mild steel similar to that used
in the experimental work reported later, may be
superposed upon fig. 2.16.to predict whether or not

tlie delay time of the stsel for a particular stress
will be exceecded. Fig. 2.17 shows Xrafft and
Sullivan's results for supported stress versus delay
time plotted upon fig. 2.16; the vertical lines

of fis, 2.17 show values cf constant y; each of these
lineg is obtained from one of the curves of fig. 2.13.
A 1C inch crack and a crack spesd of 5 x lOu inches

per sccond are chogen to illustrate ithie technique.
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Obviously similar curves can be obtained for any
desired crack length and velocity. Now only those
elements of material which are subjected to a stress
pulse which lies above the Krafft and Sullivan (1962)
delay time, supported stress 1ipe on fig. 2.17 will
yield. Thus for example on this model a crack half
length 10 inches, with each end extending at

5 x 10“

inches per sccond,under an applied stress of

8 tons per sguare inch,will have a yield zone extending
approximately 0.13 inches above and below it, at its
tips. From a series of grabhs similar to fig. 2.17,
but for varying crack length, fig. 2.18 has been
plotted, and shows the variation of y for the
elastic-plastic boundary with 0 and a. The effect of
varying crack velocity on fig. 2.18 is shown in

fig. 2.19.

It is shown later that this crack model gives more
rcasonable values for plastic zone depth than Hahn,
Gilbert, and Reid's (1963) model. 1In the above model
yiclding is assumed to occur when the shear stress in
the xy plane satisfies certain conditions. This shear

stress might not be the largest when stresses in three
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dimensions arc considered. The model will thus
represent conditions of plane strain better than plane
stress. It should be noted here that the "elastic
yield" zonc model will be more accurate than may be at
first thought, when used for a material which exhibits
g dclay time, for yiclding due to rcadjustment of
stress caused by plastic flow, can only occur after

two delay timee have clapscd. The assumption that a is
large compared to x will for a L inch crack moving at

5 x lOb inches per sccond cause an error of
approximately % percent in the estimated plastic zone
depth. The assumption that the stress distributions
ahcad of moving and stationary cracks are similar is
not strictly true, as will be shown later; and this
effect probably causes errors when guantitative results

arec obtained from this model.
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3 dxperimental Measurement of the Stress Field

about Stetionary Cracks

3.1 Introduction

The strain fields around moving and stationary
cracks are gimilar provided that the crack speed is
small compared to the speed of elastic strain waves in
the material, and the material is strain rate
insensitive. Unfortunately neither of these two
criteria are applicable to a brittle fracture
propvazating through a steel plate. However the
stationary stress field is easler to obtain, both
theoretically and experimentally, than the dynamic
stress field, and is useful as a starting point for the

study of the dynamic case.
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3.2 Cracks in Elastic Material

Rothman and Ross (1955) found close comparison
‘between their theoretical predictions and experimental
results frowr a photoelastic model with a central slit
loaded in tension. Using a photoelastic model of a
cleavage crack in a slender rectangular bar, Guernsey
and Gilman (1961) found that Irwin's (1957) approximate
formula predicted the stress field eclose to the crack,
provided the effects of bending stresses in the
cleavage model were not apparent. The theoretical
predictions of Westergaard (1939) and Williams (1957)
were both found to give the stress concentration factor
about edge slits in thick tensile specimens with
reasonable accuracy by Fessler and Mansell (1962).

They used a stress freezing technique on a photoelastic
model, and then cut and analysed slices normal to the
plane of the crack. They found no significant
differences between the stress concentration factors at
the plate surface and in the body of the plate. Using
photoelastic coatings on tensile specimens with central
cracks, Dixon and Visser (1961) found good agreement

between the elastic theoretical predictions of Dixon (1961}

and exveriment.
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3.3 Cracks in Elastic-Plastic Materials

The strain distributions about central fatigue
cracks in nine different sheet materials were obtained
using a photoelastic coating technique by Dixon and
Strannigan (1963%). They compared Dixon's (1961)
theoretical predictions with their results and showed
that the strains in the plastic region near the crack
tip were higher than predicted by elastic theor&,
although the shear strain distributions were similar in
form to the elastic solution for all the materials used
except mild steel. In the mild steel thin plastic
zones grew ahead of the crack; mild steel was the only
material used which showed a yileld drop. Photostress
measurements on the extent of the plastic zones at the
tips of axial faults in cylindrical steel pressure
vessels under load were made by Bevitt, Cowan and
gtott (1964). These measurements showed fair agreement
with Dugdale's (1960) formula, relating plastic zone

size, gross stress, yield stress and fault length.
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Dugdale (1960) measured vplastic zone lengths ahead
of both central and edge slits in tensile specimens of
high nitrcgen steel, which responded to strain etching,
and found tiiat the results were in good agreement with
hig theoretical predictions. Yield natterns in Charpy
specimens showing the thin yield zones about notches
have been obtained using strain etching technigues
on steel by XKnott and Cottrell (1963) and Wilshaw (196L).
By quenching iron-3%% silicon from a hydrogen |
atmosphere, Tetelman and Robertson (1962) formed cracks
opened by the internal pressure of hydrogen. This is
the problem treated theoretically by Sneddon (1946)
and the arrangement of dislocation etch pits near a
hydrogen filled crack shows some of the features
predicted by the elastic theory.

Lilders line formation in edge notched tensile bars
end tensile bars containing circular holes was studied
by Duvrelli, Kobayashi, and Hofer (1961) using a brittle
coating on mild steel plate. Their results showed thin
vield zones running perpendicular to the largest
tensile stress, and disagreed with the predictions

of Allen and Southwell (1950) for the edge notched case,
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and of Nadai (1950) for the central hole case.
Robertson and Christopher (1956) observed the yield .
zones at trhe tip of arrested fractures in gsteel plates,
by a brittle resin coating technique, and by measuring
the redvction in plate thicknesg. The contours of the
depressions at the ends of central fatigue cracks in
mild steel and an aluminium alloy were measured by
Bateman, Bradshaw, and Rooke (196L4) using a Talysurf
and multiple peam interferometry. They found that;
for the aluminium alloy, the surface depressions were
approximately circular, unlike the plastic zone shapes
predicted by relaxation methods, Stimpson and

Eaton (1961), but more like the shape predicted for a
crack under shear, Hult and McClintock (1957); and,
for mild steel the depressions were similar to

Dugdale's (1960) results.
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L, Experimental Measurement of the Stress Field

about Moving Cracks

4.1 Introduction

The stress in a material is always calculated from
the measured strain, as there is no method by which
stress can be determined directly. None of the methods
available for measuring strains in the body of a
material 1is applicable to the problem of a running
fracture, because of the high speed of propagstion of
the fracture, the large stroin gradients near the tip
of the fracture, and the curved shape of the crack tip.
However there are two ways in which information on the
state of stress about a crack may be obtained; by
measuring the strain upon the surface of the specimen
while the fracture is propagating, and by examination
of damage in the specimen after fracture. The former
method is difficult because of the high speed of
propagation of the crack, the large strain gradients in
a small area near the tip of the crack, and the
variation from small elastic strains away from the
crack to large plastic strains near the crack. Fowever
this method has been applied to the problem and is

discugsed in this chapter.
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L.2 Wire Resistance Strain Gauge Measurements

There are tvwo main disadvantages of resistance
strain gauges when used to determine the strain around
a crack. Firstly a strain gauge has a finite gauge
length and only records the averase strain over this
length, thus making the measurement of steep strain
gradients difficult. Secondly the gauge only records
the strain at one place, so to obtain an overall
picture of the strain field many recording channels
would be reculred. The exact fracture path of a
brittle crack cannot be anticipated and so the
relative positions of the crack and gauge cannot be
forescast.

Rolfe and Hall (1961) ran brittle fractures across
6 foot wide plates and measured the strain by eleven
strain gauge rosettes mounted near the cxpected
fracturc path. Because they had a limited number of
recording channels they superimposed their records from
five tests to give strain contours around a crack for
varyving crack lcngths. They noted that for cracks
longer than 22 inches the strain field did not change

with crack length. In a later report on the same
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research, Hall and Barton (1963), it was noted that
when the strain gauege rosette was mounted within
aporoximately % inch of the horizontal crack, both the
horizontal and vertical gaugss peaked in tension as the
crack passed them. This biaxial state of tension wasg
only observed when the gauges were located sufficiently
close to the fracture.

Similar work has been reported by Robertson (1957)
and Cargill (1963); their results also show a region
of biaxial tension closec to the crack. One side of
their plates werc coated with a brittle resin and they
observed that the depth of cracking in this coating
increased for approximately the first three feet of
fracture but remained constant thereafter; indicating
that a running crack acguires a steady condition of
propagation only after it has travelled for some
distance into the plate. Reswults obtained by Akita and
Tkeda (1959)(p) also indicated that there existed a

region of biaxial tension associated with the fracture.
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4.3 Photoelastic Strain Measurements

By using a photoelastic method to record the
strain around a moving crack, the main disadvantages
occurring when using wire strain gauges are overcome;
the effective gauge length now depends upon the
resolution of the optical system, and the strains over
a large arca may be recorded. Fowever new drawbacks
occur, because of the high speed of propagation of the
phenomena associated with brittle fracture,
5 photographic tccehnigue with a short effective
exposure time must be employed. On account of the
short exposure, and light intensity losses in the
optical system, an. intense light source must be used.
One photograph will only yield the strain configturation
for one particular crack length, and to gain a fuller
picture high speed ciné techniques must be used.
Ciné cameras working at these high speeds are expensive
and will only yield a limited number of frames.
Tt is only possible to obtain isoclinic or isochromatic
recordings from one test, thus rendering separation of
individual principal stresses difficult, however the

isochromatic pattern is probably the most useful way of
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presenting the strains about a crack. There is a limit
to the applicability of results from fractures of
plastics to the problem of brittle fracture of steel,
because of the differing rhysical properties of the two
materials. Thus a photoelastic coating technique
should yileld more useful results than results obtained
from a2 photoelastic model. The stress-optical
coefficlent for columbla resin varies with strain rate
and this effect must be considered when analysing the
results of dynamic investigations on pho%oelastic
models, ' ells and Post (1958), and, Goldsmith and
Dabaghian (1961). However if a photoelastic coating
technicue 1is employed this effect need not be taken
into account as the strain-optical ccefficients of
columbia resin and commercial photostress are strain
rate insensitive, Clark (1956) and Cole, GQuinlan and
Zandman (1960) respectively. However the speed of
proragation of elastic waves is higher in metal than in
photostress coatings, Cole, Guinlan and Zandman (1960),
and, Duffy and Lee (1961); +this effect will cause

errore 1f thick photoelastic coatings are used.
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The strain-optical coefficient of photostress varies
with temperature, but over the range usually of
interest in crack propagation tests (-50°C to 259)

it is reasonably constant, Folister (1961). Errors in
the results obtained by the photoelastic coating
technicue mizht be caused by the coating not following
the ¢eformation of the stecel. This effect would be
most likely to occur in the vicinity of the crack tip
where the large strains and high rates of strain might
break the bond between the coating and the steel,

or crack the coating before the steel fraetures.

Dixon and Visser (1961) reported cases for fatigue
where the underlying metal cracked but the coating
remained whole, and where the adhesive bond between the
coating and metal had broken.

The isochrcmatic patterns about moving cracks in
columbia resin were obtained by Wells and Post (1958).
They found that the dynamic stress distribution was
vers gimilar to the static stress distribution for
cracks of comparable length, and that the strain
perturbation associated with a running crack grew

uniformly in all directions proportionally to the crack
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length, provided specimen edge effects were negligible,
fig. L4.1. Irwin (1958) showed that Wells and

Post's (1958) results compared well with

Westergaard's (1939) theoretical predictions.

The strain field =bout 2 propagating crack in mild
steel has becn studied by van Zlst (1964)(b) using a
photoelastic coating technigue. This 1s thc method
used in the research rcported in this thesis.

Both research projccts started at the s=ame time,

but I learnt of van Elst's work at a late stage in
this research. Van Elst used a high speed framing
camera to obtain seguences of isochromatic patterns
arounc¢ moving fractures, initiated by impacting the
specimens with a2 bolt gun in the direction of crack
propagation. These isochromatic patterns (fig. 4.2
shows a typical example) exhibit a region of low shear
strain close to and ghead of the fracture, which
corresponds to the biaxial tension revealed by strain
gauges. The results also show stress waves ahead of
the fracture and a complex pattern of waves bhehind the
fracture front. Van Elst correlated the freguency of

the stress waves shead of the crack with the step-wise
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propasation of the crack. TUsing streak and framing
camera recordings of the surface deformation during
crack propagation van Elst obtained more evidence for
the irtermittent propagation of brittle fracture.
These fractures often exhibited large shear lips,

van Elst (1963).
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5 Apparatus

5.1 Introduction

Of the tests for brittle fracture the one which
most nearly simulates service failures is the Robertson
test. In this test a crack is caused %o run into a
steel plate at a controlled temperatureland stress,
and tre resvonse of the steel recorded in various ways.
The Robertson tvpe test was chosen for this research.
To record the strains abgut the moving crack, the
ohotcoelastic coating technigque was used, the resultant

isochromatic pattern being photographically recorded.

5.2 Tensile Machine

Four loading rigs were used to provide the tensile
stress necegsary for fracture, in separate tests,
a 100 ton Avery machine in the WMechanical Engineering
department of Imperial College, a 300 ton machine made
for this research, and a C.A T 600 ton machine and a
1200 ton wide plate machine at the Naval Construction

Regcarch Lstablishment, Rosyth.
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Some initial tests were performed on an Avery
universal testing machine up to loads of 70 tons.
The specimen size and shape are shown in fig. 5.1.
The loading lugs were tapered to 4 inches wide over the
last Tew inches as this was the maximum size the
machine would hold. The specimen was mounted in the
machine by'means of wedze grins; because of the design
and short length of these grips, the spcecimen sometimes
gslinped in the grips while a crack was running across
the specimen. This slippinz caused a reduction in load
and the fracture to arrest. A specinen containing an
arrested fracture is shown in fig. 5.2.

Because of the unsuitability of the Avery tensile
machine’s grips, and its limited availability,
a tensile rig capable of producing a 300 ton load was
made, fig. 5.3. This consisted of a portal frame (F),
fabricated from 1 and 2 inch thick plate, on top of
which a hydravlic jack (J) was mounted. The load was
transferred from the jack to the crosshead (C) by six
tie rods (T) with spherical seatirgs at each of their
ends. The crosshead wag connected to the upper loading

lug by a loading pin (P), again through a spherical
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Fig. 5.1 Dimensions of specimens used in the 1C0 ton Avery machine.
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Fig. 5.3 300 ton tensile rig.
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seating. The specimen (S8), 15" x 6" x 27/'32“, was
welded between the two loading lugs (L), fig. 5..4.

The lower lug was attached to the base of the portal
frame through another spherically seated lcading pin;
these spherical seatings helped ensure uniform loading
of the specimen.

The portal frame was one which had been used for
compression testing by N.C.R.E., Rosyth. The frame was
modified and the rest of the machine fabricated by
N.C.R.E. to my design. The crosshead was made up from
two 2 Inch high tensile plates and proved difficult to
fabricate by welding. In transit from N.C.R.E. to
Imperial College one of the welds cracked; all the
welds were machined out and rewelded, the crosshead
being stress relieved after every few weld passes.
Forging would have been a better means of fabricating
the crosshead.

¥hen in use the rig was mounted on 4 inch timbers
on a 2 foot thick bloeck of concrete, on a solid
basement floor, The top of the machine protruded
3 feet through a temporary ground floor of the

building, giving easy access to the jack and tie rods.
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During crack propagation tests the machine was steadied
by a 5 ton crane, which was also used to load specimens
into the machine. During testing the area around the
rig was blacked out by rolling a 3 sided hut along the
temporary ground floor to cover the top of the machine,
the fourth side of the hut and the spaces between the
two floors were covered over with blackout material.
Tests at N.C.R.E., Rosyth, were performed on their
C.A.T. and 6 foot wide plate machines, which have
already been described, Robertson (1953), and Robertson
and Christopher (1956) respectively. No special tests
were arranged for this research, and so records were
taken from specimens broken in the course of the normal

research programme at N.C.R.E.
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5.3 @Specimen Material

Two mild steels, donated by N.C.R.E., Rosyth, were

used in the experimental programme.

Steel Testing Thickness Yield Ultimate Crack
Machine Stress Stress Arrest
Temperature
inches tons/ tons/ °c
sq.in. sqg.1n.
M.S.¥.R. Avery 100 ton 0.595 15.6 27 + 15
F.B. 39 300 ton Rig 0.845 15.3  27.1 + 17°%

The steels were chosen because of their high crack
arrest temperatures, reasonably similar properties, and
the large number of tests that had previously been
performed on them. The steel F.B. 39 was part of the
material from the Fawley tank which failed in 1953,

Robertson (1955).
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5.4 High Speed Spark Light System

Because of the expense and operational
difficulties involved in high speed cine technigues,
single shot photography was used to record the
isochromatic patterns about moving cracks. High speed
photographs may be obtained in two ways: either by
means of a fast camera shutter, e.g. a Kerr cell type,
or a rotating mirror camera, and a continuous light
source; or by means of a continuously open camera and
a high speed light flash; both systems have
disadvantages. If the former method is employed, the
light transmitted by an open Kerr cell is approximately
only 1000 times the light transmitted by a closed cell,
thus a suitably triggered light source with a low rise
time must be used at the beginning of the exposure and
a shatter shutter used to end the exposure. The same
provlems arise when using a rotating mirror camera
becavse after one revolution the mirror will start to
rewrite. These two technigues are also difficult to
set up and to operate. In the latter method, as the
camera is open continuously, the experiment must be

performed in darkness, also the light source must be
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accurately triggered and have low rise and decay times.
This technigue was the one used in this research.

The flash may be either electrically or explosively
generated. The danger to personnel and apparatus of an
argon bomb type flash, Cole, Guinlan, and Zandman, (1960),
ruled this out as a possible means of illumination.

As only about 7% of the light output of the source
remains after transmission through the polarizing

filters and photoelastic coating, a very intense light
source must be used.

A spark light source similar to the one designed
by North (1959) was constructed. Only where the source
differs from that described by North are details given.
A circuit diagram and a photograph of the set up are
given in figs. 5.5 and 5.6 respectively.

For simplicity a trigger system, fig. 5.7, was used;
this varied from North's system in the means of
surplying the thyratron grid voltage. The flash may be
fired by breaking a conbtact between B and C, by making
a contact Tetween A and B, or manually by closing
switch 3. Vhen the thyratron fires, the capacitor X

discharges through the thyratron and the primary
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windings of the trigger transformer, causing a spark to
jump the trigger gap. The maln differences between the
light source shown in fig. 5.8 and the North unit are:
that eight condensers are used instead of one, and a
concave mirror is mounted behind the flash, both these
features give a greater light output from the source;
and the positioning of the trigger gap.

For convenience this gap was in parallel with part of
the main flash gap, whereas in North's unit the gaps

were mounted in series.
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6 Experimental Technigue

[6)
=

Ststic Tests
The svecimens used for static tests were similar
to that shown in fig. 5.1, except that plate thickness
was 0.13 inches. Cracks were simulated by saw cuts

Ly inches long and 0.05 inches wide; 1if finer cuts were
used the photoelastic coating fractured at low loads.
Cuts were made from either one edge to simulate a crack
advancing across the plate, or from both edges to
remove bending stresses. The plates were loaded in the
Avery tensile machine, the load being increased in
small increments; the residual plastic strain

resulting from these loads was recorded by removing the

load in between each increment.

6.2 Tensile Ioading

Care was taken when welding the specimen into the
loading lugs to minimise bending and residual stresses.
The specimen and lugs for the 300 ton rig, fig. 5.4,
tonether weighed 3% hundredweight, and were loaded into

the tensile rig bv means of a crane. An electrically
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driven oill pump was used to ralse the hydraulic jack and
hence stress the specimen, the o0il pressure inside the
jack being measured by a gauge, the accuracy of which
had been checked to I 20 p.s.1i. at a load of 1000 p.s.1i.
The uniformity of loading in the specimen was checked by
clamoing Huggenberger Tensometers to the specimen and
varying the load; because of the careful welding procedure
and the spherical seatings on the machine, it was found
that the extensions at both ends and on both sides of
the specimen were uniform to within 10%, except for one
specinen which vas not initially straight and showed

bending stresses on loading; this specimen was scrapped.

6.3 Temperature Control

The desired testing temperature was attained by
cooling the specimen with crushed carbon dioxide held
in contact with the specimen and lugs in metal trays;
thermal contact between the carbon dioxide and steel
was improved by wetting the system with methylated
spirit. The temperature was measured by thermocouples
spot welded to the plate surface. The metal close to

the notch from which the crack was started was cooled
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by pouring liguid nitrogen into a container bolted to
the specimen. TFig. 6.1 shows the solid carbon dioxide
cooling trays and liguid nitrogen container with pouring
funnel clamped on to a specimen in the loading rig.

The cold junction for the thermocouples, a thermos

Tlask containing melting ice, can be seen with its

clamped spring mounting at the right of fig. 6.1.

6.4 Crack Initiation

The fracture was started from a notch, fig. 6.2,
consisting of a saw cut, up to a 3/16 inch diameter
hole with a fine jeweller's saw cut continuing 1/8 inch
bevond the hole. To start the fracture a % inch
diameter bullet, made from hardened silver steel,
in the form of a shallow circular wedge, was Tired ffom
a "Rapid Fammer" bolt gun into the hole, near the end
of the notch. The gun was clamped into position,
its barrel being held in place by a Jjig bolted to the
specimen. After »passing through the plate the bullet
was caught in the lead filled end of the liguid
nitrogen container. If a crack was not initiated at
the first attempt, a 1 inch diameter hole was drilled

in the plate, the hole filled with weld metal, and a

new notch cut.
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6.5 BStrain l'easurement

The strains were measured using the photostress
technigue, where a thin sheet of strain birefringent
material is bonded to the surface of the specimen.
Then a stress is applied to the specimen, the resulting
strains on the steel surface are assumed by the layer
adhering to the surface, the Young's modulus of the
coating being small compared to that of the steel.
Coating thicknesses of 1, 2 and 3 millimetres were
uset, depending on the applied stress and the field of
view of thc camera. Circularly pvolarized light
passes through the photoeclastic sheet twice, being
reflected from the bonding material, to give an
isochromatic pattern, fig. 6.3. Ideally the polarized
light should be normal to the surface coating;
this mey be accomplished by means of a half silvered
mirror. This method was nct uscd, because of the
light intensity losses involved, the polarizing effect
of the mirror, and becausec thc top surface of the
birefringent coating acts as a mirror and would reflect
the £lash directly back into the camera, masking the

isochromatic pattern. However, the flash source and
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Fig., 6.3 Optical arranzement used to obtair *sochromatic recordings,
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camera were positioned so that the light rayvs were
nearly perpendicular to thc coating, minimising the
errors involved. At low temperatures frost formed on
the coating but was easily rcmoved with alcohol.

At temperatures below - 5OOC it was found that the
birefringent coating became very brittle, and often
cracked; and also that the bonding between the steel

and coating weakened.

6.6 Photography

The results from the static tests were recorded on
black and white film using s narrow cut filter.
This method is used wherever possible, as more fringe
orders may be resolved than when colour photography is
used, for as the relative retardations of differcent
wavelengths of light increase, extinction overlapping
occurs, giving approximately uniform white light.
For the dynamic tests a high speed (A.S.A. 140) colour
£ilm was used, scarcitv of light ruling out the use of
a close cut filter and black and white photography.
Dark field circularly polarized light was used for all

the experiments reported here. A lens from a gunnery
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rangc finder with aperturc 1.5 and short focal length
wag mounted on a rcflex camera back, and used to
photegraph the dynamic patterns, because a large
apcriure was required to make the best use of the
avallable light. This camera worked well in
conjunction with the flash source. A sccond camera

L, feet from the plate was ussd to photosraph a larger
area of plate surfacc than the first camera. The flash
source was triggered by the breaking of a brittle
(bismuath) wire bonded to the specimen in the expected
fracture path a fixed distance ghead of the area to be
photogravhed. Fig. 6.4 shows the front surface of the
specimen with light source and camera with polarizing
screens, and bolt gun vnositioned ready for a test;

the brittle wire and birefringent coating can be seen

to the left of the gun.
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6.7 Testing Seguence

The testing procedure in chronological order was
as follows:-—

1) Ioad the specimen.

2) Cool specimen to required temperature.

3) Photograph any markings or apparent
strain in the coating, that may have
formed due to yielding of the steel
or temperature effects; the steecl
and coating have different
coefficients of cecxpansion.

L) Connect the brittle wire crack
detector to the flash source trigger
unit.

5) Check that the flash source is
functioning properly.

6) Black out the testing area.

7) Check the load.

8) Check the temperature.

9) Cool the notch with ligquid nitrogen.

10) Recheck the temperature.
11) Open camcras.
12) TFire gun to initiate the crack.

13) Closc the cameras.
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6.8 Drawbacks of the Technigues

The above technigues gave fairly reproducible
results but the following difficulties sometimes
occurred: -

1) Premature fracturc of the brittle wire
and cracking of the photocelastic
coating,

This effeet occurred at low
teaperatures and high stresses.
If the coating bonding material,
an aluminium filled epoxy resin,
was uscd to bond the brittle wire
to the steel, this tendency to
fracture was lessened.

2) Pailure of the light source.

Initially saturation of the
light source with argon caused
breakdown of the spark gap under
the applied voltage. This was
cured by improving the

ventilation of the light box.
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The condensers in the light box
were rated as 5 Kilovolt but
were used at about 3 times this
value and occasionally had to
be replaced. Thesce condensers
were used because of their
small size and low inductance.
Failure to initiate the crack.
Because of the reasonably
small size of thc specimen,
it was difficult to cool the
metal nesar the notch severely
while maintaining the rest of
the plate at the required
temperature. Thus sometimes
on firing the gun a crack
would not be initiated,
presumably because the notch
was not sufficiently cold.
This could be cured by
replacing the metal near the

notch with weld metal.
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i) Premature crack initiation.

Two specimens fractured
while their notches were being
cooled; this effect occurred
vhen high stress and low
temperature tests were being
performed. This effect has been
noted by Christopher (1959).

5) Crack failing to follow expected

fracture path.

On one specimen the fracture
curved away from the ccentre line
of the specimen and did not break

he brittle wire. Usually,
however, the fracture path did not
cdeviate by more than an inch from
the expected path.

Most of the main reasons for the failure of the
techniocue listed above were overcome and towards the
end of the experimental programme a successful
isociromatic recording of the stress field about a

moving crack was obtained in about 80% of the tests

performed.



_99_

7 Haperimentsl Results_ for the Strain Fields around Cracks

s Sy

7.1 Interpretation of the Isochrometic Recordings

For the static tests 3 millimetre thick
birefringent coating was used with a strain optical

constant, K = 0,08,

where K =

(Ep -€qg)(2%)

or€p -€q = &(2t)X

Ep is the major principal strain

&g is the minor principal strain

8 is the relative retardation of the light wave
on yassing through the coating, the retardation
in the direction of the major principal strain
minus the retardation in the direction of the
minor principal strain

and t is the thickness of the strain birefringent

coating. (2t is used in the formula as light

passes through the coating twice.)
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A Kodak Wratten No. 29 deep red narrov-cut filter
and 'Plus X' panchromatic film were used to record the
strain patterns. The filter transmits light in the
visible range with wavelengths from 6,100 % to 7,000 &,
while the sensitivity of the film starts to decrease
for wavelengths above 6,600 X; and for measurement
purposes the light was taken to be monochromatic with
wavelength 6,400 . The first black fringe occurs when

the relative retardation is one wavelength, or when:-—

(6,400 x 1070)

= 0.00133

Also the principal shear stress is half the

princinal stress difference or



&

E is Young's modulus, taken as 30 x 10~ p.s.i. for steel,

and y 1ig Foisson's ratio, taken as 0.3 for steel.
Thus the shear stress corresponding to the first
black fringe is:-

0.00133 30 x 10
_______ X ————=—=== = 15,400 p.s.1i.

The 'n'th black fringe occurs when the relative
retardation is n whole wavelengths i.e. when
N is (15,400)n p.s.1i.

“"hen white light is used to observe the
isochromatic pattern, one particular wavelength of
light is extinguished for any given shear strain,
and so complementary spectra are seen. Of the colour
changes in these complementary spectra the eye is most
sengitive to the change from red to blue, or red to
green, these changes are called tints of passage and
corregspond to the extinction of yellow light with

wavelenzth 5,890 . Thus, as above, the shear stress
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may be found for the first tint of passage as:-

(5890 x 10‘8) 1 (30 x 10

= 14,100 p.s.1i.

for 3 millimetre plastic with K factor 0.08.
Subsequent tints of passage occur for values of
Y of (14,000) x n p.s.i. where n is a whole number.
As the shear stress increases extinction overlapping
occurs, thue a relative retardation of one wave length
of the extrere red (7,200 ﬁ) is approximately two wave
lengths of violet and both of these colours are
eliminated together. At larger shear stresses this
effect becomes more pronounced, until eventually,
at very high retardations, the colour bands become
extremely faint and merge into each other giving

anproximately uniform white light.
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7.2 Static Tests

7.2a Specimen Containing a Single Edge S1it

Fig. 7.1 shows the apparent strain field in the
specimen under a small load, 0.3 tons giving a stress
on the gross section of 0.16 t.s.i. The dark area
immediately ahead of the notch occurred during
polymerization of the bonding material and must be
taken into account when internreting other results
obtained from this specimen. PFig. 7.2 is the same
specinen vnder a gross section stress of 5.983 t.s.1.
and shows the. isochromatic pattern about the slit -
plus the superimposed residual apparent strain.

Fig. 7.3 gives the pattern caused by the residual
plastic strain resulting from a stress of 5.93 t.s.1i.,
on loading the specimen above this stress the

birefringent coating fractured.
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7.2b Specimen Containing Two Edge S1lits

For zero load there was no residual birefringence
in the coating on this specimen. Fig. 7.L shows the
isochromatic pattern for a gross scction stress of
5.93 t.8.1., and fig. 7.5 the effects of the plastic
strain resulting from this stress. Figs. 7.6 and 7.7
are similar to the above except that a stress of

8.41 t.s.1. was used.

7.3 Dynamic Tests

7.3%3a Tests on the 100 ton Avery Machine

Pig. 7.8 shows the isochromatic patterns before
(left side) and during (right side) brittle fracture
propagation. The stress on the steel was 8 t.s.i. and
its temperature + 1500. The photoelastic coating was
3 millimetres thick and 10 inches sguare. \The fracture,
which propagated from left to right, arrested 2 inches
from the right hand side of the plate; the specimen
with the arrested fracture is shown in fig. 5.2.

Both tke plctures in fig. 7.8 show, the stress pattern
due to an edge slit on the right hand side, yield lines

at the top left corner emanating from a weld, and a
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white spot near the centre due to the direct reflection
of the flash from the top surface of the photoelastic
coating. The sparks, orange lines on the picture, are
debris from the bolt gun's cartridge; in later
experiments a cardboard shield was used to deflect them
from the area photographed. The right hand picture
shows stress discontinuities ahead of the crack,
similar to the shockwaves reported by van Elst (196l).
It should be noted that the largest discontinuity lies
on the perimeter of a circle centred about the notch;
this would indicate that this wave was initiated by the
bolt gun. If this wave travels at 16,000 feet per second
the crack speed may be calculated as approximately
5,000 fcet per second, assuming the wave and crack are
initiated simultaneously; +this is a reasonable value.
This wave represents a tensile pulse in the horizontal
direction. The other smaller waves are of opposite
gign but also appear to have been initiated by the

bolt gun.
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Figure 7.9 gives a result similar to the above,
though for this test the temperature was + 10°C and the
crack propagated through the plate. The bond between
the metal and the coating failed over a small ares near
the crack while the crack was propazating; this caused
the disturbance at the left side of the right hand
picture. Fig. 7.10 shows the fracture surface with the
photoclastic coating; the fracture was half way along
this gection when fig. 7.9 was obtained.

Figs. 7.11 and 7.12 show the isochromatic pattern
before and during fracture propagation in a specimen at
10°C and 10 t.s.i. The coating was 3 millimetres thick
and 10 inches square. Stress discontinuities ahead of
the moving fracture, of the same sign as the smaller
ones in fig. 7.8, are visible. The photographic record
of this test was underexposed but is included as it is

onec of the two records which show shock waves ahead of

the fracture. The fracture surface is shown in fig. 7.13.
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An attenpt to fracture a specimen at 18°Cc and
9.5 t.8.1. failed; on replacing the metal adjacent to
the notch with weld metal, the birefrincence shown in
fig. 7.1 was introduced into the photoelastic coating.
This specimen was then fractured at 18°C and 10.8 t s.i.,
the crack arresting after running 11 inches. PFig. 7.15
gives the isochromatic pattern about the propagating
fracture; the area photographed was 3.2 inches x 2 inches,
and tre photoelastic coating 3 millimetres thick.
The fracture surface, fig. 7.16, siaows pronounced

shear lips.

7.3b Tests on the 300 ton Rig

In the tests using this rig no stress discontinuities
ahead of the fracture, nor complex streés pratterns
behind the crack, were.recorded by éither of the two
cameras. All the results presented were obtalned with
a wide aperture camera 7 inches from the coating,

the field of view being 2 inches x 3% inches.
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Fig. 7.17 shows the isochromatic pattern about a
crack moving under a stress of 11.2 t.s.i. in steel at
a temverature of - 2&00. The photoelastic coating was
2 millimetres thick. No residval birefringence was
visible in the coating before the fracture occurred.
The resulting fracture surface is shown in fig. 7.18,
the crack being half way along the sectlion shown when
fig. 7.17 was obtained.

Pig. 7.19 and 7.20 show the birefringent pattern
before and during fracture propagation in steel at + 1500.
and under a stress of 9.9 t.s.i. The photoelastic
coating was 1 millimetre thick. Fig. 7.21 iz the
resulting fracture surface; the crack was halfway
along the section shown when fig. 7.20 was obtained.

Figs. 7.22, 7.23 and 7.24L are similar to
figs. 7.19, 7.20 and 7.21, except that a stress of
7 t.s.i., = temperature of - 15009 and coating
thickness of 2 millimetres were used. Fig. 7.25 shows
the birefringence caused by plastic d eformation which

occurred while the crack provagated.
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Flg. 7.25 Regidual birefringence after fracture
in the photoelastic coating on the
specimen shown in fig. 7.22.
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A photograph of an area approximately 2 inches
ahead of a fracture showed no shear stress changes,
due to the moving fracture, observable in 2 millimetre
thick coating. The temperature was + 1u°c and the
stress 8.5 t.s8.1.; the resulting fracture surface is
shown in fiz. 7.26.

Two tests were performed to find the stress state
immedietely behind the crack tip. Fig. 7.27 shows
yield lines in the plate before fracture propagation,
the stress being 10.5 t.s.i. and the temperature - 300.
The photoelastic coating was 1 millimetre thick.

Fig. 7.28 gives the isochromatic pattern behind the
fracture; the crack tip is estimated to be 1 inch
beyond the right hand side of the photograph.

Fig. 7.29 shows the resulting fracture surfaces;

the centre of the section shown corresponds to the
length of fracture in fig. 7.28. Figs. 7.30 and 7.31
are similar to those in figs. 7.28 and 7.29 but a stress
of 4.9 t.s.i. and a temperature of - 2300 were used.

The moving crack was estimated to be % inch beyond the
area shown in fig. 7:30. For this test no residual

birefringence was observed in the photoelastic coating

before tlhe fracture occurred.












- 124L -

7.3c Tests at N.C.R.E., Rosyth

In the C.A.T. rig the fracture is initiated Dby
impacting the specimen with a bolt gun in the direction
of crack propagation; +this will introduce a large
amount of elastic energy into the specimen. Fig. 7.32
shows the isochromatic strain patterns observed in a
3 millimetre thick coating. The steel was 1 inch thick,
the stress 10 t.s.1. and the temperature - 20°C.

The strain field is more complex than those already
revorted, but the general shape is similar.

The isochromatic pattern near a crack 15 inches long
propacating in a 6 foot wide steel plate under a stress
of 12 t.s.i. and at - 48°C is shown in fig. 7.33;
the area covered by this photograph is 3 inches by
u% inches. The crack 18 just entering the photoelastic
coating which was 2 millimetres thick with strain
optical constant K = 0.02. This type of birefringent
coating was used as it was found to stand up well to
low temperatures and high stresses. Fig. 7.34 shows
the fractured specimen with the photoelastic coating

still adhering to it; on the right of the coating are
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the rcemains of a sheet of birefringent coating with
strain optical constant K = 0.08 which fractured before
the crack was initiated. The crack, after crossing the
area shown in fig. 7.34, ran along the specimen-lug weld
for the rest of the testpiece length. The fracture
surface corresponding to fig. 7.34 is shown in fig. 7.35.
It -7as hoped to obtain resistance strain gauge recordings
from the rear side of the plate, fig. 7.36, and compare
the results with the isochromatic recording, fig. 7.36,
but for this test the high speed camera, which records
the results from the strain gauges, failed.

In a second instrumented wide plate test two
cameras were used; the camera further from the plate
and at an obligue angle to it showed the 31 inch long
crack just centering the area covered by the 2 millimetre
thick birefringent coating; the close up camera
photographing an area 1% inches to L%t inches ahead of
the crack recorded no change in stress. Strain gauges
were mounted on the rear of the specimen to measure
vertical and horizontal strains, fig. 7.37. From the

strain gauge results the crack speed was estimated as
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2,000 feet per second. The stress on the plate was

9 t.s.1i. and its temperature - 2000. The broken specimen
and fracture surface are shown, figs. 7.38 and 7.39;
large shear 1lips occurred in thc region near the

photoclastic coating.
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8 Qg§9g§§i9ﬁ of Experimental Results

8.1 Static Tests

The static stress patterns are similar to those
presented by Dixon and Visser (1951), for an aluminium
alloy with central or edge cracks and for mild steel
with a central slot; but cover a range of plastic
strains which they did not report. The isochromatic
stress patterns in a plate with a single slit were
reasonably similar to the patterns in a plate with two
edge slits.

The predictions of eguation (17) in chapter 2 are
in good agreement with the isochromatic records
obtained, provided plastic flow is small and allowance
is made for finite plate width.

For example, for fig. 7.L:-

half crack length, a = 4 inches

half plate width, b = 6.5 inches



_133_

Dixon (1959) showed that for a central crack

O | ) (a\z}_ z

ol Nl

where I is the ratio of the maximum stress at the head
of the crack to the nominal stress gcross the grogs
section, and Kag is the ratio of the maximum stress at
the head of the crack to the nominal stress across a
plate with infinite width.

Assuming that the stresses near the crack increase
proporticnally with K, and that the results for a
central slit may be applied to an edge slit; the values
of the stress obtained by ipfinite plgﬁe theory must be
multiplied by a correction factor of {l - {%}2 -2
to obtain the stresses in a finite plate.

dFor fig. 7.4

NEI

b/

the applied stress 0 = 5.92 t.s.1.



- 13 -

For the firct and second order fringes:-—
T=6.9 t.s.i. and 13.8 t.s.1.
: Ay
whence 3/¢ = 1.17 and 2.33
The values predicted by infinite plate theory will then
be’ij'x TT%? i.e. 0.92 and 1.83.

The fringes for these values are shown, fiz. 8.1,
superimposed on the measured isochromatic pattern,
fig. 7.4. The first fringe fits well, and the fit is
even better if allowance is made for the movement,
due to plastic flow, of the effective crack tip.

The gecond fringe fits the pattern in the elastic region.
Fig. 7.5 shows the residual isochromatic pattern when
the load is removed from the specimen.

It would be difficult to determine the exact shape
and size of the plastic zone from the recordings of the
birefringence caused by plsstic strain, because the
regions near the plastic enclave will show some elastic
Strain due to the misfit of the plastic enclave.
However the general shapes of the »plastic zones appear to
be as vredicted by Stimpson and Eaton (1961) using a

relaxation procedure, but unlike those observed by
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Bateman, Bradshaw and Rooke (19454 who used comparatively
large stresses, and obtained long yield zones.
Approximate estimates may be made of the size of the
plastic zones from the isochromatic patterns, by taking
the area included within the first order black fringe
in the unloaded specimeng. The values for plastic zone
length ahead of the crack estimated in this manner are
in reasonable agreement with the predictions of
Dixon's (1962) theory. For example for figs. 7.5 and 7.7:-—
rlastic zone lengths, estimated from the isochromatic
pattern are s = 0.2 inches and 0.5 inches respectively.
From Dixon (1962) ®/a = 0.053 and 0.11 for these
particular loading conditions, and a = L4 inches
therefore s = 0.21 inches and 0.44 inches
Dugdale (1960) measured plastic zone lengths ahcad
of slits in a high nitrogen steel, and reported that
the plastic zone tapered to a fine point. If the plastic
zoneg asg estimated above are smoothed to a fine point
by cve, Dusdale's theory predicts the plastic zone length

better than does Dixon's. v
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8.2 Dynamic Tests

8.2a General Form of the Isochromatic Pattern

By superposition of resisitance strain gauge
measurements, Rolfe and Hall (1961) obtained the full
stress pattern about moving cracks of various lengths
up to within approximately 1 inch of the crack tip.

They presented contours of maximum principal strain,
fig. 8.2, but stated, "in spite of the slightly
non-uniform nature of the shear strain contours,

they are similar in shape to the maximum principal-strain
contours, and likewise similar to those observed in the
photoelastic studies of Wells and Post (1958)."

The strain gauge results obtained at N.C.R.E. indicate
an isochromatic pattern similar in shape to those
reported above, Christopher and Cargill (1964).

The zeneral shape of the isochromatic patterns reported
in chapter 7, and the magnitudes of the elastic strains,

agree with tl.ose found by Rolfe and Fall (1961).
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Typical set of principal-strain contours
for 22 in., to 50 in. crack length.
(After Rolfe and Hall (1961).)
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8.2b Shock Vaves

A comparison between a typical isochromatic strain
pattern near a running brittle fracture obtained by
van Blst (1963), fig. L.2, and those reported in
chapter 7 shows that whilst the general shapes of the
stress patterns near the crack tips are similar,
van Elst finds two additional effects; the stress
waves, A, B and C, ahead of the crack, and the complex
pattern of shock waves behind the crack front.
Van Elst showed that the frequency of the shoek waves
was consistent with the intermittent nature of shear lip
failure. The waves A, B and C, correspond to a lowering
of shear stress, and appear to have been reflected from
the spceimen edges back into the field of view. In a
later paper van Elst (1964) (a), large pulses, fig. 8.3,
similar to that shown in fig. 7.8, were reported.
These waves appear to have travelled directly from the
fracture to the field of view, and correspond to a
lowering of shear stress. Van Elst (1964) (b) stated,
"One can expect the observation of the stress waves

only at optimal conditions" due to "blurring effects",
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of the different velocities of shock waves in steel
and the photoelastic coating, and dispersion c¢ffects
caused by the steel.

Cf the results obtained in this resecarch,
none srowed the complex pattern of stress waves hehind
the fracture, and only two showed waves ahead of the
fracture. In one of these two results the waves appear
to have been caused by the bolt gun, and only a poor
record was obtained of the other. Van Elst's results
appear to consist of a steady state stress pattern with
superposed stress pulses, which he has correlated with
the progression of yielding on the plate surface.
Thus it seems likely that the stress pulses are caused
by the shear lips and are a surface effect; while the
steady state configuration is more likely to represent
the condition due to a brittle failure. Fowever the
second of the two wide plate tests reported in chapter 7
and the specimen shown in fig. 7.15 had large shear lips
but no shock waves were observed; all the other

specimens had only very thin shear lips.
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8.2c Biagxial Stress Field

All the isochromatic patterns ncar moving cracks
obtained in this research show a region ahead of the
crack whers the shear stress is lovwer than predicted by
stationary crack theory. It is impossiblc to separate
principal stresses from a single isochromatic pattern,
but the stress state may be inferred from theoretical
and cxperimental work reportcecd by other researchers.

A region of low shear stress ahcad of a crack is
predicted by the theoretical solutions for stationary
cracks in clastic media reported in chapter 2, and was
seen bv Dixon and Visser (1961), Fessler and
Mansell (1962), etc. This recgion of low shear stress
may be seen in figs. 7.2, 7.4 and 7.6. The theoretical
solutions for stress fields about moving cracks,
vorré (1951), Akita and Tkeda (1959) (a), etc.,
all suggest that as the crack speed increases to
reclativistic values the stress field changes from the
static configuration, and the larger the crack speed,
the greater 1s the change. The theoretical work of

Yoshiki, Kanazawa and Itagaki (1961) predicts that for
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high crack velocities the stress in the vertical
direction, C¥y, will have a minimum value a short
distance ahead of the crack tip. The lattice model
used by Gaus (1961) forecasts that when strain energy
is released by crack formation, 2 tensile stress pulse
ig ¢generated and propagzates away Trom the crack tip,
to create a zone of biaxial tension ahead of the crack.
The wire resistance strain gauge results reported
by Rolfe and Hall (1961), fig. 8.2, and Cargill (1963),
fiz. 8.4, indicate a lowering of shear strain
aporoximately L4 inches ahead of the crack, due mainly
to an increase in the horizontal strain, € x.
This effect is similar to that predicted by %aus (1961).
Cargill's results and some of those reported by Videon
et alia also show a small decrease in vertical strain
in tais area, as forecast by Yoshiki, Kanazawa and
Itagali (1961). The results obtained from the strain
gauccs as the crack approaches and passes them depend

unon their positions relative to the crack path:-
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1) If the gauges are more than approximately 1 inch
frem tre fracture path, a strain history similar to that
shown in fig. 7.37 1is obtained; the vertical gauge
peaks in tension while the horizontal gauge starts to
rise but has a compression peak, probably due to the
Poisson ratio effeét of the vertical gauge's tension peak.

2) If the gauges are within about 1 inch of the
fracture path, both vertical and horizontal gauges peak
in tension as the crack passes, but there still exists
a large shear strain, as well as the large biaxial
tension. Videon et alia (1963) noted that as the crack
speed increased, the area over which this effect was
noticeable also increased.

3) If the gauges are too near the fracture path,
thelr strain readings continue to rise until the gauges
brcak down.

wells and Post (1958) interpreted their results
from strain birefringent models to show that the dynamic
stress dGistributions in the vicinity of a crack
approximated to the static distributions about slits in

models extended by a fixed displacement at their ends.
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However their results do show that the shear stress
just ahead of the crack is slightly lower in the
dynanic case than in the static case, and also that
this lowering of shear stress is caused mainly by an
increase in the horizontal gstress UX, although a slight
decrease 1in vertical stress Oy was seen. Thus the
photoclastic stress measurements in columbian resin are
at least gualitatively similar to the results obtained
from strain gauges on steel plates.

The theoretical .results of Akita and Ikeda (1959) (a),
and Yoshiki, Kanazawa and Itagaki (1961), are compared
with the experimental results of Wells and Post (1958)
and Cargill (1963) in figs. 8.5 and 8.6, where 037/(5'is

(x - a)/a for two ranges of crack

plotted against
velocity. These figures show that although all the
results indicate a lowering of vertical stress ahead of
" the crack, the effect is largest for the straln gauge
results from steel.

Tune shear strains obtained from the strain gauge

measurements are everywhere in agreement with the

iscchromatic patterns obtained in this research.
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From the strain gauge results the stress state within
the rcgion of low or zero shear strain can be inferred.
About L inches ahead of the fracture the reduction in
shear stress is caused by an increase in the horizontal
stress, to give a region of biaxial tension. Closer to
the crack both the vertical and horizontal stresses
increase to give a. region of large biaxial tension.
This region of high biaxial tension on the plate
surfaczs is probably indicative of a hydrostatic tension
within tle body of the plate, which will be of
importance in the nucleation and growth ¢of microcracks
near the crack tip.

No direct measurements of crack speed were taken,
but 2 reasonable estimate may be made by noting the
distonce that the crack had travelled beyond the
brittle wire before the flash operated. In the second
wide pléte test reported the crack speed over the
relevart area was measured on the rear of the plate as
2,000 fect per second, and from this 1t is estimated
that the crack specds in the 300 ton rig were all of

the order of 3,500 to 4,500 feet per second.
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In the second wide plate test the biaxial zone was
smaller than that observed in the other results;
this zone size-crack velocity dependence is in
agreement with the observations of Videon, Barton
and Fall (1963), and the theoretical predictions of

Yorré (1951), Akita and Ikeda (1959), ecte.

8.2d The Elastic Stress Field

Irwin (1957) used Westergaard's (1$3%3) results to
obtain an analytical expression for the stress field
about a stationary crack in an elastic material.

He predicted that the shape of an isochromatic fringe

would be gilven by:—

) K . 307 307°
(2T) = | — sin © + O;X sin -- + (0. cos —
2r 2 .

where I and Obx arc constants characterizing the stress
field about a crack. Irwin assumed, to simplify the

mathematics, that r, the distance from the crack tip to



the isochromatic fringe, is small compared to the crack
length, Then, using the fact that along a line of
constant T, %%’is zero, when r is a maximum, Irwin (1958)

eliminatad O;X from eqguation (18) to obtain:-

where ro is used to denote r maximum and is the
furthest distance of the particular fringe from the
crack tip; ., denotes the corresponding value of 9.
Agssuning that the stress fields about moving and
stationary cracks are similar, Irwin (1958) compared
equation (19) with the experimental results of Wells
and Post (1958), and found good agrcement.

Trom eguation (19) a graph of T versus jcgl should
be 2 straight line. Fig. 8.7 shows values takeg from
two isochromatic patterns, figs. 7.9 and 7.17, plotted

in this vay. The graphs are linear over much of the

strain Tield, but deviate both close to, and far away
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from, the crack. Close to the crack the yielding of
the steel must invalidate the solution, and far away
from ti:e crack Irwin's assumption that r is small
compared to crack length is no longer true. Starting
from Westergaard's (1939) results, but without
nezlecting r when compared to a, equation (17) was
derived. The applicability of this equation to the
isocrromatic stress patterns was testecd by comparing
the measured and calculated values of shear stress

at position T The results, table 1, show that
equation (17) gives reasonable values for quat T
excent when L is small and the effects of yielding

at the shear 1lips will change the isochromatic pattern
from the theoretical elastic result, and except for
the results from fig. 7.15 which showed large shear lips.
Isochromatic fringes predicted by equation (17) are
shown superposed on figs. 7.9, 7.17 arnd 7.20 in

figs. 8.8, 8.9 and 8.10, and there is fair agreement
between the theoretical and experimental patterns for
the fringes shown; these fringes are relatively far

from the crack tip, i.e. in the region where the
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Tablec 1

Comparison of Mesgured and Calculated Shear Strain

Pringc
order
3 wm.

Measured Crack

shear
strain

coating t.s.1i.

[0 A NG » R e N N
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13.75

20.6

Ll.2

20.6
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3L. 35
ul.2

inches
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7.6

r
g
lenath inches stress
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0.60

0.52
0.26
0.16

0.35

C.L3
0.28
.21
0.15
¢.09

Applied Calculated

t.8.1.

8.0

11.2

0.9

10.8

shear
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t.s. 1.

12.

20
26.
32.

19.

20.
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27.
31.
39.
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strains are elastic. Theoretical isochromatic fringes
superposed upon fig. 7.15 do not lie over the
experimental fringes.

Yielding duve to shear lip formation causes a
relatively large strain contiguous to the crack.
This »nlastic strain in the steel, vhen transmitted to
the photoelastic coating;, will cause high birefringence.
Thus 1if the elastic stress-strain relationships are
used to determine the stress in the steel, the value of
strecs go obtained will be too high, so that in table 1
for small values of ro the calculated shear stress
should be smaller than that obtained experimentally.
The results taken from figs. 7.17 and 7.15 show this
effect. However in the results taken from fig. 7.15
for the larger values of ro the experimentally measured
'shear stress is smaller than the calculated shear stress.
This effect is contrary to that expected from the above
argument. A possible explanation of this effect is
that when the shear lips are well defined the crack in
the centre of the specimen is ahead of the crack on the

speclimen surface, and so the measured elastic strain
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near the surface crack will be caused by the relatively
small load carried by the shear lips. Thus the
experimentally measured shear stress should be smaller
than the shear stresses calculated .from equation (17).
The second order fringe in fig. 7.15 branches forward,
supporting the above hypoﬁhesis, as this effect is
probably caused by the stress field associated with the
crack tip in the body of the specimen. Thus the
isochrematic pattern in fig. 7.15 is probably caused by
a small elastic strain produced by the load carried by
the shear lips, and a plastic strain produced by the

steel vielding to form the shear lips.

8.2e Plastic Flow near the Crack

The isochromatic patterns reported in chapter 7
show that yielding will probably occur near a fracture,
from the following reasoning. The sixth order fringe
in fig. 7.15 and the fourth order fringe in fig. 7.17
represent contours of shear strain of 0.008. If these
were elastic strains the equivalent shear stress would

be L1.2 t.s.i. This value of shear stress exceeds the



- 158 -
shear yield stress of the material, even allowing for .
the increase 1in yield stress, from the static value,
due to the high strain rate at the crack tip.

Now an explanation is offered for the formation of
shear lips on the surface of the specimen. From the
results and orevious work discussed in section 8.2¢
the stress state near the crack tip in the plane of the
plate surface is made up of two large tensile principal
stresses O;‘and G&; the third principal stress O;
normal to the plate surface is zero. This stress state
is represented by Mohr's circles, fig. 8.11, and it can
be seen that the shear stress T;r is greater than the
shear stress, measured by the bvirefringent coating,"rpq.
Values typical of those obtained from strain gauge
rosettes are also shown in fig. 8.11, Oa being the
result from the dlagonal gauge. In the centre of the

specimen where plane strain occurs,

(Cg’+CTq)

o

O';::

taking Poisson's ratio as . If O% and G; are similar
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Fiz. 8.11 Mobr's zircle representation of the stress stote
on the plate surface (plane stress).
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to their surface values, the stress state is as shown
in fig., 8.12, and now the largest skear stress is'rpq.
Because the maximum shear stress cn the plate surface

is larger than the maximum shear stress in the centre

of the plate, plastic flow is more likely to occur near
the plate surface. The above reasoning is similar to
that propounded by Liu (1961) to explain the transition
from tensile to single or double shear failures in

crack propagation in thin sheets. Rooke (1963), using
formulae derived from Westergaard's (1939) results for
stationary cracks in elastic media, showed that while

the ven Mises criterion forecasts slightly more

yvielding in plane stress than in plane strain, the Tresca
criterion deces not. At high speeds of propagation the
stress field near the crack tip will change from the
stationary crack stress distribution, so that Rooke's
results will only apply to stationary and relatively
slowly moving cracks. DNear fast cracks the wvalue of

the horizontal stress O% increases. This will cause an
increase in the principal stress Oag so that the

arguments advanced earlier in this section will be more
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Fig. 8.12 Mohr's circle representation of the stress state
in the body of the specimen (plane strain).
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effective. Thus faster cracks mav be expected to show
less yielding in the body of the material, awav from

the plate surface, than more slowly moving cracks.

“Then a crack arrests thick shear lips occur, but yielding
is also visible all around the tip of the arrested
fracture, fig. 7.16, in agreement with Rooke's (1963)
results.,

Attempts are now made to estimate the depth of the
plastic zone near a crack tip. Firstly estimates are
made from the fractured specimen and the birefringent
coating, and then compared with various theoretical
predictions for plastic zone size. The specimen from
which the isochromatic pattern, fig. 7.17, was obtained
is uged to illustrate the problem. This specimen
showeC very small shear lips, less than 0.005 inch thick,
fig. 7.18. The effects of these shear lips are neglected
in the following.

It is difficult to take measurements from the
fracture surface becauvse of its rcughness, but the
heizht of the largest chevron marking, close to the

position of the crack tip when fig. 7.17 was obtained,
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is aporoximately 0.1 inch. Tipper (1957) showed that
chevron formation during crack propagation is caused by
isolated regions of cleavage fracture, ahead of the

main crack, joining up with each other and the main
crack by plastic flow. Cottrell (1963) has shown that
various tvpes of fracture all depend in some way or
othier on plastic yielding. Thus in this case yielding
must have occurred at least 0.1 inch away from the crack,
in order to initiate the fracture of the regions of
cleavaze in Tipper's theory.

There are two propagation mechanisms which can
satisfy Tipper's theory; either the main fracture
initiates a region of cleavage fracture while it is
moving, and all the cracks grow until the main fracture
arrescs as the load is removed from it by the new
fracture; or the main fracture arrests, followed by
the initiation of a region of cleavage fracture.

In the former case a reasonably uniform plastic zone
would be expected near the crack, but in the latter
case there would be far more yielding near the arrest

points, due to the build up of the stress field or the
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increased time available for yielding. This would give
a reasonably uniform depth of plasticity only if the
arrest points were closely spaced. By making the
assumption that the rate of release of strain energy
tends to a constant value, and that the chevrons are
perpendicular to the crack front, Boyd (1957) showed
that the chevron shape predicted using the former
mechanism agrees with experimental observations.

A similar analysis using the latter case would predict
a reversed chevron pattern. Van Slst (1964) (a) used
the latter mechanism to explain his observations of the
emission of sheek waves from a moving fracture.
Evidence exists for the latter mechanism operating at a
gslower rate; a brittle fracture mav arrest and then
after a relatively long period repropacate spontaneously,
Cargill (1963) and Videon, Barton and ¥Wall (1963),
presumably due to the build up of stress field at the
crack tip. There 1s more plastic flow at the arrest
point tlian at a typical fracture region. Using a
dislocation etch technigue on iron 3% silicon gsingle

crvetals containing cracks, Tetelman and Robertson (1962)
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observed regions of plastic flow around successive
positions of the crack tip with relatively little
evidence of flow between these positions.
The reinidiations of the fracture were caused by the
increasing gas pressure inside the cracks causing a
build up of stress at the crack tip. It is not certain
which, if either, of the above propagation mechanisms
occurs, but provided the fracture arrests and
reinitiates often, the plastic zone depth should be
reasonably constant.

The depth of the plastic zone was determined by
means of a technigue similar to that used by
Orowan (1946). Successive layers of steel were removed
from the fracture surface by etching, and back reflection
X-ray photographs were taken of the surface between
each etch. The etchant used was 507 nital for 15 minutes
to remove a layer of material 0.015 inches thick.
The depth of material removed was measured by means of
a point ended micrometer. Fig. 8.13 shows the resulting
X-ray photographs, the effect of plastic flow being a

blurring of the spots on the X-ray film. This technique
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puts a lower 1limit on the depth of plastic flow as
0.075 inches. Plastic filow may have occurred at a
greater depth than this but the technique is too

insensitive to detect very small amounts of plastic

flow. In microstructural observations reported later
twins were observed in grains 0.02 inches away from the
fracture surface.

-The major part of the graph, fig. 8.7, showing the
varlation of shear stress, as calculated in section 7.1,
with the reciprocal root of the distance from the
fracture, was plotted from fig. 7.17; and this graph
is linear up to values of 0.16 inches from the crack,
and the non-linearity is then probably caused by plastic
flow.

After fracture the birefringent coating still
adhered to the plate surface, and the effects of
regidual plastic strain were observed up to 0.25 inches
from the fracture surface. This estimate will be

inaccurate, because of surface effects, because the

misfit of the plastic zone will causc elastic stresses

in the adjacent material, and because very small
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strains (below approximately 50 microinches per inch)
will not be shown by this technigue.

All the above estimates are at the best only rough
apsroximations. Considering these estimates it is
reasonable to suggest that the plastic zone near a
running crack in steel may in places extend at least
0.1 inches from the crack., The depth: of the plastic
zone as praedicted by several tiiecories will now be
calculated.

Por the specimen from which fig. 7.17 was obtained

crack length a = 8 inches

applied stress O = 11.2 t.s.1.

static yield stress O&s = 15.3 t.s.1i.

dynamic yield stress O&d = 60 t.s. i
This value for dvnamic yield stress is taken as typicsl
of the yield stress for miid steel subjected to the
strain rates which occur close to a brittle crack,
and was ecstimated as follows. Taking the plastic zone
deptlr as 0.1 inches, the crack length as 8 inches,
and the crack velocity as 5 x 10u inches per second,

and ugsing the method described in section 2.8,
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the delay time may be calculated as 2.4 x 10"6 Seconds,
whence, from Krafft and Sullivan's (1962) results,
the dynamic yield stress is 60 t.s. 1.

A simple estimate for plastic zone depth may be
made by assuming that the steel will yield wherever the
shear stress upon it, as predicted by equation (17),
is greater than the dynamic yield stress. This method
gives a value for plastic zone depth as 0.19 inches.
Irwin (1960), using an approximate elastic stress
distribution, defined a plastic zone correction factor,
based upon the distance, from the crack tip along its
axis where the maximum principal stress equalled the
tensile yleld stress. The distance ahead of the crack
where this condition is fulfilled is, in this case,
0.1l inches. If this yield criterion is applied all
around the crack, the plastic zone depth perpendicular
to the axis of the crack would be 0.21 inches.

Rooke's (1963) results, fig. 2.5, illustrate the shape

of these "elastic yield" zones.
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Dixon's (1962) approach predicts a kidney shaped
plestic zone at the crack tip, vielding occurring
0.12 inches ahead of the crack tip, and the depth of
the plastic zone being 0.20 inches. Dugdale's (1960)
analysis forecasts yielding O0.L8 inches shead of the
crack tip, the yielded zone being thin and tapering to
a fine point. Goodier and Field (1962) combined the
dynamic analysis by Craggs (1960) with Dugdale's (1960)
crack model, and neglecting non-singular terms in the
stress analysig, found that the length of plastic zone
ahead of the crack was unaffected by crack velocity.
Tn order to use this analysis to predict the plastic
zone size near a brittle crack, the pressurized segment
opening the crack is assumed to act upon the whole
crack length, so that the shear stress field near the
crack is equivalent to that of a crack under biaxial
tension. Applying this analysis to the specimen shown
in fig. 7.17, the plastic zone extends 0.2 inches ahead

of the crack tip.
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The crack model .set up by Hahn, Gilbert and
Reid (1963) predicts a circular plastic zone at the
crack tip with radius 0.8 inches. The prediction by
the dislocation models of Fahn et alia agree with the
delay time measurements of Krafft and Sullivan (1962),
and so, as expected, the value of maximum elastic
stress near the crack is 60 t.s.i., vhich corresponds
to the value taken Tor the dynamic yield stress.

The crack model proposed in section 2.8 predicts a
plastic yield zone depth of 0.28 inches, which is
probably a better estimate than that obtained from
Hahn, Gilhert and Reid's model.

A1l the above theoretical predictions probably
overestimnate the extent of yielding near a crack,
becauvse none of them make allowance Tfor the differences
in stress fields ncar moving and siationary cracks.
Considerations of the effects discussed in section 8.2c
will show that in general shear stresses near nmoving
cracks are smaller than the equivalent shear stresses

near station=ry cracks.



- 172 -

The energy assoclated with crack propagation may

be estirated as Tfollows

where ¥ is the energy per unit area for crack
propagation and Uf is the fracture displacement.

Now if the average strain in the yielded regioné

is 1.5%, the strain corresponding to the end of the
lower yield plateau in a simple tensile test, and the

depth of the yielded region d is 0.1 inch, then:-

= 0.0015 inches
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Thence

i1

60 x 0.0015 ton wt. inches per square inch

50 x 2240 x L5L x 981
e x 0.0015 x 2.5

|
~
>
|
O
\J
@
[1
0
0
=4

This is the observed order of magnitude of the work of

fracture.

8.2f Steadv State Crack Propagation

Rolfe and Hall (1961) found in their studies of
crzcks in 6 foot wide plates that the magnitude and
extent of the strain field near a crack increased with
the crack length, for cracks up to approximately 2 feet
long; Tfor cracks over 2 feet long, the strain field
remained constant and the major portion of the strain

field was within 8-10 inches of the crack tip.
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Robertson (1957) noted that the depth of yielding near
the fracture surface of a broken 6 foot wide plate
increased for the first 3 feet of the crack length and
thereafter remained constant for the rest of the crack
length. These results indicate that the stress field
at the crack tip is independent of crack length,
provided the crack 1is over a certalin length.

The results of Wells and Post (1958) for cracks up to

5 inches long in Columbia resin, and the results
obtained in this research for cracks approximately

8 inches long in mild steel, did not show this effect.
However in both the wide plate tests the major portions
of the strain patterns were within 8 inches of the
crack tip, agreeing with the results of Rolfe and

Hall (1961). The extent of the birefringence in the
photoelasgtic coating after fracture, due to plastic
strain, was only slightly larger for a 31 inch crack
than for = 10 inch crack, agreeing with Robertson's (1957)
observetions. Hahn, Gilbert and Reid (1963) suggested
that this steady state propagation is caused by the

deterioration of the stress field as the crack speed
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increases, figs. 8.5 and 8.6. This effect causes a
reduction in the shear stress near the crack, and so as
the crack approaches its terminal velocity, the plastic

zone near the crack is smaller than would be expected.

8.3 GComparison of the Stress Fields about Moving and

Stationary Cracks

A comparison between the stress filelds near moving
and staticnary cracks can yield useful information.
There are three main mechanisms which can cause the
stress statec near a crack in mild steel to vary with
crack vclocity: by inertia effects as the crack speed
approaches relativistic values, by the stress-strain
relationships of the medium changing with strain rate,
and effects caused by non-uniform fracture propagation.
The first wechanism has been studied theoretically by
Yoffé (1951), etc. These theorics predict that the
change in the stresg field due to the crack moving
increases, as the crack velocity increases. Wells and
Post (1958) noted that the change predicted by Yoffé

was nexligible for crack speeds up to one third the
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speed of longitudinal waves, and their experimental
results agreed with this assumption. Compared to mild
steel, the columbian resin used by Wells and Post shows
negligible plasticity, and although itsimodulus of
glasticity changes with strain rate, the strain rate
sensitivity of its physical proverties is small
compared to mild steel. Nevertheless the results
obtzined in this research also show that the dynamic
stress distributions near running cracks are
gqualitatively similar to the static stress
distributions under eguivalent conditions. It is of
interest 40 examine such similarities and differences
as exist in the results presented in chapter 7.

Perhaps the most striking similarity is the shape of
the isochromatic fringes in the elastic portion of the
plates, and this shape is predicted by eguation (17).
The effects of the three mechanisms which can cause
differences 1in the stress field have all been observed.
The inertia effects cause the lowering of shear stress
ahead of the crack. This effect is discussed in

section 8.2c. The strain rate sensitivity of steel
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causes a smaller plastic zone to be formed around a
moving crack than around a stnticnary one. The effects
of shear 1ips near a moving fracture, and a rough
fracture surface may be seen in figs. 7.15 and 7.28

regpectively.
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9 Microstructure Adjincent to the Brittle Fracture

9.1 EFrevious ork

Tke characteristic chevron pattern present to some
degree on a brittle fracture surface has been studied
by Tipper (1957). She postulated that these surface
marzings were caused by the arrest and reinitiation of
tre iracture, and showed that separate regions of
cleavage fracture joined together by shearing in the
intervening material. Thus if a new region of cleavage
is initiat=zd off the crack axis then when this new
fracture Jjoins the main crack, by shearing the linking
mateorial, a step will be formed on the surface. It is
shovn in section 8.2c that there is less 1likelihood of
yield occurring in line ahead of a brittle crack, than
off tre crack axis. Cottrell (1963 has collated the
evidence for the initiation of fracture beins dependent

uzon yvielding.
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9.2 Experimental Technigue

To obtain more information about the state of
strain sghead of a running crack, sections were taken
through arrested cracks. Obviously, cracks which had
arrested with large subsequent yielding were unsuitable
for this purpose, however secondary cracks, fig. 9.1,
showed a number of interesting features. In this
instance the crack had forked, and one of the forks,
the secondary crack, had s topped after a short way.

As the main crack advances ahead of the secondary crack
the load would have been rapidly removed from the
secéndary crack, causing it to arrest without excessive
deformation.

To gain a picture of the microstructural damage in
threce dimensions, a successive polishing technigue was
used. A very thin layer, approximately 0.0002 inches,
was renoved by mechanical polish bhetween each
metallographic examination. If too much material was
removed it was difficult to redigcover the required
field, and if too little moterial was removed the

microcracks became excessivelv wide when etched.
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9.3 Resgults and Discussion

The observations of sectioned cnevrons agreed with

Tipper's (1957) results. Figs. 9.2 and 9.3 show

[

tearing on the chevron step edge between regionsg vhich
have failed by cleavage. 1In the arrested secondary
cracks, figs. 9.1 and 9.4, regions of separate cracking
are visible, but the intervening material has not yet
failed. #&lso in agreement with Tipper's results most
secondary crzckg appeared to be branches from the main
fracture, fig. 9.1, and not new cracks growing into the
main fracture. The serieg of micrographe, fig. 9.5,
were obtained by succesgivelv polishing the same area.
Trhev ghow several small cracks (a) which appear to be
senarate in one section, but in three dimensions are
connected to the main crack. Fowever fig. 9.5 does
show one microcrack (b) which appears to be completely
uncornected to the main fracture. At the edges of this
microcrack are intersecting twins, an inclusion,

pearlite, and zrain boundaries.
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Lubahn (1955) reportéd the opening up of several
parallel sub-cracks in one grain with subsequent
bending and tearing to join tihem into a continuous
fracture path. This wmechanism has also been described
by Low (1955). The successive polishing technique has
revealed hov these parallel gsub-cracks are formed.

The mid points of these sub-cracks correspond
approximately to points on a single cleavage crack in
an adjaccnt grain. It is suggested that the single
clcavage occurred first, then because the cleavage
planes in the next grain were not parallel to those in
the first grain, the strain was accommodated by several
parallel cracks opening in the second grain and tearing
at the grain boundary.

iicrocracks, which will grow to form the regions
of cleavage in Tipper's theory, appcar to be associated
with either twins or the pearlite phase of the steel.
Evidence vwas found for the occurrence of twins ahead of
moving cracks. Fig. 9.6 shows twins crossing a
microcrack, as the twins on cither side of the

microcrack correspend, it is —casonable to assume that
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this srain twinned before it craclked. Twins were found
ancad of arrested secondary cracks. Scveral examples,
fig, 9.5 erack (b), and fiz. 9.7, were found of
intersecting twins associatcd with microcracks,

in accordancc with the obsecrvations of Full (1960).

It is not clear vhether these twins causc the
initiation of microcracks, or whether they accommodate
the strain when the microcrack arrests. However

Bigms (1955), working upon alvha iron single crystals,
has shown by observation of the cleavage surface that
microcracks may be nucleated at a twin intersection.
Many microcracks were found associated with the
pearlite phase of the steel, fig. 9.8. In this typical
case the cracks have arrested in the pearlite;

i other cases, fiz. 9.9, “icrocracks have sprzad

fro~ the pearlite into t. ¢ rurrounding ferrite.

These cracks do not appear to be caused hy weakness

in the ferrite-cémentite intcrface as the cracks

do not run:ralong these interfaces. )
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In 2 specimen fracturcd at a very low temperature,
aporroximately 100°¢ below the arrest temperature,
ther: was still cevidence of shear in somc of the grains
in the fracture surface. In contrast to the specimen
broken at higher temperatures., no twins or well
devecloped secondary cracks were sceen avay from the
fractvre surface. No cxamples of intersecting twins
were found, but pearlite microcracks were still
vigible.

The above evidence seems to confirm Tipper's (1957)
licoryv for the mechanism of brit¢le crack propagation
in steel. The new cvidence of an isolated microcrack
shows tlhiat separate initiations may occur. Only one
example of this was found, due to the practical
difficulties of the technique, and possibly because
the search was made on too small a scale. The lack of
twins and cracks away from the fracture surface at low
temperatures agrces with the arguments advanced in
section &8.2e, for as the temperature dccreases,

the yicld stress will increcasc.
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10 Conclusions and Suggestions for Further Work

10.1 Summary of Results

A theoretical model, which takes account of the
strain rate dependence of the yield stress and delay
time in mild steel, has been formulated to predict the
extent of yielding near a brittle crack. The isochromatic
strain patterns near moving brittle cracks in mild steel
have been measured experimentally and compared with
theoretical solutions. Evidence obtained from
microstructural observations near a fracture surface

supports Tipper's (1957) proposed propagation mechanism.

10.2 Theoretical Model

Hahn et alia (1963) formulated the yielding of
steel in terms of dislocation dynamics to predict the
onset of yielding for any arbitrary loading sequence.
Then, adopting a crack model with circular yvield zones
which support no load, and assuming that yielding ahead
of the crack is equivalent to vielding in uniaxial

tension, they were able to forecast the extent of
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yvielding at the crack tip for various crack velocities
and applied loads. A more realistic crack mcdel has
been proposed in section 2.8. The variation of the
shear stress acting upon elements of material near a
moving crack, as the crack passes them, was calculated
by assuming that the stress fields near moving and
stationary cracks are similar. These stress pulses
were then compared with the delay time-supported stress
results of Xrafft and Sullivan‘(l962) to predict the
depth of the plastic yield zone near a moving crack.
The above model could be improved by repeating the
analysis for plane stress and plane strain conditions
and so0 allowing for the variation of stress in three
dimensions. A further improvement could be achieved by
using a dynamic form of the stress field near a crack
instead of the static form derived from Westergaard's (1939)
results. In brittle fractures of mild steel the crack
does not propagate uniformly and fractures may occur on
several planes due to forking of the crack and the
nucleation of new cracks ahead of the fracture tip;
thus even a crack model taking the above factors into

account will not be completely applicable.
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10.3 ixperimentally Determined Stress Field

near a loving Crack

The importance of determining the stress field
near a moving brittle fracture was shown in chapter 1.
Although, by making simplifying approximationg,
attempts have been made to predict this stress field
theoretically, an exact theoretical evaluation would be
exceedingly difficult because of the strain rate
dependence of the mechanical properties of mild steel,
inertia effects at high crack Velécities, etc.

Attempts have therefore been made to measure this
stress field experimentally and to test the validity of
the simplifying theoretical approximations.

The isochromatic strain patterns upon the surface
of mild steel plates containing propagating brittle
fractures have been obtained by using strain
birefringent coating and hizh spced photograrphic
technicues. The major part of these isochromatic
patterns may be described by a formula (derived from
Westersaard's (193%9) results) for the isochromatic

stress field near a stationary crack in an elastic
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material. There are however at lecast three ways in
which the measured isochromatic field differs from the
field predicted by elastic theory:--

1) Shock waves ahead of the crack

Typical results obtained by van Elst (1963) show
isochronatic patterns similar to those obtained in the
current work but with complex stress patterns behind
the crack, shock waves ahead of the crack, and isochromatic
fringes which are not smooth curves. In the research
reported in this thesis these shock waves appear to
have been caused by the bolt gun used to initiate the
brittle fracture.

Future work to determine the effects which cause
the formation of shock waves in crack running
experiments would be of value. The effect of the .
method of initiation upon the isochromatic pattern
could be determined by performing a sgeries of
experiments, upon the sgme steel under similar stress
and¢ teunperature conditions, in which the fracture is
initiated by impacting the speciwven end as in van Elst's

work, by Tiring a bullet transversely to the specimen
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as in the present work, and by initiating a crack
by static loading as in the double tension test
described by Yoshiki and Kanazawa (1960). An attempt
to correlate the formation of shock waves with the
rupture of the ghear lips could yield useful
information. The point from which a shock wave is
emitted could be found by using high speed cine
technioues.

2) Plastic flow near the crack

As a brittle fracture crosses a steel plate
bands of plastic flow occur near the fractured surface.
In this research estimates of the plastic zone depth
have been made from the fracture surface and isochromatic
patterns obtained from a typical test. In addition
by using an appropriate value for the yield stress
which allows for the high strain rate at the crack tip,
several theoretical estimates of the plastic zone depth
have been made from models for the yielding near
stationary cracks. The plastic zone depths forecast
by the model proposed by Fahn et alia (1965) and the

model propounded in section 2.8 have also been calculated.

The above estimates arc listed in table 2.
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Table 2

Com»arison of Experimentally Determined and Theoretically

Calcilated Flastic Zone Depths about a Running Brittle Fracture

Method of Estimation

Heipght of chevron steps

Distance of twins
from fracture surface:

¥ ray results
Breakdown of elastic analysis

Residuval birefringence in coating

Theorectical predictions
Simple shear model
Irwin's model
Dixon's wodel

Dugdale'’s model

Over
or under
Estimate

Under

Under
Under
Over

Over

) slim tapering

Goodiler and Field's model ) yield zone

Fahn et 21 model

Model proposed in section 2.8

Plastic

zone

depth
inches

0.02

0.075

0.16
0.25

0.19
0.21
0.20

0.8
0.28

Length
inches

C.12
0.1L
0.12
.48

0.20
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A1l of the theoretical models forecast too large a value
for the plastic zone depth, probably beccause none of
them make any allowance for the degenceration of the
stress field at high crack velocities. The model which
gives the most reasonable result is that which assumes
that yiclding occurs whercver the shear stress excecds
the dynamic shear yield stress. Of the more refined
models those of Dugdale (1960) and Fahn et alia (1963)
overestimate the plastic zone size, and the model
Gescribed in section 2.8 gives a morc reasonable value.
Future work could be done to determine the depth
of the plastic zone more accurately. Microhardness and
back reflection X-ray techniques have been used by
Felix and Geiger (1956) to detect the presence of strain
ncar fracture surfaces. However these technigues are
probably not sensitive enough to measure the very small
strains near the elastic-plastic boundary. A dislocation
etch pit technigue on silicon-iron specimens, or a Fry's
etch on a high nitrogen steecl could be used to reveal

the depth of the plastic zone near fractures in these

materials.
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%) Biaxial tensile stress region

Just ahead of a running brittle fracture there is
a rcgion of shear stress lower than that predicted by
stationary crack thecory but most moving crack stress
analyses predict this zone. Its presence is indicated
by strain gauge measurements provided that the gauges
arc pcsitioncd sufficiently close to the fracturec.
FProm thesec strain Jauge measurements it may be inferred
that this low value of shcar stress 1s caused mainly by
an incrcase in the horizontal tensile stress. This effect
probably causes the theoretical models in 2) to predict
tco high a value for plastic zone depth. Because of
this bilaxial stress region it would be difficult to
design a test to simulate the stress conditions near

the tip of a moving fracture.
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10.3 Microstructural Observations

The cvidence obtained from micrographs of the
damaged structure near a fracture surfacc supports
Tioper's (1957) theory for the mechanism of brittle
crack propagation in steel. The new observation of an
isolated microcrack shows that they may be initiated
separately. It would be of value to completec an
exhavstive three dimengional study of an arrested
secondary crack, by using a successive polishing
technigque. In this way an overall picture of the
microstructural features of fracture propagation could

be built up.
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Notation

The following notation has becn used in this thesis:-

r, ©

l”; 919 r2 92

3
-]

o3

NN

Rectangular coordinatcs, y vertical.
Polar coordinates, origin at the crack tip.
Polar coordinates as defined in fig. 2.8.
Half crack length, crack liecs in x direction.

. i9
=X + 1y =a + r .

e

Function of z.

First and second integral and derivative of Z
with respect to z.

Airy's stress function.
Stress applied to propagate fracture.

Normal stresses and shcaring stress
in the xy plane.

Maximum shear stress in the Xy plane.
Strains in the x, y and z directions.
Principal stress at a point.
Principal shear strcsses at a point.
Poisson's ratio.

Crack vclocity.

Plastic zone length.

Half plate width.
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