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Summary

This paper consists of part I and part IL

In part I, “Fracture Initiation from a Precrack and COD-Criterion’’, the effects of
plastic constraint and temperatures on fracture initiation from a notch were investigated
by using various types of notched specimens, at the temperatures ranging from room tem-
perature to liquid nitrogen temperature.

The results show that, when fracture initiates by fibrous crack, the COD at fibrous
crack initiation is almost independent of plastic constraint of the specimens or of the test
temperatures, while the COD at maximum load or at final fracture is largely dependent on
them. When fracture initiates by cleavage crack, the critical COD also shows considerable
dependence on those parameters above mentioned. These behaviors of critical COD are
explained by the fracture mechanism in each mode of fracture.

In part II, “COD-Criterion and Stretched Zone’’, the behavior of the stretched zone and
fracture initiation at the notch root with increase of the applied load has been investigated
at various temperatures.

The stretched zone width is almost constant regardless of test temperatures when crack
initiates by fibrous crack, while, in the case of cleavage initiation, it takes various values
between the above-mentioned value and zero depending on temperature and plastic
constraint.

When fracture occurs with plastic COD, the critical COD at fracture is reduced by the
amount of stretched zone given by the preloading, while the effect of preloading on the
critical COD is small when the COD mainly consists of elastic deformaticn.

The process of fracture initiation from the tip of 45° crack has also been investigated
and it is found that the stretched zone width of 45° crack specimen is about the same as
that in mode I.

have already been confirmed in many
respects,”™ there are still some problems left
before this concept can be used in practical

Part I. Fracture Initiation from
a Precrack and COD Criterion

I.1 Introduction

Although the effectiveness and the validity
of the COD-criterion, as the design concept
which is based on the prevention of failure,
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applications.

One problem arises from the fact that a
critical COD value is not a material constant
in the strict sense but rather a variable
depending on mechanical factors, such as
specimen geometry and strain rates and so
on. Another problem arises from the fact
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that the analytical expression of COD as a
function of defect size and applied load has
not been obtained in the general yield region
in which the COD concept will be the most
appropriate fracture criterion.

Part I relates to the former problems where
some experimental investigations were made
on the effects of plastic constraint around the
crack tip as well as the validity and the
limitation of the COD criterion with relation
to the fracture mechanism.

1.2 Materials, Specimens and Experimental
Details.

Chemical compositions and mechanical
properties of the five steels used in this
investigation are shown in Table 1 and 2,
respectively. v

Steel C is the 50 kg/mm?® class steel (JIS
SM50C) and all the other steels are mild steel
(JIS SS41). Steels A, C, D, and E are rolled
plates of 22mm thick, 25 mm thick, 12mm
thick and 3 mm thick, respectively. Steel B
is a 60 mm diameter round bar. :

The following four series of experimental

129

investigations were conducted:

a) Effect of plastic constraint on the critical
COD value was investigated in center-notched
tension plates of various thickness, side-
grooved tension plates and circumferentially-
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Fig. 1 Test specimens for Steel-A, dimensions in

mm

Table 1 Chemical Compositions (%)

Steel C Si Mn P S
A(JIS-SS41), 22 mm thick plate 0.118 0.22 0.39 0.011 0.030
B(JIS-SS41), 60 mm dia. Round Bar 0.21 0.25 0.47 0.013 0.028
C(JIS-SM50C), 25 mm thick plate 0.16 0.30 1.40 0.013 0.013
D(JIS-S841), 12mm ” 0.176 0.34 0.67 0.008 0.021
E(JIS-S541), 3mm ” 0.18 0.006 0.52 0.028 0.017

Table 2 Mechanical

properties and V-Charpy impact test results

Mechanical Properties V-Charpy Test
Steel Yield Tensile . Reduction

Strength Strength El°n§/at1°n of Area +Ts(°C)

kg/mm? kg/mm? © %
Steel-A 26.7 43.9 23.0 67.0 +12
Steel-B 27.0 47.4 32.0 57.2 +29
Steel-C 34.7 52.2 32.7 71.9 —38
Steel-D 26.0 39.8 42 .4 — + 5
Steel-E 29.9 42.7 42.3 — —
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notched round bars. Specimen details are
shown in Fig. 1 and Steel A was used.

b) Circumferentially-notched round bars
with different ratios of notch depth to
specimen diameter were tested for investigat-
ing the effect of notch depth on the plastic
constraint. Specimen details are shown in
Fig. 2 and Steel B was used in this series of
tests.

c¢) As a standard test on the Steels A and
C, three-point notched bend tests were made
with specimens shown in Figs. 1 and 3.

d) Effect of notch acuity was studied by
testing circumferentially-notched round bar
specimens with different notch root radius.
Specimen details are shown in Fig. 3 and
Steel C was used in this series of tests.

COD values were measured by using a clip
gage in all tests.

The COD values measured by clip gages
were converted to the notch tip valves by
using calculation obtained by finite element
method, for all types of the specimens other
than the slow bend tests.

Better agreements were obtained between
the measured COD and the calculated COD
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Fig. 5 Variation of rotational factor with clip

gage COD for bend test

by FEM when comparison was made at the
same specimen elongation than at the same
load. Some examples of the Comparison at
the same specimen elongation are shown in
Fig. 4.

In slow bend tests, the notch tip COD for
a range of low stress level was calculated
from the fracture load using the FEM results
by T. Kanazawa et al. For the range of
high stress level, the notch tip COD was
calculated from the clip gage COD measured
at notch end using the rotational factor, 7.
The values of measured rotational factor #»
are shown in Fig. 5 as the function of clip
gage COD. Although Fig. 5 shows the values
for 0.1 mm mechanical-notched specimens,
the same values were used for fatigue-cracked
specimens. The notch tip COD is given by
the following equation,
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5= Vg
1+(z-+a)/r(d—a)

where d=notch tip COD, Vg=clip gage COD,
d=specimen depth, ¢=notch depth and z=the
distance above the specimen surface at which
the measurement is made. The notch tip
COD values obtained by this method agreed
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well with those obtained by using the Wells’
formula® in a wide range of stress levels.

The COD values at fibrous crack initiation,
d;, were obtained by the off-load method
described later.

1.3 Results and Discussion

(1) COD at maximum load
Critical COD, §,, at the maximum load of
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Steel A is shown in Figs. 6 and 7, and those
of Steels B and C are shown in Figs. 8 and 9
respectively.

Unstable brittle fracture initiation occurred
at the maximum load regardless of the steel
tested, with the exception of the circumferenti-
ally-notched round bar tested in the high
temperature region.

Critical COD wvalues used in the present
study are the values at the original notch tip
position, in other words, the subcritical crack
growth before unstable growth is not con-
sidered in converting the measured clip gage
COD to “notch tip”’ value.

From Figs. 6 and 7, it is obvious that
critical COD at maximum load, d,, takes
widely different values according to the
specimen geometly, as already shown by
Terry® and Fearnehough.” The dependence
of 0, on specimen geometry will be explained
by the plastic constraint around the notch tip
of the specimens as will be shown later in 1.3
(3).

To show the intensity of plastic constraint
accurately, a three-dimensional analysis will
be necessary. Figure 10 shows some examples
of the relation between critical COD, §,, and
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Fig. 10 Relation between critical COD and general
yield stress of the various types of
specimens '

the ratio of general yield stress to uniaxial
yield stress which expresses indirectly the
intensity of the plastic constraint. It is seen
that §, decreases with increasing plastic con-
straint (ng/O'y).

(2) COD at Fibrous Crack Initiation

It is reported that COD at the instant of
fibrous crack initiation, d;, takes almost a
constant value, regardless of specimen
geometry such as specimen width,*" specimen
thickness,® and the ratio of notch depth to
specimen depth,® while the COD at maximum
load varies with these parameters. Also S.
Kanazawa et al.”’ recently reported that d; is
not affected even by strain rate and test
temperatures. If §; can be proven to be a
general characteristic parameter or if condi-
tions for its existence can be determined, §;
will be a very good fracture criterion from
the points of view of design application and
study of fracture mechanism.

-In this report, the values of §; were obtained
by off-load method, which is explained later,
at various temperatures on circumferentially-
notched round bar and bend specimens of
Steels A and C, and circumferentially-notched
round bar of Steel B with three different
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Fig. 11 Clip gage COD versus fibrous crack length,
Steel-A
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values of §; is as follows: specimens were off-
notch depths. The method used to obtain the
loaded ' during loading, broken in liquid
nitrogen, and the fibrous crack lengths on the
fracture surfaces were measured by Profile
projector. By plotting the data, as shown in
Fig. 11 and by extrapolating the curves to zero
fibrous crack length, we obtained the values of
COD for zero crack length. This value thus
obtained is used as ¢§; in this report. The
values of 0; of Steels A, B and C are shown
in Fig. 12. Plots of COD at fibrous-cleavage
transition are also included in these figures.
These values are obtained by plotting the
values of §, for each fibrous crack length
from the data obtained at various test tem-
peratures and extrapolating the §, vs. fibrous
crack length curve obtained from the above

plot (Fig. 13). The COD value at the
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at various temperatures

intersecting point, namely the point of zero
fibrous crack length, represents the COD
value at fibrous-cleavage transition. This
value is ¢; at the lowest temperature where
fibrous crack occurs, but it may also be used
as a representative value of o; for this
material since §; hardly varies with tempera-
ture as mentioned before. This method will
be referred to as the ‘“transition point method’’
since the other method was described as the
“‘off-load method”.

What is most remarkable in Fig. 12 is that
0; of different specimens shows about the
same value regardless of specimen geometries
and that only a slight increase with increase
in test temperature is noted as long as the
temperature is in the fibrous crack initiation
region. ‘This characteristic of o; that it is
almost independent of specimen geometry and
temperature is very desirable property as a
criterion for design which is based on fracture
initiation. This design principle which is
based on d; is also desirable from the view of
safety of structures because this design
principle means the prevention of fracture
initiation. The temperature T, at which the
transition from fibrous to cleavage in fracture
initiation occurs, will be another important
parameter along with §;. 7, varies largely
according to the degree of plastic constraint as
will be seen in Fig. 6. Then, an important
problem is what value should be taken as T3
for the actual structures. Because d; is a
value which represents ductility and 75 is a

Table 3 Comparison between the results obtained
by COD test (6; and T;) and those by conven-
tional test (reduction of area and Charpy
transition temperature)

LK [2)
Steel |t 8 ITeneC) A T 0| T3
Steel-A | 0.24 | — 65 67.0 +12 —38
Steel-B | 0.17 | — 40 57.2 +29 —15 .
Steel-C 0.32 —114 71.9 —39 —74
* gi: Notch tip COD at fibrous crack initiation

## T.. The lowest temperature at which crack
initiation occurs by fibrous crack
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ductile-cleavage transition temperature, the
comparison of these values with reduction of
area obtained from usual tensile tests and
Charpy transition temperature is made in Table
3. It is seen that some qualitative agreement
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Fibrous Crack Initiation COD,
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Fig. 16 Effects of notch root radius on fibrous
crack initiation COD

is observed between the evaluation of tough-
ness by 0; and T; and that by reduction of
area and Charpy transition temperature.

Figure 14 shows some examples of clip gage
COD~ Load relation curves. It will be noticed
that fibrous crack initiation occurs in relative-
ly early stage of loading. Figures 15 and 16
show the effects of notch root radius on clip
gage COD and fibrous crack initiation COD,
respectively. It is seen in these figures that
both clip gage COD and §; vary linearly with
notch root radius. Although the data by
Smith and Knott® show that COD at fibrous
crack initiation is proportional to the slot
width (COD is zero when slot width is zero),
the present results that finite amount of d;
are observed even in the case of fracture
initiation from fatigue precrack seem to be
more reasonable, because the stretched zone
is always observed at the notch tip before
fibrous crack initiation.

(3) Critical COD and Fracture Condition

Fracture mode transition has a significant
effect, as Barsom and Rolfe'™ pointed out on
the fracture toughness of medium strength
steel and low strength steel. Fracture condi-
tion and critical COD at various temperatures
will thus be discussed with particular atten-
tion to fracture mode.

Figure 17 is a schematic illustration of the
relation between critical COD and fracture
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(1) and (2) are made in reference to their
results.

Fracture initiation mode is divided by line
BD; above this line or at higher temperature
than T fracture occurs by fibrous type crack,
~and by cleavage below this line or at lower
temperature than 7%. In the temperature
region higher than 7 fibrous crack occurs
when COD reaches the value BD and unstable
fracture occurs at the curve BC. For low
constraint and high temperature, unstable
fracture could occur in fibrous or shear type,
but usually in notched low strength steel
specimens the initiation of unstable fracture
coincides with the transition from fibrous
crack growth to cleavage crack propagation.
The former and the latter cases are named
regions A and B, respectively by Hahn et al.,
and we call both regions region I as shown
in Fig. 17. It has already been shown that
the fibrous initiation curve BD shows little
dependence on temperature and specimen
geometry.

It is well known that fibrous crack occurs
by void coalescence. McClintock™ showed, at
least in principle, that void growth is
enhanced by both shearing stress and
hydrostatic tension. However, the present
experimental results which showed that §; has
little dependence on specimen geometry in
spite of the variation in plastic constraint,
seem to imply that hydrostatic tension has

tip calculated by FEM

little influence on fibrous crack initiation at
the notch tip, as long as the variation of the
hydrostatic tension is in the degree that is
induced by the wvariation of the specimen
geometry given in the present test.

In Fig. 18, comparison is made between the
strain at the notch tip and COD. Although
it is usual to take tensile strain ¢, as the strain -
which corresponds to COD, the effective strain
torr (=V 2 [3[(e1— &)° + (62— &5)" + (65 — &1)°]"'%,
where ¢, ¢; and ¢; are the principal strains)
around the notch tip (region of 0.1 mm x0.1
mm as shown in Fig. 18) was taken. It is
shown in this figure that the relation between
COD and ¢, COD and ¢, for notched-round-
bar tension specimen, and it is also noticed
that the COD~e¢,ss relation for notched-plate
tension specimen is very similar to the one for
notched-round-bar tension specimen. These
facts seem to imply that the behavior of COD
is the reflection of that of e (or z.p).
Furthermore, it will be reasonable to consider
that COD-criterion physically implies e,z z-
criterion for fibrous fracture initiation and
ters-Criterion for cleavage fracture initiation.
Further consideration will be made relating
to the condition of fracture initiation in the
following discussion.

In the intermediate temperature region,
region II and III, fracture occurs by cleavage

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

136 Akio OTsUkA, Takashi MIYATA, Seiji NISHIMURA, Makoto OHASHI and Yoichiro KASHIWAGI

Crack with considerable amount of COD.
These regions, where cleavage occurs after
plastic deformation, correspond to Hahn’s
regions C and D. These regions are charact-
erized, as already mentioned in (1), by the
large dependence of 4, on specimen geometry
(or plastic constraint of the specimen). Hahn
et al. also reported that many micro-cracks are
observed in regions C and D, and thus the
theory by T. Yokobori®' appears appropriate
to explain this case. Yokobori considers the
propagation of micro-crack in one grain by
traversing the grain boundary as the critical
event in fracture in this temperature region.
The condition of the fracture is given by

Ac+B(rt—t;)=R (2)

where A, B and R are the constants which
depend on the material and geometry of the
specimen.

In the lower temperature part of region III,
however, the mechanism given by Stroh'
and Cottrell™, in which the critical stage is
considered to be initial growth of the first
micro-crack, seems to be more appropriate.
The fracture condition is given as

o(c—r;)=C (3)

where 7;=frictional stress, C—material con-
stant. In egs. (2) and (3), ¢ and < is the local
tensile and shearing stresses in the element at
the notch root induced by applied load. The
most interesting fact in the above discussion
is that fracture condition involves both ¢ and
7, whether the fracture condition is given by
eq. (2) or by (3). This means that if the ratio
of ¢/r in the element at the notch root varies,
the values of r and ¢ at fracture must also
vary. In other words, the larger the constraint
(the larger o/7), the smaller the ¢ at fracture.
This explains the present results related to the
effects of constraint on §, in that the larger
the constraint, the smaller §, becomes since
COD is determined by the amount of plastic
deformation at the notch root. If the condition
of fracture is further clarified to gether with
the critical parameters, the estimation of &,
for a given constraint will be possible.

In the region of relatively low temperature
and high constraint, Fig. 6 shows that COD at
fracture approaches some limiting value which
depends on temperature. In the region where
the value of COD attains this limiting value,
the condition of plane strain is satisfied and
thus this limiting value, as shown in Fig. 17,
would correspond to K;¢. K¢ approach would
thus be preferable to COD approach in such a
region.

The fracture condition in region IV is
considered to be r=constant because this
region corresponds to Hahn’s region E where
fracture occurs at the instant of initiation of
yielding. In this region, the COD at fracture
takes an almost constant value regardless of
specimen geometry and temperature.

1.4 Conclusions

Condition of fracture initiation from a notch
was investigated using low strength steels
with particular attention to the fracture after
large scale yielding.

Main conclusions are as follows:

a) The present results show that COD at
fibrous crack initiation, §;, is a very important
and effective criterion of ductile fracture initia-
tion, due to its early initiation and little depen-
dence on temperature and specimen geomery.
From the practical view point, the value of
0; can be obtained easily, without any special
technique, from the data of conventional
fracture tests at various temperatures by
adding only the measurement of COD.

b) When fracture initiates as cleavage
cracks after plastic straining, the value of
COD at fracture shows a large variation
depending on the degree of plastic constraint
and temperature. Therefore, great care is
required in evaluating crack-like defects in
such a region,

Part II. COD-Criterion and Stretched Zone

1I.1 Introduction

It is already pointed out by several
authors®™®'® that COD at the fibrous or
ductile crack initiation, not at the maximum
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Table 4 Dimensions of three point bend specimens, in mm
Steel S B A\ a Notch Tip
Steel-A 176 22 44 22 Fatigue-precrack, 0.1 R
Steel-C 200 25 50 25 Fatigue-precrack, 0.1 R
Steel-D 120 12 30 15 Fatigue-precrack, 0.05R, 0.1R
* -F
e '
i )

load or unstable fracture, is a very effective
criterion for fracture initiation from a sharp
notch. Some ambiguities, however, still seem
to exist concerning the behavior of the ‘“crack
tip COD’’ during the fracture process.

In the present study, the deformation
behavior of the notch tip under the increasing
load until fracture was investigated by
microscopic observations by SEM.

The stretched zone observed at the fatigue
precrack tip of fractured specimen, firstly
noticed by Spitzig'”, is considered to be an
important parameter which represents the
behavior of the precrack tip of the specimen
subjected to increasing load leading to frac-
ture™™"'. In part II, the development of the
stretched zone at the notch tip with increase
of COD due to load increase was investigated
at various temperatures with special attention
to fibrous and cleavage crack initiation. The
effects of preloading on the behavior of
stretched zone at the crack initiation were
also investigated. Some preliminary tests on
the stretched zone in mixed mode conditions
were also made.

II.2 Materials and Experiments

Chemical compositions and mechanical
properties of steels used in the experiments
are shown in Tables 1 and 2, respectively.
Three point bend specimens are mainly used
in order to investigate the deformation be-
havior of the notch tip under increasing load.
The dimensions of the specimens used for

Fatigue
Precrack

I

[ ﬁ_ii[ 1

’*4— 40 A—4 ’ F— 40 —“

Fig. 19 90° and 45° Fatigue-precracked specimen,
Steel-E, dimensions in mm

this purpose are shown in Table 4. In order
to investigate the effects of the loading mode
on stretched zone, 45° oblique fatigue-pre-
cracked specimens and 90° fatigue-precracked
specimens shown in Fig. 19 were used.
Measurements of the stretched zone width
were made by SEM. The tilt angle for Mode
I specimens were 45°, and for 45° oblique
cracked specimens, the tilt angle were chosen
in which the stretched zone width appears to
be the largest. This angle was about 30°.

1.3 Results and Discussion

(1) Stretched Zone and Fibrous Crack Forma-
tion at the Notch Tip with Increase of
COD under Increasing Load

The stretched zone formation with increase
of applied load was investigated by fracturing
the specimens in liquid nitrogen after off-
loading at various loads before fracture. An
example of the stretched region of Steel D is
shown in Fig. 20. The COD was measured
by clip gages attached at the end of the slit.

In Fig. 21, the results of fatigue-precracked
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Fig. 20 Stretched zone of fatigue precracked bend

specimen, Steel-D

Steel-D, 24°c  -30°C
Fatigue-precracked g oecned zone Width @ O
specimen

1.5+ Fibrous Crack Length 4 A

—
—_— E
Load (-30°C) Eootq =
Fibrous Crack Initiation . = -
¥ 5 B
= 1.0F Load (24°C) k= 2
8 Z150-3 8
oA
o Stretched Zone Width(24°C,-30°C) % é
54 i .
s ° j g w02 S
°
0.5 v 5 - % cév.
o o1+ 1 2
/ “ \ a [
i & Abrous Crack Length(24°C,-30°C)
0 /, 28 | ! 0_\_ 0
0 1 2 3

Ciip Gage COD (mm)

Fig. 21 Variation of load, stretched zone width and
fibrous crack length with clip gage COD,
Steel-D,  fatigue-precracked specimen,
three point bend test

specimens, the data obtained from the tests
at 24°C and —30°C are plotted. It is seen
in this figure that the stretched zone is formed
when COD attains to a certain value, and the
size of the stretched zone increases with
increase of COD until the size reaches a
critical value at which fibrous crack initiates.
After the initiation of fibrous crack, the size
of the stretched zone does not change.

It is also interesting to notice that the
relations between the stretched zone width
and COD are independent of temperature, and
that their wvalues at fibrous crack initiation
are almost independent of temperature, too.

The results of the mechanical-notched
specimens shown in Figs. 22 and 23 show the
similar situation to those of fatigue-precracked
specimens shown in Fig. 21. In the case of

1.5 ‘Steel-D, 0.05R Notched Specimen, -30°C
E =
Fibrous Crack Initiation = 200 4 E
= =3
o 5 S
~ B o °c = 150+3 5
5 / o | © ]
* d Stretched Zome Width 5 é
3 g 1012 5
= 0.5 & Length 5 E
Fibrous Crac! eng A ey 3
b = & so+1 &
d " ) i
0 Q/ N 1 1 040
0 1 2 3
Clip Gage COD (mm)
Fig. 22 Variation of load, stretched zone width
and fibrous crack length with clip gage
COD, Steel-D, 0.05R-notched specimen,
three point bend test
1.5 Steel-D, 0.1R Notched Specimen,-30°C
Fibrous Crack Initjiation b=
¥ ——— 5 200-H4
= E
1.0+ T ° 5 =
= Stretched Zome Width = 1503 E
-+ ?:’ P
£ £ 3
=l >
b 9 10042 ]
= 0.5 3 &
Fibrous Crack Length £ 5041 3
e T
\ w o
et w
0 b L L olo
0 1 2 3
Clip Gage COD (mm)
Fig. 23 Variation of load, stretched zone width
and fibrous crack length with clip gage
COD, Steel-D, 0.1R-notched specimen,
three point bend test
Fig. 24 Stretched zone of mechanical notched

specimen, notch tip radius is 0.1 mm

mechanical-notched specimens, it will be
noticed, however, that the critical sizes of the
stretched zones for fibrous crack initiation
and the value of the COD at which stretched
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zone initiates at the notch root are a little
larger than in the case of fatigue-precracked
specimens. The stretched zone in mechanical-
notched specimens is usually divided into
several somewhat irregular bands by initially
machined notch surface as shown in Fig. 24.
In such a case, the sum of the width of the
individual bands is used for the stretched zone
width.

(2) Stretched Zone Width and Fibrous Crack
Length at Various Temperatures
Because the stretched zone width does not
alter after the crack initiation as stated in
the previous section, the stretched zone width
at the instant of fracture initiation can be

200

Steel-D, Fatigue-precracked specimen

£ -8 =
SR E
~ Cleavage Crack | Fibrous Crack

S Initiztion i Initiation Stretched Zone _|g S
5 -— o, Width b4
= 100 ° 5 G o~ 5
g N
5 / T 4403
N Jd £
o

8 sor LSt \ P
i ! & Fibrous Crack Length 3
@ ° i / 5
B A 2
o I G | | 0 =

~100 i -50 0
i ]
@+ @0
Temperature {°C)

Fig. 25 Variation of stretched zone width and
fibrous crack length with temperature,
Steel-D, fatigue-precracked  specimen,
three point bend test

200
— Steel-A, Fatigue-precracked specimen
g_ -8 &
« 150 |- E
E 1. %
b= Cleavage Crack; Fibrous Crack 6 2
o 100} Initiation | Initilation 9
g - >
N 04——%4 -14 g
o o 4
o 50 _St:retched ?one 1] ©
g Width ; Fibrous Crack Length {2 g
2 o - g
5 S SN 2
wy . 1 [-Y 1o
0 : A ! 0
~100 -50 0 :
| ]
O @0

Temperature (°C)

Fig. 26 Variation of stretched zone width and
fibrous crack length with temperature,
Steel-A, fatigue-precracked specimen,
three point bend test
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200

Steel-C, Fatigue-~precracked specimen

150 |-

Cleavage Crack s
Initiation o

1
o

j i
of| Fibrous Crack

100 {— | o Initiation

Stretched Zone

Stretched Zone Width ( um )
Fibrous Crack Length (mm)
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Fig. 27 Variation of stretched zone width and
fibrous crack length with temperature,
Steel-C, fatigue-precracked specimen, three
point bend test

measured on the fracture surface after the
fracture tests. The stretched zone width at
the fracture initiation obtained by this method
at various temperatures are shown in Figs.
25, 26 and 27, for Steels D, A and C, respec-
tively.

It is seen that the notch tip behavior until
fracture initiation is divided into three regions
according to test temperatures, as shown in
these figures.

In the region 1 fracture occurs by fibrous
crack with stretched zone; in the region 2
fracture occurs by cleavage with stretched
zone; and in the region 3 fracture occurs by
cleavage without stretched zone.

It is evident from these figures that in the
region 1 the S.Z.W. is almost constant regard-
less of test temperatures and almost zero in
the region 3, while in the region 2 it takes
various values between the value in the region
1 and zero.

In other words, the sizes of the stretched
zone followed by fibrous crack (denoted by S;
in Fig. 25) are almost constant regardless of
test temperatures, although those of the S.Z.
followed by cleavage crack vary largely with
test temperatures. It should also be noticed
that the stretched zone width of this case is
affected not only by temperature but also by
plastic constraint, because the temperature of
the fibrous-cleavage transition in fracture
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initiation depends on plastic constraint.

The results on Steels A and C shown in
Figs. 26 and 27, respectively, show the similar
situations to the case of the Steel D shown
before. Some differences, however, are
observed in the temperatures of the fibrous-
cleavage transition at the crack initiation (7%)
and in the amounts of S.Z.W. at which fibrous
crack initiation occurs. The T3 of the Steels
A and C are —50°C and —98°C respectively.

The S.Z.W. of these steels are shown in
Fig. 28.
(3) The Stretched Zone Widih and COD at

Fibrous Crack Initiation

The relation between COD obtained from
S.Z.W. and that from clip gage COD at
various notch acuity is shown in Fig. 28.
Stretched zone width was converted to notch
tip COD by multiplying v 2. To convert
the clip gage COD into the notch tip value,
the rotational factor shown in eq. (1) in part I
was used. The value of the rotational factor
is shown in Fig. 5.

It is seen that the effect of notch sharpness
on the COD from clip gage and that on the
COD from S.Z. are similar, although the
former is a little larger than the latter. It
should be noticed that the notch tip COD at
fibrous crack initiation and the stretched zone
width observed on the fracture surface of the
specimen will be physically the same para-
meters. Because, it seems to be appropriate
to consider that some differences observed in
Fig. 28 between the notch tip COD obtained
from clip gages and v 2 xS.Z.W. come mainly

Steel-A,

_
£
E
=
§ L B & ®
X
- e o ?
o of
g g o
N = 2% —
o - ) o
= o £ C! jaee
% o crett i
2 ane® 38 F*®
2 0 e r
5 ¢} 9
w

0 0.05 0.10 0 0.05 0.10 0 0.05 0.10
Notch Root Radius {mm)

Fig. 28 The effects of notch sharpness on notch
tip COD and stretched zone width

from the method to convert the measured
value of COD and stretched zone width to the
““crack tip displacement’.

It has been pointed out by several authors
and also in part I of this paper that the notch
tip COD at fibrous crack initiation, d;, is
independent of temperature’’, specimen
geometry®™®, strain rate’’ and so on, although
the COD at maximum load or unstable frac-
ture varies largely according to the parameters
cited above. Although the measurements of
S.Z.W. have not been made in these experi-
ments, the characteristics reported on J; seem
to be the consequence of the behavior of
S.ZW. It is usual, however, that some
differences between S.Z.W. and COD exist.
These differences, as mentioned above, mainly
come from the procedure to convert the
measured COD to notch tip value.

(4) The Effects of Preloading

Before entering into the discussion on the
effects of preloading on critical COD, the
relation between the notch tip behavior and
critical COD will be considered.

Fracture behaviors are divided into three
temperature regions as already shown in
Figs. 256~27. In the region 1 fracture occurs
by fibrous crack, and the critical COD
(measured at initial notch tip) at unstable
fracture will be given by the sum of the
v'2 xS.Z.W., displacement due to the opening
by fibrous crack and elastic deformation as

E 0.5

- Steel-D, ) e

E Fatigue-precracked specimen

£ 0.4 o . Notch Tip COD at Unstable / /

© Fracture

5 O : Stretched Zome Observed /.'T'

N 0.3 on the Fractured Specimen /Z/ Deformation

= » 1

2 COD at Unstable| / /] gzsgézcg‘;xngue

2 0.2— Fracture //: by Fibrous Crack

L] ' =7

5 S —38

(2] ~ | ) o

g 0 -8 | JZ % 5.2.M.

5 s (= Plastic COD
8 -8 |

a -

8 oz T \ [ i !

o. ~-196 | -80 -60 | 40 20
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g ! |

o I
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Fig. 29 Notch tip COD and stretched zone width

at various temperatures
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Fig. 30

shown in Fig. 29. In the region 2 fracture
occurs by cleavage with stretched zone, and
COD consists of v 2 xXS.Z.W. and elastic
deformation. In the region 3 fracture occurs
by cleavage without stretched zone. In this
region the critical COD mainly consists of
elastic deformation.

Figure 30 shows the effects of preloading
on the fracture initiation. In this figure, the
critical COD at unstable fracture, stretched
zone width observed on the fractured
specimens and the estimated values of
stretched zone width given by preloading are
shown as the functions of the amount of
preload COD. Preloading was given at room
temperature, and the fracture tests of the
preloaded specimens were made at —196°C,

—70°C and —50°C which correspond to the
temperature regions 3, 2 and 1, respectively,
in Fig. 29.

In the case of the tests at —196°C, the
critical COD mainly consists of elastic
deformation and the effects of preloading are
small.

At —70°C, in the region of smaller preload
COD than that of fibrous crack initiation, the
critical COD decreases with increase of the
preload COD by the amount of stretched zone
given by preloading. In the region of a larger
preload COD than that of fibrous crack initia-
tion, the critical COD seems to take a larger
value with increase of the preload COD,
probably because of the displacement due to
the opening of fibrous crack.

At —50°C, in the region of a smaller
preload COD than that of fibrous crack
initiation, the critical COD decreases with
increase of the stretched zone by the amount
larger than the stretched zone width given by
preloading. In the case of larger preloading
than the fibrous crack initiation, the effect of
preloading is almost constant regardless of
the amount of preloading. It should be noticed
that the stretched zone widths observed on
the fracture surface (shown by open circles)
show constant values regardless of the
amounts of preloading. In other words, if
the stretched zone induced by preloading is
smaller than the stretched zone width neces-
sary to induce fibrous fracture (S;), the total
stretched zone width (preload S.Z.W. plus
increase of S.Z.W. during fracture test) is
constant.

This result seems to be reasonable because
fibrous crack initiation will occur when the
total amount of plastic strain at the notch
tip, which corresponds to total stretched zone
width, reaches a critical value which will
depend on the spacings of particles as
suggested by Rice*>*. If the preload S.Z.W.
is larger than the S;, the stretched zone
width does not show any further increase in
fracture tests. It should also be noticed that
such special region as stretched zone was not
observed between fibrous crack which occurred
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Fig. 31 Fracture loads of preloaded specimens

in preleading and which occured in fracture
tests.

The effects of preloading on the fracture
load at various test temperatures are shown
in Fig. 31. It is noticed that fracture load
at —196°C increases with increase of the
amount of preloading in the region of smaller
preloading than fibrous crack initiation. In
the region of larger preload than this, the

‘ t t Macroscopic

pirection of
crack Growth

- A
S~

L

(a)

fracture load decreases with increase of
preloading. The increase of fracture load in
the smaller preload region will be explained
by the blunting of crack tip by the formation
of stretched zone, and the reduction in
strength in larger preload region will be
explained by the occurrence of fibrous crack
at the notch root.

In the case of the tests at —50°C and —70°C,
the relation between fracture load and preload
is not so clear. But the strengthening in the
larger preload region will be the results of
work hardening which occurred during
Preloading. The effects of this type seemed
to occur because of the three point bend tests
used in the present experiment, because in the
bend tests severe plastic deformation occurs
in net section of the specimens when fibrous
fracture occurs. In large tensile specimens or
in actual structures this type of strengthening
effect by preloading would not be expected.

(5) Stretched Zone and COD in Mixed Mode
Condition
Some examples of electron fractographs and

.

Fatigue Precrack Region
: Equiaxed Dimpled Reglon
: Elongated Dimpled Reglon

PEEO

: Stretched Zone

Fig. 32 Fractographs of the areas near the notch tip of the 45° fa’clgue -precracked specimen, Steel E.
(a) Schematic illustration of the notch tip of 45° fatigue-precracked specimen under

tension,
(d) Stretched zone observed at @

(by Equiaxed dimples observed at @),

(c) Elongated dimples observed at (3),

NI | -Electronic Library Service



The Society of Naval Architects of Japan

COD and Stretched Zone as the Criterion for Fracture Initiation 143

Fig. 33 Stretched zone of 90° fatigue-precracked
specimen, Steel-E

schematic sketch near the notch tip of 45°-
precracked specimen are shown in Figs. 32
and 33. The stretched zone width of 45°-
precracked specimen is about the same as
that of 90°-precracked specimen. In the case
of Steel E, they are about 50~60 #m for one
side of fracture surface. And it is noticed
that the fracture surface of the upper side
(in the figure) mainly consists of equiaxed
dimples as shown in Fig. 32(b), while the
mating fracture surface of the lower side
consists of elongated dimples as shown in
Fig. 32(c). The process of the formation of
such type of fractographs in mating fracture
surfaces under combined shearing-and-tearing
fracture has been explained by Beachem?®’.
The appearances of the stretched zone in
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COD = /a2 + p2

Fig. 34 TFibrous crack initiation process at the tip
of 45° fatigue-precrack

45°-precracked specimens are similar to those
in 90°-precracked specimens as shown in
Figs. 32(d) and Fig. 33.

The process to induce fracture at the tip of
45°-precracked specimens is considered to be
as shown in Fig. 34 which is essentially
similar to the case of Model I specimen. The
COD and the stretched zone width for oblique
cracked specimen may be defined as shown in
this figure. The value of COD at fibrous
crack initiation defined in this way seems to
be independent of slit angle.

(6) The Relation between Fracture Me-
chanism and Stretched Zone Width
Because the stretched zone width observed
on the fracture surface corresponds to the
COD at fracture initiation as discussed before,
the discussion made in part I section 1.3 (3)
on the relation between fracture mechanism
and COD-criterion will be applicable to the
results on the stretched zone width shown
in Figs. 25~27. It should be noticed that the
region I in Fig. 17 corresponds to region 1 in
Figs. 25~27, region II and III to region 2
and region IV to region 3, respectively.

(7) Fracture Toughness Evaluation of Steel
by 6; and T;

It is obvious that there are many cases
where toughness evaluation based on fracture
initiation is preferable to that based on
unstable fracture. In those cases, toughness
evaluation by 7; and 0; seems to be very
profitable, because J; seems to be a material
constant as shown in section 1.3 (2) and T
may be assumed to correspond directly to the
lowest temperature at which the structure
may be used, provided that the appropriate
test specimens with equivalent plastic con-
straint to that of the actual structures could
be found. J; will be obtained from the
stretched zone width without the measure-
ment of COD.

I1.4 Conclusions

1) The stretched zone width observed on
the fractured surface shows the notch tip COD
at the fracture initiation.
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2) In the case of fibrous crack initiation,
the notch tip COD (4;) and S.Z.W. (S;) are
constants regardless of test temperature,
specimen geometries, preloading (if the total
d; is taken), slit angle, strain rate’ and so
on. COD will be most appropriate criterion
for this case.

3) In the case of cleavage fracture initia-
tion, stretched zone width and COD take
various values between the value at the
fibrous crack initiation (9; or S;) and almost
Zero.

4) Toughness of steels, based on the
fracture initiation from a precrack, will be
defined by 8; (=+'2  S;) and T;, where T; is
the temperature at which the transition from
fibrous to cleavage initiation occurs. 7 varies
largely according to the parameters cited in

2.
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