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Summary 1 d as a criterion for

The C.O.D. (crack opening displacement) concept is deve offnas checked by

| the initiation of brittle fracture. The validity of this coﬂ_czp teel plate. Critical

k- tensile, bend and charpy type impact bend tests using mild s aphs. A descrip-

C.O.D. values were directly measured by taking micro_phOtog:spanalysed and
tion of the test equipment is given, and the results of ﬂ.‘e tes ful method for
discussed. It is concluded that the ‘double notch’ test is a Ljseethod is at

E measuring the critical C.0.D., but the ‘overall displacement’ m ’

& present unsatisfactory.

Introduction ilable for a

2 As is well known, two typical alternatives have been a‘,/al fracture

. practical approach to the problem of the onset of the brxtfle ;a:;e other
IE propagation. One is the concept of ‘fracture stress curve’ an qifficulty

‘ : is the energy criterion or Kc concept. In the tormer, casf? thel ls asso-
of obtaining an accurate measurement of stress and strain Ve.l e events
ciated with the macroscopic plastic dsformation at a crack tip pr

its application for practical engineering design. hown that the

In the latter case, howe ver, many experiments (1l ha\./e s narrow
Griffith-Orowan type fracture theory, «r fracture mechanics mha lastic
sense, has a validity for the practical problems, as long as t_ ehrz:rack
deformation at the crack tip is sufficiently small Comp?red wit s are
length (small scale yielding). However, numerous service fa-l l;rethe
believed to have occurred under condiiions which do not satisty
| small scale yielding. .

: The C.0.D. (crack opening displacement) concept -1s noteworth};;‘;‘i

promising as a new fracture criterion though it eoptatns sf)r‘ne' uns[z] from
i problems. While the C.0.D. concept hzs received some cnu'cxsth e
"; the viewpoint that it does not have any clear PhYSiC_al meafnln.g, ' as an
\ mains significant enough to be subjected to further investigation
engineering criterion [3].

In fact some additional physical cornditions are ne.cessardeO. p;o(\:i
that C.0.D. concept is to be a necessary and SUfﬁC‘ent_co,n ”':lc;ically
either of them) for fracture. But as long as the fracture 1S mtru:he crack
related closely with plastic stress andstrain concentration at
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tip, the C.0.D. Criterion appear very plausible since it seems to repre-
sent roughly the integrated value of plastic strain in the crack tip
plastic zone,

’

Recently, Koshiga et al. [6] found an Arrhenius-type temperature depen-
dence of critical C.0.D. by measuring over-al] displacement of a deeply
notched 30-50 mm wide and 3:2 mm thick tensijle specimen. This shows

Direct measurement of C.0.D, Wwith the use of doubly or paralle] notched
Specimen

tfractured at various low temperatures by keeping them in a cooling bath
and that the value of C.0O.D. is the order of 1/10-1/100 mm for very
brittle condition. A microphotograph technique was used in this investiga-
tion for the measurement of C.0.D. on a Special specimen configuration,
as in a conventional center or edge notched Specimen, it is very difficult
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metric deformation behavior, the test his no validity in the estimation
of the critical C.0.D. values. .

Effects of variation in notch root geanetry on displacement behavior
were checked using the tensile specimens illustrated in Fxg 1. An
example of the test results shown in Fig. 2 and Table 1 indicates that
¢omparably large variations such as 0-084 mm (about 42% of notch root
radius) as a maximum does not cause ary asymmetric displacement
behavior for each notch, and fracture dees not always start from the
narrowest notch. Therefore, it can be concluded that the double notch
test is valid to determine critical C.0O.]. values.

Material and test procedure

I'he steel investigated was 20 mm thick structural mild steel plate and

Its particulars are given in Table 2. Inaddition to tensile test_s, slow
bend tests and Charpy type impact bend tests were performed in o.rder to
obtain the effects of temperature, loading system, plastic constraint and
iitrain rate, on the critical C.0.D. The geometric configuration of e.ach
tvpe of specimen is also shown in Fig. 1. All SpeCimeflS were cut in .
longitudinal (or roll) direction except the Charpy type 1mpact-ben.d speci-
mens which were cut in the transverse s well as in the longitudinal
direction. The ratio of crack depth to specimen width was varied in order
to observe the effect of plastic constraint on the critical C.0.D. value.
I'he values of the ratio are 0-1 and 0-22 for the tensile specimen and

0-1, 0-17 and 0-2 for the slow bend specimen, the plate thickness being
20 mm. In the Charpy type specimen 2 mm and 3 mm long saw cut notches
were used. Mirror surface finishing was made on the zone of the notch

!1p to permit accurate measurements. Microphotographs of 100 magnifi-
vation of the notch roots were taken before and after the fracture test and
three positions (about 0°1 mm apart) were selected for C.0.D. r.neas.ure-
ment along the notch in the vicinity of the notch tip as shown in Fig. 3.
I'he average of the three values was taken as the crack width.

The tensile specimen was set up on the mechanically driven 100-tons
testing machine as shown in Fig. 1. After keeping the specimen for ten
minutes at the test temperature, tensile load was applied at 0-2 mm per
minute cross-head speed. Three copper-constantan themo-couples were
attached on the crack lines as shown in Fig. 1.

After a specimen fractured_, each unfractured notch width was measured
using the same procedure as mentioned above and the difference from the
initial notch width was taken as a oritical C.0.D. value. In some of the
tensile test specimens, short and small-scale brittle fractures were found
at the notch root (they were arrested a centimeter or less from the notch)
in the unfractured pair of notches. Even in such cases, good agreement
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was observed with the critical C.0.D. from notches from which no brittle
crack was initiated. This suggests that each notch causes the same
plastics deformation up to fracture and any unstable deformation of one
particular notch cannot occur,

Test results
Measured values of critical C.0.D. were plotted for test temperature
(shown in Figs. 5, 6 and 7) for each specimen.

These figures indicate as Koshiga et al. have pointed out previously
[6], that the critical C.0.D. has the Arrhenius type temperature depen-
dence. But the value of ®c at a certain temperature and the slope of the
Arrhenius type temperature dependence curve seems to depend upon the
conditions of the fracture test such as the loading system, the loading
speed, the notch depth and so forth.

This factor must be included in any establishment of a practical test
method for the evaluation of ®c if it is to be treated as a unique material
parameter of crack initiation.

From Fig. 7 no significant difference in ®c can be observed between
L (longitudinal) specimen and C (transverse) specimen. For reference the
conventional Charpy transition curves of the steel tested are shown in
Fig. 8 which shows that absorbed energy level of C specimen is signifi-
cantly lower than that of L specimen, but almost no difference is seen
in the fracture appearance transition. Thus Fig. 7 seems to provide an
experimental verification in favor of the opinion that among the Charpy

impact data the fracture appearance transition criterion is most important.

Discussion
The method of C.0O.D. measurement
The methods of C.0.D. measurement so far available can be roughly
classified into two except for the above-mentioned double notch test.
In one the opening of the crack surfaces at the tip of the crack is de-
tected by the rotation of a small and thin blade, which was tried by
Burdekin et al. [7]. The other is based on the condition that with a
proper choice of the relative notch length the plastic displacement is
bounded at the environment of the crack tip (see Fig. 9) and thus the
overall plastic deformation of the specimen will roughly represent the
C.0.D. Koshiga et al. [6] adopted this method and measured the plastic
deformation between specimen grips.

The former is of interest as a method of direct measurement of C.0.D.,
but it will hardly produce good accuracy for a very sharp notch. The
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wetting up of the C.0.D. meter will also be difficult under cooling condi-
tions.

The latter is simple and effective for a commercial test. When large-
scale yielding occurs, however, the overall displacement will contain a
significant component due to the displacement other than C.0.D. So the
conditions for the application of this method are very limited and a
proper choice of specimen configuration is very difficult. As shown in
IYig. 9, the plastic zone spreads even under smaller load and the sides
of the notches are apt to rotate along slip lines. So the overall plastic
displacement has these additional components, which depend on the
notch depth as well as plastic characteristics of the material. So the
method of indirect measurement of C.0.D. such as the overall displace-
ment method should be adopted with much prudence, though it may
renerally give correct order of merit of the materials tested. To measure
the absolute value of ®¢ is very important for the application of C.0.D.
concept to structural design,

As shown in Fig. 10, significant difference between the directly
measured C.0.D. and that estimated from overall plastic displacement
15 observed even at the early stage or small scale yielding. Since any
iccurate method to estimate these additional components in the overall
displacement has not been available yet the method of direct measure-
ment by means of microscope may be useful to obtain exact value of a
critical C.0.D.

Effect of the distance between two parallel notches and the notch

depth on C.O.D.
As shown in Fig. 1, the double notch test specimen has one or two pairs

of rather closely located notches. The mutual distance of the notches
would surely have some effect on the plastic constraint at the notch tip.
lheoretical analysis of this effect seems difficult under the condition of
crack tip opening after large scale or general yielding of strain hardening
material, which is of the principal concern in the present investigation.
So the effect on critical C.0.D. was investigated experimentally using
the double notch tension test, in which notch depth was 20 mm and the
distances between two parallel notches were 5, 8, 15, 30 and 50 mm.

The results are shown in Fig. 11 as a function of the ratio of the distance
between two notches to notch depth, A/c. This shows that if the value of
h/c is smaller than 0-75, intensity of the effect on the critical C.0.D.
ncreases. This corresponds to the transition from plane strain to plane
stress fracture at the notch tip. In the specimen used, the values of h/c
range from 0-75 to 3-75 that is the condition of plane strain fracture and
the variation of the effect of the distance between two notches on the
critical C.0.D. can be negligible.
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The effect of strain rate

As shown in Figs. 5 to 7, the difference in log (®c—1)/T curves due to the

specimen geometry, the loading system and loading rate is considered to
be attributed to the degree of constraint and strain rate in the notch tip
material. Although the degree of the constraint is represented as a
function of plastic stress and strain in a notch tip zone, the problem is
reduced here for simplicity and is approached from the difference in the
strain rate of notch tip material for each specimen, which is approxi-
mately calculated.

If we assume that the stress o at the short distance r from the notch
tip on the notch plane is elastic, o is expressed as follows:

K
V(2nr)

& =

D

where K is the stress intensity factor.
Neuber [8] has obtained the following for the stress and strain concen-
tration factor of longitudinal shear problem of non-linear material

a

e g = a12 (2)

where ae is the strain concentration factor, as is the stress concentration
factor and «, is the concentration factor for linearly elastic case.
Assuming the power law in stress-strain relations, (2) is reduced to

ae = a0 €)

Designating nominal stress and strain by o0, and ¢, respectively, the
following results from (1):

a K
T G @
Substituting (2) into (3),
K 2/(n+1)
= = —— 5
€ €nQe €n {0,. \/(27",)= ( )

where ¢ is the strain at the distance r from notch tip
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I'he strain rate becomes

K 2/(n+1)
PN . )
on \(27r)
ar

K
s . il 7
IOge—IOga"+n+11°g(0n) )

vhere é = A¢, 4 = E Qur){*+),

Here A is assumed to be material constant and e is termed as ‘strain
rate parameter’.

In the following the expressions necessary for the approximate calcu-
lation of strain rate parameter will be given for the three types of
‘pecimens.

(1) Tension Test

lhe stress intensity factor in the tension test specimen which has
the notch depth, c and the breadth, 2b is

K= 0\/("(:)\/(3—: tan ;—Z + 01 sin 727—:) ®)

In this case, 0, is calculated as (average loading rate)/(gross area).
(2) Slow bend test
tour points loading was employed (Fig. 1). The stress intensity
factor in this case has been given by Yoshiki, Kanazawa and Machida
[9] as follows. .

K = kon\/(2b)
= 3k\/(2b) 1,P/{4tb2m(x,)} 9

where k: constant, 0,: nominal fibre stress corresponding to the load at
the crack initiation, t: plate thickness, m(x,) = M(x,)/M(0), M: Spring

constant (P = Mx), I,: span shown in Fig. 1.
The stress rate &, is

31,P

=—1 10)
n 4tb’m(x,) (
(3) Charpy type impact bending test
The stress intensity factor is
_ 3ky(2B)P an
8tb’m(x,)
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where P is expressed as follows.
P = P8t = M(cp)ist (12)

Assuming that | is equal to the Charpy hammer striking speed, v,
equation (12) is reduced to

P = M(c,)vdt (13)

According to a previous work [10] the hardening exponent, n, of the
mild steel tested is estimated to be about 0-170. After substituting some
values in above equations, the relationship between the strain rate
Parameter, € and the critical C.0.D. ®, is shown in Fig. 12.

This figure shows that the logarithm of @, decreases linearly with the
logarithm of & up to log é~ 2. This qualitatively agrees with the well-
known relative equivalence of the logarithm of strain rate to the
reciprocal of absolute temperature (see Figs. 5 to 7).

Since the above consideration is based on the approximate calculation,
more accurate calculation is still required to establish quantitatively the
relation between strain rate and critical C.0.D. in gross yield condition.
From this discussion, however, the critical C.O.D. significantly depends
on the strain rate at the tip of notch as well as temperature. Thus P,
is to be expressed in terms of temperature, parameters of strain rate and
pPlastic geometry, plastic deformation characteristic values of the
material concerned such as yield stress, strain hardening exponent etc.

Conclusions

(1) The ‘double notch test’ is shown to be a very useful method to measure
the critical C.0.D. Because the variation of the root radius of slit by
conventional machining does not affect on the onset of brittle crack
Propagation, then from the use of microphotographs the critical C.0.D.

can be relatively simply and directly measured.

(2) The ‘over-all displacement’ method for C.0.D. measurement would be
important for its simplicity in test procedure. But the over-all displace-
ment is apt to contain significant components other than true C.0.D. value
At present any theoretical and simple relation with general applicability
to evaluate C.O.D. from over-all displacement has not been established.
This is of much importance as a future problem in relation to commercial
and/or screening test methods.

(3) The C.O.D. has the Arrhenius type temperature dependence irrespec-
tive of geometry of specimen, loading system, loading rate, etc. But these
parameters affect the level of ®, value.

(4) The three types of the ‘double notch test’ adopted in the present work
yield different ®, values at the same temperature. As the first step this
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% explained quantitatively by considering the strain rate in the zone
~lose to notch tip.

5) The procedure of analysis should be improved in future. The critical
©.0.D. for a certain material will be well formulated in terms of temper-
iture, characteristic values of plastic deformation of the material (e.g.
vield stress, strain hardening exponent, etc.) and geometric parameters
ot notch or defect or structural discontinuity including proper plastic
constraint factor.
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Table 1.
Typical variation of notch root radius.

Chemical composition (%)

C Si Mn P S

Mechanical properties

Yield point Tensile strength Elongation
(kg/mm?) (kg/mm?)

(7)

Mild Steel (SM 41) 0-17 0-30 0-87 0-018 0:019 26-0 44-0

35-0

A study of the C.0.D. concept for brittle fracture initiation

T T |
Notch Depth = 20 mm

Temp. -50°C

° No | Notch
A No 2 Notch
o No3 Nofch
1% Nod4  Notch

Fracture

BB,

T |

olg ! ]
*

| 12 / N
Taste 2, ~ 20 ) ¢
Chemical compositions and mechanical properties of the test material. /A
Specimen Notch no. Initial state After loading Critical COD /? N
1 0-227 0658 0-431 | 1 )0/? 1 | .
A 2 0-242 Fracture - 0 d 10 ! 20 ha 30 40 50
(=55°C) 3 0-300 0-686 0-386 2
4 ety Fracture _ Net  Stress  On ( kG / mni)
1 0-308 Fracture e Fig. 2. Relation between C.0.D. ¢ and net stress.
B 2 0-305 0-716 0-411
(=30°C) 3 0-311 Fracture - Measured T T T ]
4 0-269 0-881 0-612 ® : Nolch Depth = 20™
Y 3.0+ O: Nofch Depth = gmm
() Shear Fracture 1
T y 1 = ]
-— Notch Bl e Norch | S TRl |
= 4 ) ' £osf
u_S e——— 55 — ] o =
S]]
~—————— 500 . , 0.3
(C) Impact Bend Specimen ! a
| 3
(A) Tensile Specimen | 2 ’.f 2 G2 I e !
J’I IYig. 3. Detail of notch tip. E ol -
i b N -
s S007} ]
110 Teo= t 0.05 |- _
Y 5 — o
A 0 0.03 - N
Notch | S i 2 )
| J P wpECimen (A) and (B) Specimen (C) - ]
t NN 2ol Notch  Detail ®
!
350 00/ |— \ =
Tensile | Slow Bend | Impac - ; 1 :
Specimen| Specimen imen| - 31 4‘1 5L % 7
(B) Slow Bend Specimen a |7lm|z2]2]g]2]3 1000/7 “(°k™)
cunit mm ) 2b 90 20140 | 60 /10
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“ig. 4. Double notch tensile test.

Fig. 5. Relation between critical C.O.D. and
temperature (tensile test).
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