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SCATTER OF FRACTURE TOUGHNESS IN THE
DUCTILE-BRITTLE TRANSITION REGION

W.Ehl1, D.Munz1, A.Briickner2

In the ductile-brittle transition region of
ferritic steels an effect of specimen size
on the fracture toughness parameters and
large amount of scatter is observed. A wea-
kest link model including the effect of sta-
ble crack extension is presented and compa-
red with experimental results of the reac-
tor steel 20 MnMoNi 55. This model was not
able to explain the size effect. Therefore
is was tentatively concluded that in addi-
tion to the statistical effects the frac-
ture is influenced by the stress state,
which is dependent of the thickness and is
changing during crack extension.

INTRODUCTION

Fracture mechanics tests conducted at various tempera-
tures with specimens of ferritic steels yield the
following features (Keller and Munz (1)):

- brittle, cleavage fracture at low temperatures,

- cleavage fracture after some amount of ductile
tearing at intermediate temperatures

- ductile tearing beyond maximum load at higher tem-
peratures

Two additional effects are observed especially in
the intermediate temperature range:

- large amount of scatter of the critical value of the
J-integral at the onset of cleavage fracture, where-
as much less scatter is observed for the ductile
J-Aa-curve (Fig.1);

1) University of Karlsruhe, FR Germany
2) Nuclear Research Center, Karlsruhe, FR Germany

577



FRACTURE CONTROL OF ENGINEERING STRUCTURES — ECF 6

- large effect of specimen size, especially specimen
thickness, on the onset of cleavage fracture (in-
creasing toughness with decreasing thickness) .

Both effects have been explained by a weakest link
model based on the assumption that failure starts from
a weak point near the crack front where the weak points
are statistically distributed in the material. The
thickness effect then is caused by the higher probabi-
lity of having a weak point near the crack front for
a thicker specimen. This model was used first by Landes
and Shaffer (2). In the form presented it should apply
only to cleavage crack extension not preceded by duc-—
tile tearing. Some of the specimens of Landes and
shaffer showed, however, some stable crack extension.
Briickner and Munz (3) extended the weakest link model
to include the effect of stable crack extension.

The size effect can be influenced in addition by
the effect of constraint (Sumpter (4), Milne and Chell
(5)). In suffiently thick specimens a state of plane
strain can be expected to occur along most part of the
crack front. With decreasing thickness of the specimens
the stress component 0Oz in the direction of the crack
front gets more and more important, leading to less
constraint at the crack tip and, therefore, to an in-
crease in toughness.

In this paper experimental results are compared
with the prediction by the model developed by Briickner
and Munz.

WEAKEST LINK MODEL INCLUDING STABLE CRACK EXTENSION

The assumption made for the model presented in refer-
ence (3) are:

1. There are two independent fracture modes, ductile
tearing and cleavage. Ductile tearing can be des-
cribed by a material resistance curve in terms of
Jig OF Kig @s a function of the crack extension Aa,
wﬁlch is independent of the size of the specimens.
2. Unstable cleavage crack extension starts from weak
points in the material, for instance from fnclu=
sions. Therefore, the distribution of these weak
points of different sizes 1is responsible for the
scatter in the onset of cleavage cracking. This can
be described by the local distribution of the tough-
ness of the material. Where linear-elastic fracture
mechanics can be applied, the toughness parameter
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is KIcl (cl = cleavage). If cleavage cracking starts
after a large amount of plastic deformation, the
toughness parameter should be the critical value of
the J-integral JIc . It can, however, be argued
whether the J-integral or the elastic energy re-
lease rate is triggering the onset of cleavage crack
extension (Turner (6)).

3. It is assumed that there is no change in constraint
during stable crack extension.

4. A constant value of K or J along the crack front is
assumed.

The model is presented first in terms of the stress-
intensity factor. Small units of area in front of the
crack tip of length A and width w are considered. Each
of these areas is attributed a specific value of K .
The scatter of K is described by a Weibull distri-
bution with cumufg%ive density function

m
K A
IC
F{Kad =1- exp[—(bx ) ] (1)

For a crack of front length L the probability that no
cleavage fracture occurs is a function of the applied
stress intensity factor K and the ration L/A:

Iappl
K ™
_ B L/XA _ [ Iappl L (2)
Py = [1 F (KIappli] = exp[ ( B, ) X

At the onset of stable crack extension for KIappl

= K i the following relation applies:

m m

P = exp - KIi ’ L= exp - KIi (3)

S bk A bL

with

m = m, (4)

2 1/m

bL — bk E (5)

Pf =1 - Ps is the probability of cleavage cracking

before the onset of stable crack extension. If the
crack extends stably by Aa, there will be Aa/w addi-
tional samples of L/A unit areas. For the special
case that during crack extension KI = K,. = const.
(flat crack growth resistance curve?, thé survival
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probability is

Pg

I

P (survival at the onset of stable crack extensionX
P (survival after stable crack extension)

[1 -F <K1i)]L/>‘ {\ 1 - F<K1i>] L”‘} ha/w

el (i) [ o2)
by

For a rising crack-growth resistance curve, Eqg.(6)

has to be replaced by (see reference (3))
ba

m m

O A K A
I L

s exp —(———b l) 3 {1 + lw/( ER' ) d(Aa) ‘I (7)
A 2 Ii

The failure probability then is

I

d
1l

aa m
1 [[¥1r
Pf=1—PS=1—exp _AL1+5 . d(Aa) (8)
Ii
o
with -
K_.
Tl
A = (9)
L bL
2 1/m
bL = b>\ i) (10)
m = m, (D]

Equation (8) can also be interpreted as the cumu-
lative density function of the stable crack extension
until cleavage cracking.

Instead of the stress intensity factor KI the

J-integral can be used. Then KI has simply to be re-
placed by J; in Eq. (8):

Aa -
p. =1 - -a 1+ IR da(ha) (12)
£ exp L ® T, a
I1
(-]

with m

&
AL = bIl

L (13)
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In Fig. 3 the distributions expected from this model
are shown schematically. For a flat crack-growth resis-
tance curve the maximum possible stress intensity fac-
tor is K_ ., at the onset of ductile tearing. For a ri-
sing cractk-growth resistance curve a deviation from
the linear Weibull-plot occurs for KI>-KIi. If the lcad
displacement curve has a small slope, an upward trend
in the Weibull-plot is expected. For an J-integral eva-
luation, in which the area under the load-displacement
curve is important, a different shape of the curve is
expected.

EXPERIMENTAL PROCEDURE

Compact tension specimens with a width W = 50 mm of
the 20 MnMoNi 55 reactor steel (similar to A 533 B)
were tested. The thickness was B = 25 mm, B = 12,5 mm
and B = 5mm. All specimens with B = 25 mm and B =

12,5 mm had side grooves (reduced thickness B¥= 21 mm;
9,5 mm). Some of the 5 mm thick specimens had side
grooves (B*= 4mm), the others were tested without side
grooves. The relative crack length after precracking
in fatigue was about a/W = 0,6. The tests were perfor-
med at —-40°C. All specimens with B = 25 mm and

B = 21,5 mm were loaded until the onset of brittle
fracture. Some of the specimens with B = 5 mm were un-
loaded before brittle failure occurred in order to ob-
tain J-values for different stable crack extension.

The J-integral was calculated from the area under
load-load point displacement curve U:

_2DU
g =200 (14)
with
= LEY = Val1 + am2l- (0 + a/wm  (15)
1 + 'Y2 1 - a/w

The stable crack extension was measured at nine
points excluding the stretched zone. For small crack
extensions the area of ductile tearing was measured
and devided by the thickness B¥* .
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EXPERIMENTAL RESULTS

Origin of cleavage

The specimens have been investigated by SEM in order to
find the trigger point from which the cleavage fracture
starts. At low magnification one can see tear ridges,
which are used to determine the general location of
cleavage initiation. At higher magnification cleavage
facets with river pattern can be observed and the ori-
gin of cleavage can be located.

In nearly all cases it was possible to find an
origin of cleavage at the brittle fracture surface. In
most cases one large facet or a group of adjacent facets
constitutes the origin of cleavage. In 20% of all spe-
cimens a particle or a small hole has been detected
within the facets as the point of initiation. In nearly
the same number of cases there is a twin or a micro-
crack perpendicular to the main crack plane. It seems
that in these cases grains or a group of grains, which
have a suitable orientation with respect to the clea-
vage crack, are triggering the cleavage fracture.

By SEM the distances have been measured of the
origins of cleavage to the stretched zone or to the
stable crack front, denoted by x, and along the crack
front (distance 2 from the center) (Fig. 4). The re-
sults are presented in Fig. 5. One can se€ that most of
the trigger points are not situated directly ahead of
the crack front but at a distance of up to 1.5 mm. It
can be seen also that the trigger points are distri-
puted nearly uniformly over the specimen thickness, ex-~
cept for a 1-2 mm zone near the side grooves, in which
no trigger points have been found.

J-INTEGRAL EVALUATION

Figure 6 shows the J-Aa-plot for all specimens with a
stable crack extension of Aa>100 pm. All data points
correspond to different specimens and mark the onset of
unstable cleavage crack extension. Only some of the

5 mm thick specimens were unloaded before the onset of
cleavage.

It can be seen that the ductile J-Aa-curve is in-
dependent of the thickness of the specimens in the
range where data points for all three specimen sizes
were available. The JIR-Aa—curve can be described by
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0.51
JIR = 670 (Aa) + 23.2 (16)
if Aa in mm and JIR in N/mm.
The onset of ductile crack extension can be de-
fined conveniently for a crack extension of Aa = 10um.

Note that the ductile crack extension is measured ex-
cluding the stretched zone. Then from Eg. (16)

JIi = 87.2 N/mm

is obtained.

In Fig. 7 1nln 1/(1 - Pi) is plotted versus
In JIcl' The failure probability Pi is obtained by

i - 0.3
Pi = nw¥o.4
where n is the total number of specimens and i the
rank order of the individual specimens. Specimens with
no stable crack extensions (less than 10 um) are mar-
ked as solid points. For the specimens with B* = 4 mm
only the three values with the lowest JIc are plotted.
Because of the unloading of some speciméns before
cleavage fracture the other specimens could not be
ranked correctly.

To evaluate the test result a straight line was
first fitted through the data points for those speci-
mens with B¥ = 21 mm, in which no stable crack exten-
sion occurred before cleavage. The Weibull parameter
for these specimens are

m = 4.24, b21 = 90.5

This Weibull distribution describes the data up
to P = 0.57 (the failure probability for the onset
of stable crack extension at J_., = 87.2 mm).

EA

Equation (12) now can be used to predict the fai-
lure probability for the region of stable crack exten-
sion. The quantity w - the sampling width for cleavage
cracking - is unknown. It should be on the order of
the distance x of the origin of cleavage from the
crack front. Figure 7 includes the predictions for the
average distance w = 0.39 mm and for an upper limit
of w =1 mm.
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The prediction for the specimens with B® = 9.5 mm
and B* = 4 mm are also included in Fig. 7 . For low
failure probabilities within the linear part cleavage
crack should start without prior stable crack exten-
sion. The Weibull parameter m is the same as for the
specimens with B*¥ = 21 mm. The parameter b and the cri-
tical failure probabilities Pf are

- x _
by g 109.1, Pg 7 0.32 for B” = 9.5 mm

by = 133.8, Pg = 0.15 for B® = 4 mm

Figure 7 shows clearly that the predictions are
not in agreement with the experimental results, both
for failure before the onset of ductile tearing and
failure after ductile crack extension. For instance,
regarding the specimens with B®*= 9.5 mm one out of 21
tested specimens failed without stable crack extension

whereas 7 failures had been predicted by the weakest
link model

wWithin the region of stable crack-growth larger
Jie -values were measured for a given failure probabi-
1ity than had been predicted. 1t was not possible to
achieve better agreement by adjusting ® within a rea-
sonable range.

CONCLUSION

The investigation on the size effect is not complete.
Specimens with B = 50 mm have to be tested. The re-
sults obtained sO far can be summarized:

1. Cleavage crack starts with or without prior stable
crack extension at a distance up to 1.5 mm ahead
of the crack tip.

2. Within the investigated range of the size of speci-
men and of the crack extension the ductile stable

crack-growth can pe described by one JIR—Aa—curve.

3. It is not possible to predict the scatter of the

J-integral at the onset of cleavage cracking of

the specimens after stable crack extension apply-
ing a weakest 1link model with the assumption of no
change of the stress state at the tip of the crack.

The initiation of cleavage cracking ahead of the

crack tip was also observed by Rosenfield and Shetty
(7). Tt 1s related to the stress distribution near
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the crack tip which has a broad maximum. Cleavage frac-
ture is initiated if the stress reaches a critical va-
lue at a weak point ahead of the crack tip. A detailed
model is given by Wallin et al (8). Therefore cleavage
cracking without prior stable crack extension should
start somewhere within the maximum stress range. For
cleavage cracking after ductile tearing a weak point
reaches its critical cleavage stress always ahead of
the advancing crack. A more detailed evaluation of the
distance x is given elsewhere (Ehl, Munz, Briickner (9)).

The size effect can be tentatively explained by an
effect of thickness and of ductile crack extension on
the constraint ahead of the crack tip. Applying the
requirements for plane strain JIC— evaluation

J
B, W-a »>25 —I€
Yy
as an indication with o = 497 MPa, valid JI—values
should be obtained up t& JI = 496 N/mm for "B = 25 mm,
JI = 249 N/mm for B = 12,5 mm, J_ = 99 N/mm for

B = 5 mm. As expected the ductile J -Aa-curve is in-
dependent of the size of the speciméns within this
range. With regard to cleavage cracking obviously the
size requirement has to be modified. Without an exact
knowledge of the three-dimensional stress distribution
ahead of an advancing crack no detailed explanation
can be made. It seems, however, that cleavage cracking
is much more susceptible to the stress state at the
crack tip and that this stress state changes during
stable ductile crack extension.
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