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A finite element crack growth model is presented which is based on the cohesive zone method and which
handles crack initiation and crack growth with a prescribed traction–separation law. In this two param-
eter approach, the fracture behaviour is determined by the cohesive strength and the separation energy.
The model is applied to simulate three-point bending tests of unirradiated reduced-activation ferritic–
martensitic steels. The specimen size is varied from nearly standard to miniaturized dimensions to
investigate its influence on the crack resistance curve. Additionally, the effect of side grooving on crack
initiation and the early stage of crack growth is studied with the presented numerical method.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Due to the limited irradiation volume provided by IFMIF and
other irradiation facilities small specimen testing technologies will
be developed particularly for fracture mechanical characterization
of irradiated reduced-activation ferritic–martensitic steels (RAFM).
Among others miniaturized fracture mechanical three-point bend-
ing specimens are considered with the size of Charpy-V subsize
specimens (KLST), commonly used in irradiation programs. As
plasticity dominates in RAFM steels particularly at temperatures
and strain rates within the ranges of application, the requirements
for a valid standard test are not met for miniaturized specimens.

Our goal is to establish a method which allows transferring frac-
ture data determined with miniaturized specimens to standard
specimens. In this paper, a concept based on the cohesive zone
method is presented [1]. This two parameter approach is used in
finite element simulations of three-point bending tests where the
effect of the specimen size and of side grooving on the crack resis-
tance is studied.

2. Numerical approach (modelling)

2.1. Phenomenological cohesive zone model

Cohesive zones are a suitable method to handle crack initiation
and crack propagation with a prescribed traction–separation law
[1]. They have already been successfully applied to study the frac-
ture behaviour of ductile [2] and brittle [3] materials. In case of
ductile metals like RAFM steels the separation of the cohesive zone
ll rights reserved.
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originates form the void nucleation and void growth in the process
zone around the crack tip. We chose the partly constant traction–
separation law (TSL) presented by Scheider and Brocks [4] for duc-
tile behaviour. This law is an idealization of the results of unit cell
calculations [2,5]. The main cohesive parameters are the cohesive
strength rc and the critical separation dc or alternatively the sepa-
ration energy Cc. These parameters can be determined by fitting
them to experimental curves such as J–R curves and load–displace-
ment curves. A good starting value for Cc can be obtained from a
fracture test as the value of the J-integral at crack initiation JIC

and a reasonable value for the cohesive strength rc can be deter-
mined from notched tensile tests as the maximum true stress at
fracture [3].

For our demonstration example we have chosen a value of
250 N/mm for Cc which is the JIC value determined for EUROFER
97 [6] and a value of rc of 1500 MPa which corresponds to three
times the initial yield stress [5] of a RAFM steel. The additional
shape parameters d1 und d2 shape (for TSL) are taken to be 0.01
and 0.165 mm which results in a critical separation dc of 0.173 mm.

2.2. Finite element modelling

As it is common to use Charpy-V subsize specimens (KLST) in
irradiation programs, we chose a size of 3 � 4 � 27 mm3

(B �W � L) for the miniaturized bending specimens. Due to the
symmetry it is sufficient to model only one quarter by applying
the appropriate symmetry boundary conditions. In accordance
with the three-point bending tests performed on EUROFER 97 by
Gaganidze et al. [6] the initial crack length of interest is
a0 = 1.4 mm leading to an a/W-ratio of 0.35. Cohesive zone ele-
ments of the size 0.037 mm � 0.15 mm with eight integration
points are placed along the potential crack ligament (B � (W � a0))
which lies at the middle plane due to pure Mode I occurring during
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Fig. 2. Crack resistance curves computed numerically for a miniaturized unnotched
specimen (marked by the square symbol), for a three times larger unnotched
specimen (marked by a circle) and for a miniaturized side-grooved specimen under
three-point bending.

Fig. 1. Finite element model representing one quarter of a miniaturized specimen
showing the r11 stress distribution calculated at a load-line displacement of 2 mm.
The initial crack length is 1.4 mm and it has extended in average by 0.22 mm.
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a bending test. These cohesive zones are implemented in the com-
mercial finite element (FE) code ABAQUS 6.6 as user defined finite
elements by use of the user element subroutine UEL developed at
GKSS Research Centre Geesthacht [7]. The remaining part of the
small specimen is meshed with ordinary 8 noded solid brick ele-
ments. The part of the mesh along and around the crack ligament
can be seen in Fig. 1. The material behaviour of the continuum fi-
nite elements is modelled elasto-plastic with a Young modulus of
210 GPa, an initial yield strength of 500 MPa and strong linear
hardening (ry = 3000 MPa at epl = 0.7) to avoid plastic instabilities.
In this first rather qualitative study the selected values of the mate-
rial properties particularly those of the yield stress and the linear
hardening are preliminary and will be later on improved by taking
into account the real mechanical behaviour of EUROFER 97 which
will allow a reasonable comparison between simulation and exper-
iment in the future. The loading conditions are represented by dis-
placement boundary conditions: (i) support points are restricted in
their vertical movement (v = 0) and (ii) points in contact with the
loading device are moved in vertical direction with a given cross
head speed.

To study the size effect a second mesh has been created for a
specimen with three times larger dimensions, namely
9 � 12 � 81 mm3. To avoid mesh dependency the size of the cohe-
sive zone elements and of the solid finite elements around the
crack tip and along the crack ligament remained unchanged.

3. Simulation results

3.1. Influence of the specimen size

The crack growth model presented above was applied to simu-
late displacement controlled three-point bending tests on minia-
turized KLST specimens (3 � 4 � 27 mm3) with a distance S
between the two specimen supports of 24 mm. As a result Fig. 1
shows the stress distribution of r11 (i.e. normal stress component
to the crack plane) computed for a load-line displacement of
2 mm. As due to the higher triaxiality in the inner part the cohesive
zones placed there experience higher tractions, consequently the
cohesive strength is reached earlier and they separate to a larger
extent than the ones near the surface. At the middle line the critical
separation dc has been already reached in 10 cohesive elements
leading to a crack propagation of 0.37 mm while near the surface
only three cohesive elements are ‘broken’ (see Fig. 1). Averaged
over the whole thickness the crack length extension Da is equal
to 0.22 mm.
One important result of the FE calculations are load versus load-
line displacement curves as they are the basis for the determina-
tion of the J-integral with the ASTM standard E 1820 [8]. As in
the future we want to compare our numerical results with the
experimental crack resistance curves, we apply the same relation
to calculate the plastic J-integral Jpl as proposed in the ASTM stan-
dard for the basic test method:

Jpl ¼ 2Apl

BNðW � a0Þ
;

where Apl corresponds to the area under the load versus plastic
load-line displacement curve. BN stands for the distance between
the roots of side-grooved specimens and BN = B if no side grooves
are present.

Additionally to Jpl the crack growth Da is determined for each
increment by averaging over the total area of ‘broken’ cohesive ele-
ments divided by B. Note that in contrast to the experimental value
this Da does not include the crack extension due to blunting. In
Fig. 2 Jpl is plotted versus the corresponding crack extension for
the miniaturized specimen.

The same procedure is repeated with the model for the three
times larger specimen. Note that only the geometry is changed
while material and cohesive parameters remain the same. The
resulting crack resistance curve for the larger specimen is also
shown in Fig. 2. One can see that it lies below the corresponding
curve of the miniaturized which reveals the geometry dependence
of J(Da) curves.

3.2. Influence of side grooving

To obtain a straight crack front it is common to side groove the
specimens [6]. To analyse their effect with our crack growth model,
we modified the mesh of the miniaturized specimen by incorporat-
ing V-shaped 0.33 mm deep notches along the ligament. The sim-
ulations were repeated for this new geometry. The resulting J–Da
curve is marked in Fig. 2 as dotted line. Right after the initiation
it deviates from the curve of the unnotched miniaturized specimen
and approaches the curve of the larger specimen.

The lower value for the J-integral can be attributed to the con-
straint in thickness direction occurring due to the presence of the
notch which is confirmed by Fig. 3. There the quarter of the side-
grooved specimen is viewed along the horizontal direction looking



Fig. 3. View on half of the crack ligament showing the crack front for a miniaturized
side-grooved specimen at a load-line displacement of 2.2 (a) and on the miniatur-
ized unnotched specimen at a load-line displacement of 2.9 mm (b). In both cases
the crack has extended in average by 0.6 mm (on the left side lies the middle line
and on the right side there is the free surface).
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at the crack ligament revealing the shape of the specimen and the
shape of the crack front predicted for a load-line displacement of
2 mm. (see Fig. 3(a)). One can see that only a small contraction oc-
curs in thickness direction in the root of the side groove and that
the crack front remains rather straight. For comparison reasons
the same view is plotted for the unnotched specimen in Fig. 3(b)
for the same average Da of 0.6 mm. Without a side groove the min-
iaturized specimen necks stronger resulting in a higher plastic
work which is the reason for its higher value of the J-integral.
4. Conclusions and outlook

It is well known that experimentally determined J–Da curves
depend on the geometry of the specimen. In this paper, we could
show that our crack growth model based on the cohesive element
method can cope with this geometry dependence. With the two
cohesive parameters cohesive strength and separation energy it
is capable of predicting the different behaviour of small and large
three-point bending specimen and of side-grooved specimen. The
simulations confirm that side grooving helps in obtaining a straight
crack front and that miniaturized side-grooved specimens show a
similar behaviour as large specimens. After this rather qualitative
study we will fit the cohesive parameters to experimental curves
determined with miniaturized specimens, use the same parame-
ters for the prediction of the crack resistance in standard speci-
mens and verify these results.
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