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STRESS STATE ANALYSIS OF SUB-SIZED
PRE-CRACKED THREE-POINT-BEND SPECIMEN

Ludék Stratil®, Vladislav Kozdk**, Hynek Hadraba** Ivo Dlouhy™

The contribution deals with finite element analysis of stress state in sub-sized pre-
cracked three-point bend specimen (KLST). A studied material was Eurofer’97 steel.
The true stress-true strain curve was obtained from tensile test. The three-point-bend
tests were carried out on pre-cracked plain and side-grooved specimens at ambient
temperature. Performed tests were simulated using FEA software ABAQUS 6.10.
The stress state in KLST specimen was compared with the stress state of pre-cracked
Charpy and 1T SENB. The analysis confirmed the stress state in KLST specimens at
the crack tip does not correspond to the stress state of standard fracture toughness
determination because loss of crack-tip and out-of-plane constraint.
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1. Introduction

The determination of valid values of the fracture toughness usually requires using stan-
dard test specimens, which have sufficient dimensions to maintain the plain strain conditions.
However, there are certain cases, where is not enough test material available for use of stan-
dard test specimen. The test specimens with dimensions smaller than standard one are called
sub-sized specimens. The motivation for using sub-sized specimens can be found in amount
of test material, possibility to characterize fracture behaviour locally, e.g. in weld joint. The
use of small specimen is also necessary for development of materials in future fusion and
fission applications due to both limited space and high heating rates in available irradiation
facilities [1]. There are various types of sub-sized test specimen, but the most common
for determination of fracture toughness are miniature and/or disc shaped compact tension
specimens (CT) [2] and three-point-bend specimens (3PB). The latter are represented by
pre-cracked Charpy, the half of pre-cracked Charpy and KLST type of test specimen. The
KLST test specimen is the smallest of them with dimensions 3x4x27 mm?. Several varia-
tions of KLST specimens are used e.g. specimens for impact testing with V or U notch [3]
or pre-cracked specimens [1,4]. Small dimensions of KLST produce loss of constraint both
in plane and out of plain and, in addition to, statistical size effect. This makes interpreta-
tion of the test results measured on sub-sized samples difficult in comparison with standard
specimens. Owing to small thickness (3mm), the crack tip stress state in KLST specimens
is significantly influenced by close distance of its free surfaces and thus by the plane stress
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condition. Plastic flow reaches easily the surface of specimen bringing stress relaxation and
generating lower stress level in crack tip process zone. The described stress relaxation cause,
in the case of narrow thin specimens, the crack tunnelling effect [5]. The crack propagates
preferentially in central part of specimens [5,6]. If such specimen side-grooved the crack
tunnelling effect vanishes and crack tip front is more uniform. The stress state in the speci-
men varies also with length of the crack. The triaxiality level in the body with shallow crack
is lower than for deep cracked geometry.

The aim of this study is to quantify the stress state in plain and side-grooved KLST
specimens with various crack length (a/W). The comparison of the stress state at the crack
tip between the most used three-point-bend specimens, pre-cracked Charpy, standard 1T
specimen and KLST specimen is presented.

2. Constraint effects

The stress state in the specimen generally depends on the test conditions, namely loading
level, loading rate, test temperature and on specimen geometry. Particularly, the alloys
with BCC (Body Centered Cubic) lattice perform strong temperature and loading rate
dependence of yield stress. With decreasing temperature and increasing loading rate the
yield stress increases. By keeping previous conditions constant there is also the influence of
the specimen geometry, e.g. dimension, notch/crack geometry configuration. The crack tip
constraint should be evaluated in order to describe and handle with all the effects mentioned
above. The crack tip constraint can be described as limited extent of plastic deformation
at the crack tip by surrounding amount of elastic loaded material. The structure with high
level of constraint maintains high triaxiality level and vice versa. In the three dimensional
body the plastic deformation is spaced in the volume of material. Relating to specimen
dimensions and crack/specimen configuration the effect of constraint on plastic deformation
can be concluded as in-plain constraint and out-of-plane constraint. The former type can
be explained as the effect of unbroken ligament and the latter as the effect of specimen
thickness on the stress triaxiality level at the crack tip. Because of three-dimensional nature
the quantifications of individual constraint effects are not easy to distinguish [7]. When
external conditions significantly affect the stress level at the crack tip, crack tip stresses
relax, plastic strain field increases and the constraint loss occurs. This effect develops more
rapidly in specimens with shallow cracks. In low constrained geometries or at high loading
level, where the constraint loss occurs, the constraint effects associated with deviation from
small scale yielding (SSY) can be evaluated [5,8]. Moreover within certain conditions of
constraint loss those can be corrected to the conditions corresponding to SSY. A number of
micromechanical models have been used to solve those problems for ferritic steels fractured
by cleavage initiation in the transition region [1,5,8]. These models generally combine
simulation of crack-tip stress fields with local micromechanical models of damage. Newly it
was shown that also for ductile fracture the constraint effect can be evaluated. Zhou has
shown that the constraint parameters can be effectively used for obtaining R-curve under
low-constraint level [9].

3. Mechanical Testing

A studied material was Eurofer’97 steel type of RAFM (Reducted Activation Feritic-
Martensitic) developed for structural applications relating to fusion reactor. The nominal
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chemical composition of the steel is (in wt. %) 0.1% C, 9.0% Cr, 1.0% W, 0.2% Ta, 0.1% V.
Tensile tests were carried out to obtain true stress-true strain curve of the material. The
tensile test was performed on plain specimen with diameter 4 mm and gauge length 20 mm
according [10]. The tensile specimen was loaded quasistatically by loading rate 2 mm min !
on test machine ZWICK Z50. The elongation of specimen was measured by external ex-
tensometer. For bending tests three geometries of pre-cracked KLST test specimens were
prepared. The three-point-bend testing was preformed on test machine Instron 8862, tak-
ing into account standards [11]. The specimens were pre-cracked by cyclic loading on test
machine MTS Tytron 250 to various ratio of crack length to width (a/W). In the first
geometry the crack was introduced into half of specimen width (a/W ~ 0.5). The other two
geometries possessed shorter cracks (a/W ~ 0.35). One of specimen with ratio a/W ~ 0.35
was side-grooved after cycling (Fig.1). The specimens were loaded up to maximal load,

during the test the deflection of specimens was measured. All mechanical tests were carried
out at ambient temperature.
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Fig.1: The geometry of KLST specimen (upper), geometry of the starting chevron
notch and side-grooving (bottom left), dimensions in mm; the detail of FE
mesh of side-grooved specimen (right)

4. Finite element modelling

The software ABAQUS 6.10 was used for finite element modelling. The true stress-strain
curve of the studied steel was introduced applying incremental theory of plasticity. The
incremental curve was constructed by 26 lines connecting 25 points lying on true stress-true
strain curve. Beyond the ultimate strength (plastic instability limit) the incremental curve
was elongated up to 300 % deformation according angle which true stress-true strain curve
maintain before reaching the ultimate strength. Axisymmetric model of half of the tensile
specimen was created for verification of incremental curve. The model of tensile specimen
consists of 940 elements type of CAX8R (axisymmetric eight-node element with reduced
integration). Boundaries conditions were prescribed on the lower part of the model as
restricted movement in Y direction (Y = 0) and as symmetry on the left side in X direction
(XSYMM = 0). The tensile model was driven by displacement using nonlinear geometry.
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The model was loaded up to final deformation (Al = 5mm) by 0.1 mm increments prescribed
to the nodes in the upper part of the model. Because the only half of tensile specimen was
modelled, half-values of displacement were applied to the model. The force vs. displacement
dependence was obtained on the basic of reaction forces from the upper part of model Fig. 2.
The comparison of measured and modelled curves from Fig. 2 indicate suitability of applied
material curve.

The 3D models of the three KLST specimens were built in configurations described above
(Fig.1). Using symmetry only one quarter of specimen was modelled. In dependence on
the specimen geometry the models consisted from 30x10% to 40x103 elements of C3D8 and
C3D20R type. The C3D8 and C3D20R . are solid eight-node element and solid twenty-node
element with reduced integration, respectively. The supports and loading pin were modelled
as an analytical surface. The prescribed contacts were surface to surface type. To compare
the stress state in KLST specimen with other usually used specimen geometry, models
of standard and Charpy specimen were created. The models of pre-cracked standard and
Charpy type specimen with crack length keeping ratio a/W = 0.5 were modelled by the same
way as KLST specimens consisting of 39x103 and 28 x 102 elements, respectively. All models
described above were also driven by displacement using nonlinear geometry. Due to nonlinear
behaviour of the models the values of J-integral were evaluated for individual loading states.
The domain contour integral for evaluation of values of J-integral was used [12].
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Fig.2: Comparison of measured and modelled force-displacement curves

5. Results

The Eurofer’97 steel demonstrated fully ductile behaviour at ambient temperature. Three
curves load vs. deflection obtained from testing of KLST specimens are shown in Fig. 3. The
specimens with shorter cracks (a/W = 0.35) are loaded to higher forces than specimens with
standard crack length (a/W = 0.5) at the same deflection. It is because that specimens with
shorter cracks have longer ligament (the unbroken part of material beneath the crack tip)
and thus larger cross-section. Hence, loading of specimen with larger cross-section involves
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higher force. That can be also seen comparing curves for specimens with shorter cracks. In
the case of side-grooved specimen, its cross-section is reduced by lateral notches. The side-
grooved specimen has smaller cross-section than plain one and opens earlier and at lower
forces. Results obtained from FEA (dashed) are also shown in the same figure. Experimen-
tally determined and modelled load vs. deflection curves are identical only up to certain level
of deflection. The locations where the calculated curves deviate from those experimentally
determined are marked by arrows. No damage model was applied for FEA. That is why, load
vs. deflection curves are corresponding to experimental ones, when damage does not take
place. The deviation from measured curve could be connected with the onset of the crack
growth. In the case of plain specimens, the measured and modelled curves are identical up to
deflection about 0.4 mm, whereas for side-groove specimen just to deflection about 0.2 mm.
The earlier deviation of measured and modelled curve for side-groove specimen is probably
connected with earlier onset of ductile crack growth. The differences between used elements
were observed. Although more time-demanding, the elements of the type C3D20R showed
better computational performance than C3D8 elements when modelling large deflections.
The use of eight-node elements for large deflection calculations caused unrealistic deforma-
tion of loaded curves. That was the reason why twenty-node elements were mainly used for
computations.

1600I‘ll'l‘ll'!lll'llll'!!ll

1200 -
Z
2 800 -
3
0ok 0 aW 0.35 plain -
) aW 0.35 side-grooved
o - - —aWo05 -
i
0 FINE TR ST SR Y SRR N TN S U WO TN TN S N W NN UNN SN NNE W SN W 1
0 0.2 0.4 0.6 0.8 1

Deflection [mm]

Fig.3: Measured load vs. deflection curves of KLST
specimens and their FE simulation (dashed)

In the experimental part of the study the models of standard and pre-cracked Charpy
specimen were created for comparison with KLST specimen. To do this, the distributions of
maximal principal stress (MPS) ahead of the crack tip in the middle of the specimens were
obtained from the models loaded to the same value of J-integral. The distributions of MPS
are shown in Fig. 4 as the ratio of MPS to yield stress and loading parameter represented by
relation 7 0g/J. The non-dimensional loading parameter r oo /J is composed of the unbroken
distance below crack tip r [mm)], yield stress o [MPa] and J-integral [MPa.mm)]. The curve of
MPS for standard specimen has maximum approximately in r o¢/J = 1 and then decreases
smoothly. The shape of MPS for standard specimen could be assumed to be very close to
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Fig.4: Comparison of curves of MPS at the crack
tip in the middle of specimens

the plane strain conditions (i.e. conditions corresponding to SSY). Other specimens revealed
different shape of MPS distribution. The maximums of MPS distributions for pre-cracked
Charpy and KLST specimens are reached in lower distance from the crack tip and then
substantial decrease is observed. The biggest decrease is observed for KLST specimens.
The reduction of the stress fields at higher loading parameter is known as constrain loss and
is quantified for r og/J = 2 [2,5]. The decrease of the MPS is result of larger plastic flow at
the crack tip. The MPS distribution for KLST and also for pre-cracked Charpy specimen is
not comparable with the MPS distribution of standard specimen. This leads to conclusion
that under the tested conditions (ambient temperature, conditions of loading) the stress-
state in sub-sized KLST specimen does not correspond to the plane strain conditions. Pre-
cracked Charpy specimen seems to suffer less by the constraint loss than KLST specimen.
One may found observed graduation of constraint loss in different ligament size, which
is in modelled conditions 5mm and 2mm for pre-cracked Charpy and KLST specimen,
respectively. However, these specimens have also different thicknesses and that is why the
constraint loss is rather connected with different cross-sections below the crack. According
to the work of Vicek, during the loading of the specimen first out-of-plane constraint and
then in-plane constraint is developed [7]. Both types of constraint can be distinguished when
keeping constant one dimension of specimen cross-section.

The distribution of MPS ahead the crack tip for tested KLST specimens is in Fig. 5.
Although the specimens have different crack length, they maintain the same stress level. It
seems that the different crack length in this case does not affect the stress level at the crack
tip. It is in accordance with Chlup, who observed slight increase of stress at the crack tip
only for shorter crack with a/W = 0.2 [13,14]. For specimen with standard crack length the
MPS level is decreasing more in the higher distance from the crack tip. It was found that
shorter ligament was responsible for that decrease. During the loading the stresses change
gradually across ligament from tensile at the crack tip to compressive at a contact side of
specimen. In the specimen with shorter crack, the transition from tensile to compressive
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Fig.5: The MPS distribution in the middle of the
KLS'T specimens with different ligament
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Fig.6: The MPS distributions and J-integral level
along thickness in KLS'T specimens

MPS is smoother and hence, decrease of the stresses in the higher distance from the crack
tip is slower. Regarding the stress distribution across the specimen, the longer ligament
seems to be more suitable for longer crack propagation and thus for purposes of R-curve
evaluation.

The effect of the side-grooving on the stress state in KLST specimens could be followed
from Fig. 6. The MPS distributions at the crack tip in the middle part were identical both for
plain and side-grooved specimen. For side-grooved specimen the MPS distribution is quite
uniform along thickness except for locations close to the side notch root where decreases.
The shape of MPS distribution for plain specimen is different, the MPS is decreasing con-
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tinuously in direction to the surface and the difference of the stress level is substantial when
comparing the middle and surface part of the specimen. The distributions of total values
of J-integral along thickness have same trends as MPS distributions. To obtain J-integral
value of the specimen corresponding to that experimentally determined, the local numeri-
cally determined J-values must be averaged along the crack tip of specimen thickness. The
mean value of J-integral for side-grooved specimen averaged along the thickness appears
to be 42.1 Nmm~!. This is in good accordance with the value experimentally determined
44 7Nmm~!. In the case of plain specimen, the mean value of the J-integral determined by
this way was 40.9 Nmm™!, which is also well comparable with experimentally determined
value 42.0Nmm~!. The agreement between numerically and experimentally determined
values of J-integral was within 6 % and 3% scatter for side-grooved and plain specimen,
respectively.

6. Conclusion

KLST specimens were tested having different a/W ratio and in addition with and without
side grooving. The FEA was applied to obtain the maximal principal stress distribution
below the crack tip in experimentally tested specimen geometries and also in the pre-cracked
standard and pre-cracked Charpy type specimens. Stress state in the KLST specimen in
tested conditions (ambient temperature, conditions of loading) does not correspond to the
plane stress conditions needed for fracture toughness determination. The side grooving
helps to maintain the stress level at the crack tip along the thickness however it does not
have influence on the maximum value of the stress. The agreement between numerically
and experimentally determined values of J-integral was within 6 % and 3 % scatter for side-
grooved and plain specimen, respectively.
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