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INTRODUCTION

beltline materials is continuously monitored throughout the lifetime of the nuclear power plant to guarantee the
smooth operation of the plant. The base material of RPVs is ferritic steel, which undergoes ductile fracture at
elevated temperatures and brittle fracture at lower temperatures. It also should be noted, that the transition from ductile to
brittle behavior is shifted to higher temperatures when these steels are subjected to neutron irradiation. In order to ensure

R eactor pressure vessels (RPV) are key parts of nuclear power plants (NPPs). The fracture toughness of RPV vessel
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that ferritic steels preserve sufficient structural integrity at setvice temperatutes, actual RPV materials are used in monitoring
programs that provide an assessment of toughness behavior over their service life. These monitoring programs were initially
based on impact energy measurements of Charpy specimens. However, Charpy tests cannot directly measure the fracture
toughness of the material. The amount of material required for accurate characterization of ductile-brittle transition region
(DBTR) for fracture analysis is sometimes limited. However, nuclear power plants usually have many irradiated and
previously tested Charpy specimens, so further investigations can be performed by cutting up them. Such tests can be carried
out with mini CT specimens, as up to eight of them with 4 mm thickness can be produced from a single Charpy specimen
[1].

In addition to investigating RPVs, miniaturized specimens can also be used to determine the fracture toughness of many
other components. For example, Bao et al. [2] in order to overcome the limiting dimensions of welded metal and heat
affected zone regions, used miniature SENB specimens to perform fracture toughness tests.

The simulation of the brittle-ductile transition zone is still not yet solved. The main concept of this research work is to
combine a brittle and ductile model, so during the simulation, the driving force of the crack propagation could change based
on which type of fracture mechanism is more dominant. Subsequently, simulations should be performed at several
temperature levels. For the ductile damage model, the well-known Gurson-Tveergard-Needleman (GTN) model was chosen
131, [4]

One of the main advantages of the VCCT model [5] is that the crack does not propagate when elements are removed from
the simulation but opens the mesh when the set limit is reached. The method was originally developed for the simulation
of brittle fractures, where the fracture criterion is defined as the limit of the strain energy accumulated at the crack tip, but
its finite element representation allows the simulation of ductile crack propagation. An important step in the model
development was to investigate how the advantages of the GTN and VCCT techniques can be applied in a model to
determine the Jq fracture toughness value of a given material as accurately as possible using simulation tools. In the
followings, the modification of the VCCT method is going to be introduced, which at the moment can be used for the
determination of Jq in the ductile region. The article contains the second step of the validation procedure, where
miniaturized and normal SENB specimens were investigated.

OVERVIEW OF GURSON-TVERGAARD-NEEDLEMAN MODEL

n case of fracture mechanics two approaches are distinguished: the global and the local approach. The global approach

assumes that the fracture toughness can be described by a single parameter. Furthermore, it does not pay attention to

the micro-mechanisms of failure. In addition, the parameter defined depends on the size of the sample, which makes
the transferability of laboratory measurements to large-scale equipment problematic. This is the reason why the local
approach to fracture is an area of increasing research [0].
For the local approach, fracture toughness modelling is based on local fracture criteria, which are subsequently applied to
the crack tip. The advantage of this method is that the criteria thus defined depend only on the material and not on the
geometry, which ensures that the measurement results can be implemented in large-scale equipment tests [7], [8]. It can also
be used when only a small amount of material is available. The identification and determination of micromechanical
parameters requires a combination of laboratory tests and numerical simulations. The basic structure of the model most
commonly used to describe plastic deformation was described by Gurson in 1977 [3]. In the GTN model the yield condition
is described by Eqn. (1).

® :(O'eqz)/(o'fz)*'zf*% cosh((3q2p)/(20']))—|:1+(% _f*)z} @

where o, is the von Mises equivalent stress, p is the hydrostatic stress on a mesoscopic scale, oy is the yield stress of the
fully dense matrix material as a function of the equivalent plastic strain in the matrix, f*is the damage parameter, qi and q2
are material parameters for modeling low void volume fractions. The parameter qi was introduced to improve the Gurson
model for small values of the void volume fraction. For solids with periodically spaced voids, numerical studies have shown
that q1=1.5 and q2=1 give reasonably accurate results. Based on the description proposed by Needleman (Needleman and
Tvergaard 1984), the void volume fraction f in the flow function was replaced by the modified void volume fraction f*. By
introducing this f* parameter, the rapid decrease in load-bearing capacity can be modelled when void merging occurs.
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where f. is the critical void volume fraction, f; is the void volume fraction at failure and £, is the reciprocal of qi. The void

fraction varies with the growth of existing voids and the formation of new voids and can be written as:
f=r+T 3)

where f . is the change due to the growth of existing voids and fﬂ is the change due to the nucleation of new voids. The

void growth can be determined from the compressibility of the matrix material surrounding the void. Thus, f, is based on

the law of conservation of mass and can be expressed using the void ratio:
fo=(1=1)él; 4

. 5l . .
where &/, denotes the plastic volume strain rate.

The formation of new voids can be considered as deformation- or stress-driven. Both follow a normal distribution around
a mean value. For deformation-driven nucleation can be described as follows:

2
. 1 .
Jy=e=Sexp| ——| | |&) ®)

SN2 20,

where f, is the volume fraction of void nucleation, ¢, is the mean strain for nucleation, S, is the standard deviation, which
will be larger if the particle size of the second phase in the material varies greatly than if the particle size is more uniform
and finally é‘,ﬁ/ is the effective plastic strain.

Based on this the Gurson-Tvergaard-Needleman model contains eight parameters, which can be given in simplified form
as follows:

(DZCD(%»%’fo»fwfwff»gn»Sn) ©)

The Gurson parameters listed above for a given material can be determined as follows.

— Initial void volume fraction, fo: It gives the initial void volume fraction of inclusions in the material that are not strongly
bound to the matrix. It can be determined by scanning electron microscopy (SEM) metallurgical examination and
validated by examination of notched tensile specimens.

—  Critical void volume fraction, f.: Its value can be determined by fitting the numerical calculations to the measurement
results (notched tensile test specimen displacement load or cross-sectional contraction load cutve).

—  Volume fraction for void nucleation, fu: It can be determined by metallographic studies or by fitting numerical analysis
data to experimental data.

—  Failure void volume fraction, fg It is determined by metallographic tests. Its value has no significant influence on the
parameter fit. The recommended value is between 0.1 and 0.2.

—  Mean strain for nucleation, e,: It can be determined from tensile testing and metallographic examination; however it is
a very difficult procedure.

— Standard deviation, Sn: The nucleation process follows a statistical distribution. Chu and Needleman (1980) have
proposed a Gaussian distribution for the instantaneous volume fraction of cavities produced with different deformation
values. The S is usually taken to be 0.1 for steels but has no significant effect on the results of the tests.
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— Yield surface multipliers, qi=1.5, q2=1.0 and q3=2.25(=q:?). These values are not usually changed, but some studies
suggest that these parameters are also material dependent [9][10].

APPLICATION OF ANN METHOD FOR THE DETERMINATION OF GTN PARAMETERS

was constructed and trained using data obtained from finite element simulations. For this purpose, small, notched

test specimens were developed, the results of which were fitted with the force-displacement curve from the finite
element simulation to determine the Gurson-Tvegaard-Needleman damage parameters. The test specimens were prepared
from a 15H2MFA based broken SENB specimen. From this, 8 specimens with parallel test sections and 3x2 specimens
with notched flat test pieces were obtained. For the notched specimens, 3 different notch radii were used, with radius of 1,
2 and 4 mm (Fig. 1 left). The right side of Fig. 1 shows the dimensions of the 2 mm radius specimen. The specimens with
parallel side were used to determine the flow curve of the material.

T o determine the optimal GTN damage parameters for the 15H2MFA material, an artificial neural network (ANN)
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Figure 1: Small flat notched tensile specimens (left), Dimensions of notched flat tensile specimen (right).

The chemical composition of the 15H2MFA austenitic steel is given in Tab. 1.

C S P Mn Cr Si Ni Cu As Y Mo Co

0.13-0.18  =0.02 <0.02  0.3-0.6 25-3.0 0.17-0.37 <0.4 <0.3 <0.04 0.25-035 0.6-0.8 =0.025

Table 1: Chemical composition of 15H2MFA.

The tensile tests aimed to determine the strength and deformation properties of the test materials. The tests were carried
out using an Instron E10000 uniaxial electrodynamic materials testing machine. Surface deformations were recorded by the
GOM 3D optical measuring system and the results were subsequently evaluated using the GOM Cortrelate 2017 software.
During the measurement, the flash cameras track the black and white pattern of the specimen surface - also shown in Fig.
2 - with individual dye points, and the deformation of the specimen can be determined from the displacement of the dye
points relative to each other.

Figure 2: The clamped specimen and the unique pattern on its surface.
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Once the yield strength (523 MPa) was determined from the specimens with parallel sides, a finite element simulation of
the notched tensile test specimens could be prepared. The resulted true stress-plastic strain curves are shown in Fig. 3. Later
in the simulation the averaged version of it was used.
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Figure 3: Flow curves obtained from the tensile test.

Note that all the finite element simulations presented in the following have been performed in MSC.Marc Mentat software.
The material properties of 15H2MFA steel were set for all models. The modulus of elasticity was set to 203 GPa and the
Poisson's ratio was 0.3. Quarter models were used in the calculations to take advantage of the symmetry, meaning that both
longitudinal and transverse symmetry were assumed. An element size of 50 um was used in the crack environment.

Fig. 4 shows the boundary conditions applied to the model of notched tensile specimens. Due to symmetry, degrees of
freedom were constrained in x (sym_x), y (sym_y) and z directions (sym_z), and the load (load_x) was defined on the
specimen's clamping section, to which the surface nodes were linked to a point.
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Figure 4: Boundary conditions applied to small notch flat specimens.

The next step is the determination of the GTN parameters, which can be considered as an optimization process where the
objective function is to fit the force-displacement curve from the measurement to the results obtained from the simulation.
The variables are the GTN parameters, and the constraints are applied to these values. This requires several subtasks to be
performed. First, finite element simulations are required, as the input data are provided by the results of these simulations.
The second step is to use this data to train the ANN program. During this process, the input data can be generally divided
into three groups: training, validation, and verification, however, since the Bayesian regularization method is used, the
validation domain is included in the training set. It is important to note that the number of neurons in the hidden layer
should be set to a value between the input and output parameter numbers, but it may exceed these numbers, but care must
be taken that the program should not generalize the results. In this case, both the input and output parameter sets were
between -1 and 1, so scaling them was not necessary. Finally, after training, the goodness of training can be checked using
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a previously isolated data set. If these are within a given error range, the network can be simulated with the measured data,
from which the GTN parameter set for the material can be determined.

From the above, in the first step, it is necessary to specify a matrix of damage parameters in order to generate the input data
set. During the optimization process, these ranges represent the constraints. For this purpose, a range for each GTN
parameter was defined based on the literature. Among the GTN parameters, qi, qz and S, (variance) were given fixed values,
thus changing a total of 5 parameters in the optimization task.

Eight force-displacement data pairs were selected to compare the simulated and experimental force-displacement curves.
Since the force-displacement curve is relatively horizontal in the region where the GTN parameters affect the curve,
displacement values were taken for given force values.

Ut | r

Ug | Fs

Figure 5: Built-up of artificial neural network.

The usage of the ANN to determine the optimal GTN parameters was introduced in more detail in reference [11] and [12],
here only the most important information are included. Two-layer feedforward network with sigmoid hidden neurons and
linear output neurons was used. As the data complexity is simple only one hidden layer was applied. The ANN was cross
validated; thus the 90 sample was split into training and testing sets.

The neurons in the input layer correspond to the displacements associated to the chosen 8 forces. 8 values were chosen to
describe sufficiently the force-displacement curve. The size of the output layer was fixed as the neurons in the output layer
represent the damage parameters to be identified (f,, f, ff, €n, fn). The number of hidden neurons is commonly chosen close
to the number of input data. To determine the correct number of hidden neurons, a trial-and-error approach was used. For
different numbers of hidden neurons, the ANN was trained ten times, and the value of the errors was calculated. Then, for
the final ANN, the smallest number of hidden neurons that still gave satisfactory results was chosen. The ANN (8-6-5) has
a structure consisting of 8 neurons in the input layer, 6 neurons in the hidden layer and 5 neurons in the output layer. The
build-up of the artificial neural network is shown in Fig. 5.

Finally, the optimized GTN parameters are listed in Tab. 2.

Name Parameter Value range
Yield surface multiplier qi 1.5
Yield surface multiplier q2 1

Initial void volume fraction fo 0.0008
Critical void volume fraction fe 0.1591
Failure void volume fraction fr 0.4035
Mean strain for nucleation €n 0.1803

Standard deviation Sa 0.05
Volume fraction for void nucleation fa 0.0099

Table 2: Optimized values of GTN parameters.
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APPLICATION OF DAMAGE PARAMETERS DETERMINED BY ARTIFICIAL NEURAL NETWORKS ON SENB TEST
SPECIMENS

introduced in [11] while the analysis done with 0.16T CT was presented in reference [12]. However, if we have only

0.16CT test, the dimensional response of the parameters can not be investigated, also with only CT geometry, only
one type of restricted deformation state can be investigated, which may pose problems in verifying geometry independence
and determining local parameters for state-of-the-art analyses. Therefore, normal and mini SENB specimens were also
prepared which has a different restricted deformation. The mini SENB can be prepared from the Charpy specimens used
in the reactor pressure vessels. The measurements thus made can provide sufficient information to determine the parameters
of local models. In the followings, the procedure of the measurements and the simulations are going to be introduced.

T he GTN parameters given in Tab. 2 were already validated with the results of 1T CT specimens which were

Measurements of mini and normal SENB specimens

For fracture mechanics tests, 8 mini SENB specimens were prepared from the 15H2MFA material, but only 4 specimens
were successfully preloaded and tested. The length of the specimen is 22 mm, the width is 4.5 mm and the height is 5 mm,
the dimensions of the specimen are shown on the right side of Fig. 6. The tests were carried out on Instron E10000 material
testing machine according to ASTM E1820-20 [13]. Before testing, a pre-crack was created on the notched specimens by
fatigue. The final length of the pre-cracks had to be between 0.45W and 0.55W, where W is the height of the specimen. The
crack opening was measured with an Epsilon 3541-003M-025M-LT crack opening extensometer and the load displacement
was measured with an Epsilon 3540-012M-LHT deflection extensometer.
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Figure 6: Dimensions of standard (left) and mini (right) SENB test specimens.

Three normal SENB test specimens were prepared from the 15H2MFA material. The dimensions of the specimen were
120x20x10mm (Fig. 6 left). The tests were carried out on an Instron 8803 materials testing machine according to ASTM
E1820-20. A pre-crack was created on the notched specimens by fatigue. The crack opening was measured with an Epsilon
CP100856 crack opening extensometer and the displacement in the direction of loading was recorded by the machine. After
the tests of mini and normal SENB specimens, the pre-crack (ag) and ultimate crack (a,) sizes were measured on each
specimen at 9 points according to ASTM E 1820-20 [13]. The layout of the mini and standard SENB specimen fracture
mechanics tests is illustrated in Fig. 7.

Finite element model of SENB specimens

For the simulation of mini SENB test, a finite element mesh with the inclusion of the Gurson damage model was generated
which is shown in Fig. 8. Due to the symmetry, it was possible to use a quarter model where the missing geometry was
taken into account using boundary conditions. A denser mesh was required in the vicinity of the load and support rollers,
as well as in the region of the pre-cracking and the crack propagation direction.

The mesh size in the crack region is 50 um, the model contains 62160 hex(8) elements and 68589 nodes. Along with the
thickness, the damage model requires more eclements in the environment of the crack propagation. To lower the
computational capacity and time, larger elements were created as the distance from this region increased. The aim was to
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have the same element size in all three directions in the path of the damage propagation. The shape of the pre-crack used
for the validation of the mini SENB damage parameters was set to the dimensions obtained from the tested specimens.

Figure 8: Mini SENB specimen finite element mesh for damage model (left), boundary conditions — yellow: load, blue: longitudinal
symmetry, red: symmetry along thickness (right).

During the generation of the finite element mesh of the normal SENB specimen, the same assumptions were taken into
account as in case of the miniaturized version. The arrows marked with red and yellow ensure the symmetry along the length
and thickness of the specimen, while the blue arrows indicate the displacement of the load roller, which is not allowed to
move in the thickness and length directions, nor is the roller allowed to rotate along any axis. All degrees of freedom of the
support roller are limited. The support and load rollers were simulated as rigid bodies and a touching contact was set between
them and the flexible specimen. The mesh generated for the model and the locations of the boundary conditions are shown
in Fig. 9.

Elastic-plastic material model was chosen for the simulation where for the elastic material properties Young’s modulus was
set to 203 GPa and the Poission’s ratio to 0.3. The flow curve was obtained from the 8 specimens with parallel sides.

Validation of GTIN parameters

The validation of the GTN parameters was performed on the mini and normal CT and SENB specimens. In the followings,
the results of SENB simulations are going to be introduced, the results of CT specimen were shown in reference [11] and
[12]. In case of the mini specimen in reference [12] it was already shown that the real geometry dimensions of the pieces
and the real pre-crack shape has some impact on the final force-displacement curves, therefore this effect in case of the
mini SENB specimen was also checked. Fig. 10 shows the pre-crack of the specimen. In the first version the measured
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values were averaged, which is a common procedure in case of normal sized specimens, and the simulation was carried out
with this pre-crack length, here the theoretical dimensions of the specimen was used (Fig. 6 right). In the second version
the pre-crack shape was simplified for half geometry to take it into account to some extent.

=l

r - i d i

ol I |

Figure 9: normal SENB specimen finite element mesh for damage model (left), boundary conditions — blue: load, yellow: longitudinal
symmetry, red: symmetry along thickness (right).
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Figure 10: Pre-crack length as a function of the thickness.

In case of the mini SENB specimens, the force is illustrated as a function of crack opening displacement (COD). The results
obtained from the test and simulations are compared in Fig. 11, both in terms of the force-displacement curve, which
include both simulation cases and crack propagation (fracture surface) where only the shape obtained from the real geometry
and pre-crack shape are compared. The results show that the simulation with the real geometry dimensions and the
simplified version of the real pre-crack shape is in very good agreement with the measured force-COD curve, while the
simulation with the theoretical sizes and averaged pre-crack length has some deviation from the measured curve. It also can
be concluded that, the damage parameters defined with ANN are appropriate for the 15 H2MFA material, as when applied
to a fracture mechanics test specimen with different geometry, the simulation results show good agreement with the
measured data.

The usage of the real dimensions and pre-crack shape is not necessary in the case of the normal specimens, therefore for
the generation of the mesh the dimensions given on the technical drawing was used, and an averaged value was applied for
ao. For the normal SENB test specimen, the averaged pre-crack size was set in the model, giving the result shown in Fig.
12. Here, the effect of the shape of the pre-crack was less significant. It can be seen that the simulations with the determined
GTN parameters are in very good agreement with the test results. However, it should be noted that these parameters are
element size dependent therefore they can only be used when in the region of crack propagation is 50 um. With this, the
geometry independence and the method of the determination of local parameters for state-of-the-art analyses was verified,
as for both restricted deformations state the GTN parameters worked well.
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In the simulations, it was found that the small-size specimens (mini SENB, mini CT) were more sensitive to geometric
dimensions and also to the size and shape of the pre-cracking, which were not present in the normal-size specimens.
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Figure 11: Fracture surface (left) and force-COD diagram (right) of mini SENB test specimens.
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Figure 12: Fracture surface (left) and force-COD diagram (right) of normal SENB test specimens.

IMPLEMENTATION OF THE MODIFIED VCCT METHOD FOR THE SIMULATION OF SENB SPECIMENS

Built-up of 2D finite element model

n order to determine the goodness of fit of the developed model, a 2D finite element model of the normal-size SENB

specimen was constructed. The VCCT method requires a predefined crack path limited to the element boundaries.

The modified finite element model of the standard SENB test specimen is illustrated in Fig. 13. A 2D plane-strain
model with linear four-node elements was used in the simulations, while the rollers were assumed to be perfectly rigid. A
displacement in the vertical direction was given at the center of each of the two pins, while the displacement in the horizontal
direction was fixed. Finally, to ensure that the model could not move in the direction perpendicular to the force, gripping
along the plane of symmetry of the specimen was applied at the nodes as illustrated in Fig. 13. The mesh of the mini SENB
specimen was generated the same way as it was already introduced in case of the normal SENB and it is shown in Fig. 14.
Experience has shown that for small specimens, contact surfaces should be taken into account as they have a large influence
on the results obtained. If the loading is applied along a point, the application of the damage model will cause locally large
deformations at the point of contact during the calculation, which will damage the material at this location, essentially

305



E){(ﬂ B. Spisak et alii, Frattura ed Integrita Strutturale, 68 (2024) 296-309; DOI: 10.3221/1GF-ESIS.68.20 R&{i

causing a numerical error in the simulation, and thus the results will be inconsistent with the measurement. Therefore, the
shape of the load roller pin has been taken into account during the generation of mesh.

)—s—
JARY i

Figure 13: 2D mesh of the normal SENB specimen (left), symmetry boundary condition.

J

Figure 14: 2D mesh of the min SENB specimen.

Evalnation of results with ASME E1820-20

The ASTM E1820, "Standard Test Method for Measurement of Fracture Toughness" standard [13] provides procedures
and guidelines for the determination of fracture toughness of metals using vatrious fracture parameters (stress intensity factor
K, J-integral and crack tip opening displacement 8). This test method is primarily used to conduct and analyse elastic-ductile
fracture toughness tests to characterise the resistance of a material to crack propagation, where the critical parameter is the
J-integral used at (or near) the onset of stable crack propagation.

In E1820-20b, two approaches are used to characterise the fracture toughness of metallic materials, multiple specimen
technique and single test specimen technique. Of the two versions, the second method was used for both the mini and the
standard SENB specimens. In this method, the crack propagation is inferred by measuring the specimen compliance by
applying small loads (less than 15 % of the maximum force) at regular intervals during the test. In this way, the number of
loadings is equal to the number of data points on the resistance (J-R) curve. The slope (expressed in terms of
displacement/force ratio) of these loads can be analytically related to the crack size for standard specimen geometries.
Fracture toughness was determined in the following cases.
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— Evaluation of test results for mini and normal SENB specimens.

— 2D load simulation, using a modified VCCT method, from which the fracture toughness value is determined according
to ASTM E1820-20.

— Unloaded 2D simulation using a modified VCCT method, from which the fracture toughness value is determined
directly from the simulation.

An important applicability criterion of the standard is that a minimum of 8 points or a correlation factor of at least 3 points

between 0.4]q and Jq or a correlation factor of more than 0.96 is required to determine the initial predicted crack size (aoq).

In addition, if the optically measured crack size, ao, differs from agq by more than 0.01W or 0.5 mm, the data set is not

satisfactory according to this test method.

Fig. 15 shows the evaluation results of the measured normal SENB specimen according to ASTM E1820-20. The number

of validated points exceeded 8 and at least one measurement result fell between the 1.5 mm and 2.0 mm construction lines.

In this case, the value of Jo was found to be 446.70 k] /m2 Note that the relative standard deviation of the material properties

related to the crack propagation resistance of the materials (Kic, Jic) is a "coefficient of variance" (standard

deviation/expected valuex100) of 10% or more. However, the experimental work is based on the intersection of these

values with different curves, so two-tenths order of magnitude was used in order to make more accurate comparisons.

Fig. 16 shows the evaluation results of 2D normal SENB specimen simulations according to ASTM E1820-20. In this case,

the value of ] was found to be 443.12 k] /m2
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Figure 15: Evaluation of standard SENB measurement results according to ASTM E1820-20.
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Figure 16: Evaluation of standard SENB 2D simulation results according to ASTM E1820-20.
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Comparison of results of miniaturized and normal SENB specimens
The fracture toughness values achieved from the SENB specimens are summarized in Tab. 3. In case of the normal SENB

specimens the measured and the simulated fracture toughness results are in good agreement, and the deviation is less than
2%.

Type of . . Fracture toughness .
Sracinen Origin of data Analyzing method (] /m?) Difference
Measurement 446.70 -
Normal ASTM E1820-20
1 1 1 0
SENB Simulation with VCCT 44312 -0.8%
Simulation with VCCT Simulation 439.62 -1.58%
.. . Measurement ASTM E1820-20 384.84 -
Miniaturized
SENB Simulation with VCCT Simulation 327.77 14.83%

Table 3: Fracture toughness results.

Unfortunately, in case of the miniaturized SENB the value of Jq is not valid based on the ASTM E1820-20 (2020) standard,
therefore the differences are higher between the normal and the miniaturized SENB results (around 17%) than the
deviations resulted from the miniaturized CT specimens in reference [12]. Furthermore, in case of the 2D simulations, it
was not taken into account how the real shape of the initial crack effects the force displacement curve during the calculation.

SUMMARY

fracture model was adopted to describe the ductile crack growth. The predictability of the proposed method was

evaluated and verified through the prediction of the ductile fracture pattern and the force-crack opening response.
The parameters of the GTN model were calibrated using uniaxial tensile test data of 15h2MFA steel from the material plate
used in this research work. Secondly, the force-crack opening displacement experimental data of the SENB test were
simulated on standard and miniaturized specimens with a/W=0.5 pre-cracking. The good agreement between the
simulations and the uniaxial tensile and SENB tests suggests that the GTN fracture model with well-calibrated material
parameters can provide reliable predictions of ductile fracture of structural alloys. Finally, the calibrated GTN model was
applied to modified VCCT simulations of SENB specimens. For normal SENB specimens, the measured and simulated
fracture toughness results show excellent agreement. In contrast, it was found that the agreement was not as good for the
miniature SENB specimen, and further investigation is needed to determine the reason for this.

2 D and 3D nonlinear FE analysis was performed to study the ductile fracture in the SENB test specimen. The GTN
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