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Abstract

Steel grade 14MoV6 3 is used for manufacturing of boilers and steam pipelines designed for steam temperatures up to 560 °C.
This paper presents the numerical simulation of a CT-specimen, using the finite element method. The analysis was performed using
Ansys Workbench R21, and represents the initial stage of extensive research involving the behaviour of 14MoV6 3 steel. The goal
was to simulate the real experimental conditions, including boundary conditions and loads, which were defined in accordance with
relevant standards, and to obtain representative results. The temperature dependent mechanical properties needed for the simulation
of plastic behaviour of such specimens under tensile loads were obtained from the experimental data and the literature.
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1. Introduction
Application of the finite element method (FEM) is of particular importance in the field of fracture mechanics. It is
possible to determine the life time of the structure based on the predefined geometry of the structure, the mechanical
characteristics of the applied material, the position, geometry and dimension of the initial crack. This method made a
significant contribution to the design of bearing elements of complex geometric shapes.
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FEM is often used while designing structures in the presence of a crack. In elastic-plastic fracture mechanics (EPFM),
due to the non-linear behavior of materials, it is not possible to reach a solution in a closed form, so in addition to
experimental research, the use of FEM in this area is considered to be a very important part of the procedure [1]. Crack
modeling using FEM is efficient and cheap, but also problematic in terms of the required resources and the accuracy
of the results, which depends on the elements’ mesh that has been formed. Each new crack front requires the generation
of a new finite element mesh, which complicates rather complex structure of the existing mesh. Therefore, it is
necessary to re-generate the mesh in the vicinity of the crack tips, as well as its refinement to obtain the most accurate
results. Mesh redefinition is done by the user of the software, which means that a high level of knowledge and
professionalism is required from the one who create the finite elements mesh. [2, 3].

ANSYS is a commercial software for structural analysis using FEM. It offers users a large number of types of analysis
with three-dimensional (3D) modeling of structures [4,5]. For the purposes of the research presented in this paper, the
test specimen models were created in the commercial program CATIA v5 and then imported into ANSY'S in which
the value of the J-integral was calculated and the fatigue crack growth was simulated.

2. Calculation of the J-integral using FEM

All numerical simulations were performed in the Ansys Workbench R21 software package that relies on FEM. Two
models of C(T) specimens for testing at elevated and room temperature were created in CATIA v5, whose
geometries are shown in fig. 1 and 2. The models were then imported into Ansys Workbench, after which the finite
element grid was generated, boundary conditions and loads were defined [6-11].
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Figure 1. Modified C(T) test specimen for
fracture toughness tests in a high temperature
(HT) chamber

Figure 2. Step notch C(T) test specimen for fracture
toughness tests at room temperature (RT)

2.1. Specimen for elevated temperature testing

The following figures show the steps of defining the FEM from the definition of the initial geometry, Figs. 1 and 3,
through setting boundary conditions, entering loads and meshing, which led to obtaining a numerical model ready
for calculation of the specimen which will be tested at 540 °C (HT. The size of the elements varied depending on
their location, smaller elements were used in places where fatigue crack growth was expected, while larger elements
were used in places far from the critical ones, in order to keep the number of nodes as low as possible, so that the
calculation would be simplified to some extent. In all models, tetrahedral finite elements with 20 nodes were used,
Fig. 4, where the total number of nodes for the model at elevated temperature is 64368, while the number of
elements is 44559.
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Figure 3. Geometry of the sample for testing at HT Figure 4. FE mesh

For the force value, the maximum value from the experiment F=5000 N was taken, Fig. 5. A detailed view of the
boundary conditions: limited displacements in the y, x and z direction can be seen in Fig. 6.

Material properties were determined on the basis of experiments, tensile tests, for the parent material at operating and
room temperature, while the mechanical properties were used to yield strength, ultimate tensile strength and elongation
also measured in the experiment for the material at service and room temperature. Displacements of the specimen at
the end of the process of numerical simulation of crack propagation is shown in Fig. 7.

B: Static Structural
Static Structural
Time: 1.5

M Force. 5000 N
W Force 25000 N

(a) (b) (©)

Figure 6. Detailed view of boundary conditions: constrained displacements in: (a) y, (b) x and (c) z direction
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Figure 7. Specimen displacements in mm at the end of the process of numerical simulation of crack growth in
the specimen at HT

The maximum stress was at the crack tip after opening the crack, Fig. §, and at the end of the propagation simulation,
Fig. 9, which was expected.

Figure 8. The stress state after opening the specimen  Figure 9. Stress state at the end of the specimen crack
crack at HT propagation simulation at HT

The J-integral value after crack opening and at the end of crack propagation simulation is shown in Fig. 10. The J-
integral was calculated at the nodes of the crack tips, and looking at its values it can be seen that the crack grew in a
plane.

The values of the critical J-integral cannot be calculated numerically, but its critical value can be estimated. The initial
diagram for evaluation is diagram a-N, Fig. 11, where it is necessary to estimate the number of cycles for which the
crack begins to grow uncontrollably, and then for that critical number of cycles, which for this model was about 37000,
read the value of the critical length of the crack, which was about 11 mm. Then on the J-4a, diagram Fig.12, for the
displayed value of the critical crack length, the critical J-integral value is obtained (J.=55,921 mJ/mm?), and on the
diagram SIF - number of cycles, Fig.13, for the displayed number of cycle, the critical stress intensity factor value is
obtained (K;.=2892,1 MPa mm'?).
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Figure 10. Values of J-integral of the specimen (mJ/mm?) for elevated temperature after crack opening (a) and
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Figure 11. a-N diagram for a simulated specimen at HT
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Figure 12. Numerically determined values of the critical J integral (J.=55,921 mJ/mm?) at HT
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Figure 13. Numerically determined values of the critical SIF (K;.=2892,1 MPa mm'?)

2.2.Specimen for room temperature testing

The same procedure was repeated for the specimen tested at room temperature (RT). After defining the geometry
according to the dimensions of specimen in the experiment, Figs. 2 and 14, the FE mesh has been defined, Fig. 4.
Tetrahedral elements were also used in this model, where the total number of nodes for the model RT is 127116,

while the number of elements is 8813 1.

Figure 14. Geometry of the sample for testing at RT Figure 15. Mesh of tetrahedral clements

The boundary conditions corresponded to the experiment, and the maximum value from the experiment F=29833 N
was taken, Fig. 16. Figs. 17-20 show the appearance of the displacement of the speciimen at the end of the numerical
propagation simulation process, the stress state after the opening of the crack and at the end of the simulation (the
maximum stress is at the tip of the crack in both cases), then changes in the J-integral value through the propagation
steps. The value of the critical J-integral (J.=126, 7 mJ/mm?) was numerically determined on the RT model, which can
be seen in Fig. 21, as well as the value of the critical SIF, K. (K;.=3374,2 MPa mm'?), Fig. 22.
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Figure 16. Boundary conditions (blue and yellow
colors) and bearing load (red color)
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Figure 18. Stress state after crack opening
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Figure 17. Specimen displacements at the end of the
process of numerical simulation of crack propagation
in specimen at RT
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Figure 19. Stress state at the crack tip at the end of the

simulation
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Figure 20. Changes in J-integral values in m.J/mm? through crack growth steps for specimen at RT
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Figure 21. Numerically determined values of the critical J integral (J.=126,7 mJ/mm?) on the RT model
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Figure 22. Numerically determined values of the critical SIF (K;,=3374,2 MPa mm'?) on the RT model

3. FEM fatigue crack growth prediction

Using the FEM, the basis of the numerical analysis that was made by the da/dN — AK curves is done, on the basis of
which the coefficients of the Paris equation C and m were determined. Boundary conditions and loads are defined
according to the experiment.

In the following part, the results of the simulation for two specimens, at service (HT) temperature and room (RT)
temperature, will be presented. The results show the models themselves in a deformed shape, with stress and strain
values, stress intensity factor (SIF) values, as well as obtained crack length diagrams - number of cycles for each
model.
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3.1 Specimen at elevated temperature

The geometry of the specimen is defined according to the dimensions of the specimen in the experiment, fig. 1 and
23. After defining the grids of finite elements, there followed the stages of defining boundary conditions and loads
that corresponded to the experiment. In fig. 24 is shown the model after the action of the fatiguing load with the stress
distribution in the vicinity of the crack tip. The values of SIF, K, from the opening to the final crack length, calculated
for 36 steps of load application, are shown in fig. 25 (a) and (b). The value of the stress intensity factor was calculated
at the nodes of the crack tip and it can be seen that the crack grew in the plane.

Equivalent Stress
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Figure 23. Geometry of the sample for
testing at HT Figure 24. Stress distribution in MPa in the deformed model

The number of cycles until reaching the critical length of the crack, a., was N = 50130, which is almost the same value
compared to the experimentally obtained cycle numbers, fig. 26.
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Figure 25. SIF K| values in MPavmm, from: (a) opening to (b) final crack length for HT
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Figure 26. Diagram of dependence of a — N for the simulated specimen at HT

3.2. Specimen at room temperature

Exactly the same procedure was done for specimen model at room temperature. The geometry of specimen is defined
according to the dimensions of specimen in the experiment, fig. 2 and 27. In fig. 28 is shown the appearance of the
model after the fatigue loading with the stress distribution in the vicinity of the crack tip. The values of FIN, Kj, from
opening to the final length of the crack are shown in fig. 29 (a) and (b).
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Figure 27. Geometry of the sample for testing at Figure 28. Stress distribution in MPa in the deformed
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Figure 29. SIF K values in MPaVmm, from: (a) opening to (b) final crack length for RT
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The total number of cycles until reaching the critical crack length, a., on the RT model was N = 89623, which
represents higher values compared to the experimentally obtained numbers of cycles at the corresponding crack
lengths, fig. 30.

Crack length. mm
()
®

0 20000 40000 60000 80000
Number of cycles

Figure 30. Diagram a - N for a simulated specimen at RT
4. Results of numerical analysis
4.1 Numerical calculation of J - integral and critical value of stress intensity factor

The numerically determined critical value of the J-integral in the case of a specimen for elevated (HT) temperature is
J1c=55.921 kJ/m2 (65 kJ/m2 was obtained by experiment), and the numerically determined critical value of the stress
intensity factor at elevated temperature (HT) is Ki=2892.1 MPa Ymm = 91.45 MPavVm (99 MPa\m was obtained

experimentally), tab. 1.

For specimen simulated at room temperature (RT), the numerically determined value of the critical J-integral is
J1c=126.7 kJ/m2 (140 kJ/m2 was obtained by experiment), and the numerically determined value of the critical FIN
was K;=3374.2 MPaVmm = 106.7 MPa\Vm (174 MPaVm was obtained experimentally), tab. 2.

Table 1. Values of Jic and Kj. tested specimen at elevated temperature obtained by experiment and numerical
simulation

540 °C Jic, kJ/m? Kre, MPaVm
Experiment 65 99
Numerical simulatiom 55.921 91.45

Table 2. Values of Jic and K, tested specimen at room temperature obtained by experiment and numerical simulation

18 °C Jic, kJ/m? Kie, MPavm
Experiment 140 174
Numerical simulatiom 126.7 106.7
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The obtained value for J. is about 9% lower than in the experiment for specimen at RT, tab. 2, while for specimen at
HT, the value obtained numerically is about 14% lower than the value obtained by experiment, tab. 1. The Kj. value
obtained by numerical simulation for HT is about 7.5% lower than the experimentally obtained value. In the case of
RT, the K}, obtained by numerical simulation is about 38% lower than the experimentally obtained value, tab. 2. The
differences can be explained by the imperfection of the numerical model used, which is based only on the elastic
properties of the material, but in general the results of the numerical simulations can be considered satisfactory in
terms of determining the direction of further research.

4.2. Numerical prediction of fatigue crack growth

Fig. 31 shows a comparison of a-N dependence curves obtained by experimental testing and numerical simulation of
crack growth at HT, while in Fig. 32 can be seen the same comparison at RT. The values of the SIF in the case of the
specimen HT for a crack length of 12.3 mm amounted to 4105.90 MPaVmm = 129.84 MPa\m, tab. 1., Fig. 25 (b),
while the values of the SIF for a crack length of 11.5 mm in the case of the tested specimen RT reached the value of
301.51 MPaVmm = 9.53 MPa\m, tab. 2nd, Fig. 29 (b). The numerically simulated number of cycles required to reach
the final length of the crack in the case of the HT specimen was obtained almost the same number of cycles in the
numerical simulation (Npum = 50130 cycles and Nex, = 50300 cycles) as in the experiment, Fig. 31, while in the case
of the specimen for RT it showed slightly higher values than the experimental results (Npum = 89623 cycles vs. Nexp =
72887 cycles) Fig. 32.

The number of cycles required to reach a certain crack length at RT in the case of numerical simulation is slightly
higher than the number of cycles obtained. The slope of the curves at a lower number of fatigue cycles at RT (N =
60000 cycles) is the same both in the case of experimental testing and in numerical simulation. When the number of
fatigue cycles is further increased until the critical crack length is reached, the slope is slightly higher in the case of
the experiment, which can be explained by the fact that the fatigue rate was higher in the experiment than in the
simulation, which is a consequence of the microstructure of the material itself, which cannot be taken taken into
account during numerical simulation. When simulating for HT, the slope of the curves was very similar and the a-N
diagram largely corresponds to the experiment.
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Figure 31. Comparison of experimental and numerical a-N curves of specimen HT
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Figure 32. Comparison of experimental and numerical a-N curves of specimen RT

5. Conclusions

Numerical analysis was based on experimentally obtained results, primarily related to mechanical properties of
materials, yield strength, tensile strength and Paris coefficients. The results obtained by numerical analysis showed a
good agreement with the experimentally obtained J-integral results as well as the number of cycles for the specimen
tested at room and elevated temperature. This verified the numerical approach to solving problems related to fatigue
crack growth and the calculation of the critical J-integral value.

Further research should certainly go in the direction of a detailed examination of welded joints made of 14MOV6 3
steel grade and its behavior at elevated operating temperatures.
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