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Abstract

The application of high strength low alloy steels like S690, S700, S960 increased over the years when compared to
the conventional structural steels in the field of construction and heavy industrial equipment to optimize the weight
with a focus on sustainability. This paper presents the experimental and numerical results on fracture mechanics-
based crack propagation comparing the high strength steel and the conventional steels. The methodology followed
for test procedure is based on the ASTM E647 standard and a compact tension (CT) test sample design. The
experimental results are used to validate finite element analysis (FEA) for crack propagation based on the ANSYS
SMART (separating, morphing and adaptive remeshing tool) technology. Fracture mechanics-based fatigue crack
growth rates are compared with the different grades of steel at the same stress ratio. The experimentally determined
Paris Law coefficients m & C for the different steels are updated on the FEA model as to validate the results.
Experimental crack mouth opening displacement (CMOD), and back face strain (BFS) results are post processed to
obtain crack length versus cycles.
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1. Introduction

Heavy industrial machines, such as offshore wind turbines and civil constructions such as bridges may benefit
from the high strength to weight ratio when compared to lower grade steels. The selection and usage of material can
be optimized by balancing the manufacturing and operating costs, weight and durability and weldability of the
designs and hence contributes to the sustainability of heavy industrial machines and constructions. However, the
usage of high strength steels (HSS) may be limited due to lack of material data related to the mechanical properties,
in particular fatigue and fracture behaviour. As an example, the IMOA industrial case study on the usage of HSS in
the construction of the Friends Arena in Stockholm reports that there was a significant reduction in greenhouse
gases as well as costs [1]. Wider application of HSS in heavy industrial machinery that is subjected dynamic loads
will however require fatigue and fracture material properties particularly for operation in various adverse
environments.

Material data available in the literature regarding the fracture mechanics properties of HSS is limited and mostly
proprietary due to significant material testing costs. Structural steel material properties are studied in the literature,
for example, de Jesus et al compared the fatigue crack propagation in S355 and S690 steels and concluded that HSS
has higher resistance to crack initiation [2]. Ermakova et al investigated crack propagation rates for additively
manufactured parts considering the environmental factors [3]. Previously Comlekci et al carried out an experimental
and numerical evaluation to determine the crack propagation rate in the different grades of structural steels [4] based
on the ASTM E647 standard [5]. Load dependent numerical and material model was developed by Mehmanparast et
al (2018) that correlates BFS with crack length for CT sample [6].

This paper presents the results of the fracture mechanics-based fatigue crack propagation results of three grades
of steels with different material properties and microstructure. The test methodology involves both Experimental
procedure and Numerical FEA validation through Ansys SMART (Separating Morphing Adaptive Remeshing Tool)
fatigue crack propagation tool based on experimental material properties. For Grade 1 sample the crack length is
measured using both Front Face and Back Face compliance method where as, for Grade 2 and Grade 3 only front
face compliance method is used.

Nomenclature

CT compact tension sample
CMOD crack mouth opening displacement
BFS back face strain

a crack length

N number of cycles

K, 4K stress intensity factor, range of stress intensity factor
o non- dimensional parameter (a/W)

P, AP  load applied, load range

R stress ratio

W width of CT sample

B thickness of CT sample

2. Methodology
2.1 Material Selection and Sample Preparation

Material selection for any structural design application of interest involves various factors to be considered like
cost, influence of working condition, load cycle to reduce early failures. In this investigation process three materials
are selected and are named as Grade 1, Grade 2 and Grade 3. Due to confidentiality the exact grades cannot be
disclosed however the yield strengths of the selected grades are listed in Table 1.
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Samples are extracted from the plates of thickness 16mm, 12mm and 15mm respectively through water jet
machining then the blocks are machined into CT samples using CNC lathe and the starter notch is inserted using
electric discharge machining (EDM). The geometry of the CT sample is given in Figure 1(a), width (W = 40mm),
thickness (B = 10mm), EDM for starter notch with initial crack length (ai = 10mm). M5 threaded holes are tapped
on the front face to attach the knife edges and on the back face the surface is prepared to attach the strain gauge with
120Q2 resistance with Quarter Bridge configuration is attached for Grade 1 sample. For Grade 2 and Grade 3 the

crack length is measured only using front face compliance method.

Table 1. Material property for selected grades of steel.

Grade Yield Strength (MPa) Microstructure
Grade 1 840 Martensite
Grade 2 273 Ferrite -Pearlite
Grade 3 410 Ferrite -Pearlite

2.2 Fatigue Crack Growth Test Setup

Crack propagation test is carried on the Instron 8801 servo - hydraulic machine with 100kN load capacity. The
setup is according to ASTM E647- standard and it is Mode — I loading condition. The final test setup is shown in
Figure 1(b). All tests were carried out at room temperature and the stress ratio R = 0. For Grade 2 and Grade 3 a
constant force amplitude AP = 9kN was applied with a sinusoidal waveform at frequency of 20 Hz. For Grade 1
sample force shedding technique is used as the crack grows. Initially the test is started with 9kN as the crack grows
the load is gradually reduced to 7kN and then to SkN. Blocks of load cycles were applied where the frequency was

5Hz for 100 cycles and 20 Hz for 10000 cycles to record the data points.
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Fig. 1. (a) Dimension of CT sample used in the study; (b) CT sample assembly on Instron 8801.

As the test proceeds the crack length and number of cycles are recorded. The crack growth rate da/dN vs Stress
Intensity Factor AK is plotted. The logarithmic regression of da/dN vs AK gives the Paris Law m & C material
property for crack growth equation (1) and equation (2) is to calculate the Stress Intensity Factor Range AK.
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2.3 Compliance technique for crack length estimation
e Front face compliance - To determine the crack length a, ASTM E647 gives the normalized crack size a as
a function of plane stress elastic compliance for CT sample. equation (3). CMOD gauge setup is shown in

Figure 2 (a).

a:a/W:CO+C1ux+C2uf+C3 w +Cul +Cil 3)

e Back face compliance method — In this method as the crack grows the stiffness of the samples decreases
that is captured by the strain gauge mounted on the sample as shown in Figure 2 (b). This method is very
useful when testing the CT sample in aqueous environment. The estimation is in accordance with ASTM
E647 standard [5].
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Fig.2. (a) Front face compliance setup;(b) Back face compliance
3. Numerical analysis

Experimental crack growth results are compared with FEA results using the selected Ansys SMART tool. The
Ansys SMART tool meshes the crack front automatically as the crack grows. The main output from the
experimental results is the Paris law coefficients m and C for the crack growth recorded. These coefficients vary
for different steel grades and are also dependent on the various factors like environment and loading conditions.

A 3D solid half-symmetric model of a CT sample is created in ANSYS Workbench Design Modeler with the
dimensions shown previously. Input to the numerical model are the typical material properties like the Young’s
Modulus and the Paris Law coefficients m and C. Automatic tetrahedral mesh is created with a region around the
crack front meshed using the sphere of influence tool and a finer mesh as shown in Figure 3 (a). Mode — I loading on
the sample is applied and the force & displacement boundary conditions are defined to avoid rigid body motion as
shown in Figure 3 (b). The FEA output predicts the stress intensity factor K as the crack grows.
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Fig.3. (a) Front face and back compliance setup mesh density; (b) Force and displacement boundary conditions

4. Results and discussion

The plot comparing the crack length vs number of cycles recorded from the compliance method and numerical
analysis for steel Grade 1 is shown in Figure 4 which used the load shedding technique. The simulation of stepped

loading was done manually in ANSYS.

Cycles vs Crack length 'a' from CMOD,BFS &ANSYS
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Figure 4. Plot comparing the crack length vs cycles for Grade 1CT sample.
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Figure 4 compares the crack length with cycles obtained from the compliance techniques and the FEA analysis. It is
expected that there will be an influence on the crack propagation rate due to the load shedding and frequency drop
that needs to be investigated further in the future. Figure 5 (a) shows the variation of the SIF (AK) as the crack
propagates the FEA analysis closely follows the experimental results. Beach marks can be observed on the fractured
surface due to the load shedding which indicates crack symmetry requirements are met as shown in Figure 5(b).
There is much scatter in data points in the threshold regions and final fracture regions were the AK is high.
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The results for the Paris coefficients are tabulated in Table 2. The value of m is around 3 -3.5. There is much
scatter of data points in Grade 2 and the value of R? is 0.65. Fractography analysis will be performed in the future to
investigate further the variations in the materials.

Table 2. Paris coefficients for the Grades of steel

Material ~ C(m/cycle) / (PaVm) m R?

Grade 1  1.20802E-32 33441 09933
Grade2  8.43E-32 3.2513  0.6503
Grade 3 2.4434E-32 3.5754 0.8756

5. Conclusion

Three different grades of structural steels were tested at ambient conditions and was successful in comparing the
experimental results with the numerical simulations. This work focused around the Paris Law crack growth region
so there is not much attention on the threshold region and the final fracture region. From the primary observation of
the crack propagation data the crack initiation time is longer in the high strength steels with martensite
microstructure but propagates faster after initiation when compared to medium strength steels with ferrite - pearlite
microstructure. More samples are planned to be tested to obtain a statistical variation and improve the accuracy of
the results. This paper discusses only the initial results of the work but the effect of unloading, influence of
environmental conditions and the microstructural influences on the crack propagation rates will be considered in the
future.
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