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Abstract

This paper aims at predicting the fatigue crack initiation life in maraging steel manufactured by selective laser melting under
in-phase bending-torsion loading. Three relationships between the bending moment and the torsion moment were studied, namely
B/T=2, B/T=1, and B/T=2/3. The tested geometries consisted of hollow cylindrical specimens with lateral holes. The crack
initiation and the crack paths were detected in-situ using a high-resolution digital camera. The local stress-strain states at the notch
region were accounted for using two alternative numerical models developed within linear-elastic frameworks: (1) a parametric
structured mesh; and (2) an automatic unstructured mesh. Fatigue crack initiation sites and fatigue crack initiation lives were
successfully predicted using both numerical models.
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1. Main text

Maraging steels are a special class of advanced high-strength steels, widely used in the aircraft, aerospace, military,
offshore, subsea, tooling and moulding industries due to the combination of unusual properties, namely high-strength,
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Nomenclature
ag crack initiation size
B/T bending moment to torsion moment ratio

LM line method of the Theory of Critical Distances
TCD  Theory of Critical Distances

SWT  Smith-Watson-Topper parameter

o, 0z crack initiation angles at the hole surface

Bi1, B2 crack angles at the early stage of growth

o/t normal stress to shear stress ratio

Geq equivalent von Mises stress

toughness, ductility, and weldability, along with dimensional stability (Mooney, 2020; Branco, 2021). This special
class of steels, whose microstructure is formed by a cubic martensitic matrix, is hardened by finely dispersed
nanometer-sized precipitates of intermetallic compounds, formed from a metallurgical reaction involving no carbon,
which seriously hampers the movements of dislocations and, thereby, promotes strengthening by precipitation
hardening processes (Tan, 2017). Because of their martensitic matrix, these materials require a rapid quench from the
austenitic region to temperatures below the martensite start temperature, which makes them particularly suited for
selective laser melting (Tan, 2017; Mooney, 2020).

The development of reliable models for multiaxial fatigue life assessment is a complex task because, in general,
there is a huge number of variables involved in the analysis (Carpinteri, 2008; Marciniak, 2008; Zhu, 2018; Cruces,
2019; Liao, 2020; Vantadori, 2021). Moreover, such a task is even more challenging for this new class of materials
because they are highly susceptible to fatigue failure (Razavi, 2017; Fatemi, 2020; Garcias, 2021). The notch effect,
particularly under multiaxial load histories, is a complex design problem (Berto, 2015; Zhu, 2020). It requires not only
the knowledge about the crack initiation sites and direction of crack growth, but also an accurate evaluation of cyclic
plasticity at the geometric discontinuities (Macek, 2017; Song, 2017).

The cyclic plasticity response at the geometric discontinuities is generally addressed by means of experimental
techniques, numerical methods, or approximate solutions. Experimental techniques, due to their intrinsic nature, have
some limitations, such as the difficulty to assess complicated geometric details, or the impossibility to analyse the
stress-strain fields inside the body. In contrast, with the advent of computer technology, numerical methods allow to
assess complex details not only at the surface, but also in depth (Zhu, 2018; Branco, 2020).

As far as the numerical methods are concerned, local stress-strain histories are generally computed considering
elastic-plastic simulations or pseudo-elastic analyses (Macek, 2017; Pejkowski, 2019; Branco, 2021). Although, in
theory, the former are more precise, the latter have the advantage of being faster and simpler, because they do not
require complex constitutive models, nor too much computational time, while providing high efficiency (Susmel,
2007; Hu, 2019; Branco, 2021). Furthermore, constitutive relationships for additively manufactured maraging steel
have only been derived for uniaxial loading (Antunes, 2019; Mooney, 2020a; Branco, 2021). Therefore, the
development of simple methods able to assess the fatigue life under multiaxial loading for this new class of steels can
be of great interest in a perspective of practical engineering design.

This paper compares two alternative models to predict the fatigue crack initiation sites and the fatigue crack
initiation life in notched maraging steel manufactured by selective laser melting subjected to bending-torsion. These
two approaches are based on the SWT damage parameter and account for the cyclic plasticity at the notch region by
means of the finite element (FE) method. Both numerical models have a linear-elastic framework, but one is based on
a structured mesh created with a parametric approach, while the other is based on an automatic unstructured mesh
created with tetrahedral elements.

2. Materials and methods

The experimental tests were performed in hollow cylindrical geometries with lateral holes (see Fig. 1) made of
maraging steel manufactured by selective laser melting. The specimens were manufactured using a Concept Laser M3
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linear printing system equipped with a 400W Nd:YAG fibre laser. Each layer was created with a constant thickness
of 40 um, a scan speed of 200 mm/s, and a hatch spacing of 100 um. After the additive manufacturing process, the
Smm-diameter hole was drilled by CNC, and the outer surface of the specimens was machined and polished to a
scratch-free condition. The nominal chemical composition as well as the main mechanical properties are listed in Table
1 and Table 2, respectively. Three ratios of the bending moment to the torsion moment were studied, namely B/T=2,
B/T=1, and B/T=2/3, which correspond to normal stress to shear stress ratios (c/t) equal to 4, 2 and 4/3, respectively.
The tests were conducted for a stress ratio equal to 0. The hole surface was monitored in-situ to detect the crack
initiation sites and track the crack paths during the tests (Branco, 2021).

Regarding the FE models, the two mesh topologies (near the geometric discontinuity) used to account for the cyclic
plasticity at the notch-controlled process zone are exhibited in Figure 2. The structured mesh (Sm), developed in a
parametric manner with 8-node hexahedral elements, is presented in Figure 2(a). The automatic unstructured mesh
(Um), developed with 4-node tetrahedral elements, is displayed in Figure 2(b). The former contained 152,248 elements
and 163,138 nodes, while the latter contained 642,821 elements and 906,676 nodes. Both modes assumed a
homogeneous, linear-elastic, and isotropic behaviour. To reduce the computational overhead, at remote positions,
coarser meshes were used. The bending moments and the torsion moments were generated by a single force applied
in a prismatic arm with variable length connected to one end of the specimen, while the other end remained fixed.

Table 1. Chemical composition of maraging steel manufactured with a scan speed of 200 mm/s (Branco, 2018).

C Ni Mn Co \% Mo Ti Al Cr P Si Mn Fe

0.01 182 065 9.0 - 5.0 06 005 03 001 01 0.04 Balance

Table 2. Mechanical properties of maraging steel manufactured with a scan speed of 200 mm/s (Branco, 2018).

Porosity (%)  p(gm’)  HVI E(GPa)  ours(MPa)  Ovs(MPa) Strain at failure (%)

0.74+0.09 7.42 35445 168+29 1147+13 910+11 5.12+0.001
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Fig. 1. Specimen geometry used in the bending-torsion tests.
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Fig. 2. Mesh topologies at the hole region: (a) structured mesh (Sm); and (b) unstructured mesh (Um).
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3. Results

The typical appearance of fatigue crack paths and fatigue crack initiation sites is exhibited in Figure 3. In this
geometry, under proportional bending-torsion loading, the fatigue process is characterised by the initiation and growth
of two diametrically opposite cracks at the hole boundary. Overall, the two crack initiation sites observed in each test,
defined by the B and B, angles, maintained almost symmetrical positions relatively to a horizontal axis passing
through the hole center (see Fig. 3). Regarding the crack angle at the early stage of growth, represented by the o,y and
o angles, the conclusions were similar, i.e. both angles were also relatively symmetrical with respect to a horizontal
axis passing through the hole center (see Fig. 3). Not surprisingly, the bending moment to torsion moment ratio (B/T)
had a strong effect on both the  angle and a angle. The increase of B/T ratio, which is associated with a reduction of
the shear stress level, led to smaller values of the above-mentioned angles. As the B/T ratio increases, the fatigue
propagation is closer to mode-I loading and, therefore, the degree of mixed-mode loading decreases.

A comparison between the experimental observations for the crack initiation angles (8 and 2) and the numerical
predictions obtained with the structured mesh (Sm) and the unstructured mesh (Um) is carried out in Figure 4. As can
be seen in the figure, in general, the § angles increase with lower B/T ratios. These trends were also captured by both
finite element models. Here, the initiation sites were predicted as the nodes at the hole boundary with the maximum

Fig. 3. Example of crack initiation sites and crack paths observed in the experiments for B/T=2 (c/t=4).
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Fig. 4. Experimental fatigue crack initiation sites and predicted fatigue crack initiation sites obtained using both the structured meshes (Sm) and

the unstructured meshes (Um).
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Fig. 5. Experimental fatigue crack angles and predicted fatigue crack initiation angles obtained using both the structured meshes (Sm) and the
unstructured meshes (Um).

values of the first principal stress. It can be seen in the figure that the two FE models led to very similar predictions
for the B and B, angles. The maximum differences were lower than 2° (note that the blue and red symbols are almost
overlapped). Moreover, most of points are within scatter bands of £10°, which is an interesting outcome for additively
manufactured steels subjected to multiaxial loading.

As far as the crack angles at the early stage of growth are concerned, the comparison between the experimental
observations and the numerical predictions carried out using the two numerical models, i.e. the structured mesh (Sm)
and the unstructured mesh (Um), can be seen in Figure 5. Again, we can conclude that both o angles increase with
the reduction of the B/T ratio or, in other words, with the increase of the shear stress level. This behaviour was also
captured by the two FE models. Here, the crack directions at the early stage of growth were estimated by computing
the first principal direction of the nodes at the hole boundary with the maximum values of the first principal stress,
i.e. at the crack initiation sites. As can be seen in the figure, these values are quite close to the experiments, with the
maximum errors within scatter bands of +5°, which is an interesting outcome. On the other hand, it is also clear that
either the structured-based model or the unstructured-based model led to similar predictions with the maximum
differences lower than 3° (note that the blue and the red symbols are almost overlapped).

In this study, the fatigue crack initiation life was assessed by means of the SWT-based model proposed by Branco
et al. (2021). Briefly, the modus operandi consists of reducing the multiaxial stress state to an equivalent uniaxial
stress state by computing the von Mises equivalent stress (G¢q). The notch effect is accounted for by applying the Line
Method (LM) of the Theory of Critical Distances (TCD). After calculating the effective von Mises equivalent stress
range at the notch region, the Equivalent Strain Energy Density (ESED) concept is used to generate a cyclic stress-
strain hysteresis loop representative of the loading scenario. Then, this strain hysteresis loop allows the calculation of
the SWT damage parameter (Correia, 2017), which is then inserted into a uniaxial SWT-based fatigue master curve,
obtained from smooth samples tested under strain-controlled conditions, to estimate the fatigue crack initiation life.
The detailed formulation of the proposed model can be found in the recent paper by Branco et al. (2021).

The experimental fatigue crack initiation life was determined from the curves relating the crack length with the
number of applied cycles, i.c. the well-known a-N curves, obtained from the images collected periodically during the
tests with a high-resolution digital camera (similar to that of Figure 3). The crack initiation length (a) was defined via
the El-Haddad parameter (El1 Haddad, 1979), with both constants (stress intensity factor range threshold and fatigue
limit stress range) estimated for the stress ratio considered in the multiaxial fatigue campaign (R =0). For the studied
maraging steel manufactured by selective laser melting and tested under pulsating loading conditions, ap=121.7 pum.
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Fig. 6. Experimental fatigue crack initiation life versus predicted fatigue crack initiation life obtained using both the structured meshes (Sm) and
the unstructured meshes (Um).

Figure 6 plots the experimental fatigue lives against the predicted fatigue lives for the structured mesh (Sm) and the
unstructured mesh (Um). As can be seen in the figure, predictions are very well correlated with the experimental
observations for the tested cases. All data points are within scatter bands with factors of £2, which is an interesting
outcome for additively manufactured steels subjected to multiaxial loading. Moreover, we can also distinguish that
both numerical approaches (either the structured-based model or the unstructured-based model) led to similar results,
which demonstrates the predictive capabilities of the proposed methodologies. Overall, the unstructured mesh led to
slightly more conservative lives. Another important feature of the two approaches is the fact that they have a linear-
elastic framework which makes them particularly attractive to industrial applications.

4. Conclusions

This paper compared the predictive capabilities of two different numerical models to determine the fatigue crack
initiation sites, the fatigue crack directions, and the fatigue crack initiation life in maraging steel manufactured by
selective laser melting subjected to bending-torsion. One numerical model was developed in a parametric manner
based on a structured mesh, while the other was developed in an automatic manner based on an unstructured mesh. In
both cases, the material was assumed as linear-elastic, homogeneous and isotropic. To validate the predicted results,
experimental tests for a tubular cylindrical specimen with a transversal hole were performed. Three different bending
moment to torsion moment ratios were considered, namely B/T=2, B/T =1, and B/T =2/3. The tests were conducted
under pulsating loading conditions under stress-control mode. The following conclusions can be drawn:

e The fatigue behaviour was characterised by the initiation of two cracks in diametrically opposite locations of
the hole. These locations were relatively symmetrical to a line passing through the centre of the hole in a
direction normal to the main axis of the specimen.

e The initiation sites were successfully predicted by the two numerical models for the different loading cases,
with errors, in general, smaller than £10°. Furthermore, the predictions obtained with the structured mesh and
the unstructured mesh were very similar, with maximum differences lower than 2°.

e The crack directions in the early stage of growth were also similar for both sides of the hole, irrespective of
the loading case. The predictions obtained with both numerical approaches led to maximum errors lower than
+5°. In addition, the differences between the structured mesh and the unstructured mesh were lower than 3°.
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e  Multiaxial fatigue life was successfully estimated by applying a SWT-based model, either for the structured
mesh or the unstructured mesh, with all data points within scatter bands with factors of £2. Although the
results were relatively similar, the unstructured mesh led to slightly more conservative results.
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