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Abstract. The paper describes the analysis of crack surface morphology of S355J2 steel
specimens after bending-torsion fatigue. These experimental investigations of the surface
topography were carried out using the focus variation microscope, an optical 3D measurement
device. Selected results of measured fracture surfaces for S355J2 steel were analysed according
to the surface texture 1SO 25178 standard. Differences in roughness values for different loadings
were demonstrated. For profile Rx and areal Sx parameters, characteristic relationships of
fracture zones have been demonstrated. It has been shown that roughness profile Ra for the
rupture area is higher than for the propagation area, as well as increases after both the LCF and
HCF tests and increases with the torsional loading level. However, Sa in the propagation area
increases and the rupture area decreases.

1. Introduction

Engineering materials are sharpened in specific geometries to withstand the loads subjected to the
components and structures. Among many grades of engineering metallic materials, steel still seems the
most popular material applied for many types of structures [1-3]. The machine parts made of steel are
traditionally formed or strengthened in casting, plastic forming, machining, welding, or heat treatment
processes [4-6]. All mentioned processes affect the steel mechanical and functional properties and
usually strongly influence the fatigue properties of a final structure. The selection of the manufacturing
process has also a tremendous influence on surface quality and consequently, fatigue behaviour. It is
known from the literature that fatigue testing is a time-consuming process [7-10]. Parallel to the tests,
new calculation models are being developed for the determination of fatigue life and behaviour of
structural materials, especially for multiaxial loadings, such as tension-torsion and bending-torsion [11—
17]. Wide development in finite element method (FEM) modelling can be observed [18-23]. All these
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research and computational methods are supplemented with material tests at various scales [24-27] to
give a possible broad spectrum of information on the material’s behaviour and properties.

Fracture surface topography is one of the basic macroscopic investigations aimed at determining the
cause of the damage [26, 28-33]. It allows determining what kind of loading (static or fatigue) the
material was subjected to. Several typical macroscopic patterns of fatigue damage can be distinguished.
Among them, there are functions of type and magnitude of loading. The surface analysis reveals the
localisation of initiation sites and crack paths, as well as identifies the areas for further microscopic
examination [34—36]. Fracture mechanics tests are usually concentrated on crack growth under uniaxial
and/or multiaxial loadings [37—-41]. Some articles focus on crack growth, while other scientists carried
out a quantitative analysis of fracture surface [42-45]. The study on the relationship between fracture
toughness and fracture surface fractal dimension began in the 1980s [46—49]. Since then, the quantitative
approach to the morphology has led to many interesting studies on the interconnection with loading or
ambient environment [26, 50-52].

The topography of fracture surfaces, especially in bending and torsion fatigue, was investigated and
published in [53-56]. Researchers demonstrated, inter alia, the influence of torsion loading constituent
on the surface form. Until now, several publications by Macek and others have been published
describing the properties of entire fracture surface topography after bending-torsion fatigue [57-60].
Therefore, this research is a continuation of the previously published papers and proceeds the state of
art in the field of fracture analysis.

Multiaxial loading is a critical issue in mechanical design that requires tuned engineering approaches.
Therefore, firstly, in the study of the multiaxial fatigue behaviour of S355J2 steel, and then using
advanced metrology, we quantified the state of surface topography. The aim of this paper is to study the
relationship between the arithmetical mean deviation of the roughness profile, Ra, and the arithmetical
mean height, Sa, of fracture surfaces and the loading types [61, 62].

2. Materials and methods

2.1. Steel S355J2 fatigue test

Fatigue tests on hourglass specimens made of S355J2 steel were performed on an MZGS test stand [63—
65]. An example of the broken specimen of steel S355J2 subjected to non-proportional bending with
torsion is shown in Figure 1. The material was characterised by the chemical composition and
mechanical properties shown in Tables 1 and 2, respectively. The fracture surface analysis was
conducted on steel specimens subjected to fatigue random bending and combination bending with
torsion loadings. In order to distinguish in a simple way, the type of loading the stress ratio (A = Tmax/Gmax)
was employed.

Figure 1. Damaged specimen after bending-torsion fatigue.

Table 1. Chemical composition of steel S355J2 in wt.% [66].

C Mn Si P S Cr Ni Cu Fe
0.21 1.46 0.42 0.019  0.046 0.09 0.04 0.17  Balance
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Table 2. The mechanical properties of the S355J2 steel [66].

oy, MPa ou, MPa A1, % RA, % E, GPa v
357 535 21 50 210 0.30

2.2. Fracture surface investigation

In this work, the roughness of the newly created fracture plane and the effect of load combinations on
surface formation were analysed. Profile (linear) and surface roughness indicators were used to qualify
the surface [67-69]. The analysis was performed using the focus variation microscope Alicona Infinite
Focus, an optical 3D measurement device, which allows the acquisition of data sets with a large depth
of focus [70-72]. The measurement device was equipped with a motorised nosepiece using a set of five
dedicated microscopic objective lenses with 2.5x, 5x, 10x, 20%, 50%, and 100x magnification. For
profiles measurement, the total area of the fatigue crack was investigated at the objective magnification
of 10x. To perform total area scanning, the Imagefield function was used; for initiation and propagation
areas check, the selected specimens’ zones were analysed with the magnification of 100x.

2.2.1. Propagation and rupture profile parameters

Roughness measurements were carried out in two areas of the fracture surface, first in the propagation
area and second in the rupture area (Figure 2), representative 2 mm measurement profile length was
chosen for all examined specimens. Due to the strong influence of filter waviness, L¢, on roughness
measurements a constant value L. = 250 um was used. Profiles in the rupture area are so conventionally
named, as we can see in the case for Figure 2a, the rupture starts a little higher.

rupture

(b)

Figure 2. Steel S355J2 specimen subjected to combined bending-torsion loading with marked crack
propagation and rupture roughness profiles, for exemplary specimens’ loadings a) omax = 475 MPa,
Tmax — 0 MPa, b) Omax — 250 MPa, Tmax — 300 MPa
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2.2.2. Areal parameters for selected propagation and rupture areas

The measurements of propagation and rupture zones were made with a magnification of 100x for
selected samples. Figure 3 shows the fracture planes with selected zones for areal parameters Sx
measurement. On the left-side, pictures present the propagation areas; on the right-side, we can see the
rupture areas.

Observing the surfaces, we can note the difference in granularity and roughness of the fracture plane.
For samples subject to uniaxial loading, the surface structure is fine-grained both in the propagation
zone and in the rupture zone. However, for samples subjected to a combination of bending loads and
torsion, there are significant differences between both zones. In the propagation zone, larger differences
in surface grain are visible, as well as their directionality, which is manifested by elongated grains.
Whereas the rupture zone, this directivity disappears.

Figure 3. Selected steel S355J2 specimen with exposed propagation and
rupture areas for (a)-(c) different combinations of bending with torsion
loadings, d) and e) bending.
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3. Results and discussion

Profile Rx and areal Sx parameters, roughness profile, Ra, and also arithmetical mean height, Sa,
respectively, were selected for further analyses. These parameters have the best fit to the characteristic
relationships of fracture zones. Ra (Eq. (1)) averages all peaks and valleys of the roughness profile and
then neutralises the few outlying points so that the extreme points have no significant impact on the final
results. As far as the Sa is concerned, as expressed in Eq. (2), it represents the mean height of the surface,
according to the 1ISO 25178 standard.

Ir
Ra = %fo |z(x)|dx Q)

1
Sa = ZL |z(x, y)|dxdy (2)

3.1. Profile

Exemplary results for representative profiles are shown in Figure 4. As we can see, the tendency of the
roughness parameters Ra for the representative rupture area is higher than that for the representative
propagation area.
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Figure 4. Isometric view and profile diagrams of steel S355J2 specimen subjected to combined bending-
torsion loading, for the propagation area and the rupture area: a) A=0, and b) A=1.2.

Figure 5 shows the relation of Ra parameter to the loading ratio, A, in the low-cycle fatigue (LCF)
and the high cycle fatigue (HCF) regimes. The obtained results show an increase in the roughness of Ra
parameter as the share of shear stress tmax increases. This trend is preserved both in the propagation area
as well as in the rapture area. When comparing the roughness parameters of both areas, 2.43 times
increase in the arithmetical mean value of roughness is observed, with the minimum value of 1.30 times
and the maximum one 4.44 times. Considering the LCF and HCF tests, the arithmetical mean value of
Ra amounted respectively 2.43 times and 2.44 times. The range of increase for LCF and HCF tests was
respectively from 1.30 to 4.44 times and from 1.73 to 3.34 times. Despite the apparent differences in the
Ra roughness values for both areas, other parameters or factors that can better describe the cracked
surface and classify the load should be distinguished. This shall enable the engineer to introduce a new
useful tool concerning damage analysis.
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Figure 5. Relation of Ra parameter to the loading ratio A for high cycle fatigue (HCF) and low cycle
fatigue (LCF) on a) the propagation area, b) the rupture.

3.2. Areal parameter results

Figure 6 shows examples of measured propagation and rupture areas.
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(a)
Figure 6. Isometric view of steel S355J2 specimen for the propagation area and the rupture area for
a) A=0 bending, and b) A=0.214 bending with torsion.

(b)
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Figure 7 plots the surface parameter (Sa) against the bending moment to the torsion moment ratio
(1). The figure clearly shows that arithmetical mean height (Sa) takes higher values for the rupture area.
Differences between areas decrease as the loading ratio (1) increases. The largest difference occurs for
the loading ratio A=0 and is 4.07 times, while the smallest for the loading ratio A=0.405 and is 1.35
times. These differences are related to the fact that the parameter arithmetical mean height (Sa) decreases
with the loading ratio () for the propagation area and vice-versa for the rupture area.

Further analysis of the topography of fracture surface ought to be conducted in order to find out the
best parameter characterising the fatigue loading history and fracture of materials, after destruction.
Continued results about fracture surface characterization will be presented in forthcoming publications.
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Figure 7. Relation of Sa parameter to the loading ratio A for the propagation
and the rupture area.

4. Summary

Based on the measurements and observations obtained, it can be stated that:

- arithmetical mean deviation of the roughness profile Ra, for the rupture area, is 2.43 times higher, in
arithmetical mean value, than for the propagation area.

- the Ra parameter, for rupture and propagation area, increases for the same value about 2.43, in
arithmetical mean, after both the LCF and HCF tests.

- differences of Sa values between the propagation and the rupture areas are higher for the loading ratio
A=0 and is 4.07 times, while the smallest for the loading ratio 2=0.405 and is 1.35 times.

- the increase in the torsional loading level increases the roughness Ra of the fracture surface for both,
propagation and rupture areas. For Sa, in the propagation area, it increases; and, in the rupture area, it
decreases.
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