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Abstract The paper focuses on researching the
effect of fatigue loading on metallic structure, lifetime,
and fracture surface topographies in AISI H13 steel
specimens obtained by selective laser melting (SLM).
The topography of the fracture surfaces was measured
over their entire area, according to the entire total area
method, with an optical three-dimensional surface
measurement system. The fatigue results of the SLM
3D printed steel specimens were compared with those
reported for conventionally manufactured 13H steel.
The investigation also considers the roughness of the
specimens’ side surface. Moreover, the fractographic
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evaluation conducted using scanning electron micro-
scopy confirms that the predominant fracture mecha-
nism is transgranular fracture. Microtomography done
after mechanical loading also showed the influence of
the stress level on the porosity distribution. Both
fractographic and Micro-CT investigations confirm
that higher stresses result in coarser and much more
uniform porosity observed in fractured samples. These
comprehensive quantitative and qualitative fracture
analyses are beneficial to predict the failure conditions
of SLM steel parts, especially in the case of fatigue
damage. From the quantitative analysis of the H13
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SLM-manufactured fracture surface topography, it
was possible to conclude that the larger the loadings
acting on the specimen, the rougher the fracture
surface because the ductile fracture mode dominates.
It has also been proven that the porosity degree
changes along the length of the sample for the most
stressed specimens.

Keywords HI13 steel - Selective laser melting
(SLM) - Mechanical properties - Surface metrology -
Fractography - Micro-CT

Abbreviations

D¢ Fractal dimension (-)

Omax Maximum stress (MPa)

Ny Number of cycles to failure (cycles)

R Load ratio (-)

Rq Root-mean-square (RMS) deviation of the
roughness profile (im)

Ra Arithmetic mean deviation of the roughness
profile (um)

Rv Maximum valley depth of the roughness
profile (um)

Sk Core roughness depth (mm)

Spk  Reduced peak height (pum)

Svk  Reduced valley depth (im)

Sq Root average square height (mm)

Vv Void volume (mm*/mm?)

1 Introduction

Since the 1990s (Beaman and Deckard 1989), additive
manufacturing (AM) technologies have been intensely
expanded, proper to their versatility as efficient tech-
niques for metal processing (Beaman and Deckard
1989; Carneiro et al. 2019; Jesus et al. 2021). The
selective laser melting (SLM) manufacturing process is
fast-growing and extensively used for the fabrication of
complex elements in the aerospace, medical, and mould
industries (Razavi and Berto 2018; Santos et al. 2016).
The AISI H13 grade is conventionally dedicated for
metal tools subjected to high operation at elevated
temperatures. This type of steel has excellent resistance
to thermal fatigue, erosion, and sliding wear (Walczak
and Szala 2021), and currently, the H13-grade metallic
powder is employed to produce moulds and dies using
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SLM (Fonseca et al. 2020; Xue et al. 2013). However,
the mechanical features of the parts obtained by the
metallic powder bed fusion strongly depend on the
manufacturing parameters (Kurzynowski et al. 2012),
and manufacturing orientations, as concluded by
Nagahama et al. (2019) through uniaxial tensile tests.

Investigations into fracture mechanisms are pivotal,
particularly for additively manufactured components,
because they are highly susceptible to a number of
defects, namely micro-cracks and porosities, which
may result in material lack of coherence (Romano
et al. 2020; Wang et al. 2019). Therefore, various
methods have been employed to study the crack
propagation during the material fatigue process and
the fatigue damage failure analysis. Numerous mech-
anisms of crack nucleation and propagation have been
described in additive manufacturing materials. For
example, dimples and cleavage of the tensile fracture
surface were analysed by Weng et al. (2020). They
found that the tensile fracture surface of the as-built
IN100 was dominated by dimples, corresponding to
the higher elongation rate. In contrast, Khosravani
et al. (2020) presented a reviewed fracture behaviour
of 3D-printed polymeric and metallic parts, which
have been examined under various experimental
campaigns. The authors pointed out that the fracture
behaviour and failure modes of 3D-printed compo-
nents is essential to ensure safe mechanical stresses
during their service life.

The material’s morphology can be examined within
the material (Wang et al. 2019; Hebda et al. 2020;
Fisher and Marquis 2016) and on its surface (Macek
et al. 2020d; Kida et al. 2017; Lauschmann and Siska
2012). Scanning electron microscopy (SEM) is most
often used to obtain data about the fracture mechanism,
such as non-metallic inclusions (Kowal and Szala 2020)
or other imperfections in materials (Moussa et al. 2021).
Three-dimensional surface profilometry has also been
used to study the tribological response of SiC fracture
surfaces (Huang and Feng 2006) and to develop a
dynamic friction model sensitive to overstress and
relaxation phenomena. Post-failure techniques measur-
ing fracture surface parameters after standard fatigue
tests can be important tools for lifetime estimation and
must be experimentally validated (Cisko et al. 2019).
There are several successfully studies in which scien-
tists have tried to combine all possible methods and link
the surface parameters to fracture mechanisms or
fatigue life, especially using surface roughness
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accounted for in the entire area of the fracture surfaces
(Pomberger et al. 2020; Slamecka et al. 2010; Sampath
et al. 2018; Macek et al. 2020a). Summing up, the
literature provides studies that usually focus on one of
the listed above aspects relating to fracture analysis. On
the other hand, the comprehensive fracture investiga-
tion is useful for identifying the load history, which is
further essential to identify the failure cause. Therefore,
this work develops the research method for fracture
surface topography analysis proposed in previous
papers (Macek 2019a, b; Macek et al. 2020b, ¢) and
links it with the fatigue testing conditions based on a
fractography analysis. In the current paper, the surface
analysis was performed on the entire fracture area
without dividing the observation area into subregions.
Moreover, the failure conditions associated with the
different load histories are discussed on the basis of
fracture analysis. The work also aims to indicate the
characteristic features of the fatigue fractures of the
SLM specimens by relating them to the loading
conditions and the fractographic evaluation.

Following the Introduction, the paper is organised
as follows: Sect. 2 describes the materials and meth-
ods used for this research. Section 3 gathers informa-
tion on the experimental fatigue and fracture surface
programs. Section 4 presents the primary outcomes of
the fatigue campaign and the fracture surface param-
eters. The paper ends with a summary of the most
relevant findings.

2 Materials and methods

2.1 Material preparation for fatigue uniaxial
testing

The H13 steel specimens were manufactured with the
usage of a SLM Solutions SLM 125 industrial 3D
printer and commercial powder. SLM additive process
parameters used in the fabrication of the tested
specimens are given according to our previous study
(Garcias et al. 2021), with energy densities ranging
from 92.59 to 111.11 J/mm3, and laser speeds of 300
and 250 mm/s, respectively. The metallic powder used
in the specimens had dimensions between 10 and
45 pm, whose chemical composition is described in
Table 1. The specimens for fatigue testing were printed
in the vertical direction, according to the geometry
exhibited in Fig. 1, and were not subjected to any heat

treatment. All specimens were additively manufactured
using the same parameters. After the manufacturing
process, the surface was machined and polished
mechanically using progressively finer sandpapers
(P300, P500, P1000, P1500, P2000, and P2500)
followed by 6-pum diamond paste compound. The final
average roughness was R, = 0.172 pm. Then, the
specimens were tested with different fatigue loading
parameters. The results were compared with those of
the H13 conventionally manufactured steel (see Fig. 4)
which was supplied in the form of 20 mm thick plates.
The steel was annealed at 650 °C for 2 h and then
slowly cooled in furnace. The specimens were
machined in a CNC turning centre and then the surfaces
were polished as described for the SLM samples.

The H13 specimens produced by SLM were tested
using a Instron 8802 fatigue machine, with a maximum
load cell of 100 kN, under uniaxial conditions (see
Fig. 2). The tests were performed at aload ratioR = 0.2
with a frequency of 1 Hz for the highest load values,
2 Hz for the intermediate load levels, and 5 Hz for the
load level at which it was expected to reach infinite life.
All tests were carried out at room temperature. Two
specimens were used for each load level, for at least
four different stress levels in the finite life region. Test
pieces that reached two million cycles were considered
infinite life (run out). The nominal stress levels are
presented, inter alia, in Table 2, together with the results
of surface topography measurements.

2.2 Analysis of fracture and microstructure
behavior

Topographic measurements of the fracture surfaces
were performed with an Alicona G4 optical profilome-
ter using focus-variation technology with a x 10 lens
(see Fig. 3a). Due to the restricted field of view, eight
rows and seven columns were stitched together to map
the entire fracture surface area. The fracture surface
maps were processed with MountainsMap® software
for quantitative analysis and visualisation. A similar
configuration of equipment and software for surface
analysis was used in the works (Allum et al. 2020;
Kahlin et al. 2020). Additionally, the fractures of the
fatigue specimens were also observed under specific
magnification using a Phenom desktop Scanning Elec-
tron Microscope (SEM) as described elsewhere
(Zebrowski et al. 2019) (see Fig. 3b).
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Table 1 Chemical composition (wt.%) of the metallic powder used in the production of the SLM specimens

Fe C Cr Mn

Mo Ni+ Cu P S Si \'%

AISI H13 (10-45 pm) Bal

0.32-045 4.75-5.50 0.20-0.60

1.10-1.75  0.75 0.03 0.03 0.80-1.25 0.8-1.20

R20

M12x1

25

27 19

94

Fig.1 Specimen geometry used in the fatigue campaign (units:
mm)

Fig. 2 Servo-hydraulic machine used to carry out the fatigue
tests

The microtomography measurements presented in
this paper were performed using a Nanotom 180 N
device (see Fig. 3c) produced by GE Sensing &
Inspection Technologies phoenix X-ray Gmbh. The
machine is equipped with nanofocus X-ray tube with
maximum 180 kV voltage. The tomograms were
registered on Hamamatsu 2300 2300 pixel detector.
The reconstruction of measured objects was done with
the aid of proprietary GE software datosX ver. 2.1.0
with use of Feldkamp algorithm for cone beam X-ray
CT (Feldkamp et al. 1984). The post reconstruction
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data treatment was performed using VGStudio Max
2.1 (Volume Graphics GmbH 2013) and free Fiji
software (http://fiji.sc/Fiji). All examined specimens
were scanned at 160 kV of source voltage and 140 pA,
with a rotation of the specimen of 360° in 2800 steps.
To reduce the beam hardening effect, the cooper filter
(thickness 500 um) was used. The exposure time was
500 ms and a frame averaging of 3 images was
applied. The reconstructed images had a voxel size of
(5.0 pm) (Jesus et al. 2021).

The scanned data were analysed qualitatively and
quantitatively. The 3D data was saved as a series of
images (image stack) representing the successive
cross-sections of each sample. For each image (sec-
tions), the porosity evaluated after mechanical load-
ing, was determined and the mean pore size (with
standard deviation) was calculated. It is worth noting
that the analysis performed in this way gives infor-
mation about the pore size only in the transverse plane
of the sample. In order to perform the calculations, the
BoneJ plug and the Thickness function from Fiji/
ImageJ were used.

3 Results

Fatigue results in form of S—N curves for both the
additively manufactured and conventional specimens
are shown in Fig. 4. Overall, the maximum applied
stress can be successfully related to the number of
cycles to failure via power functions. As can be seen,
the fitted curves present high correlation coefficients.
In the case of the SLM samples, the scatter is higher,
which can be explained by the specificities of the
manufacturing process which is more susceptible to
defects. Besides, the details about the fatigue loads and
fatigue lives as well as the fracture surface topography
measurements are presented in Table 2. The maximum
and minimum values of individual fracture surface
parameters are marked in green and yellow,
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Table 2 Summary of the fatigue testing program and fracture surface measurements for AISI H13 by SLM

Parameter Specimen
B2a® B2b" B3b Bda BSa B8a C5a C5b Cé6a
Sq mm Root-mean-square height 0.19 0.18 0.35 0.17 0.22 0.26 0.13 0.16 0.07
Vv mm*  Void volume 024 0.27 046 0.23 0.27 0.32 0.17 0.21 0.10
mm
Sk mm Core roughness depth 046 039 1.02 034 0.46 0.62 0.36 042 0.17
Df - Fractal dimension 221 221 214 2.19 2.19 2.20 2.19 218 229
Rq pm Root-mean-square (RMS) 0.55 0.78 0.73 0.51 0.70 0.83 0.88
deviation of the
roughness profile
Ra pm Arithmetic mean 0.43 0.48 0.56 0.39 0.49 0.55 0.64
deviation of the
roughness profile
Rv pm Maximum valley depth of 2.05 479 270 1.76 3.02 6.45 3.06
the roughness profile
Cmax MPa Maximum stress 200 300 100 100 200 90 90
Om MPa Mean stress 120 180 60 60 120 54 54
Omin MPa Minimum stress 40 60 20 20 40 18 18
Nt cycle  Number of cycles to 6282 580 132,544 412,216 39,601 461,964 41,638

failure

Italics: maximum values of individual parameters; bold: minimum values of individual parameters

%a—Ilonger part of the broken the specimen

®b—shorter part of the broken the specimen

Fig. 3 aInfinite focus IF G4 measurement device used in surface metrology, b phenom desktop scanning electron microscope (SEM),

¢ micro-CT scanner Nanotom 180N

respectively. The selected parameters in Table 2 have

been divided into three types (Fig. 5):

entire fracture primary surface parameters: Sq, Vv,
Sk, Df (see Fig. 6);

(b)

(c)

side surface profile of the specimen, measured
before fatigue test: Rq, Ra, Rv (see Fig. 7);
fatigue test parameters and results: G,.x, N¢ (see
Fig. 4).
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Fig. 4 SN diagrams (G.x vs. Ny) for AISI H13 by SLM
(diamonds) and conventional manufacture (triangles). Load
ratio, R = 0.2. Fatigue results of the conventional manufactured
specimens were taken from the reference Garcias et al. (2021)

The side surface profile of the specimen R-param-
eters does not correlate with the load values, which
results from the large irregularity of the valley
distribution on the specimen surface and the random-
ness of the applied measurement profile. Therefore,
the profile results, measured as in Fig. 7, will not be
used for further analyses. The surface parameters of
fatigue fractures, as shown in Fig. 6, will be analysed
further, especially in combination with the loads.

As shown in Fig. 5, there are specific dissidences
between the different fracture zones. In Fig. 5 are also
shown the depth histograms related to the analyzed
example fracture surface. The depth histogram repre-
sents the distribution density of the surface data points.
The horizontal axis is depicted in percent of the total
number and the vertical one in depths, followed by the
Abbott-Firestone (Abbott and Firestone 1933; Deepak
Lawrence et al. 2014) curve shown in red. Also, the
Furrows plot displays all furrows and results for
maximum furrow depth, mean furrow depth, and
furrows’ mean density. The contour lines reveal that in
all areas of the fracture, the peaks and valleys form a
collection of irregular geometries in different subre-
gions of the measured samples. However, given the
promising results, especially for fatigue and fracture
investigations, the authors decided to employ the total
fracture surface method used by Macek et al. (2021a).

Figure 6 shows fracture surfaces of specimens
obtained after fatigue test received with the Infinite-
Focus IF G4 variable focal length microscope. The
whole current surface was reduced to eliminate the
final break, discontinuities, and non-sampling areas.
Regions of interest are also presented in isometric
views. SLM specimens are denoted with B and C
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letters, while A15 specimen represents the fracture
surface of a conventional manufactured specimen
subjected to fatigue loading. The pseudo-color views
of the SLM-based specimens are more random than
those of the conventional one. In the latter case, the
changes are more uniform and progressive along the
entire surface. This fact is predictable, because the
additively manufactured samples, due to the nature of
the fabrication process, contain more defects disperse
throughout the fracture surface, which affects the
fracture topology.

Figure 8 shows typical three-dimensional visual-
izations of the tested samples. For each of them, a
model was presented using the isosurface function
(presenting the surface of the examined object) and a
model using the transparence function, which enables
visualization of the spatial distribution of pores inside
the sample volume. As the data show, the fracture
plane for samples B3 and B5 has a much more
irregular shape than that of the samples C5 and C6.
There is a clear step in sample B3. When we analyze
the spatial distribution of pores, it can be seen that it is
quite homogeneous for samples B5 and C5. In turn, for
samples B3 and C6, it can be seen that porosity after
mechanical loading changes along the length of the
sample. The variation in porosity shows a certain
periodicity.

4 Discussion

To check the fracture surface dependency on the
fatigue loading conditions, selected height (Sq)
parameters and functional parameters having stratified
surface (Sk) and volume (Vv) properties were mea-
sured according to the ISO 25178-2 standard (ISO -
ISO 2012; Todhunter et al. 2017). Core roughness
depth parameter, Sk, showed the highest compliance
with the parameters of fatigue tests. The parameters
carry out a separation of the height distribution
represented by the Abbott curve into three parts: (1)
related with the peaks (Spk), (2) the core area (Sk), and
(3) for the valleys (Svk) (Talu et al. 2020; Macek et al.
2021b). A graphical interpretation of the Sk parame-
ters is provided in Fig. 13. On the other hand, a
graphical interpretation of the parameters root-mean-
square height Sq, void volume Vv and fractal dimen-
sion Df is presented later in the paper, in Figs. 12, 14,
15, respectively.
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Fig. 5 Visualization of
exemplary fracture area with
the furrows, contour lines,
and depth histogram

et}
Contour lines
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4.1 Fracture surface parameters dependency
on fatigue loadings

Figures 9 and 10 show, respectively, the relationship
between the fatigue loading and the fracture surface
parameters, and the relationship between the fatigue
life and the fracture surface parameters for the AISI
H13 SLM steel specimens.

The analysis of the fracture surfaces based on the
entire fracture surface method using the selected
surface topography parameters (see Fig. 9a) con-
firmed that surface parameters values grow with
fatigue loadings for both surface parameters Sq

(Eq. 1) and Sk and volume parameter Vv (Eq. 2).
The opposite situation was noted for the fractal
dimension Df (see Fig. 9b). The research results also
indicate a strong influence of the maximum stress G .«
in the fracture surface roughness, but most for the
results characterized by the parameter core height, Sk.
The proportion of the variance for a dependent
variable, expressed as R-squared (R?), is approxi-
mately 0.68. The fractal dimension Df is also consis-
tent for the linear approximation, but the proportion of
the R? is only 0.15. Fatigue test results N; compared
with the analysed fracture surface parameters (see
Fig. 10) do not show unequivocal relationships.
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Fig. 6 Fracture surfaces in pseudo-color views
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Fig. 7 Side surface profile of the specimen, measured before the fatigue tests
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Sq (Eq. 1) is the root mean square height, while
void volume Vv calculated for a material ratios Smr,
by integrating the volume enclosed above the surface
and below a horizontal cutting plane (Eq. 2). Graph-
ical illustration of the functional (volume) parameters
is presented in Fig. 11.

5= ] Foaas 0

where A is the definition area; z is the surface height in
position X, y; X, y are the lengths in perpendicular
directions.

100%

Vv(Smr) = k/ [A(Smr) — h(Smrx)|dSmrx,  (2)

Smr

where h is a height; k is a factor to convert the volume

into the required unit; for Smr = 100%, the Vv

parameter is zero; for Smr = 0%, the void volume is

a maximum (the cutting plane below the lowest point);

for these cases, the areal material ratio Smr = Smrl =
10% (see Fig. 11).

The fractal dimension Df was calculated using the
enclosing boxes method (EBM) from the extracted
final fracture surface areas. The EBM divides the
profile into smaller sections with a width ¢ and
calculates the field Ae of all fields covering the entire
profile. This is an iterative procedure in which the
width of the field is changed to plot, In(Ag)/In(g).

A comparison was made for the fractal dimension
Df, void volume Vv, core roughness depth Sk and root
average square height Sq values (see Fig. 12) of the
additively manufactured specimens subjected to
fatigue loading. Overall, there is a very good corre-
lation between these variables, and the data can be
successfully fitted using linear functions for all cases.
Vv shows the highest compliance with Sq (R* = 0.98),
which results from the method of calculating both
parameters.

Sample B3

Sample B5

Fig. 8 Three-dimensional micro tomography visualizations of samples B3, B5, C5 and C6
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4.2 Fracture surface parameters extreme cases

4.2.1 Root average square height Sq maximum
and minimum values

The Abbott—Firestone plots presented in Fig. 13
shows the distribution of heights as well as the
cumulated curves for two different specimens. In
general, for the Abbott-Firestone plot, the maximum
values of the Sq in all cases tested demonstrate that

histogram distribution is more even. This occurs
because the largest measured Sq value (specimen
B3b) has the lowest depth distribution value (about
13%). On the other hand, the lowest Sq value,
occurring for the C6a specimen, generates the highest
percentages, amounting to approximately 15%.
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Fig. 10 Fatigue life N¢ vs.
fracture surface parameters, 1
for: a Sq, Vv, Sk; and
b fractal dimension Df
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4.2.2 Core roughness depth Sk distribution

For the following two sections, 4.2.2 and 4.2.3, we
employed functional parameters, which fall into two
categories: stratified surface and volume parameters,
respectively. These parameters are derived from the
Abbott-Firestone curve of the surface topography.
Core roughness depth Sk is a measure of the peak-
to-valley height of the surface with predominant peaks

@ Springer

and valleys removed. From Figs. 9a and 14, we
conclude that Sk increases with stress level. For
example, an increase in the mean stress level 6, from
54 to 180 MPa results in an increase in Sk from 0.17 to
1.02 mm (500% increase).

Spk and Svk are independently released by the
right-angled triangle heights, which are defined on the
intersections of upper material ratio Smk1 and lower
material ratio Smk2 with the material ratio curves,


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
Z e -
J—

Fatigue fracture morphology of AISI H13 steel obtained by additive manufacturing

Height

Abbott-Firestone curve

g

Smrl = 10% Smr2 =80%

(@ (b)

Fig. 11 Graphical presentation of the functional (volume) parameters: a an exemplary surface profile; b functional (volume)
parameters of Abbott—Firestone curve according to ISO 25178. Adopted from (Macek 2021)
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Sk parameters

Sk parameters
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Fig. 14 Representation of functional (stratified) parameters in Abbott-Firestone curve for the specimen: a C6a; and b B3b

respectively. Reduced peak height Spk is the height
difference between the Abbott-Firestone curve and the
equivalent line at 0% material ratio. Spk parameter
expresses the average of peak heights above the core
surface. In Fig. 14, we can see that for a specimen with
a minimum Sk (specimen C6a), Spk occurs at
Smkl = 13.75% and takes a small value (90.1 pm),
with Svk = 61 pm. In addition, for the maximum Sk
(specimen B3b), Spk occurs at Smkl = 6.19%, and
Svk is relatively low (0.1 mm) with Smk?2 being over
95%.

4.2.3 Fracture surface void volume Vv relations

The functional parameters considered included Vm,
Vv, Vmp, Vmc, Vvc and Vvyv, for which the areal
material ratio p = 10% and q = 80% were specified. A
graphical interpretation of the functional parameters is
presented on the Abbott-Firestone curve in Fig. 15.
All of the mentioned functional parameters assume

@ Springer

higher values for the specimen subjected to the highest
fatigue loadings.

4.2.4 Fractal dimension Df extreme values

The algorithm chosen to estimate Df is called enclos-
ing boxes (Macek 2019b). In Fig. 16, we can see that
the scale of analysis takes the largest values (> 1 mm)
for the specimen with the maximum fractal dimension
Df = 2.29 (specimen Cb6a).

4.3 Effect of structure and fatigue loadings
on fracture morphology using SEM
and Micro-CT

Comparison of fracture surfaces obtained for different
fatigue testing conditions, observed using SEM is
presented in Fig. 17, while the variability of porosity
and pore size along the sample axis, after mechanical
loading revealed using Micro-CT, is shown in Fig. 18.
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Fig. 16 The fractal dimensions Df with slope values and coefficients of correlation R determined by the enclosing boxes method for
analysed cases: a minimum Df value (specimen B3b); b maximum Df value (specimen C6a)

@ Springer


http://mostwiedzy.pl

-
Z e -

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

W. Macek et al.

Fig. 17 The fracture
morphology: a specimen
fractured at high stress level,
B3; b fracture of low stress
level, BS(SEM, BSE and
topographic modes)
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Fig. 18 The variability of porosity and pore size along the sample axis (micro-CT)
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Fractographic analysis of conventionally manufac-
tured H13 steel (specimen A15) and SLM specimens’
fractures given in Fig. 6 allows to state that SLM
additive manufactured samples do not exhibit classic
fatigue fracture surfaces usually showing initiation,
crack propagation and catastrophic rupture areas,
likewise specimen A1l5 of Fig. 6. It derives mainly
from the fact that additively manufactured metallic
structure has a much more complex structure consist-
ing of fully melted material and unmelted powder
particles and pores which influences the fatigue
properties and fracture structure. The effect of porosity
on fatigue response is clear by comparing, for
instance, both the C5 and C6 specimens, which were
tested under the same stress loading conditions (see
Table 2). Nevertheless, the former exhibited a fatigue
life 10 times higher than the latter. A closed analysis of
Fig. 18 shows that the average porosity of the C6
specimens is higher than that of the C5 specimen.
However, if we compare the average pore diameters,
the former has higher values and closer to the surface
which eases the fatigue crack initiation process.
Another interesting outcome is that the average
pore size observed by SEM in the fractured surfaces,
see Fig. 17, is in the range of pore diameter estimated
by Micro-CT (Fig. 18) and it varies from 0.08 to
0.15 mm. There are also oscillations that are corre-
lated with changes in porosity, which proves that the
pore distribution is heterogeneous along the sample—
in areas with high porosity, the pores are larger than in
areas with less porosity, see Fig. 8. In the C5 sample,
the mean value of the porosity increased to the value of
about 12%. Also visible are oscillations with a slightly
smaller amplitude than in sample C6. On the other
hand, the mean value of the pore size increased
slightly; however, it shows much smaller oscillations
than in the C6 sample. This proves that the average
pore size along the sample axis is practically constant
after a greater number of cycles. It can therefore be
concluded that the greater number of cycles resulted in
an increase in porosity and in the uniformity of the
pore size. Interior porosity is visualised in Fig. 8 and
can be read from the fracture surface observed via
SEM, Fig. 17. Therefore, Fig. 17a shows coarser
pores than those observed in the case of samples
damaged with lower stresses, see Fig. 17b. Moreover,
SEM fractographic investigations confirm that the
samples tested with the high loading level, likewise B3
specimen (see Fig. 17a), present the rougher fracture
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surface than those tested with lower loadings, likewise
specimen B5 (see Fig. 17b). High load-tested speci-
mens present the rough fracture surfaces in which
dimples are visible. On the other hand, the higher
number of cycles to failure Ny results in the presence of
semi beach lines and the predominant fracture mech-
anism is transgranular fracture mode with the presence
of cleavage fracture with river patterns. Moreover, the
microstructure of SLM manufactured specimens
affects crack propagation. The component porosity
and unmelted powder particles act as internal notch
and facilitate fatigue damage. These structural fea-
tures originate from fatigue cracking and the fracture
makings; likewise, hackles and cracks are visible.
Concluding, both SEM and Micro-CT results are in
agreement and confirm the effect of fatigue-load
conditions on the morphology of fractures.

5 Conclusions

In the present work, the fracture surface behaviour of
an AISI HI13 steel obtained by SLM subjected to
uniaxial fatigue loading was characterised using
different texture topology parameters. The objectives
initially proposed were fulfilled, being possible to
draw the following conclusions:

— There is a strong influence of the fatigue loading
applied during the tests on the fracture surface
roughness characterised via the core height, Sk,
parameters;

— The fractographic evaluation conducted using
scanning electron microscopy confirms the pre-
dominant fracture mechanism is transgranular
fracture.

— From the quantitative analysis of the fracture
surface topography, it is clear that the larger the
loading applied on the specimen, the rougher the
fracture surface, because the ductile fracture mode
dominates.

— Fractographic investigations show that the pores
and unmelted particles facilitate the fatigue frac-
ture process. Fracture makings likewise hackles,
dimples, river marks and cracks are visible on
surface, irrespective of the applied stress.

— The greater number of cycles, i.e. the reduction of
the applied stress level, resulted not only in an
decrease in porosity after mechanical loading, but
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also in the uniformity of the pore size. In addition,
porosity changed along the length of the sample for
the most stressed samples.

— This comprehensive quantitative and qualitative
fracture analysis is beneficial to predict the failure
conditions of metallic structures, especially in case
of AM materials subjected to fatigue loading.

Moreover, measurements of fracture surfaces and
their quantitative analysis, along with fractography,
contribute to a better understanding of the fatigue
failure processes.
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