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Abstract: This investigation concerns about of fatigue behavior under controlled loading and under
strain control for hybrid specimens with parts produced with conventional processes in steel AISI H13
and the stainless steel AISI 420 and the rest part produced by laser powder bed fusion in AISI 18Ni300
steel. The controlled loading tests were performed in constant and variable amplitude. Fatigue
failure of hybrid samples occurs mostly in laser-melted parts, initiated around the surface, in many
cases with multi-nucleation and propagated predominantly between the deposited layers. Fatigue
strength of hybrid parts, tested under displacement control is similar, but for specimens tested under
load control the fatigue strength the fatigue strength of hybrid specimens is progressively lesser than
laser powder bed fusion samples. Despite a tendency to obtain conservative predictions, Miner’s
law predicts reasonably the fatigue lives under block loadings. The interface between materials
presented an excellent joining and fatigue strength because the fatigue failure of hybrid samples
occurred mostly in laser melted parts out of the interface.

Keywords: laser powder bed fusion; fatigue; functional materials; structural integrity

1. Introduction

Laser powder bed fusion (LPBF) is a technology of rapid manufacturing that builds
metal parts layer by-layer using metal powders [1] fused by a high-power laser. This
technique is increasingly used to obtain components with complex shapes namely in
automotive, aerospace, medical and of injection molds industries. Several studies have
been previous published on the area of LPBF technology using different metal powders,
for example, the fabricating of iron-base alloys [2–5], nickel-base alloys [6,7], copper-base
alloys [8] and titanium-base alloys [9].

LPBF components could present characteristic cast structure, with presence of porosity,
high superficial roughness, non-homogeneous microstructure and thermal residual stresses
due to the processing with extreme temperature gradients and the high cooling rates,
inducing medium mechanical properties. However, additional post-processing treatments
can improve these properties [10]. The mechanical properties of components produced by
LPBF are mainly affected by above referred parameters, like the scan speed and layer thick-
ness. The different parameters can be grouped in powder characteristics and processing
parameters [11]. The occurrence of pores originated from initial powder contaminations,
evaporation or local voids after powder-layer deposition is the major drawback in me-
chanical properties [12–14]. Especially under fatigue, pores can act as stress concentrators
leading to easier failure [15].
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Since LPBF is an additive manufacturing process with a layer-by-layer deposition, the
phenomenon lack of fusion is an inhibitor to the uniform deposition of a fresh powder on
the previously sintered layer. Therefore, this behavior tends to cause porosity and even
delamination induced by reduced bonding between layers in combination with thermal
stress [11,16–19]. This effect is a complex metallurgical process that is controlled by both
laser processing conditions and powder material properties [20–23].

Mooney et al. [24] compiled the factors affecting the mechanical properties of maraging
Steel 300 fabricated via LPBF, being that: the quality and the powder morphology can play
an important role in the LPBF process in order to achieved higher relative density and
optimizing mechanical properties; parameters of LPBF process affect directly the material
microstructure and therefore they impact on the mechanical properties and anisotropie of
the material; the build orientation influences the mechanical performance of the material
and can be improved with heat treatments. Anisotropy can be drastically reduced via an
appropriate choice of such plans, which are generally easy to implement for this material.

The influence of melting parameters and selection of metal powder on microstructure
of the parts have been the main focus of a high number of studies on LPBF materials.
These studies, state that for some materials, LPBF components are capable to achieve static
mechanical properties comparable to the ones of conventionally produced parts from bulk
materials [25]. Zitelli et al. [26] in their review showed that stainless steel alloys have
been satisfactorily processed by LPBF process. The reached mechanical properties make
stainless steels fit the requirements of numerous applications. High mechanical properties
are achieved, since the porosity level achieved by LPBF is quite low and is comparable to
conventionally produced materials.

In spite of, significant results recently published about fatigue behavior of steel LPBF
parts [27,28], more research is needed, particularly for structural applications. Spierings
et al. [29] investigated the S-N curves of two stainless steel types (316L and 15-5PH), focus-
ing the objectives on the comparison of the results obtained from LPBF and conventionally
processed materials, concluding that LPBF specimens exhibits comparable dynamic prop-
erties than conventionally processed parts. However, they obtained an important influence
of the LPBF surface roughness on the fatigue strength, particularly for long fatigue lives.
Branco et al. [30] studied the low cycle fatigue behavior of AISI 18Ni300 maraging steel
produced LPBF concluding that the fatigue crack nucleated from the surface defects as:
unmolten particles and zones with lack of fusion.

On the other hand, Bhaduri et al. [31] evaluated tensile mechanical properties and
microstructure of hybrid specimens made from AlSi10Mg parts built by LPBF on AA6082
machined parts. The hybrid components failed under tension at their interface. These
conditions enable building LPBF structures with <1% porosity. Recent work was produced
by the authors about the mechanical properties of parts manufactured in AISI 18Ni300
steel produced by LPBF, including the fatigue behavior of LPBF specimens [32], hybrid
components [33], fatigue crack propagation [34] and fracture toughness [35]. The results
indicate that the fatigue strength is strongly affected by defects inherent to the LPBF process.
Moreover, the failure sites of hybrid components occurred always in the parts produced by
LPBF process.

The mold production or reparation by LPBF is a growing practice in the mold industry.
In mold reparation by LPBF is often found hybrid parts because not all materials can be
used in the LPBF process, therefore it becomes useful to study the mechanical properties
in hybrid parts. The objective of this work was to investigate the fatigue performance of
hybrid specimens obtained by LPBF maraging steel implants into hot working tools and
stainless steels substrates. Since functional components can be manufactured by LPBF, it is
necessary to warrant that final functional requirements are fulfilled by the components.
For this purpose, were performed tensile tests, fatigue tests under constant amplitude and
block loadings and fractography analysis. A detailed analysis was performed about the
failure mechanisms and interfaces microstructures.
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2. Materials and Methods

Experimental program, involving static and fatigue tests, was performed using round
specimens. Two material batches of hybrid samples, in which one part was produced by
LPBF and other part is a substrate steel, produced by conventional processes. Fatigue
results were compared with previous work with LPFB specimens, produced only by LPBF
technique. Figure 1 shows the geometry and dimensions of the hybrid specimens.
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Figure 1. Geometry and dimensions of hybrid specimens.

Laser powder bed fusion (LPBF) was processed using a high-power laser to fuse steel
powder particles layer by layer by Lasercusing®. The sample layers are deposited in planes
perpendicular to the axial direction of the specimens. The equipment was of the mark
”Renishaw” and model ”AM 400”. This machine is composed by a laser type Nd: YAG
with a maximum power of 400 W in continuous wave mode and a wavelength of 1064 nm.
Figure 2 shows a SEM image of transversal section being possible to visualize the route of
the power melting.
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Figure 2. SEM image of melting route.

The scan speed of 200 mm/s was used for processing laser melting, resulting a
deposited layer about 30 µm thickness [32]. The material of the powder particles was
the maraging steel AISI 18Ni300. The choice of this steel was due to its high utilization
in the molds production and reparation given that this steel conserves the mechanical
properties in higher temperatures due to the high amount of nickel in its structure. The
hybrid specimens were produced alternatively in two materials: the steel for hot work
tools AISI H13 (HS) and the stainless steel AISI 420 (SS). Before testing all specimens were
polished in order to reduced surface roughness. The average surface roughness in all
specimens was about, Rz = 0.47 µm.

The scan speed of 200 mm/s was chosen after a detailed analysis by authors in
previous work [32], where was studied the effect of the scan speed (the authors used 200,
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400 and 600 mm/s) on the microstructure, defect level, density and mechanical properties.
The defect level was based on microscopy analysis and by comparing density values. The
better results were obtained with 200 mm/s scan speed, for which was obtained: a porosity
of 0.74%, density of 7.42 g/cm3, hardness of HV1 354, Young’s Modulus of 168 GPa and a
tensile strength of 1147 MPa.

The chemical composition, according with the manufacturers, is shown in Table 1.
The sample code identifies the test series, corresponding to abbreviations of the materials
used for each part. Table 2 show the material design composition of the two batches used
in present study.

Table 1. Chemical composition of the materials.

Steel C Ni Co V Mo Ti Al Cr P Si Mn Fe

18Ni300 0.01 18.2 9.0 - 5.0 0.6 0.05 0.3 0.01 0.1 0.04 Balance
1.2344 0.40 - - 0.94 1.30 - - 5.29 0.017 1.05 0.36 Balance
1.2083 0.37 - - 0.17 - - - 14.22 0.021 0.64 0.37 Balance

Table 2. Samples materials design.

Sample Code Substrate Material Implant Material

LPBF/HS 18Ni300 powder (LPBF) 1.2344 Hot working steel (HS)
LPBF/SS 18Ni300 powder (LPBF) 1.2083 Stainless steel (SS)

A 10 kN capacity Instron EletroPuls E10000 machine (Instron, Norwood, MA, USA)
was used to perform both, tensile and fatigue tests. Tensile tests were carried out using a
testing speed of 2 mm/min at room temperature. The fatigue tests were performed with a
frequency of 15 Hz in tension, also at room temperature. Fatigue tests were carried out:

• Under constant amplitude loading two series of tests were performed: One in load
control at constant amplitude sinusoidal load wave with stress ratio R = 0 and another
in displacement control with zero minimum strain.

• Under variable amplitude tests using a reference block loading, composed by three
blocks with stress ratio of R = 0, applied during 1000 of cycles for each block. The
stress range applied during each block is schematically depicted in Figure 3.
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An average of eight specimens were used for each series in order to create the curves of
stress vs number of cycles at failure. It is important to notice that this study was conducted
with limited number of specimens for each analyzed condition and therefore the obtained



Metals 2021, 11, 835 5 of 12

results cannot be addressed as project data. However, the objective is to understand the
fatigue behavior of the material hybrid samples, as well as to perform a detailed analysis
about the failure mechanisms and interfaces micro-structures. Moreover, the test procedure
agrees with the best practice in fatigue studies.

Microstructures were analyzed in LPBF material and interface regions. Therefore,
hybrid specimens were cut in planes containing the axial axe of the specimens, polished
and attacked Picral solution for two minutes (ethyl alcohol with 4% of picric acid solution),
followed by a second attack for 20 s in a solution that results from Picral mixture with
addition of 1% hydrochloric acid. After samples preparation, the microscope Leica DM4000
M LED (Leica Microsystems, Wetzlar, Alemanha) was used to make their observation.
The fracture surfaces of some fatigue specimens were observed and analyzed by SEM
using a scanning electron microscope Philips XL 30 (Philips, Eindhoven, The Netherlands).
Figure 4a shows the microstructure into the LPBF material, presenting a good coherency
between the elongated deposited layer with about 150 µm wide and about 30–35 µm
width, the formation of cellular solidification structure and possible martensitic needles
(red dashed line) [36] and a significant number of impurities result of the etching process.
Hybrid samples interface region was analyzed in order to better understand the variations
in microstructure and quality of adhesion. Figure 4b,c present the metallography in the
longitudinal section interface region for a LPBF/HS and a LPBF/SS hybrid specimen,
respectively. Both figures show corrugated regions in the substrate material, caused by
melting in the first laser pass. In both cases there is an interface region on the substrate with
a width of approximately 30–50 µm. In this region there is a significant microstructural
change resulting from the high temperature and sudden cooling that occurred in the
manufacturing process. Figure 4b presents a darker zone indicating a higher carbon
concentration due to decarburization has occurred in the zone near the interface, which is
indicated by the white colour of this region. On the other hand, Figure 4c shows that did
not occurred decarburization in the interface zone. The presence of porosities was observed
(marked by red arrows) in the LPBF material but were not observed at the specimens’
interface. In both cases was verified an excellent cohesion between steels.
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A Struers Duramin 1 microhardness tester was used to perform Vickers hardness
testing according to ASTM E384-11e1 [37] at 0.5 mm between indentations with 1 kg load.
Distance between indentations in interface region was only 0.25 mm. The following values
were obtained for the three materials: 533.1 ± 6.17, 505.8 ± 2.75, 339.5 ± 8.60 HV1, for the
AISI 420, AISI H13 steels and LPBF material, respectively. In the hybrid specimens, the tran-
sition between the typical hardness of the two materials occurs rapidly and progressively
in a narrow band less than 2 mm wide.

3. Results and Discussion

Figure 5 shows representative load–displacement curves obtained for the different
samples (were tested three samples for each series). It can be observed an initial linear
region followed by a non-linear behavior typical of metallic materials. The hybrid sam-
ples have higher global stiffness than the LPBF only specimens, as a consequence of the
recorded strain to be an average value in the region of the interface between the ends of the
extensometer (12.5-gauge length). For hybrid specimens, this region includes two materials
with different stiffness, LPBF material with lower Young’s modulus, AISI 420 and AISI
H13 steels with similar and higher Young’s modulus. In opposite, strain at failure is lower
for hybrid specimens. Failure stress is similar for the three batches of materials, because
failure occurs in all cases in LPBF material sections. Ultimate strength was calculated from
peak load of the load versus displacement curves. The Young’s modulus was obtained
by linear regression of the stress-strain curves considering the larger range corresponding
to a correlation coefficient higher than 0.995. The values of the ultimate strength and the
Young’s modulus are summarized in Table 3.
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Figure 5. Exemplary tensile curves.

Table 3. Mechanical properties.

Sample Code Young’s Modulus, GPa Tensile Strength, MPa Strain at Failure, %

LPBF 168 ± 9 1147 ± 13 6.12 ± 0.001
LPBF/HS 181 ± 6 1139 ± 12 4.2 ± 0.03
LPBF/SS 173 ± 7 1144 ± 10 3.8 ± 0.08

Five batches of fatigue tests were performed: tests under load control for all the three
types of samples and tests under displacement control for LPBF and LPBF/HS samples.
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The pulsating tensile loading fatigue results were analyzed using the initial nominal stress
range against the number of cycles to failure. Figure 6a,b compare the results obtained for
the different specimen configurations, for the tests under load control and displacement
control, respectively. The analysis of Figure 6a indicates that for longer lives, the fatigue
strength of hybrid specimens is progressively less than that of the fully LPBF only samples,
while Figure 6b shows that fatigue strength of LPBF only samples and hybrid LPBF/HS
samples, tested under displacement control is similar. These results indicate that fatigue
life of laser melting samples is controlled by strain range and the use of hybrid parts
manufactured with AISI H13 and AISI 420 steels substrates do not affect significantly the
fatigue strength. The effect of the substrate is a result: good adhesion in the interface above
mentioned (as observed in Figure 4b,c, and the fact that the LPBF region is constitute itself
as the weakest area in terms of fatigue resistance. On the other side, the results indicate that
a small tendency to increasing fatigue life under displacement control in comparison with
load control tests, which can be caused by the material softening observed by authors [34].
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The failure sites were observed and measured from the interface. Figure 7 shows
a photo of a longitudinal section, positioning failure section in respect to interface on a
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LPBF/HS sample. This figure is representative of failure positions, showing bulk HS steel,
interface and failure section, which occurs always in LPBF material. Figure 8 depicts a
histogram of the distance of the failure sections from the interface, providing evidence that
most of the fractures occur at the LPBF regions. The reasons why these sintered parts are
less resistant to nucleation and growth of fatigue cracks will be possible due the type of
microstructure, lower microhardness, the presence of a significant number of small micro
pores and positive residual stresses around surface in LPBF region. This event confirms
good adhesion and metallurgic compatibility between materials of hybrid parts.
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Fracture surfaces were analyzed by scanning electron microscope, presenting Figure 9
some exemplary SEM images of the failure in only LPBF material. In spite of the presence
of internal micro pores, and also the presence of positive residual stresses [34], fatigue
crack initiated around the surface, in laser melted material and propagated through the
cross section. As observed by the authors in previous work [32], in many cases, occurred
surface multi-nucleation as shown in Figure 9a. Fatigue crack propagation occurs under
mixed mode: predominantly between the deposed layers revealing the scan pattern (as
shown in Figure 9b), and a transgranular failure through the deposited layer drive by
the presence of microporosities and of impurities due to the etching process, as reveals a
higher magnification observation, Figure 9c. The observation of the failure surface using 3D
microscopy confirms the crack path, contouring the deposed layers and growing through
the microporosities and impurities defects, as shown in Figure 9d.
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Figure 9. Images of surface fracture. (a) SEM image of fracture surface; (b) magnification of Figure 9a;
(c) magnification of Figure 9b; (d) image of failure surface using 3D microscopy.

The fatigue results under variable amplitude loading were analyzed using the known
Miner’s law. Neglecting the existence of a fatigue limit, in Miner’s rule enables the
definition of an equivalent stress [38].

Figures 10 and 11 compare the predicted lives, Np, obtained by the Miner’s law and
the experimental results of the fatigue tests on variable amplitude of hybrid parts, Nf, for
the samples LPBF/HS and LPBF/SS, respectively. In these figures the limits Np = 2Nf and
Np = 0.5Nf were also plotted and used as a criterion of prediction exactness.

Metals 2021, 11, x FOR PEER REVIEW 10 of 12 
 

 

life in hybrid components with sintered implants. However, particularly for the LPBF/SS 
specimens a tendency to be conservative was observed. 

 
Figure 10. Predicted fatigue for variable amplitude loading. LPBF/HS samples. 

 
Figure 11. Predicted fatigue for variable amplitude loading. LPBF/SS samples. 

4. Conclusions 
The main conclusions are: 

• Tensile properties of only LPBF and hybrid specimens are quite similar. 
However, for the materials combinations studied hybrid parts have higher 
stiffness (+7%) and lower strain at failure (−61%). 

• Fatigue failure of hybrid samples occurs in laser melted parts, once LPBF 
material exhibits lower crack initiation resistance as consequence of lower 
micro hardness, about of −70%, and the presence of a significant number of 
small micro pores. Fatigue cracks initiated around the surface, in many cases 
with multi-nucleation and propagated predominantly between the deposed 
layers or through the internal microporosities and impurities defects. The 
interface between materials showed an excellent connection and fatigue 

Figure 10. Predicted fatigue for variable amplitude loading. LPBF/HS samples.



Metals 2021, 11, 835 10 of 12

Metals 2021, 11, x FOR PEER REVIEW 10 of 12 
 

 

life in hybrid components with sintered implants. However, particularly for the LPBF/SS 
specimens a tendency to be conservative was observed. 

 
Figure 10. Predicted fatigue for variable amplitude loading. LPBF/HS samples. 

 
Figure 11. Predicted fatigue for variable amplitude loading. LPBF/SS samples. 

4. Conclusions 
The main conclusions are: 

• Tensile properties of only LPBF and hybrid specimens are quite similar. 
However, for the materials combinations studied hybrid parts have higher 
stiffness (+7%) and lower strain at failure (−61%). 

• Fatigue failure of hybrid samples occurs in laser melted parts, once LPBF 
material exhibits lower crack initiation resistance as consequence of lower 
micro hardness, about of −70%, and the presence of a significant number of 
small micro pores. Fatigue cracks initiated around the surface, in many cases 
with multi-nucleation and propagated predominantly between the deposed 
layers or through the internal microporosities and impurities defects. The 
interface between materials showed an excellent connection and fatigue 

Figure 11. Predicted fatigue for variable amplitude loading. LPBF/SS samples.

A good agreement was obtained between the predicted lives and the experimental
results, which is indicated by the presence of the results mainly between the two limits,
which is usually considered as a correspondent for a very good agreement. From the
analysis of this figure is can be concluded that Miner’s law is adequate to predict fatigue
life in hybrid components with sintered implants. However, particularly for the LPBF/SS
specimens a tendency to be conservative was observed.

4. Conclusions

The main conclusions are:

• Tensile properties of only LPBF and hybrid specimens are quite similar. However,
for the materials combinations studied hybrid parts have higher stiffness (+7%) and
lower strain at failure (−61%).

• Fatigue failure of hybrid samples occurs in laser melted parts, once LPBF material ex-
hibits lower crack initiation resistance as consequence of lower micro hardness, about
of −70%, and the presence of a significant number of small micro pores. Fatigue cracks
initiated around the surface, in many cases with multi-nucleation and propagated pre-
dominantly between the deposed layers or through the internal microporosities and
impurities defects. The interface between materials showed an excellent connection
and fatigue strength due to the fatigue failure of hybrid samples occurred frequently
in laser melted parts out of the interface.

• For short lives, fatigue strength of LPBF and hybrid parts, tested under load control
was quite similar. However, for long lives, the fatigue strength of hybrid specimens
is progressively lesser than that of LPBF samples, for 500,000 cycles a loss of 52%.
Fatigue strength of LPBF and hybrid parts, tested under displacement control is
similar, suggesting that fatigue failure is controlled by the strain range.

• Miner’s law provides good predictions of the fatigue lives under block loadings due to
the ratio between the experimental and predicted fatigue life showed an error bellow
to 10%, despite a tendency to obtain conservative predictions, particularly for the
LPBF/SS specimens.
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