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Abstract

Selective laser melting (SLM) is an emerging additive manufacturing technol-

ogy, capable of producing complex geometry components. The current work

studied both the effect of substrate material and mean stress on the fatigue

crack growth behaviour along interfaces of bi‐material specimens, substrate,

and part by SLM. Fatigue tests were carried out in agreement with ASTM

E647 standard, using 6‐mm‐thick compact specimens. The substrate steel

has only a negligible effect both on the fatigue crack propagation rate and

on the crack path. The failure occurs in the material additively manufactured

by SLM, near the interface. The mean stress produced only a reduced influ-

ence on the fatigue crack propagation rate in the Paris regime. For larger

values of ΔK, where Kmax approaches KIc, a significant influence of the mean

stress was observed. In spite of nondetection of crack closure, the application

of overloads promoted significant fatigue crack retardation, quite similar for

both substrate materials, probably due to the crack bifurcation during the

overload.
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1 | INTRODUCTION

Additive manufacturing (AM) processes produce compo-
nents, directly from computer‐aided design information,
without the need of moulds or forming tools. In compar-
ison with conventional manufacturing processes, AM
ing; CPM, conventional
pagation rate; N, fatigue
ad; R, stress ratio; R2,
tron microscopy; SLM,
tor range; ΔKBL, baseline
application; ΔKOL, peak

wileyonlinelibrary
allows raw material and manufacturing time savings
and offer more freedom in design, which is an enabler
for weight savings through topology optimization. Selec-
tive laser melting (SLM) produces mechanical compo-
nents layer by layer, from a 3D model, by melting metal
powder using a laser energy source. SLM offers the ability
to generate highly customized parts for application in var-
ious industries,1 but the presence of defects and micro-
structural heterogeneities creates uncertainty in their
mechanical properties, making their widespread use diffi-
cult.2 Moreover, high mechanical properties are required
for many structural materials applications. Therefore, a
significant research effort is still needed to better under-
stand the mechanical behaviour of AM materials.
© 2019 Wiley Publishing Ltd..com/journal/ffe 2431
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Material properties of SLM parts are also affected by
residual stresses, internal defects, and the inherent rough-
ness of the surface.3,4 Recently, several conclusive stud-
ies5-7 report the influence of different heat treatments
and surface conditions on the tensile strength for SLM
powder materials, while its influence on the fatigue
behaviour8 needs better understanding. The effect of dif-
ferent post‐manufacturing heat treatments on the
mechanical properties and microstructure was also stud-
ied by Rafi et al9 and Facchini et al10 for SLM 17‐4 PH
SS steel.

The manufacturing growing direction affects thermal
history during fabrication and microstructure grain
aspect ratio leading to an anisotropic behaviour of SLM
materials. The loading direction in relation to the layer
deposition plane also plays an important role on the
mechanical properties of AM materials.2 The influence
of building orientation on tensile properties was con-
firmed by Luecke and Slotwinski11 for the SLM 17‐4 PH
steel.

The fatigue behaviour of SLM components needs bet-
ter understanding through more in‐depth studies in order
to obtain more reliable results and accurate predictions
on fatigue design.2 Recently, Mower and Long12 and
Yadollahi et al13 studied the effect of building orientation
on the fatigue behaviour of 17‐4 PH steel.

The presence of pores in AM materials highly
influences their fatigue behaviour. A significant number
of studies were conducted in conventional powder
metallurgy (CPM) materials reporting that crack initia-
tion14-16 and crack propagation16,17 are influenced by
porosity. In the presence of pore clusters, the interaction
between pores usually occurs as a crack propagation
mechanism.

According to Phillips et al,18 the fatigue crack growth
for several CPM steels is well predicted by a modified
Paris growth law. They also concluded that the exponent
of the Paris law during stable crack growth highly
depends on the relative density, decreasing sharply to
2.6 to 4.0 when the full density is approximately achieved.
In spite of the similarities of CPM and SLM processes in
respect to typical porous, pore clusters and heterogeneous
microstructure, fatigue crack growth in SLM materials
have specific features.

No fatigue crack closure studies were found in SLM
materials, contrary to conventional metals where fatigue
crack growth is highly affected by plasticity at crack tip
and consequently by the crack closure phenomenon.19

For conventional metals, the crack closure approach gen-
erally permits to correlate the majority of the crack growth
rate variations, after single overloads,19-21 periodically
applied overloads,22 and two‐level block loading, using
experimental crack closure measurements.23
The present work intends to characterize fatigue crack
propagation and failure mechanisms at both constant
amplitude loading and transient regimes after overload
application, for several stress ratios, in hybrid compo-
nents with AISI 18Ni300 SLM steel built on three differ-
ent substrate materials. Crack closure was monitored in
all tests in order to investigate the eventual correlation
with the stress ratio effect and crack growth rate varia-
tions after single overloads.
2 | MATERIALS AND
EXPERIMENTAL PROCEDURE

Hybrid specimens were produced using conventional
steel substrates over which were deposited the remaining
part by selective laser melting (SLM). The SLM parts were
manufactured in maraging steel AISI 18Ni300, while
three steel substrates were used: the steel for hot work
tools AISI H13, the stainless steel AISI 420, and a low‐
strength CK45E steel. The chemical composition and
mechanical properties of these four materials are indi-
cated in Tables 1 and 2, respectively.

Samples were manufactured using LaserCUSING tech-
nology, with layers growing in the same direction as the
load application in the mechanical tests. The equipment
for selective laser melting was the “Concept Laser,”
model “M3 Linear.” This apparatus comprises a laser‐
type Nd:YAG with a maximum power of 100 W in contin-
uous wave mode and a wavelength of 1064 nm. The sam-
ples were manufactured with a scan speed of 200 mm/s,
adding layers of 30‐μm thickness with hatch spacing of
100 μm and 25% overlapping, growing towards the direc-
tion corresponding to the application of load in the
mechanical tests. After manufacturing, the specimens
were ground on all surfaces, without post‐heat treatment,
and mechanically polished to facilitate optical observa-
tion of the crack during fatigue tests. Finally, the notch
was performed by wire electrical discharge machining.
Figure 1 shows schematically the building orientation
where layer deposition plane is perpendicular to the load-
ing direction.

Fatigue tests were carried out under sinusoidal load
control, in agreement with ASTM E64724 standard, using
6‐mm‐thick compact tension specimens (CT). Figure 2
shows the geometry and dimensions of the hybrid CT
specimens, in which the direction of growth of the sam-
ples is in the test loading direction. All tests were carried
out under load control and frequency of 10 Hz at room
temperature using an Instron EletroPuls E10000 machine
with 10‐kN load capacity (Figure 3). The crack length was
measured using a travelling microscope (45×) with an
accuracy of 10 μm, as also shown in detail in Figure 3.
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TABLE 1 Chemical composition of the materials (% wt)

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

18Ni300 0.01 18.2 9.0 ‐ 5.0 0.6 0.3 0.01 0.1 0.04 Bal.

AISI 420 0.37 ‐ ‐ 0.17 ‐ ‐ 14.22 0.021 0.64 0.037 Bal.

AISI H13 0.4 ‐ ‐ 0.94 1.30 ‐ 5.29 0.017 1.05 0.036 Bal

CK45E 0.42 ‐ ‐ ‐ ‐ ‐ ‐ ≦0.035 0.15 0.50 Bal

TABLE 2 Tensile properties of SLM material and substrate steels

Material
Yield
Stress, MPa

UTS,
MPa

Extension at
Break, %

SLM material 1000 1147 6

AISI 420 1360 1600 12

AISI H13 1280 1520 12

CK45E 420 670 16

FIGURE 1 Sample building details

FIGURE 2 CT specimen dimensions (mm)

FIGURE 3 Testing machine and details of crack measurement,

pin position, and crack closure measurement microgauge [Colour

figure can be viewed at wileyonlinelibrary.com]
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Crack growth rate under constant amplitude loading was
determined by the incremental polynomial method using
five consecutive points.24 Figure 3 shows also a detail of
the microgauge pin and its position in order to perform
the measurements of crack closure loads.

The microstructure of the SLM material and interface
zone of hybrid specimens were analysed according to
the standard ASTM E407‐99 of metallographic practice,
performing a chemical attack with Picral (picric acid
solution 4% in ethyl alcohol) during 2 minutes. After
preparation, the microstructures of the samples were
observed using a Leica DM4000 M LED optical micro-
scope. Figure 4 shows the microstructures of the SLM
part in Figure 4A and interface region for hybrid samples
with AISI H13 and AISI 420 substrates in Figure 4B,C,
respectively. Figure 4A shows a typical SLM microstruc-
ture with elongated grains and martensitic regions. The
substrate material shows a corrugated region created by
m
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FIGURE 4 Macrostructure and microscopy observations of

interface regions: A, SLM microstructure; B, interface for AISI

H13 substrate; C, interface for AISI 420 substrate [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 5 Chemical analysis on the interface for hybrid samples

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Hardness profiles around the interface region
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the melting in the first laser pass. A reduced formation of
micro‐pores was observed in the SLM part and also a
transition between substrate and AM materials without
the presence of lack of fusion zones. All the analysed
samples presented the formation of lighter zones at the
interface, resulting from the migration of carbon and con-
sequently the occurrence of decarbonisation. In order to
confirm these observations, the chemical analysis of the
interface was performed on some specimens. Figure 5
compares the chemical composition at the interfaces of
the hybrid samples with that of the SLM material, repre-
sented with an offset on the X‐axis to make the graph
clearer. With the exception of Ni and Cr, the amounts
of the remaining chemical elements are very similar in
the three substrate materials, justifying the reduced influ-
ence of the substrate material on the results.

Vickers hardness was measured on the surface of the
specimens in a line perpendicular to the interface using
a Struers Duramin 1 microhardness tester with a 0.5‐kg
load and following the ASTM E384‐11e1 standard.
Figure 6 presents the hardness profiles for the three
hybrid test samples with different substrate materials.
This figure shows an average hardness of 340 HV for
the SLM material, while for two of the analysed sub-
strates, a much higher hardness was obtained, 530 HV
in the AISI420 and 510 HV in the AISI H13 and a much
lower hardness of 180 HV in the CK45 steel. The interface
zone presents intermediate values of hardness between
the subtract and the SLM materials.
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Residual stresses are one of the main factors that affect
fatigue performance of selective laser‐melted materials.
Residual stress analysis was performed by X‐ray diffrac-
tion using a Proto iXRD equipment. Figure 7 presents
the mean values and standard deviation of the longitudi-
nal stress (y‐axis in Figure 1) in a region close to the sur-
face of the SLM material at coordinates x = 5 and
y = 1.5 mm. These results show that the residual stresses
decrease with the distance to the surface, having a tensile
stress with a mean value of 220 MPa in a 200‐μm surface
layer and stable values of the diffraction peak breadth
around 4.05°. As the residual stresses were measured in
only one position of the SLM material and close to the
surface, it is impossible to carry out a conclusive discus-
sion on its influence on the crack propagation rate during
constant amplitude load tests and during the transient
regime after the application of overloads. For this, it
would be necessary to obtain a complete characterization
of the residual stresses both in the direction of the z‐axis,
up to half thickness, and in the direction of crack propa-
gation of the crack (x‐axis in Figure 1), which was outside
the objectives to be achieved with this work.
FIGURE 7 Profile of the longitudinal (loading direction) residual

stresses

TABLE 3 Fatigue testing program

Test Material R ΔP, k

Constant amplitude SLM 0.05 2.63

SLM + CK45 0.05 2.63

SLM + AISI H13 0.05 2.63

SLM + AISI 420 0.05 2.63

0.3 2.26

0.6 1.70

Overloads SLM + CK45 0.05 2.63

SLM + AISI 420 0.05 2.63

14/01/2026]. See the T
erm

s and C
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The influence of tensile overloads was investigated in
the Paris regime at R = 0.05. Single and multiple tensile
overloads were also performed under load control, with

a ΔK baseline level (ΔKBL) of 12 and 18 MPa√m. The
overload ratio, defined as,

OLR ¼ ΔKOL

ΔKBL
; (1)

was OLR = 2, where ΔKOL and ΔKBL are the peak over-
load stress intensity factor range and the baseline stress
intensity factor range before the overload application,
respectively. Therefore, each overload was applied with
100% increase in load, respectively, to the baseline load-
ing range.

Load‐displacement curves were monitored at specific
crack length increments throughout each of the tests
using a pin microgauge elaborated from a high sensitive
commercial axial extensometer (±0.625 mm of maximum
displacement). As showed also in Figure 3, the gauge pins
were placed at the centre of the specimens in two drilled
holes of 0.5‐mm diameter with 3.5‐mm distance between
them. Load‐displacement data acquisition was done after
the crack advances beyond the pins. Data collection was
performed at a reduced frequency of 0.5 Hz. Table 3 sum-
marizes all fatigue tests that were performed indicating
the loading parameters used.

The fracture surface analysis was performed with a
scanning electron microscope Philips XL30.
ns (https://onlinelibrary.w
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3 | RESULTS AND DISCUSSION

3.1 | Crack propagation under constant
amplitude loading

Mechanical properties of the SLM AISI 18Ni300 steel
were previously obtained by the Santos et al25 in terms
of the tensile strength and Young's modulus, hardness,
and porosity.
N ΔKBL, MPa√m OLR No. of Overloads

‐ ‐ ‐

‐ ‐ ‐

‐ ‐ ‐

‐ ‐ ‐

‐ ‐ ‐

‐ ‐ ‐

12; 18 2 1

12; 18 2 1; 10; 100
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FIGURE 9 Fatigue crack initiation from the specimen notch tip.

Hybrid specimen with CK45 substrate [Colour figure can be viewed

at wileyonlinelibrary.com]
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stant amplitude loading (ΔK increase) in order to study
the stable crack growth in the Paris law regime.
Figure 8 depicts da/dN‐ΔK curves for the three hybrid
specimens series with different conventional steels (AISI
H13, or AISI 420, or CK45E), showing the influence of
the substrate material for the stress ratio R = 0.05. The
reference da/dN‐ΔK curve obtained in this work for fully
SLM samples, as well as crack propagation curves for the
three substrate materials, taken from the literature,26-28

was superimposed for comparison. The analysis of the fig-
ure shows a negligible influence of the substrate steel on
the fatigue crack propagation over the entire ΔK range
analysed. The main causes for these results are the site
of crack initiation and the path of propagation. Figure 9
presents an exemplary and representative image of all
fatigue tests, showing the crack initiation site and the
propagation path in a sample with CK45 substrate. The
analysis of this figure shows that crack initiated at the
tip of the notch and propagated through the SLM mate-
rial, within the layer near the interface, where the carbon
migration occurred. As this layer has similar microstruc-
ture and chemical composition in all sample batches,
and being the least resistant, it is the preferred region
for crack growth.

The effect of mean stress on the da/dN‐ΔK curves was
studied for the samples with AISI420 steel substrate. The
results for R = 0.05, 0.3, and 0.6 are plotted in Figure 10.
Contrary to that observed in most conventional metals, a
negligible effect of the mean stress was obtained in the
FIGURE 8 Comparison of da/dN‐ΔK curves for SLM material,

three different hybrid samples, and substrate materials26-28;

R = 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Effect of mean stress on the da/dN‐ΔK curves of

hybrid specimens with AISI420 steel substrate

//onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
Paris regime for SLM materials. Only in regime III, for
the maximum K value approaching the fracture tough-
ness of the material, a significant increase in crack
growth rate with mean stress was observed.

For conventional metal materials, the fatigue crack
growth is normally affected by mean stress, being this
effect mainly caused by the plasticity at crack tip and con-
sequently by crack closure.19,29 Considering the reduced
effect of the mean stress observed in Figure 10, the ques-
tion arises whether this material produced by SLM
exhibits crack closure.
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FIGURE 12 Crack path for hybrid samples: A, AISI 420

substrate; B, CK 45 substrate [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 4 Paris law parameters (da/dN in mm/cycle and ΔK in

MPa√m)

Substrate
Material

Stress
Ratio R C m

Determination
coefficient, R2

Reference
SLM
material

0.05 4.218 × 10−8 2.67 0.992

SANTOS ET AL. 2437
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To get answer to this question, the crack closure was
monitored in all tests. As indicated previously, load‐
displacement curves were monitored at specific crack
length intervals over each of the tests using the pin
microgauge shown in Figure 3.

Opening loads, Pop, were derived from these records
using the technique known as maximization of the corre-
lation coefficient.20 This technique involves taking the
upper 10% of the load‐displacement data (cycle loading
phase) and calculating the least squares correlation coef-
ficient. The next data pair is then added, and the correla-
tion coefficient is again computed. This procedure is
repeated for the whole data set. The point at which the
correlation coefficient reaches a maximum can then be
defined as Pop. Figure 11 shows one exemplary curve plot-
ting the correlation coefficient against the load during the
loading fatigue cycle phase. The analysis of the figure
shows that a maximum on the correlation coefficient
curve is not defined, this means no observance of the
crack closure phenomena, which justify the reduced
effect of the mean stress on the stable crack propagation
regime.

As shown in Figure 9, the cracks started on the SLM
material for all hybrid specimens and continue to propa-
gate in this material near the interface with the substrate.
Figure 12A,B shows the crack path for AISI420 and CK45
steel substrates, respectively, where cracks initially
started from the notch in the SLM side. In all fatigue
tests, the crack propagates in a zigzag path, showing
mixed failure mode: transgranular with crack passing
through the layer or interlayer failure, where the crack
contours the deposited layers having steps of one, two,
or three layers.

Table 4 summarizes the values of the Paris law con-
stants obtained for the different hybrid samples tested
under constant amplitude loading, considering da/dN in

mm/cycle and ΔK in MPa√m.
FIGURE 11 Opening load determination by the maximization of

the correlation coefficient technique

AISI H13 0.05 3.741 × 10−8 2.71 0.989

CK45E 0.05 1.178 × 10−8 3.30 0.981

AISI 420 0.05 4.606 × 10−8 2.59 0.985

AISI 420 0.3 1.953 × 10−8 2.64 0.979

AISI 420 0.6 2.132 × 10−8 3.06 0.974
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3.2 | Transient crack growth regime after
overloading

The transient crack growth behaviour after the applica-
tion of 1, 10, or 100 of tensile overloads applied at ΔK
baseline levels of 12 and 18 MPa√m with OLR = 2 was
analysed. Figure 13A highlights the effect of the number
of overloads on the da/dN‐ΔK curves for samples with
m
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FIGURE 13 Transient regime due to overload application on

hybrid samples: A, effect of the number of overloads for AISI 420

substrate; B, effect of the substrate with application of a single peak

overload

FIGURE 14 SEM observations of the surface failure on samples

with CK45 substrate: A, stable crack growth; B, after a single

tensile overload application at ΔK baseline of 18 MPa√m

SANTOS ET AL.2438
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AISI 420 steel substrate. For better comparison, the curve
obtained under constant amplitude loading is
superimposed in the figure. The results show the typical
delay effect after overloading, which is normally reported
in the literature for casting materials. This retardation is
usually attributed to the crack closure effect.19-23 How-
ever, despite the significant crack growth retardation
induced by the overloads, crack closure was not observed
in the present study, similarly to the depicted in Figure 11
. Figure 13A also shows that by increasing the number of
overload cycles, the retardation effect increases signifi-
cantly for both ΔK baseline values.

Figure 13B compares the transient propagation behav-
iour after application of a single peak overload in samples
with CK45 and AISI 420 substrate steels. Both samples
exhibit a very similar behaviour, which is once again
due to the propagation of the crack occurring, in both
cases, through SLM material close to the interface, simi-
lar to what was observed in constant load amplitude tests.

Failure surfaces were analysed in scanning electron
microscope to identify the mechanisms of crack propaga-
tion. Figure 14A presents a representative image,
obtained for a sample with CK45 substrate at a ΔK about

15 MPa√m, showing that brittle fracture is predominant.
Figure 14B was also obtained for a sample with CK45
substrate after the application of an overload at a ΔK
baseline level of 18 MPa√m, showing changes in the
crack propagation plane and failure mode. The change
of the crack path after the application of overloads is
m
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FIGURE 15 Crack bifurcation after overloading [Colour figure

can be viewed at wileyonlinelibrary.com]
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confirmed in Figure 15, which illustrates the respective
crack bifurcation. The same figure also shows that cracks
re‐join after a transient period, and this behaviour is
probably the main reason by the retardation observed in
the fatigue crack propagation rate, despite the reduced
crack closure phenomena observed in the SLM material.
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4 | CONCLUSIONS

SLM and hybrid samples constituted by SLM material
AISI 18Ni300 built on substrates in conventional steels
were manufactured and tested in order to study the effect
of substrate material and stress ratio on the fatigue crack
propagation rate when subjected to constant amplitude
loadings. The transient crack growth behaviour after
overloads application was also investigated. The follow-
ing conclusions can be drawn:

• Good fusion was achieved at the interface of the
hybrid parts in all substrates, presenting a small level
of defects and only some decarbonisation.

• The selective laser melting process induced longitudi-
nal tensile residual stresses in near surface regions
with an average value of about 220 MPa.

• The hardness and tensile strength of substrate steel
has only a negligible effect on the fatigue crack prop-
agation rate and on the crack path. Independent of
the hardness of the substrate material, the fatigue fail-
ure occurs in the SLM material, near interface, at a
distance between 150 and 200 μm.

• Fatigue crack retardation after single overload is very
similar for all substrate materials. The study carried
out did not detect the crack closure phenomena, being
probably the retardation of the crack propagation due
to the crack bifurcation observed after the overloads
application.

• In agreement with the fact that crack closure was not
observed, the mean stress produced only a reduced
influence on the fatigue crack propagation rate under
constant amplitude loading.
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