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Abstract: Selective Laser Melting (SLM) is currently one of the more advanced manufacturing
and prototyping processes, allowing the 3D-printing of complex parts through the layer-by-layer
deposition of powder materials melted by laser. This work concerns the study of the fracture
toughness of maraging AISI 18Ni300 steel implants by SLM built over two different conventional
steels, AISI H13 and AISI 420, ranging the scan rate between 200 mm/s and 400 mm/s. The SLM
process creates an interface zone between the conventional steel and the laser melted implant in
the final form of compact tension (CT) samples, where the hardness is higher than the 3D-printed
material but lower than the conventional steel. Both fully 3D-printed series and 3D-printed implants
series produced at 200 mm/s of scan rate showed higher fracture toughness than the other series
built at 400 mm /s of scan rate due to a lower level of internal defects. An inexpressive variation of
fracture toughness was observed between the implanted series with the same parameters. The crack
growth path for all samples occurred in the limit of interface/3D-printed material zone and occurred
between laser melted layers.

Keywords: selective laser melting (SLM); maraging steel 300; fracture toughness; hybrid parts;
implanted parts

1. Introduction

Selective Laser Melting (SLM) refers to layer material addition techniques that allow the
generation of complex 3D-printed parts by selectively joining successive layers of powder material
on top of each other, using thermal energy supplied by a focused, computer-controlled laser beam.
This technology is a very high-energy process, as each layer of metal powder must be heated above
the melting point of the metal [1,2]. Moreover, this additive manufacturing process can provide for
complex geometry components, repair defects (as an alternative to laser welding [3]) and reconstruction
in the moulds industry. The SLM process is largely affected by parameters such as laser power, scan
speed rate, protective atmosphere, material used in the process and materials to joint, among others.
The wrong choice of these parameters can lead to a high porosity, bad adhesion between layers and a
materials interface which can decrease its mechanical behavior.

The literature reports an abundance of recent research about the morphologic and mechanical
properties of SLM steels. Kempen et al. [4] studied the microstructure and mechanical properties of
SLM 18Ni-300 steel and observed that a higher layer thickness and/or scan speed causes a decrease in
density. A cellular-dendritic growth mechanism in the solidification was observed where intercellular
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spacing is less than 1 um which leads to an excellent strength and hardness in both as-produced and
age hardened conditions.

Casalino et al. [5] realized an experimental investigation and statistical optimization of the SLM
process in 18Ni300 maraging steel, where the correlation between the mechanical and density was
positive, and the surface roughness decreases with the energy density. Bai et al. [6] studied the
influence of parameters on SLM process and mechanical properties evolution of maraging steel 300.
Like previous authors, they prove the considerable influence of the scan rate, laser power and scan
spacing as regards the density of a part. Low power laser and high scan rate lead to a low density
produced part and high power laser and slow scan rate can achieve 99% of density in a produced part.
Casati et al. [7] also obtained 99.9% of relative density in cubic samples produced by SLM using gas
atomized H11 grade steel powder.

The presence of defects and microstructural heterogeneities creates uncertainty in mechanical
properties of SLM produced parts, which complexify their generalized use [8]. Moreover, high SLM
mechanical properties are required for structural materials applications. As is often reported in the
literature, SLM process affects the material properties due to residual stresses, defects or inherent
roughness of the surface [5,9-11].

The authors of Reference [12] studied the mechanical behavior of selective laser melting 18Ni300
steel specimens, concluding that a very high scan rate (400 or 600 mm/s) causes a high percentage of
porosity and a consequent drastic reduction of the tensile strength, stiffness and elongation at failure,
compared with the results obtained for a 200 mm/s scan rate. The fatigue crack propagation path
occurred predominantly in a transgranular direction, crossing the laser layer.

The growing direction and grain aspect ratio can lead to anisotropic behavior of SLM parts.
The loading direction, in respect to layer deposition plane and grain aspect ratio, plays an important
role in its mechanical properties. The effect of building orientation on tensile properties and fatigue
crack growth was studied by Suryawanshi et al. [13] and observed a lack of anisotropy for selective
laser melting 18Ni300 steel. Strong intra-layer bonding and the absence of dominant texture were the
reasons ascribed to this behavior. The same authors concluded that mechanical characteristics of aged
SLM are broadly similar to those reported for the aged maraging steel of the same grade.

On the other hand, Mazur et al. [14] verified that the tensile and fatigue behavior in mechanical
tests of SLM manufactured H13 specimens compared with the results to those conventionally produced
showed tensile strength of as-built specimens to be up to 30% lower than conventional material.
Fatigue strength was also significantly lower than reference data. These results were related to the high
roughness of the 3D-printed surface and the presence of high tensile residual stresses. Ackermann et
al. [15] realized impact tests in a three different conditions: 3D-printed, 3D-printed heat-treated and
conventional heat-treated specimens in H13 tool steel. These authors observed that the H13 steel is
so brittle and that it substantially limits direct use of the printed part. Proper heat treatment must be
carried out after SLM process in order to obtain desired properties.

Studies regarding hybrid parts are not common. Cyr et al. [16] studied the fracture behavior of
additively manufactured 18Ni300/H13 hybrid hard steels. These authors observed a presence of an
interface between the different steels. On the other hand, tensile tests of hybrid as-printed sample
show that the fracture occurs in the H13 steel, away from the interface. The authors of this research [17]
also studied the morphologic and fatigue strength of additively manufactured 18Ni300/H13 and
18Ni300/ AISI420 hybrid samples. The presence of an interface between the different steels was also
observed. The fatigue strength has a lower influence due to the substrate (H13 or AISI420) and the
hybrid samples show a lower fatigue life when compared with the as-printed samples. Moreover,
the fatigue crack initiation, propagation and final fracture were localized in the as-printed material,
being different of the Cyr et al. [16] results because these authors used an untreated H13 steel in the
as-printed samples.

Campanelli et al. [18] studied 18Ni300 marage steel clads deposited onto an AISI 304 substrate.
These authors observed that the dilution with the substrate is as low as 10 to 28%, which warrants
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the adhesion of marage to AISI 304 steel, and they developed a statistical analysis and mathematical
model that can be used to select the process parameters to produce high-density parts, reaching a
average density value of 98.2%.

No publications about the fracture toughness of conventional steels with 18Ni300 steel implants
built by SLM were found in the literature, justifying the importance of the current investigation in
order to understand the influence on material fracture of the geometric shape, the presence of defects
and load mode. The results of this study can lead to a better understanding of mechanical design
and reliability of mechanical projects of conventional steels with 18Ni300 steel implants built by SLM.
Therefore, the main objective of this work is to study the fracture toughness of both fully 3D-printed
specimens and hybrid specimens composed of a conventional steel substrate and a steel implant, both
3D-printed by SLM.

2. Material and Methods

2.1. Materials and Specimens Manufacturing

The specimens used in this research were the Compact Tension type (CT), manufactured with
SLM parts growing in load direction. Figure 1 shows the geometry and main dimensions of the
specimens and a schematic view of the hybrid samples.
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Figure 1. Specimen geometry, dimensions and schematic view of the hybrid parts (dimensions in mm).

Three different kind of specimens were manufactured for this study: fully 3D-printed sample
using recycled powder of AISI 18Ni300 steel (SM) of which the average particle diameter ranges
between 0.01-0.056 mm and two hybrid samples, for which half specimen was a conventional machined
steel and the remaining was a steel implant built by SLM using the maraging AISI 18Ni300 previously
referred. The two steel substrates were the tempered AISI H13 steel (HS/SM) and the stainless steel
AISI 420, both machined by conventional processes (55/SM). Specimens with 6 and 3 mm thickness
were produced with notches open by wire EDM (Electrical discharge machining) centered in the
interface zone. Table 1 presents the main chemical composition according to the manufacturer, for the
three steels. Table 2 presents tensile test results for SS/SM, HS/SM and SM samples, obtained by the
authors [17] using round specimens with 4 mm of diameter according to ASTM E8/E8M-16a [19].
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Table 1. Chemical composition of steels (CM-Conventional Manufacturing). Reproduced with the
permission from [17], copyright Elsevier, 2016.

Steel C Ni Co A\ Mo Ti Al Cr P Si Mn Fe
18Ni300 (powder) 001 182 9.0 - 50 0.6 0.05 0.3 0.01 0.1 0.04 Balance
AISI H13 (CM) 0.4 - - 094 1.30 - - 5.29 0.017 1.05 0.036 Balance
AISI 420 (CM) 0.37 - - 0.17 - - - 1422 0.021 0.64 0.037 Balance

Table 2. Tensile properties for SS/SM, HS/SM and SM specimens. Reproduced with the permission
from [17], copyright Elsevier, 2016.

Specimen SM SS/SM HS/SM
Scan rate (mm/s) 200 400 200 400 200 400
Ultimate Tensile Stress [MPa] 1147 1032 1135 1000 1146 1000
Yield stress [MPa] 1000 910 1115 900 1125 900
Extension at break [%] 6 2.2 3.6 1.5 4.2 1.7
Young’s modulus [GPa] 180 180 190 180 190 180

The 3D-printing was done by Lasercusing® process, in a “Concept Laser” equipment model
“M3 linear” using as an energy source a laser type Nd:YAG with a maximum power of 100 W in
continuous wave mode, a wavelength of 1064 nm and 0.2 mm of spot laser diameter. The samples
were manufactured using two scan rates, 200 and 400 mm/s, adding layers of 30 um thickness
with hatch spacing of 100 pm and 25% overlapping, growing towards the direction corresponding
to the application of load in the mechanical tests. After manufacturing the specimens were
mechanically polished.

2.2. Fracture Toughness Tests

The fracture toughness tests were performed according to the BS 7448-3 standard [20] using
CT specimens in loading Mode I. Before the fracture toughness tests a fatigue pre-crack was created
at room temperature in an Instron Electroplus machine under constant amplitude tensile loading
with sinusoidal load wave and stress ratio R = 0.05. In accordance with this standard, a pre-crack of
4 mm length was created from the notch, in order to comply with the two standard requirements:
the pre-crack has to be higher than 2.5% of the W parameter and greater than 1.3 mm from the notch.
The crack length was measured using a travelling microscope (45x of magnification) with an accuracy
of 10 um, as shown in Figure 2.

~ —v
CT sample

Figure 2. Pre-crack length measurement apparatus.

The fracture toughness tests were carried out in an Instron machine, model 4206, using a
displacement rate of 2 mm/min. The crack opening displacement was measured using an MTS clip
gauge model 632.02C-221 (MTS Systems, MN, USA) (range: —2.5 mm to 2.5 mm) fixed with an apparatus
especially created for this purpose. Figure 3 shows the CT sample and extensometer assembly.
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Figure 3. Sample-extensometer assembly.

The fracture toughness Ky, and the critical integral, ], were calculated according the BS 7448-3 [20]
standard through the Equations (1)—(4), respectively. Equation (5) was used for the validation of
the critical stress intensity factor values in Mode I loading (Kj.) by the criteria of excessive plastic
deformation at the crack tip.
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where ag = 14 mm is the crack length, W the distance indicated in Figure 1, B is the sample thick, Fg is a
particular load value determined from the fracture test chart, U, correspond to the plastic component
of the area under load vs. elongation curve, E is the Young modulus, v the Poisson coefficient and F is
the maximum load.

Complementary analyses were performed to characterize the microstructure and the fracture
mechanisms. The metallographic and crack morphologic analysis before and after the fracture tests
were performed according to the ASTM E3 standard metallographic practice [21], being used for
etching a solution composed of 4 g of picric acid, 1 mL of hydrochloric acid (HCL) and 95 mL ethyl
alcohol. Afterwards, the samples were observed through an optical microscope Leica DM4000 M LED.
The hardness tests were performed using a Struers Type Duramin-1 microhardness tester, with a load
of 10 N during 15 s, according to the ASTM E 384 standard [22]. The local chemical compositions were
obtained through the energy dispersive X-ray spectroscopy analysis. Finally, fractured surfaces of the
broken surfaces and the interfaces of the specimens were analyzed in a scanning electron microscope
(SEM) Philips® XL.30 TMP.

3. Results and Discussion

3.1. Metallographic Analysis

Figure 4 shows the main microstructures in different regions for an SS/SM sample. Figure 4a
shows the microstructure for the AISI 420 steel being a ferritic structure with My3 Cg spherical
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carbides [23]. The interface between 3D-printed and conventional steel parts can be observed in
Figure 4b,c (marked by an arrow) showing decarbonisation, and a thickness between 40-50 pum.
Figure 4d reveals a martensitic microstructure for the 3D-printed half [24].

Similar analysis was carried out for HS/SM samples, as shown in Figure 5. The AISI H13 shows a
tempered martensitic structure [25], as can be seen in Figure 5a. In this sample, the interface is not
clearly identified, but is possible to note a different appearance between the 3D-printed material near
the AISI H13 steel and the 3D-printed material distant from the interface (both zones are marked by
arrows in Figure 5b). This variation in appearance is due to some decarbonisation, as observed in the
previous sample.

The analysis by EDS (Energy-dispersive X-ray spectroscopy) of the chemical composition in the
interface reveals that this is identical for both kinds of samples. Figure 6 presents an exemplary plot of
the chemical composition for the interface of hybrid sample HS/SM 3D-printed with 200 mm/s of
scan rate, where the Ni choice can be identified, which is characteristic for the 18Ni300 3D-printed
steel, and other common choices for steels, namely C and Fe, with low carbon contents.

100 pm

Decarbonisation zone

&*-

Figure 5. Metallographic analysis for HS/SM sample.
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Figure 6. Chemical composition of the interface for hybrid sample HS/SM 3D-printed with 200 mm/s
scan rate.

3.2. Microhardness

Figure 7 shows the hardness profiles for the three series analyzed. Similar hardness values were
obtained for the 3D-printed half of about 330 HV. The average hardness value of ten measurements
in the interface of about 450 HV; is quite similar for both samples, being 452 HV; for SS/SM and
446 HV for HS/SM series. This is an expected result since the chemical composition and cooling
rate during solidification in the interface of both series is similar. Finally, the AISI 420 steel presents a
higher hardness than AISI H13, 532 HV; and 506 HV1, respectively.
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Figure 7. Hardness profile for both hybrid sample series.
3.3. Fracture Tests: Load vs. Displacement Curves

Figure 8 shows exemplary load-displacement curves of fracture tests on fully 3D-printed
specimens. The identification of the curves is made according to the following code: the first number
correspond to scan rate (2 = 200 mm/s; 4 = 400 mm/s), the letters identify the material composition of
the sample, the subsequent two digits identifies the number of the specimen and the last digit is the
thickness in mm.

The analysis of Figure 8 shows, as expected, that the maximum loads are reached for the samples
with the greatest thickness (6 mm). On the other hand, 3D-printed specimens with a scan speed of
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400 mm/s have both lower maximum load and lower maximum displacement than the 3D-printed
specimens produced with a scan speed of 200 mm/s, which can be explained by the increase in internal
defects (porosities, unmelted powder, unmelted zones, among others) and a consequent decrease of
strength and ductility as was referred by References [11,12]. In addition, as is known, the thickness
has an important role in the material behavior. The lower stiffness associated with the reduction of
the thickness of the sample approximates the tests to a plane stress condition leading to a greater
plastic deformation, which may invalidate the determination of the fracture toughness in Mode I
(Kyc). Therefore, for the 3 mm thick specimens it is necessary to use the critical value of the J Integral
parameter (Jic).

Figure 9 shows some of the curves obtained for HS/SM and SS/SM hybrids specimens, all
processed with a scan rate of 200 mm/s. From the analysis of the figure stands out a behavior similar
to the one observed in the previous figure, since the fracture occurs predominantly on the 3D-printed
side of the samples. However, in this case, the stiffness of HS/SM and SS/SM hybrids specimens with
6 mm thickness are very similar, leading to the conclusion that the fracture is mainly controlled by the
3D-printed part of the specimen. On the other hand, there is a greater dispersion of the maximum loads
for the HS/SM hybrids specimens. The interface of this specimens presents greater microstructural
heterogeneities between the 3D-printed material next to the interface with the AISI H13 steel and
the 3D-printed material distant from the interface (both zones are marked by arrows in Figure 5b).
As referred in the metallographic analysis (Section 3.1), this variation of microstructure is due to
some decarbonisation.
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Figure 8. Fracture tests: Load vs. displacement curves for fully 3D-printed specimens.
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Figure 9. Fracture tests: Load vs. displacement curves for hybrid specimens.
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3.4. Fracture Toughness

Tables 3-5 present the fracture toughness Kq, the validity condition for Kq = K. and J, for entirely
3D-printed (SM) samples, and hybrid SS5/SM and HS/SM samples, for the two different scan rates
(200 and 400 mm/s) and the two thickness values (3 and 6 mm). The results show that the majority
of tests lead to invalid fracture toughness tests, because the geometry of samples do not guarantee a
plain strain state, leading to an excessive plastic deformation at the crack tip. However, Kqg increases
at least 10% when thickness decreases from 6 to 3 mm and the increase of the scan speed from 200
to 400 mm/s reduces Kq above 20%. Hybrid samples show a slightly lower toughness than fully
3D-printed specimens, reaching almost 10% for HS/SM specimens, which is caused by microstructural
variations at interface. The values of fracture toughness obtained in this work for the samples SM,
SS/SM and HS/SM 3D-printed at 200 mm /s scan speed rate and 3 mm of thickness, are similar to
those Kq values obtained for the steel H13 by J.M. Costa et al. [3] in laser deposit welding Nd-YAG
with 4 mm thick specimens (Kq = 79.08 & 31.76 MPa.m'/2).

The effects of thickness, substrate material and scan speed on the J. parameter is similar to
that observed for Kq, but with more pronounced trends. For the scan speed of 200 mm/s, Jc on
3 mm thickness samples decreases about 15% and 30% for SS/SM and HS/SM samples, respectively,
when compared with entirely 3D-printed specimens. The same comparison on J. for 6 mm thickness
leads to toughness reductions of about 7% and 45% for SS/SM and HS/SM samples, respectively.
The increasing of the scan speed from 200 to 400 mm/s reduces about 50% the J. values for both
3D-printed and hybrid samples.

Table 3. Fracture toughness tests results for SM specimens.

Sample Valid Kg Average Kg Je (N/mm) Average].  Critical Crack,
Reference Kg=Ki (MPam'?) (MPa.m'?) ¢ (N/mm) ac (mm)
2SMO1_3 No 72.99 59.23 31.26
2SM02_3 No 80.44 67.86 65.68 + 3131
2SM03_3 Yes 90.85 80.17 £ 6.71 73.26 5.35 3111
2SM04. 3 No 76.40 62.4 31.96
2SM13_6 No 76.38 4209 29.39
25M14 6 No 68.93 40.1 30.62
2SM15_6 No 77.77 72.85 +4.26 463 424£25 31.03
2SM16_6 No 68.32 403 29.11
4SMO5_6 No 49.22 19.71 29.65
4SMO06_6 No 52.56 12.27 18.65 + 28.89
4SMO7_6 No 60.71 5542 4 471 2371 410 30.23
4SMO08_6 No 59.18 18.93 30.06

Table 4. Fracture toughness tests results for SS5/SM specimens.

Sample Valid Ko Average Kg J (N/mm) AverageJ.  Crack to Fracture, a.

Reference Kg =K. (MPa.mV?) (MPa.m'?) N (N/mm) (mm)
255/SM01_3 No 83.22 48.9 32.03
255/5M02_3 No 82.46 839 £ 11 48.5 55.82 + 31.98
255/SM03_3 No 85.15 ’ ’ 62.7 7.13 31.45
2S5S/SM04_3 No 84.75 63.21 31.67
25S/SM01_6 No 67.71 41.14 3900 4+ 30.58
25S/SM03_6 No 71.24 70.97 £ 2.55 37.59 1 5 2991
25S/SM04_6 No 73.95 38.33 : 31.06
4SS/SM01_6 No 54.76 17.08 28.98
4SS/SM02_6 No 57.84 19.53 29.05
455/SM03_6  No 5959 ~ 047+£236 o34 1956£25 29.86

455/5M04_6 No 53.69 18.02 30.14




Appl. Sci. 2018, 8, 1879 10 0of 13

Table 5. Fracture toughness tests results for HS/SM specimens.

Sample Valid Ko Average Ko J (N/mm) Average]J.  Crack to Fracture, a.

Reference Kg=Ki (MPam?)  (MPa.m!?) ¢ (N/mm) (mm)
2HS/SM01_3 No 73.93 40.7 32.13
2HS/SM02_3 No 81.7 71.55 4478 + 32.98
2HS/SM03.3  No 73.03 7366 £577 3871 16.17 30.47
2HS/SM04_3 No 65.99 28.17 30.51
2HS/SMO01_6 No 61.54 21.05 28.58
2HS/SMO03_6 No 64.77 65.41 + 3.45 249 2284 +4.1 29.71
2HS/SM04_6 No 69.91 17.24 30.03

The estimated Kq for the specimens built with 200 mm/s of scan rate and 6 mm thick showed
a decrease about 10% from the Kj. value of the commercial steel grade 300 [18]. On the other hand,
the 3 mm thick samples presented similar values between the estimated Kq and the K. value of the
commercial steel grade 300 [26] around 80 MPa.m!/2.

Santos et al. [12] show the level of defects observed in two samples produced with 200 mm/s and
400 mm /s of speed rate scan, respectively. It can be observed that the level of defects (area) increases
from 0.74% to 7.37% when the speed increases from 200 to 400 mm/s. Besides, the fracture toughness
decreases with the increase of scan speed rate, as previously mentioned (Table 5). Therefore, it can
lead to a conclusion that the fracture toughness of SLM maraging steel grade 300 is lower that the
commercial steel grade 300 produced by conventional processes, due to the internal defects (porosities,
unmelted powder, unmelted zones, among others) and their effects.

3.5. Fracture Surface Analysis

For a better understanding of the previous results, a microscopic analysis was carried out to
observe the fracture surfaces and crack growth path of the SM, SS/SM and HS/SM samples with
6 mm of thickness 3D-printed at 200 mm/s. Figure 10 illustrates the crack growth path for SS/SM
sample. Figure 10a shows that the fracture crack initiated and grew in the 3D-printed material near
the interface zone. Therefore, the samples tend to fail near the midplane of the notch plane at greater
microstructural heterogeneities and where the stresses are higher. The crack propagated in different
laser layers’” interfaces through internal defects as shown in Figure 10b. Figure 11 is a SEM image
of a SS/SM specimen showing the different laser directions between layers (marked by red arrows)
and the porosities defects (circumscribed by red circles); this figure confirms the failure at the laser
layers interfaces.

Unmelted zone

( a) Porosities Interface

1 mm Unmelted zone

(b)

Laser pass

Figure 10. Crack growth path for SS/SM sample 3D-printed at 200 mm/s.
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Figure 12 shows the crack growth path for a HS/ST sample 6 mm thick 3D-printed at 200 mm/s.
Failure mechanisms are quite similar to those observed for SS/SM samples, but in this case the crack
grew along the limit between the interface material and the 3D-printed material (Figure 12a). The crack
path is determined by the variation of direction between laser layers, as illustrated in Figure 12b.

Figure 13 illustrates a SEM image of the fracture surface of HS/SM sample 6 mm tick 3D-printed
at 200 mm/s. This image shows: the directions of laser passes marked by arrows for different layers,
the porosity and the interstice between two different passes in the same directions (unmelted zone),
both marked by red ellipses forms. Comparing Figures 11 and 13, it can be concluded that the main
failure mechanisms are quite similar in both hybrid series, characterized by an interface failure between
adjacent laser layers, since the same 3D-printed material was deposed and the same parameters were
used in the SLM process.

2 »5 Ve / ,J i g
AccV SpotMagn Det WD Exp F—— 200um
10.0kV 3.0 126x SE 85 1

7

Figure 11. Fracture surface of SS/SM sample 3D-printed at 200 mm/s.
Porosity

Unmelted zone Interface

Laser pass

o\

Det WD Exp ———1 200um

! 1l(£\0 kv 3’0 125x ‘ISE 88 1 S )
Figure 13. Fracture surface of HS/SM sample 3D-printed at 200 mm/s.
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4. Conclusions

This work analyzed the fracture toughness performance for three different SLM 3D-printed
compositions using CT specimens with 3 and 6 mm of thickness: samples of fully 3D-printed steel
(maraging AISI 18Ni300), samples of AISI H13 with implant of 3D-printed maraging steel AISI 18Ni300
and samples of AISI 420 steel implant of 3D-printed maraging AISI 18Ni300. Two different scan rates
(200 mm/s and 400 mm/s) were used to build the different samples through the SLM process. It was
observed that a clear interface zone was created between 3D-printed and conventional steels by the
SLM process. This interface presented the same chemical composition and hardness values for both
ASI H13 and AISI 420 conventional steels. However, the interface showed a higher hardness than the
3D-printed material but lower than ASI H13 or AISI 420 steels. Additionally, the fracture toughness
values did not exhibit significant variations, when comparing the different series for the same scan
rate and thickness. Fracture toughness decreases when the sample thickness increases and fracture
toughness values presented a great agreement with other methods, namely laser welding with modern
Nd-YAG process. The SLM 18Ni300 maraging steel fracture toughness value is slightly lower when
compared to the commercial steel grade 300 because the internal defects produced by SLM have an
important role in decreasing the mechanical performance. Finally, the crack growth path for all hybrid
specimens was along the boundary between the interface zone and the 3D-printed steel, showing a
brittle mechanics fracture due to the defects produced by the SLM process.
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