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Abstract: In this paper, the microstructure, defects, hardness, and tensile strength of the 17-4PH
specimens manufactured additively using the selective laser melting (SLM) technique were studied.
The analyzed parts (10 mm size cubic specimens and tensile specimens) were manufactured with
different defocus parameter values (−1, 0, +1 mm) in order to evaluate this effect with a low power
laser (38 W). The study was carried out on three different sections of each cubic specimen, one
perpendicular to the laser beam or SLM manufacturing direction (transversal section), and another
two parallel to the laser beam direction (longitudinal sections). The specimens microstructures were
analyzed with an X-ray diffraction technique, as well as optical, scanning electron, and transmission
electron microscopes. Image J software was used to characterize the defects and phase ratio. In
addition, hardness and tensile tests were performed according to the corresponding standards. The
results show that the amount of austenitic phase and the average grain size varied with defocusing.
The percentage of defective area was less than 0.25%. The analyzed defocus distance did not affect
the number and average size of the defects. Adjusting the defocusing SLM parameter is important
for manufacturing parts with good mechanical properties.

Keywords: characterization; hardness; iron alloy; laser defocusing; microstructure evolution; selec-
tive laser melting

1. Introduction

Additive manufacturing (AM) processes build near net shape three-dimensional (3D)
parts by progressively adding thin layers of materials guided by a digital model [1]. Alloy
powders are widely used as raw material in laser beam AM techniques because of their
ease of feeding and controlled melting [1].

Selective laser melting (SLM) is one of the powder bed fusion (PBF) processes [2] that
is widely used in the AM industry to manufacture near-net-shape metal parts for aerospace,
medical, or automotive applications [3]. SLM is considered to be the most versatile AM
process, as it can process a wide range of materials, including alloys based on Al, Ti, Ni,
Co, Cu, and Fe [4].

To ensure optimal manufacturing conditions, the influence of different process pa-
rameters such as the powder processing and gas environment in the building chamber [5],
laser power and defocusing [6], scanning speed [7], hatch spacing [8], layer thickness [9],
and scanning strategy have to be considered [10–12]. Many of these are directly related to
the input energy of the manufacturing process.
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In general, the net energy input of the melting process can be defined as volumetric
energy density (VED) (J/mm3). Several researchers have considered different formulations
for VED. Some of them have focused their studies on the influence analysis of different
parameters related to VED on the molten track morphology of the SLM parts [13]. For
them, the amount of VED received by metallic powder is defined by Equation (1), where P
is the laser power (W), v is the scanning speed (mm/s), h is the hatch spacing (mm), and lt
is the layer thickness (mm).

VED =
P

v·h·lt
(1)

According to the authors of [14], this equation cannot be used as an absolute quantity
for parameter optimization. Alternative equations have been proposed by Gunenthiram
et al. [15] considering only the parameters related to the laser irradiation (laser power,
scanning speed, and laser spot diameter) in order to define the VED (J/mm3). Similarly,
Bertoli et al. [16] calculated VED (J/mm3) as a function of laser power, scanning speed, laser
spot diameter and layer thickness. Other researchers have studied the correlation between
the melt pool and the surface energy density (J/mm2), defined by the ratio between the
laser power and the product of scanning speed and laser spot diameter [17]. Yadroitsev
et al. [18] analyzed the degree of influence of power density (MW/cm2), scanning speed,
and layer thickness on the geometrical characteristics of single tracks, and found that the
most influential parameter was laser power. For the density control of SLM parts, other
researchers use energy per layer as an input process parameter [19].

The net energy input influences the type of heat flow produced by metal melting dur-
ing the manufacturing process “conduction mode” or “keyhole mode”. In the first mode,
heating occurs by conduction [20]. The keyhole mode generates a vapor cavity that favors
a deeper penetration through energy internal reflection. According to Messler [20], for this
heating mode to occur, an energy density greater than 109–1010 W/m2 (103–104 W/mm2)
is required. The transversal section of the melt pool in conduction mode heating is charac-
terized by a semi-circular shape, whereas in keyhole mode, the melt pool is deeper and
narrower [20–23]. When energy is transferred from a source to the workpiece producing
a melt pool, the transfer is not perfect, there may be losses due to the change in the laser
beam with the distance [20,23].

There are several process parameters that can affect the energy density during the
manufacturing process. Among them being the defocus distance. The role of laser de-
focusing is shown to be significant, changing the microstructure when varying the spot
size and, consequently, the energy density [20,23,24]. Particularly, when keeping the laser
power and scanning speed constant, the defocus distance (positive and negative sense)
can affect the microstructure and defect presence. The defocus distance is the position
of the focal plane relative to the powder bed. According to the definition given by other
authors of [20,23,24], a negative defocus distance occurs when the focal plane is placed
under the powder bed, whereas in positive defocus, the focal plane is above it. The defocus
sign considers the convergent or divergent nature of the laser beam. The negative defocus
leads to a deeper melt pool because of its convergent nature, compared with the positive
defocus. Significant differences in the melt pool size and other aspects can lead to different
microstructures, mainly due to different cooling rates. When the defocus is positive, the
process stability improves, although this occurs at the expense of losing input energy due
to beam divergence [23]. According to Kim et al.’s study on welds [24], the melting width
decreases from a positive to negative defocus, but the depth increases. In the SLM study
done by Metelkova et al. [23], the variation of the width with defocusing is less evident.
Ponnusamy et al. [25] evaluated the influence of the laser defocus distance on the surface
properties, microstructure, and hardness of the SLM parts, when applying a high constant
input energy. This research shows increasing hardening with a negative defocus.

Our study analysed the effect of the defocus distance on the microstructure and
defects of the SLM parts manufactured with a fixed input power of 38 W. To date, no
studies have been conducted investigating the role of defocusing in SLM at a low energy
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input. This study shows that even small variations in the defocus distance sign can lead to
differences in the microstructure and mechanical properties (hardness and tensile strength)
of the manufactured 17-4PH. The 17-4PH alloy is a martensitic precipitation hardened
(PH) stainless steel characterized by resistance to corrosion of up to 300 ◦C, and tailorable
strengthening by copper precipitates. 17-4PH stainless steel is widely used as a structural
material in marine environments, power plants, and chemical industries [5]. Its excellent
weldability and its ability to be heat treated in order to improve its mechanical properties
make it a good material option for SLM. The microstructure evolution induced by AM
processes is quite different from that of traditionally processed components. Using high
density processes (laser beam or electron beam), a higher cooling rate is induced in the
melt pool, favoring a very fine microstructure and a significant metastability. Such a
metastability may give rise to mechanical properties largely different from those of the as-
cast and wrought materials. For example, the 17-4PH stainless steel component produced
by SLM contains, after cooling, a high amount of metastable untransformed austenite
because of its very fine microstructure [26]. The microstructure evolution is also a function
of the process parameters and gas environment (for both powder processing and SLM
processes) [5].

2. Material and Methods

A SLM metal 3D Systems ProX 100 machine (333 Three D Systems Circle | Rock Hill,
SC 29730 | USA) [27] was used to manufacture cubic specimens 10 mm in size and tensile
specimens with a different focus distance in an inert nitrogen atmosphere chamber. The
manufactured parts were separated from the build-up plate by wire electrical discharge
machining (WEDM). Table 1 shows the composition of the nitrogen atomized 17-4PH
powder [28,29]. The specimens named D0, Dd1, and Dc1 were processed with the laser
beam in focus, defocusing 1 mm above the focal plane (divergent beam through the powder
bed) and defocusing 1 mm under the focal plane (convergent beam), respectively. The
focus of the laser beam was calibrated according to the manufacturer recommendations
(corresponding to D0 specimen). The defocusing values were selected after carrying out
previous tests in which specimens with defocusing values higher than 1 mm (in both
positive and negative distance) showed a high surface roughness. The rest of parameters
were the same for the three parts (Table 2). To achieve a high density and good mechanical
properties in the manufactured parts, a hexagonal scanning strategy was used. This strategy
divides each layer to be manufactured into hexagonal patches. The direction scanning
paths changed from 45◦ to −45◦ in each layer. Moreover, the hexagonal pattern position
changed each layer, repeating the same position every three layers [30].

Table 1. Chemical composition (Wt. %) of the 17-4PH stainless steel powder, adapted from [28,29].

Element Fe Cr Ni Cu Si Mn Nb C

wt. (%) Balance 15–17.5 3–5 3–5 <1 <1 0.15–0.45 0.03–0.05

Table 2. Invariant process parameters of the SLM machine.

Parameter Value

Laser power (P) 38 W
Scanning speed (v) 140 mm/s
Laser spot diameter 70 µm
Layer thickness (lt) 30 µm
Hatch spacing (h) 50 µm
Scanning strategy Hexagonal
Hexagon radius 5000 µm

Overlap between neighboring hexagons 50 µm
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Microstructure, defect, and hardness analyses were carried out on three different
sections of each cubic specimen (Figure 1)—one section (transversal or T section) perpen-
dicular to the laser beam or building direction (Z axis) and the other two parallel to it
(longitudinal or L1 and L2 sections). The L1 and L2 sections were perpendicular to the Y
and X axes of the SLM machine, respectively. The sections were cut at the same distance,
2 mm from the part surface.

Metals 2021, 11, x FOR PEER REVIEW 4 of 15 
 

 

Hexagon radius 5000 µm 
Overlap between neighboring hexagons 50 µm 

Microstructure, defect, and hardness analyses were carried out on three different sec-
tions of each cubic specimen (Figure 1)—one section (transversal or T section) perpendic-
ular to the laser beam or building direction (Z axis) and the other two parallel to it (longi-
tudinal or L1 and L2 sections). The L1 and L2 sections were perpendicular to the Y and X 
axes of the SLM machine, respectively. The sections were cut at the same distance, 2 mm 
from the part surface. 

 
Figure 1. Cubic specimen sections with orientations of T, L1, and L2 with respect to the laser 
beam. 

An optical microscope (OM), scanning electron microscope (SEM) and transmission 
electron microscope (TEM) were used. Specifically, a Nikon Ephipot 200 OM a ZEISS EVO 
SEM equipped with a Bruker energy-dispersive X-ray (EDX) spectrometer and a Philip-
sTM CM-200® TEM were used. The sections were prepared following standard proce-
dures. For the OM analysis, the microstructure was revealed through Vilella etching.  

TEM thin foils were prepared by mechanical grinding and polishing down to a thick-
ness of 0.2–0.3 mm. The 3 mm discs were punched and then dimpled down to a central 
thickness of 25–30 µm. The final thickness for the electron transparency was obtained by 
double-tilt GatanTM precision ion polishing system (PIPS) with incident angles of 8, 6, 
and 4° for the first, second quarter, and last half process duration, respectively. Micro-
structural inspections were carried out at 200 kV using a double-tilt specimen holder. Con-
verged-beam electron diffraction (CBED), with a nominal electron beam of 5–6 nm, was 
used to determine the lattice parameters of the existing phases. 

An X-ray diffraction (XRD) analysis was performed on the T section of the cubic spec-
imens. A Rigaku D/MAX-Ultima X-Ray system was employed for this analysis. Cu (Kα) 
X-radiation was used. 

On the longitudinal (L1 and L2) sections of the cubic specimens, the average grain 
size, depth, and width of the melt pools were evaluated using NIS Nikon software (ver-
sion 2.1, Nikon) for the image analysis, supplied by the optical microscope.  

The area fraction corresponding to the different phases highlighted by etching, as 
well as the amount and area of defects, were evaluated using ImageJ software. The L1, L2, 
and T sections were reconstructed into a mosaic of the optical micrographs. These images 
were made into binary (black and white) in order to calculate the area fraction of the mar-
tensite (dark color area divided by the section area). The fraction of the defectiveness area 
(defects area divided by section area) was also determined for the three sections. Moreo-
ver, the distribution of defects in the different classes of areas and morphology were ana-
lyzed. The defects morphology was identified by the shape factor (fcircularity) [31], defined 
by Equation (2), where P is the perimeter and A is the defect area. 𝑓 = 4 · 𝜋 · 𝐴𝑃  (2) 

Thus, for a perfect circle (spherical defect), the shape factor (fcircularity) would be one, 
while for a strongly elongated defect and therefore laminar, the fcircularity would be very 
close to zero. The identified defects were classified according to the following three types:  

Figure 1. Cubic specimen sections with orientations of T, L1, and L2 with respect to the laser beam.

An optical microscope (OM), scanning electron microscope (SEM) and transmission
electron microscope (TEM) were used. Specifically, a Nikon Ephipot 200 OM a ZEISS EVO
SEM equipped with a Bruker energy-dispersive X-ray (EDX) spectrometer and a PhilipsTM
CM-200® TEM were used. The sections were prepared following standard procedures. For
the OM analysis, the microstructure was revealed through Vilella etching.

TEM thin foils were prepared by mechanical grinding and polishing down to a
thickness of 0.2–0.3 mm. The 3 mm discs were punched and then dimpled down to a central
thickness of 25–30 µm. The final thickness for the electron transparency was obtained by
double-tilt GatanTM precision ion polishing system (PIPS) with incident angles of 8, 6, and
4◦ for the first, second quarter, and last half process duration, respectively. Microstructural
inspections were carried out at 200 kV using a double-tilt specimen holder. Converged-
beam electron diffraction (CBED), with a nominal electron beam of 5–6 nm, was used to
determine the lattice parameters of the existing phases.

An X-ray diffraction (XRD) analysis was performed on the T section of the cubic
specimens. A Rigaku D/MAX-Ultima X-Ray system was employed for this analysis. Cu
(Kα) X-radiation was used.

On the longitudinal (L1 and L2) sections of the cubic specimens, the average grain
size, depth, and width of the melt pools were evaluated using NIS Nikon software (version
2.1, Nikon) for the image analysis, supplied by the optical microscope.

The area fraction corresponding to the different phases highlighted by etching, as well
as the amount and area of defects, were evaluated using ImageJ software. The L1, L2, and
T sections were reconstructed into a mosaic of the optical micrographs. These images were
made into binary (black and white) in order to calculate the area fraction of the martensite
(dark color area divided by the section area). The fraction of the defectiveness area (defects
area divided by section area) was also determined for the three sections. Moreover, the
distribution of defects in the different classes of areas and morphology were analyzed.
The defects morphology was identified by the shape factor (fcircularity) [31], defined by
Equation (2), where P is the perimeter and A is the defect area.

fcircularity =
4·π·A

P2 (2)

Thus, for a perfect circle (spherical defect), the shape factor (fcircularity) would be one,
while for a strongly elongated defect and therefore laminar, the fcircularity would be very
close to zero. The identified defects were classified according to the following three types:

• Laminar shaped defects (0 < fcircularity ≤ 0.5).
• Random shaped defects (0.5 < fcircularity ≤ 0.75).
• Spherical shaped defects (0.75 < fcircularity ≤ 1).
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The hardness value (HV) was measured using a Vickers Affri Wiky 200JS digital
instrument employing a 1 Kgf load (HV1), according to the vickers hardness ISO 6507-
1(2018) standard [32]. The average hardness values were calculated from 10 measurements
of each section.

A Servosis ME-402/5 universal testing machine (Servosis S.L. 28320 Pinto, Madrid,
Spain) was used to carry out the tensile tests according to the tensile testing ISO 6892-1(2019)
standard [33].

3. Results and Discussion
3.1. Microstructure

Figure 2 shows the microstructure of the transversal and longitudinal sections after
chemical etching. T sections were characterized by footprints of visible laser tracks as
parallel lines. In the longitudinal sections (L1 and L2), the microstructure was characterized
by the bowl-like texture of the melt pools. The boundary of the melt pool appeared lighter
and enclosed a darker area after the Vilella etching.
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Figure 2. Microstructure of the D0, Dd1, and Dc1 specimens in the T, L1, and L2 sections after the Vilella chemical etching.

The higher magnification micrographs from the optical (Figure 3a–c) microscope show
the elongated grains inside the melting pool that were outlined after the Vilella etching.
From both the optical (Figure 3a–c) and SEM migrographs (Figure 3c–e), some traces of the
boundary phase (light area) appear distributed inside the melting pool.

The XRD pattern for the T sections of the D0, Dd1, and Dc1 specimens (Figure 4) shows
the presence of peaks related to both martensite or ferrite (α phase) and austenite (γ phase).
In fact, because of the very low carbon concentration in this alloy (<0.04 wt% [28]), the
magnitude of the lattice distortion in the body-centered tetragonal (BCT) martensite was
very small, and it was not possible to distinguish between the body centered cubic (BCC)
ferrite and the BCT martensite [34]. No significant differences in the X-ray pattern were
highlighted for the D0, Dd1, and Dc1 diffraction patterns.
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Figure 4. X-ray diffraction (XRD) patterns of the (a) D0, (b) Dd, (c) and Dc specimens.

A TEM analysis of the transversal section was performed on the D0 sample in order
to define the nature of the phases highlighted by Vilella etching and to clarify the XRD
results. The TEM analysis showed the absence of a ferritic phase and the presence of
austenite (Figure 5a) distributed mainly at the boundary of the melt pool (light zone in
Figures 2 and 3) with martensite inside the melting pool (dark zone in Figures 2 and 3). In
some zones, the microstructure showed the co-existence of martensite laths and austenite
grains (Figure 5b,c). This was characterized by the diffuse presence of twinning between
martensite laths (M) and austenite grains (A), as highlighted by a red circle in the selected-
area electron diffraction patterns (SAEDPs), shown in Figure 5c.

Typically, 17-4PH exhibits a martensitic structure with a small fraction of ferrite. The
microstructure of the specimens characterized in this study also exhibited an austenitic
phase because of the high-density energy that favors significant metastability [5,26,35–37].
Moreover, the type of gas used for both the SLM process and/or powder processing
affected the built microstructure. For example, Rafi et al. [36] observed a higher portion of
retained austenite in the as-built 17-4PH specimen when nitrogen atomized powder was
processed under a nitrogen SLM atmosphere instead of argon. Subsequently, Meredith
et al. [37] showed that nitrogen atomization plays a prominent role with respect to the gas
used during the building process when promoting a high level of retained austenite. For
the analyzed specimens in this study, both the powder atomization and building processes
were developed using nitrogen gas, so the occurrence of austenite was expected.
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twinning diffraction spots; (c) martensite laths.

Cheruvatur et al. [38] found retained austenite in additively manufactured 17-4PH
stainless steel parts. In particular, a core–shell dendritic structure with a α’ phase (marten-
site) in the core and γ phase (austenite) in the shell was detected. The main reason for this
was nitrogen absorption, which stabilized the austenitic phase and lowered the martensite
transition start temperature (Ms) at a high solidification rate. Furthermore, in the AISI 431
martensitic stainless-steel laser cladding, an increased amount of retained austenite at the
interface boundary was found because of the higher thermal subcooling [39]. Even in the
17-4PH hybrid laser-arc welding, Liu et al. [40] found an increase in the austenitic content
in the root of the 17-4PH hybrid joint, where the solidification rate increased with respect
to the upper area, which was more affected by the arc power.

The melt pool boundaries were influenced by a high subcooling as a result of contact
with a colder powder or a previous solidified layer if preheating of powders was not
applied. As a result, the microstructure at the boundary was expected to be different from
the inside of the melt pool because of different thermodynamic conditions. When the 17-
4PH alloy solidified, phase transformation usually took place: ferrite δ (BCC)→ austenite
γ (FCC)→ ferrite α or α’ (BCC). At high cooling rates, less time was spent forming the
δ (BCC) phase, resulting in a uniform primary austenitic phase [38,39]. Therefore, the
very rapid decrease in temperature at the melt pool boundary led to the development
of a very fine-grain austenitic microstructure that developed without diffusion [39]. The
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austenite grain refinement had a considerable effect on the martensite formation. Grain
refinement led to a decrease in the tendency to form martensite and sometimes inhibited
the transformation completely [40]. Moreover, the oversaturation of the austenite element
stabilized the boundary microstructures upon cooling after solidification. The presence of
retained austenite was therefore mainly detected at the boundary of the melt pool.

The abundance of the austenitic phase in the D0, Dd1, and Dc1 specimens was eval-
uated using ImageJ software along transversal and longitudinal sections. Images were
processed in binary to calculate the percentage of the austenite (light area) relative to the
section area. The results of the analysis (shown in Table 3) indicate that a higher amount of
austenitic phase was detected in the Dd1 specimen.

Table 3. Amount of austenitic phase evaluated as ratio between austenitic phase area and total area (%), average depth and
width of the melt pool (µm).

Specimens
Characterization Austenite Abundance (%) Average Depth of Melt Pool (µm) Average width of Melt Pool (µm)

Section T L1 L2 L1 L2 L1 L2

D0 33 40 30 41 ± 6 46 ± 6 77 ± 11 77 ± 13
Dd1 49 50 54 37 ± 4 38 ± 5 63 ± 10 60 ± 11
Dc1 30 40 25 49 ± 7 45 ± 6 72 ± 12 72 ± 12

The depth of the melt pools was evaluated in the longitudinal sections (L1 and L2) of
the specimens (Table 3). In our analysis, the depth of the melt pool was similar to half its
width, indicating the predominance of a conduction mode for the heat flow [16,22,23,40].
The lowest melt pool depth was obtained in the Dd1 specimen, a result consistent with
previous studies [23,24], because of the higher energy losses when positive defocusing
was applied [23]. For the analyzed samples, the reduced heat input also led to the lowest
width of the melt pool for the Dd1 sample, as shown in Table 3. In order to verify the role
of defocusing on the scale of the microstructure, the grain size in the martensite area of the
melt pools along the L1 and L2 sections was evaluated (Figure 6). This figure shows that
the Dd1 specimen had the highest number of smaller diameter grains (between 0–10 µm),
followed by Dc1 and D0.
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The last result, regarding the average grain size of the samples, indicated that if the
size of melting pool decreased, the solidification rate was faster and the microstructure
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was finer [20,22,41–43]. The grain size or the scale of the microstructure was controlled by
the product of the temperature gradient (G) and the solidification rate (R) [20,22,41–43].
To determine G and R, Rosenthal’s analysis of heat flow was applied to different high
temperature alloys processed by laser power bed fusion [22,43]. The condition behind the
Rosenthal analysis led to a predicted semi-circular melt pool perpendicular to the beam
travel, as in our study. This shape indicated that the conduction mode governed the heat
flow [16,20–23,42,43]. A semi-circular pool was observed at a low heat input, while at a
high heat input, the key hole mode governed the heat flow and the width of the melting
pool became narrower with respect to the depth [20,21,23,42]. The Rosenthal analysis
predicted that G or the average temperature of the melted region was reduced as the heat
input increased, because of the larger melting pool, which attenuated the temperature
gradient [20,22,41–43]. If the average temperature in the melting pool was decreased, the
solidification rate R also decreased and hence the cooling rate (GxR), leading to a coarse
microstructure. On the contrary, a smaller melting pool led to an increase of G and R and
to a refined microstructure. In this study, the sample processed with a divergent defocused
beam (Dd1) was characterized by the smaller melting pool and grain size, in agreement with
the Rosenthal’ analysis. So, because of the smaller grain size developed in the Dd1 sample,
the Ms transformation temperature was further reduced with respect to the other analyzed
samples, and, as a consequence, a higher austenitic microstructure was developed [38–40]
at the fusion line, as shown in Table 3. In fact, at the boundary of the melting pool, the
efficiency of the heat transfer towards the cold substrate was the highest and the finest
grain size was therefore expected, so the martensitic transformation was inhibited and the
austenitic phase remained in the microstructure upon cooling [38–40].

3.2. Defects

All sections (T, L1, and L2) had defects, mainly because of the unmelted powder
(Figure 7a), which was sometimes associated with voids (Figure 7b). For each section (T, L1,
and L2), the fraction of defect area as considered to be the defect area divided by the total
area of the section. No significant differences were observed between the three specimens.
The average fractions of the defect area were 0.25% ± 0.09, 0.24% ± 0.02, and 0.24% ± 0.02
for the D0, Dd1, and Dc1 specimens, respectively.
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Figure 7. Optical micrographs of the T section of the Dd1 sample showing (a) unmelted powders in
the etched section and (b) unmelted powder associated with the void in the as polished T section.

Figure 8 shows the distribution of the defect numbers according to the defect area. The
highest number of defects (about 60%) occurred in the defects with an area less than 50 µm2.
Defects with areas between 50–150 µm2 represented 30%. The occurrence of defects with
an area greater than 150 µm2 was not significant. Figure 9 compares the distribution of
defects number based on their shape for the three specimens in the T, L1, and L2 sections.
For each specimen, more than 80% of the defects were characterized by a spherical shape.



Metals 2021, 11, 588 11 of 15

Metals 2021, 11, x FOR PEER REVIEW 11 of 15 
 

 

  
(a) (b) 

Figure 7. Optical micrographs of the T section of the Dd1 sample showing (a) unmelted powders in 

the etched section and (b) unmelted powder associated with the void in the as polished T section. 

Figure 8 shows the distribution of the defect numbers according to the defect area. 

The highest number of defects (about 60%) occurred in the defects with an area less than 

50 µm2. Defects with areas between 50–150 µm2 represented 30%. The occurrence of de-

fects with an area greater than 150 µm2 was not significant. Figure 9 compares the distri-

bution of defects number based on their shape for the three specimens in the T, L1, and 

L2 sections. For each specimen, more than 80% of the defects were characterized by a 

spherical shape.  

  

(a) (b) 

 
(c) 

Figure 8. Distribution of defect numbers based on defect areas in the following specimens: (a) D0, (b) Dd1, and (c) Dc1.

3.3. Hardness and Tensile Strength

Ten hardness measurements were made in the three sections (T, L1, and L2) of spec-
imens, and the average results are shown in Table 4. The lowest hardness values were
obtained for the Dd1 specimen (despite the lower grain size of the melt pool) mainly due
because of the increase in retained austenite volume. Similarly, Hemmati et al. [39] obtained
a lower hardness value in the parts with the AISI 431 laser deposited coating with the most
refined microstructure because of the higher amount of austenitic phase. Likewise, Pon-
nusamy et al. [25] obtained a lower hardness value in the Dd1 specimen using a selective
laser melted 17-4PH alloy.
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Table 4. Average hardness values (HV1).

Specimens T Section L1 Section L2 Section

D0 274 ± 5 290 ± 8 295 ± 7
Dd1 262 ± 5 275 ± 9 283 ± 7
Dc1 277 ± 9 297 ± 7 306 ± 7

Table 5 shows the average results after performing the tensile test on two specimens
of each type (D0, Dd1, and Dc1). As in the hardness tests, the lowest values for the elasticity
modulus (E), yield tensile strength (YTS), and ultimate tensile strength (UTS) were obtained
for the Dd1 specimen. Regarding the D0 specimen, E decreased by about 9 GPa for the Dc1
specimen and about 37 GPa for the Dd1 specimen. In the case of the UTS and percentage
reduction of area (Z), the difference between the average values of the D0 specimen and
the other two was negligible. On the other hand, the YTS values of the Dc1 specimen were
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about 17 MPa greater than those for the D0 specimen, while those of the Dd1 specimen
were about 23 MPa less than this.

Table 5. Average tensile test values.

Heading E (GPa) YTS (MPa) UTS (MPa) Z (%)

D0 134 ± 7 615 ± 11 983 ± 6 20
Dd1 97 ± 18 592 ± 7 979 ± 3 21
Dc1 125 ± 2 632 ± 4 983 ± 3 19

4. Conclusions

In this paper, the microstructure, defects, hardness, and tensile strength of 17-4PH
parts manufactured using the SLM technique with a low power laser energy were studied.
In particular, the input power was 38 W. The specimens were processed with a fixed set of
parameters and were differed from each other only by the defocus distance values.

The following were the main conclusions:

− The specimens showed a mixed microstructure of austenite and martensite. The
austenitic microstructure was detected mainly at the boundary of the melt pool and the
martensitic microstructure inside the melt pool.
− The analyzed specimens showed a percentage of defect area less than 0.25% and the
defects were mainly circular (more than 80%). The defocus parameter did not affect the
number of defects. No significant difference was observed in the defect area fraction for
the three specimens. Furthermore, all sections had defects with small area size (lower than
50 µm2).
− The defocus distance altered the melt pool size, the average grain size, and the amount
of austenite content. The Dc1 specimen and the focused beam specimen (D0) exhibited
a higher hardness, greater average melt pool depth and grain size, and lower austenitic
content than the Dd1 specimen.
− Regarding the tensile tests, hardness-like results were obtained, with the D0 and Dc1
specimens having the best properties.

Proper adjustment of the defocus distance was important for obtaining high-quality
SLM parts. In particular, for SLM machines that worked with a low laser power, small
variations in the defocus value produced significant changes in the part properties.

The results of this research have encouraged us to continue studying the effect of
these changes as a result of defocus, when a low input energy was applied, on mechanical
properties and geometrical and dimensional quality of the 17-4PH parts manufactured
using SLM.
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