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A B S T R A C T

Laser direct metal deposition (DMD) is an efficient and flexible additive manufacturing technique which has
broad application prospects, but it is also limited due to defects and mechanical anisotropy. Laser remelting (LR)
is a process that after each layer is deposited, re-scan the deposition layer with the same slice data but without
powder deliver, and it is often used during selective laser melting. Herein, LR process has been applied during
the DMD process of a 17-4 PH steel to enhance the densification level and relieve the mechanical anisotropy. It is
found that the thermal history, porosity and microstructural evolution are dependent on the LR energy density.
Moreover, the roughness of top surface of the deposited layer and intralayer porosity decrease with increase of
the laser remelting energy density. While for interlayer defects, there is an optimal LR energy density corre-
sponding to the lowest interlayer porosity. Furthermore, LR process can enhance the holding time at high
temperature, even sometimes heat the sample above Ac1, resulting in change in contents of austenite and car-
bide. In addition, LR process greatly dilutes the pre-solidified texture. It was also proved that the flat defects in-
plane to the interlayer and the anisotropy of the crystallographic orientations are extremely harmful for the
mechanical isotropy of the DMDed samples. Finally, sample manufactured with laser remelting at 15.0 J/mm2

has the lowest porosity and most random crystallographic orientations resulting in near isotropous tensile
strength, but the contribution of laser remelting to eliminate anisotropy in elongation is limited because of the
interlayer defects.

1. Introduction

Laser-based additive manufacturing (LBAM) is the most promising
and feasible method to fabricate metallic parts. Laser direct metal de-
position (DMD) is a category of LBAM process which combines powder
and energy delivery for simultaneous deposition. The DMD processing
is capable of fabricating customized and near net shape three-dimen-
sional component for industries like automobile aerospace and defense
fields. Taking advantages of high efficiency and flexibility, DMD ex-
tends application range of LBAM techniques and exploits possibilities to
fabricate much larger and more complex components. Shamsaei et al.
(2015) reviewed various metals and procedures in the DMD process.
They summarized that laser power, laser scanning speed, powder feed
rate, hatch spacing and scanning path were identified as the most im-
portant factors for final performance of materials. Huang et al. (2019)
correlated the scanning speed and laser power to the microstructural
evolution by analyzing the localized real-time thermal characteristics.
They acquired a finer microstructure by employing a higher scanning

speed accompanied with a lower laser power. Wang et al. (2019) stu-
died the effect of scanning strategies on microstructures and mechan-
ical properties in direct laser deposited Ti6Al4V. They demonstrated
that island scanning strategy can improve the tensile properties by re-
fining the grains, but weakened the ductility because of the con-
centration of pores at the island overlap zone compared to orthogonal
strategy.

Due to the high cooling rate and different localized thermal history
in the DMD process, large thermal residual stress, varieties of defects
and anisotropic behaviors become the critical challenges to restrict the
development of this technology. Several studies have paid attention to
address these issues. Kim et al. (2020) applied ultrasonic nanocrystal
surface modification technology to the post-treatment of DMD, and the
tensile residual stress in the surface of DMDed part was converted to
compressive residual stress, thereby the wear resistance was improved.
Contrasted to the selective laser melting (SLM) process, DMD process
can induce more pores, cavities and lack of fusion with the increase of
layer thicknesses. Wang et al. (2009a, b) investigated the pore
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formation in DMD process using different metal powders. They divided
internal defects into two categories: interlayer and intralayer. It was
found that interlayer pores correlated with oxidation kinetics and in-
tralayer pores were sensitive to scanning speed. Wolff et al. (2017)
utilized an in-house thermal simulator to link localized cooling rate
with porosity geometry in additive manufactured titanium alloys. They
found that the interlayer defects preferred to appear at low input energy
condition, meanwhile, the intralayer defects preferred to appear at re-
latively high input energy condition. Bandyopadhyay et al. (2019) in-
vestigated the effect of deposition orientation on fatigue performance of
DMDed Ti6Al4V. It indicated that the fatigue life could be improved by
0°/90° hatching process, some of the pores were filled in by successive
passes at different orientations. Additionally, regularity of void dis-
tribution and existence of texture induced a dramatic anisotropic be-
havior. Qiu et al. (2016) investigated anisotropic behavior of Invar 36
components in different built direction. It was found that the inter-
granular failure mode enhanced strength in the horizontally built
samples while a transgranular failure mode presented in the vertically
built samples with poor ductility. Beside investigations on the process
parameter optimization of DMD, several researches focused on further
heat treatment as mentioned by Cheruvathur et al. (2016), hot isostatic
pressing as mentioned by Riemer et al. (2014) and remelting to reduce
porosity, eliminate anisotropy, and uniform microstructure.

Laser remelting (LR) is a convenient and efficient accessory process
for the LBAM, that scanning again on every solidified layer without
powder deliver. This process supplies chance for pores to escape and
makes porosities decrease. Meanwhile, LR can uniform the composition
and eliminate residual stress. Wei et al. (2019) studied the influence of
the repeated usage of LR process on deposition quality during the SLM
processes of the Ti5Al2.5Sn. It was demonstrated that LR treatment
induced two kinds of preferential orientations and multiple cycles of LR

process reduced the residual stress. Yasa (2011) applied LR process on
AISI 316L parts using different parameters. It was found that LR with
low-energy input can dramatically improve density of the samples,
nonetheless, increasing LR cycles had a lesser extent on density im-
provement. Moreover, Chen et al. (2018) developed “SLM plus LR”
technique to obtain a complete lath martensite microstructure in tool
steel. It was found that LR process led to a higher cooling rate in powder
bed system and generated ultrafine lath martensite, resulting in en-
hancement of hardness. Yang et al. (2019) investigated the influence of
LR process on the magnetic properties of Fe-Co-based alloys during
SLM. Results showed that the secondary phase was produced in the
recrystallization process after LR and the alloys exhibited higher sa-
turation magnetization.

The 17-4 precipitation hardening (PH) steel is an attractive metal
for LBAM due to its good weldability and austenitic/martensitic mi-
crostructure as mentioned by Nezhadfar et al. (2019), which has been
used for components and structures in various fields like nuclear,
aerospace, marine, naval and chemical industries as reported by
Kumpaty et al. (2013). Alnajjar et al. (2019) proved that as-fabricated
17-4 PH samples had a full ferritic microstructure and exhibited a grain
epitaxial solidification crossing several layers due to the high cooling
and heating rates during SLM (105–106 K/s). The large thermal gradient
led to a strongly anisotropic microstructure as well. Carneiro et al.
(2019) analyzed the fatigue and cyclic deformation behaviors of ad-
ditive manufactured 17-4 PH. It was observed that defects like pores
were the main cause for low fatigue endurance limit. Furthermore,
Schaller et al. (2017) explored the corrosion susceptibility of LBAMed

Table 1
Chemical compositions of 17-4PH powder (wt%).

C Cr Ni Cu Si Mn Nb Fe

0.05 16.14 4.03 3.47 0.49 0.48 0.38 Balance

Fig. 1. (a) Schematic for DMD facility (b) DMD scanning strategies (c)DMD+LR scanning strategies.

Table 2
Detailed processing parameters for design of experiments.

Sample ID Laser
power
(W)

Laser
remelting
power (W)

Scanning
speed (mm/
s)

Energy
density
(J/mm2)

Remelting
energy density
(J/mm2)

DMD 685 None 10 45.7 None
DMD-LR1 685 130 10 45.7 8.7
DMD-LR2 685 225 10 45.7 15.0
DMD-LR3 685 325 10 45.7 21.6

Z. Yu, et al. Journal of Materials Processing Tech. 284 (2020) 116738

2



17-4 PH steel. And electrochemical measurements demonstrated that
reduction of the corrosion resistance was attributed to the porosities
with diameter ≥50 μm. Whereas, little research has considered LR to
enhance DMD process, as a result, the effects of this novel approach on
microstructure, porosity and mechanical anisotropy are not well un-
derstood. In this paper, 17-4 PH steel has been prepared by DMD,
combined with different LR process, and the microstructure, thermal
history, porosity and mechanical anisotropy have been investigated.

2. Materials and experimental procedure

2.1. Materials and DMD process

The experiments were performed with a gas-atomized 17-4PH steel
powder supplied by JIUCHUN (Suzhou)Co, Ltd. The particle has a near
spherical shape and a diameter range of 70−150 μm. The chemical
compositions of this powder are shown in Table 1. The 304 austenitic
stainless steel was chosen as the substrate with a dimension of
100mm×100mm×20mm. The experimental facilities are shown in
Fig.1a. A six-axis robot (kuka, kr30 ha) equipped with a coaxial nozzle
(Precitec, YC52) was employed to realize the designed DMD paths. The

Fig. 2. (a) Schematic showing tensile specimen position (b) Dimensions of tensile specimens (building direction, scanning direction, hatching direction).

Fig. 3. Top surface LSCM images and the measured roughness Ra of the sample.

Fig. 4. (a) Thermal images and (b) Temperature gradient along the Z centerlines of the molten pool under different processes.

Fig. 5. Thermal history of one layer after solidification under different pro-
cesses.
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laser radiation was provided by IPG laser (YLS-2000-CT), which de-
livered a maximum output power of 2 kW with a wavelength of
1070 nm (laser beam diameter= 1.5mm). An InfraRed R500EX-Pro
camera was used to monitor the thermal behavior during the prepara-
tion process. The camera captured three frames every 1 s, then the
thermal profile and the temperature of the melt pool were acquired by
InfReC Analyzer software. The emissivity of 17-4 PH steel were cali-
brated for temperature measurement with thermo-couples. The pow-
ders were supplied with an argon gas feeder and shielded by argon gas.
A series of cuboids with dimensions of 20mm×50mm×40mm have
been deposited.

Based on a series of preliminary experiments, the optimized para-
meters (laser power of 685W; scanning speed of 10mm/s; powder
feeding rate of 7 g/min; shielding gas rate of 15 L/min; layer thickness
of 0.5mm; hatch spacing of 1.1 mm) were obtained and used for direct
metal deposition. The bidirectional strategy with a 50% dislocation

between central line of adjacent layers was employed, as illustrated in
Fig. 1b. And schematic for “DMD plus LR” process is illustrated in
Fig.1c. For convenience, the preparation conditions without LR treat-
ment would be referred to as “DMD”. When it comes to the conditions
with LR treatment, the different energy densities for LR processes are
listed in Table 2. Meanwhile, the corresponding samples would be re-
ferred to as “DMD+LR1’’, “DMD+LR2”, and “DMD+LR3”. In ad-
dition, the energy density, E was calculated by using Eq. (1) as sug-
gested by Toyserkani et al. (2005).

=E P
vd (1)

where, P is laser power, v is scanning speed, and d is laser beam dia-
meter.

2.2. Surface observation, porosity analyses and microstructure
characterization

A Laser Scanning Confocal Microscopy (LSCM) was applied for the
detail of the top surface topographies, and the roughness (Ra) was
measured. The volume faction of global porosities (relative density) was
measured using the Archimedes method as proposed by Spierings
(2011). The measurement was repeated three times, with a measured
density of 7.80 g/cm3. Samples were cut from the center of transverse
section (X–Z plane) of the as-deposited workpieces, then they were
ground and polished. A solution of 4 g cupric sulfate, 20mL hydro-
chloric acid and 20mL ethanol was used to etch microstructure. The
distribution, shape, size of internal defects and microscopy were ana-
lyzed by CarlZeiss AxioCam-MRc5 optical microscopy (OM). For each
sample, fifty pictures taken at different locations of transverse section
(X–Z plane) were considered to estimate the porosity level. TESCAN
MIRA3 Scanning Electron Microscopy (SEM) was used for micro-
structural observation, accompanied with an Oxford Aztex X-MaxN80
Energy Dispersive Spectrometer (EDS). In addition, electron back-

Fig. 6. Typical internal defects of the as-fabricated samples: (a) DMD; (b) DMD+LR1; (c) DMD+LR2; (d) DMD+LR3.

Fig. 7. Porosities and relative densities of samples subjected to different pro-
cesses.
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Fig. 8. OM and SEM images showing the microstructure of the as-fabricated samples: (a, b) DMD ; (c, d) DMD+LR1; (e, f) DMD+LR2; (g, h) DMD+LR3.
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scattered diffraction (EBSD) mapping was performed to obtain crystal
structure information (accelerating voltage: 20 kV, step size: 0.3 μm) of
a certain layer in the middle of the samples, the samples were elec-
trolytically polished at 12 V with electrolyte solution (10%
HClO4+90%CH3OH).

2.3. Mechanical property analyses

The tensile specimens were prepared by using wire electrical dis-
charge machining (EDM), along the horizontal and vertical directions,
as defined in Fig.2(a). The dimensions of tensile specimens are shown in
Fig.2(b). Tensile tests were conducted at room temperature by em-
ploying a Zwick/Roell Z020 machine (stretching rate= 1mm/min).
For every direction, three tensile samples were tested. To further ob-
serve the fracture surfaces, SEM was used.

3. Results and analyses

3.1. Surface observation

The LSCM images are exhibited in Fig. 3. It shows the top surface
morphology and the measured roughness (Ra). In the DMD sample,

many adhesive particles and obvious scanning traces can be observed
on the top surface, resulting in a high Ra, 107 μm. After LR processing,
the number of adhesive particles is significantly reduced, and the cor-
responding Ra reduces to 97 μm for the DMD+LR1 sample. In the
DMD+LR2 sample, the surface becomes even much smoother and
neater, the Ra value is measured to be 56 μm. Further, the scanning
traces on surface are almost indistinguishable in the DMD+LR3
sample, and the Ra is only 17 μm.

3.2. Thermal history

The in situ thermal images of the molten pool during laser depos-
iting and LR processing are shown in Fig. 4(a). The boundary of the
molten pool is distinguished by considering the isotherm of the melting
temperature (1440℃), and the Z direction is defined as the building
direction, the Y direction is defined as the laser scanning direction. The
depth of laser deposition molten pool is approximately 653 μm. After
the LR treatment, the depth of molten pool decreases to 231 μm, 147 μm
and 104 μm, corresponding to the energy density of 8.7, 15.0 and
21.6 J/mm2, respectively. Fig. 4(b) shows the temperature gradients
along the Z centerlines from the molten pool surface to the solidified
part of each pool. The laser energy density significantly affects the
temperature gradient and it can be seen that the maximum temperature
gradient is closer to the surface with the decrease of energy density.
When the laser remelting energy density is 8.7 J/mm2, the maximum
temperature gradient reaches a maximum value, about 3500℃/mm,
which results from the minimum depth of pool and rapid heat dis-
sipation at the surface.

The workpiece is continuously heated during the processing. Fig. 5
shows the thermal history of a layer in the center of the workpiece after
solidification, where the influence from substrate can be neglected. It is
observed that the LR process prolongs the heating time. Austenitic
transformation-starting temperature (Ac1) of the 17-4 PH is 627℃ as
investigated by Bhaduri et al. (1999). The deposition of next several
layers heats the sample above Ac1, and the holding time above Ac1 lasts
longest in the DMD+LR2 sample. With the layer by layer deposition,
the heat dissipation is basically the same as the heat input, and tem-
perature tends to stabilize. At last, the temperature drops rapidly as the
manufacturing process finished.

Table 3
EDS analyses results corresponding to Fig.8b (at%).

Position C Si Al Cr Fe Ni Cu

A 25.74 1.20 0 17.89 Bal 2.42 2.19
B 0 4.40 4.02 16.08 Bal 3.01 2.55

Table 4
Comparison of the mechanical properties of samples under different processing.

Samples σ0.2 (MPa) UTS (MPa) El (%)

Horizontal DMD 758 ± 19 1129 ± 5 14.1 ± 0.3
DMD-LR1 765 ± 23 1223 ± 10 14.0 ± 0.4
DMD-LR2 542 ± 16 1086 ± 9 16.6 ± 0.9
DMD-LR3 524 ± 32 1105 ± 8 15.2 ± 0.2

Vertical DMD 595 ± 14 918 ± 13 3.8 ± 1.3
DMD-LR1 604 ± 35 982 ± 11 4.3 ± 0.4
DMD-LR2 577 ± 14 1073 ± 13 5.6 ± 0.6
DMD-LR3 514 ± 26 575 ± 7 0.9 ± 1.7

Fig. 9. EBSD phase fraction mapping for samples fabricated with (a) DMD; (b) DMD+LR1; (c) DMD+LR2; (d) DMD+LR3, indicating the γ-Fe(red) in the α-Fe
matrix(blue) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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3.3. Microstructure and crystallographic orientation characteristics

3.3.1. Defects characteristics
The representative internal defects of the four samples are shown in

Fig. 6. The typical defect in the DMD sample is the unmelted particles
between the two layers as shown in Fig. 6(a). The lack of fusion be-
comes the dominant defect in the DMD+LR1 sample due to the low-
lying area formed by scanning trace, as shown in Fig. 6(b). Interlayer
defects are significantly decreased in the DMD+LR2 sample, as shown
in Fig. 6(c), but a few pores still exist inside the layers. While, the in-
terlayer defects increase obviously in the DMD+LR3 sample. Ac-
cording to Fig. 6(d), triangular un-melted areas appear on the straight
fusion line, which symmetrically distribute on both sides of the pool.
The porosity and the relative density of the samples are counted, and
the results are shown in Fig.7. In the DMD sample, the measured total
porosity is around 0.82% (interlayer porosity: 0.45%; intralayer por-
osity: 0.37%). While the total porosity in the DMD+LR1 and
DMD+LR2 samples become lower, 0.56% (interlayer porosity: 0.20%;
intralayer porosity: 0.39%) and 0.26% (interlayer porosity: 0.13%; in-
tralayer porosity: 0.13%), respectively. However, the total porosity in
the DMD+LR3 sample obviously increases to 1.37% containing more
interlayer defects (1.29%). As far as the relative density, as plotted in
Fig.7, the DMD+LR2 sample exhibits a highest relative density of
99.06%±0.58%, while the DMD+LR3 sample has the lowest relative
density of 98.07%±0.61%.

3.3.2. Microstructural observation
Fig. 8 shows the microstructures observed by OM and SEM. The OM

images show that a series of half-ellipses structures display in the
transverse sections of samples. The mean height of layer in the DMD
sample is 560 μm, as shown in Fig. 8(a), that in the DMD+LR1 sample
is 557 μm, as shown in Fig. 8(c). But the mean height of layer in the
DMD+LR2 sample reduces to 504 μm, as shown in Fig. 8(e). Parti-
cularly, the DMD+LR3 sample has a typical double half-ellipses
structure with 603 μm in mean layer height, as shown in Fig. 8(g). The
microstructures of the four samples are shown in Fig. 8(b), (d), (f), (h),
which consist of dominated martensite and δ-ferrite with various
morphologies. The 17-4 PH steel has a ferritic solidification mode (FA)
as proposed by Bahrami Balajaddeh and Naffakh-Moosavy. (2019). This
alloy solidifies as a primary ferrite during the initial stage, then, the
ferrite mostly transforms to austenite during the subsequent cooling
process. However, the cooling rate in the DMD process is particularly

rapid and the transformation is partially suppressed. As the temperature
drops to room temperature, austenite gradually transforms to marten-
site, and retained δ-ferrite is expected in the martensitic matrix. There
exists vermicular, dendritic and lathy ferrite in martensite matrix. The
ferrite morphology might be related to the Creq/Nieq ratio and the so-
lidification/cooling rate, which was considered in previous study
(Bilmes et al., 1996).

Additionally, a great quantity of precipitates is found according to
Fig.8(b), (d), (f), (h). The precipitates are identified as carbides ac-
cording to the EDS results listed in Table 3. The carbides formed in 17-4
PH steel mainly consist of M23C6 as reported by Sun et al. (2018) and
Phillips, 2015. Since the volume fraction of precipitated carbides in the
matrix is difficult to be obtained directly, the topographical effects are
ignored, then the volume fraction of carbide particles was measured
from Fig. 8(b), (d), (f), (h) using ImageJ software as developed by
Schneider et al. (2012). The volume fractions of the carbides are 0.37%,
0.40%, 0.63% and 0.24% in the DMD, DMD+LR1, DMD+LR2 and
DMD+LR3 samples, respectively. Generally, carbide precipitations in
the additive manufactured 17-4 PH increase with the increase of tem-
perature and extension of holding time during heat treatment, as in-
vestigated previously by Cheruvathur et al. (2016). The LR process
changes the volume fraction of carbides by changing the thermal his-
tory of workpiece, this will be discussed in the later section Table 4.

3.3.3. Crystallographic orientation analyses
EBSD phase maps for the four samples are presented in Fig.9. As can

be seen from Fig. 9a, the volume fraction of austenite is only 0.82% in
the DMD sample. Comparably, after performing LR process with a low
energy density, like the DMD+LR1 sample, the volume fraction of
austenite is basically unchanged, it is 0.86%. While, as the remelting
energy density increases, like the DMD+LR2 sample, the volume
fraction of austenite increases to 7.79%. However, the austenite frac-
tion reduces to 3.65% in the DMD+LR3 sample.

The EBSD inverse pole figure maps and the grain boundary maps of
the four samples are shown in Fig. 10. These maps show a conventional
martensitic block structure. The grain size in the DMD sample, around
1.25 μm, is obviously coarser than the others (0.88 μm for DMD+LR1;
0.80 μm for DMD+LR2; 0.81 μm for DMD+LR3). LR processing
produces a smaller melt pool on the surface of solidified layer compared
with the melt pool produced directly by laser deposition, then leads to a
higher cooling rate and refines the crystalline structure as investigated
by Chen et al. (2018). The corresponding pole figure maps are shown in

Fig. 10. EBSD inverse pole figures Z for samples fabricated with (a) DMD; (b) DMD+LR1; (c) DMD+LR2; (d) DMD+LR3 and the black lines reveal grain
boundary.
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Fig. 11. The DMD sample has a random crystallographic orientation,
with a maximum polar density of 8.67, as shown in Fig. 11(a). The LR
treatment evidently affects and further disorganizes the original crys-
tallographic orientations, as shown in Fig. 11b–d. The maximum polar
density in the DMD+LR1 sample conspicuously reduces to 4.21, and

the DMD+LR2 sample has the most chaotic crystallographic orienta-
tions, with a maximum polar density of 3.37.

In summary, LR process with appropriate energy density can de-
crease the intralayer and interlayer porosity, so that the sample has a
high density. Meanwhile, LR process changes the thermal history, and

Fig. 11. EBSD pole figures for samples fabricate with (a) DMD; (b) DMD+LR1; (c) DMD+LR2; (d) DMD+LR3.

Fig. 12. Representative tensile stress-strain curves of samples in different processing (a) Horizontal (b) Vertical.
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the local temperature gradient of the molten pool, further influencing
the pre-solidified texture, the volume fraction of precipitates and aus-
tenite. These changes would play an important role on the mechanical
behaviors.

3.4. Mechanical properties

The representative room temperature tensile stress-strain curves
along both horizontal and vertical directions of the as-fabricated sam-
ples are presented in Fig. 12 and the ultimate tensile strength (UTS),
0.2% proof stress (σ0.2) and break elongation (El) are summarized in

Table 3. On the whole, the horizontal tensile samples are found to own
not only the higher tensile strength but also much better elongations
compared with the vertical tensile samples.

As for the horizontal tensile samples, the UTS improves from
1129 ± 5MPa for the DMD samples to 1223 ± 10MPa for the
DMD+LR1 samples, while the elongation is basically unchanged (from
14.0 ± 0.4%–14.1 ± 0.3%). As the LR energy density increased, the
UTS drops slightly to 1086 ± 9MPa (for the DMD+LR2 sample) and
1105 ± 8MPa (for the DMD+LR3 samples). Correspondingly, the
yield strength reduces to 542 ± 16MPa and 524 ± 32MPa, and the
elongation increases to 16.6 ± 0.9% and 15.2 ± 0.2% in reverse.

Fig. 13. SEM micrographs showing the fracture surfaces of horizontal samples (a, b) DMD; (c, d) DMD+LR1; (e, f) DMD+LR2; (g, h) DMD+LR3.
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Fig. 13 presents the fracture surfaces of the horizontal samples. Many
squeezed and elongated defects present in the fracture surfaces, they
are associated with ellipsoidal or triangular unfused voids, as shown in
Fig. 13(a), (c), (e), (g). While the DMD+LR2 samples exhibit a rela-
tively less and shallow defects, corresponding to the minimum porosity.
According to Fig. 13(b), (d), (f), (h), a fairly ductile fracture mode is
characterized by the presence of large quantities of fine dimples.

As for the vertical tensile samples, the UTS reduces by 18.7%, to
918 ± 13MPa, compared with the horizontal tensile sample in the
DMD sample, and the elongation suddenly reduces to 3.8 ± 1.3%. As
for the DMD+LR1 and DMD+LR2 samples, the UTS increases to

982 ± 11MPa and 1073 ± 13MPa, meanwhile, the elongation in-
creases to 4.3 ± 0.4% and 5.6 ± 0.6%. Whereas, the DMD+LR3
sample fractured at 575 ± 7MPa with basically no elongation, because
of the quantities of interlayer defects (Fig.7). It should be noted that the
UTS of the DMD+LR2 sample along the horizontal and vertical di-
rections is almost identical.

The fracture surfaces of vertical samples are shown in Fig. 14.
Fig. 14(a) shows some open-up pores and pockets of un-melted powder
particles on the fracture surfaces of the DMD sample. And a mixture of
ductile and brittle fracture mode is exhibited, as shown in Fig. 14(b).
This pocket of un-melted particles is significantly reduced in the

Fig. 14. SEM micrographs showing the fracture surfaces of vertical samples (a, b) DMD ; (c, d) DMD+LR1; (e, f) DMD+LR2; (g, h) DMD+LR3.
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DMD+LR1 sample, as shown in Fig. 14(c), but there are still brittle
areas on the fracture morphology, as outlined in Fig. 14(d). According
to Fig. 14(e) and (f), a great quantity of deep dimples present in the
DMD+LR2 sample, meantime, the interlayer porosities still exist, so
the ductility is limited. Especially, in the DMD+LR3 sample, large un-

melted areas (as shown in Fig.6(g)) act as crack initiation sites for
brittle fracture as they are vertical to the tensile loading direction. This
phenomenon was also explained in the work done by Lebrun et al.
(2014).

4. Discussion

The impact of remelting energy density on layer morphology and
defect distribution are illustrated in Fig.15. After laser deposited, un-
melted powders stick to the surface, and clear scanning tracks appear
on the surface induced by the melt pool wettability as considered by
Leung et al. (2018). Meanwhile, some pores remain inside the samples,
because the argon shielding gas and the gas contained in powders are
entrapped during solidification as suggested by Shrestha et al. (2019).
When LR process is performed with the energy density of 8.7 J/mm2,
the unmelted powders stuck to the surface are eliminated, surface
roughness and interlayer porosity reduce significantly, but the in-
tralayer porosity changes very little. As the remelting energy density
increases to 15.0 J/mm2, the intralayer porosity decreased due to the
deeper penetration and higher possibility for the trapped gas to escape,
which was also considered in another work (Leung et al., 2018). Further
increasing the remelting energy density to 21.6 J/mm2, the intralayer
porosity decreases to 0.08%, but the interlayer porosity increases dra-
matically. The heat loss of the workpiece is primarily through surface

Fig. 15. Schematic of defects formation during different processing conditions.

Fig. 16. Relation between the fraction of M23C6 carbide precipitation and
heating time at different temperatures.

Fig. 17. EBSD-derived {110}<111>Schmid factor values-volume fraction of the sample.
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convection and radiation during the manufacturing as considered by
Wang et al. (2009a, b), and the smooth surface has stronger convection
as it undergoes the blowing of argon shielding gas. This inference is
consistent with the phenomenon that the temperature of a layer in the
DMD+LR3 sample drops as low as 250℃ after solidification, which is
lower than other processes, as shown in Fig. 5. Moreover, A rough
surface causes multiple reflections of the laser, and tiny grooves facil-
itates laser radiation transfer, improves laser absorptivity, thereby the
reduction of roughness will decrease laser absorptivity as mentioned by
Wang et al. (2000). When the next layer is deposited, on the one hand,
the lower surface temperature will increase the viscosity of the droplet,
making the liquid metal difficult to spread out as implied by Kumar and
Prabhu. (2007). On the other hand, reduction of absorptivity weakens
the penetration of melt pool and the overlap between layers becomes
thin.

The cooling rate in the molten pool, as well as the thermal history at
each position of the workpieces are believed to determine the micro-
structure development. The critical cooling rate for generating over
99% martensitic in 17-4 PH is 10 K/s as mentioned by Hsiao et al.
(2002). However, Huang et al. (2019) reported that the cooling rate of
DMD process can reach above 1000 K/s, and this high cooling rate re-
stricts a few transformation of δ-ferrite to γ-austenite in reverse ac-
cording to Das et al. (2006). Besides, the additional laser remelting
process changes the thermal history of the sample. For DMD+LR1
sample, the average temperature of the certain layers from the center of
workpiece is 475 ℃ and lasts for 5000 s. While for the DMD+LR2 and
DMD+LR3 samples, the mean temperature is 630℃ and 350℃, re-
spectively. The relation between the volume fraction of precipitated
M23C6 carbides and the holding time at different temperatures is cal-
culated by Jmatpro software as developed by Saunders et al. (2001), as
plotted in Fig. 16. It can be summarized that the volume fraction of
M23C6 increases remarkably as the temperature keeping at 630℃ for
5000 s. This phenomenon is in agreement with the increase of carbide
contents in the DMD+LR2 sample. Moreover, the austenitic volume
fraction increases in the DMD+LR2 sample because of the longest time
above Ac1, leading more unstable martensite revert to austenite.

The solidification microstructure is determined by temperature
gradient and solidification rate as mentioned by Kurz et al. (1986). In
addition, the temperature gradient and solidification rate vary sig-
nificantly throughout the melt pool depth by several orders of magni-
tude as reported by Bontha et al. (2009). As it can be seen in Fig. 4,
different LR processes generate different melt pool depth and tem-
perature gradient. Redistribution of the temperature gradient can
greatly dilute the pre-solidified texture, thus leading to a very smaller
polar density. It’s worth noting that subsequent melting of an overlying
layer can dilute the texture again. This explains the phenomenon that
polar density of the DMD+LR3 sample with the weak overlap between
layers has a slight increase compared to DMD+LR2 sample.

In all preparation conditions, better properties are obtained in the
horizontal direction than in the vertical direction of the samples, re-
sulting in a pronounced anisotropy in mechanical properties of the laser
direct deposited 17-4 PH. The EBSD-derived Schmid factor va-
lues—volume fraction of the samples are plotted in Fig. 17. For DMD
sample, only 49.4% grains have Schmid factor value ranging from
0.44−0.5 in the vertical sample (load direction // Z), while it is 67.6%
in the horizontal sample (load direction // Y). This difference indicates
that more grains favorably oriented for slip activations in the horizontal
sample, contributing to local plastic deformation. As LR process is
performed, the difference in this percentage between the horizontal and
vertical samples is within 1.6%. It can be inferred that LR process
minimize the impact of crystallographic texture on mechanical aniso-
tropy.

Especially for elongation anisotropy, it’s strongly affected by the
presence of porosity as mentioned by Lebrun et al. (2014). It can be
analyzed that the elongation for vertical samples is reduced with the
increase of interlayer porosity, but there is no correlation between

elongation and interlayer porosity for the horizontal samples, such as
the DMD+LR3 sample has both high interlayer porosity and elonga-
tion. The reason is that the flat defects in-plane to the interlayer are
vertical to the loading direction, and easier to tear, further resulting in
an open-tear fracture mode (Fig.14(a), (c), (e), (g)). Whereas, as the in-
plane defects are parallel to the loading direction, deformation leads to
shear-stretch mode, exhibiting squeezed and elongated defects
(Fig.13(a), (c), (e), (g)). Regardless of the distribution of defects, aus-
tenite transforms to martensite during plastic deformation, and this
stress-induced transformation reduces yield strength, along with in-
crease of work hardening rates, and lengthens stage of uniform plastic
deformation according to LeBrun et al. (2015).

5. Conclusion

In this study, different laser remelting parameters were employed
during the DMD process of 17-4 PH steel, and their effects on porosity,
thermal history, microstructure and mechanical properties are sys-
tematically analyzed. The primary conclusions are drawn as follows:

(1) LR process can decrease the porosity level in the DMDed specimen,
which is beneficial in decreasing the mechanical anisotropy.

(2) LR process exhibit a remark dilution effect on the pre-solidified
texture, minimizing the impact of crystallographic texture on me-
chanical anisotropy.

(3) Sample manufactured with laser remelting at 15.0 J/mm2 has the
lowest porosity and near isotropous UTS. While, the contribution of
LR process to eliminate anisotropy in elongation is limited because
of the inevitable interlayer defects.
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