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Abstract
The production of large components, the possibility to repair damaged parts and the 
ability to produce components of multi-graded or functional-graded materials are 
the main drivers of the research and the application of the Laser Powder Directed 
Energy Deposition (LP-DED) process. However, the knowledge of the process and 
of the relationships among the process parameters and the characteristics of the pro-
duced part is currently not completely understood. The aim of this paper is to fill the 
current gap in the scientific literature related to the effect of the deposition strategy 
on the part quality. Therefore, the influence of two of the most important parame-
ters, namely the deposition path and the idle time, on the residual stresses and poros-
ity is evaluated on 316L samples produced by the LP-DED process. The obtained 
results show that both parameters have a high influence on the porosity level and the 
residual stresses. In particular, it can be seen that a high value of idle time worsens 
both porosity and residual stresses. Then, it is also observed that the raster deposi-
tion path leads to a lower value of stresses.

Keywords Additive manufacturing · Directed Energy Deposition · AISI 316L · 
Deposition strategy

Introduction

Additive Manufacturing (AM) processes have opened new opportunities in manu-
facturing industries in terms of part design and production methods [1]. Due to the 
enormous advantages of AM with respect to conventional processes, it is one of the 
most growing technologies [2]. As a result, several sectors are introducing AM pro-
cesses into their manufacturing landscape [3]. In addition to the more consolidated 
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sectors such as aerospace, aeronautics and medical, AM applications are emerging 
in other sectors such as tooling, construction, energy and oil & gas [4].

Considering metal AM processes, the ISO/ASTM 52,900 terminology standard 
[5] divided the manufacturing systems into three categories that are powder bed, 
powder deposition and wire deposition systems.

Focusing the attention on the powder deposition system that uses a laser as an 
energy source, it is possible to refer to this process as Laser Powder Directed Energy 
Deposition (LP-DED). In this process, a laser beam produces a melt pool on a sub-
strate, and simultaneously powder particles are fed into the molten material by 
means of a deposition head [6, 7]. The interest in the LP-DED process is growing 
rapidly and the reasons are in the powerful applications such as repairing operations, 
production of functionally graded materials and production of large-volume parts 
[8]. A wide range of metals can be processed by DED [6] however, 316L stainless 
steel is one of the most interesting in the manufacturing sector if the characteristics 
of high corrosion resistance, long durability in harsh environments, high hardness, 
ductility and toughness are needed [9].

However, before using a component produced by the LP-DED process in a func-
tional system, it is mandatory to evaluate the mechanical characteristics of the same 
component, also in comparison with the ones conventionally produced [10]. Accord-
ing to ISO/ASTM DIS 52,927, tensile strength, hardness and porosity are the most 
important requirements to be assessed in a part produced by AM processes [11]. 
Since tensile behavior is one of the most used key performance indicators [12], sev-
eral efforts were performed to investigate the effect of process parameters [13–15], 
deposition strategy [16–19] and heat treatment [20, 21] on tensile properties. In gen-
eral, LP-DED components are characterized by higher tensile properties compared 
to conventionally manufactured components resulting from the peculiar finer micro-
structure [22].

For instance, Saboori, et al. [17] showed that LP-DED 316L samples are characterized 
by a value of Yield Strength (YS) of about 460 MPa, which is much higher than the 
YS value of 316L parts produced by a conventional casting process (about 260 MPa). 
However, DED samples exhibit mechanical anisotropy due to the layerwise nature of 
the process [23]. In detail, Ziętala, et al. [24] showed that the YS and UTS values of 
316L samples measured along the building direction are lower than those measured 
perpendicular to the building direction, due to the presence of interlayer pores.

The microstructure also influences the hardness of the samples. Again, a higher 
hardness value if compared to conventional processes, was observed in 316L LP-
DED samples. Moreover, it was observed that the hardness of the deposited sample 
could highly vary along the building direction, with higher hardness observed on 
upper layers [12, 25, 26]. In addition, as evidenced by Chechik, et al. [27] deposit-
ing 316L thin walls, the variation of hardness along the building direction highly 
depends on the material and the process parameters used during the fabrication. 
Hence, different works analyzed the effect of process parameters. In particular, when 
low specific energy was used, the hardness values were almost constant or character-
ized by a slightly increasing trend along the building direction. On the other hand, 
when the specific energy increased, a significant reduction of hardness along the 
wall height was observed [27].
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Another characteristic to be assessed is the porosity [23]. Depending on the 
mechanism by which the pores are generated, three categories of pores have been 
identified in the literature [23, 28]: keyhole pores, gas pores and lack of fusion 
pores. Keyhole pores arise due to too-high specific energy and are spherical in shape 
as a result of the vaporization of the material and their size depends on the size of 
the laser beam [28, 29]. Gas pores are typically small (< 200 μm) and spherical in 
shape [30, 31] and are mainly caused by gas entrapped inside powder particles dur-
ing the atomization process or by the entrapment of shielding gas into the melt pool 
[23, 28, 32]. Finally, the lack of fusion pores, which are usually large and irregular 
in shape, are caused by insufficient penetration of the melt pool between consecutive 
tracks and layers [32, 33].

Tan, et  al. [34] carried out a characterization of the pore distribution within a 
316L sample and showed that, due to the cold substrate, large irregular pores were 
located in the first layer. Far from the building platform, the pores were small and 
characterized by an almost spherical shape and this was attributed to moisture evap-
oration and gas entrapment.

Since a high porosity level facilitates crack propagation, the main objective is 
to obtain a part with minimum porosity, usually lower than 0.5%, without pores 
concentration [29]. In fact, pores significantly affect the mechanical properties of 
the part [6]. For istance, Xue, et al. [35] and Ziętala, et al. [24] showed that both 
the Yield stress and the Maximum stress decreased with the increase of the poros-
ity level. Similarly, Izadi, et  al. [36] observed that also the compressive stiffness 
decreased increasing the porosity. In general, the reduction of porosity was obtained 
by adjusting the process parameters [23]. For example, Lin, et al. [37] showed that 
the porosity of 316L thin wall decreased by increasing the laser power and the travel 
speed, while it increased with powder feed rate. Subsequently, Piscopo, et al. [38] 
analyzed the porosity in 316L bulk samples and observed that the lack of fusion 
pores was reduced by increasing the laser power, but the gas pores increased. An 
opposite behavior was observed when the powder feed rate was increased. Porosity 
was also influenced by the laser focus position. In detail, Zheng, et al. [39] showed 
that interlayer lack of fusion porosities were obtained when close-to-focus settings 
were used due to the reduction of melt pool dimensions.

Additionally, in LP-DED parts high distortion could arise from the high residual 
stresses generated by the deposition process [23, 40]. Moreover, it is well-recognized 
that residual stresses adversely affect the mechanical characteristics of the deposited 
part. Consequently, several efforts were performed in order to quantify and minimize 
the residual stresses. Residual stresses are highly non-uniform, with a mean com-
pressive state in the core and a tensile state at the edge [41]. In addition, considering 
the spatial distribution of residual stresses, the lateral surfaces are characterized by 
a higher stress level compared to the top surface [20]. All in all, the stresses show 
an oscillatory distribution [42] and value that can reach 75% of the yield strength 
[43] with variations gradient up to 100 MPa/mm [23]. The mitigation of residual 
stresses is fundamental and four different methods are developed and used. These 
methods are preheating the substrate, optimizing the process parameters, performing 
heat treatment and optimizing the deposition strategy [44, 45]. It should be noted 
that although it is universally accepted that preheating the substrate and performing 
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a heat treatment reduces the residual stress level [23, 46], process parameters can-
not be arbitrarily varied since porosity or excessive dilution may occur [47]. Con-
sequently, the optimization of the deposition strategy is the object of most of the 
works available in the literature. However, most of the works used numerical simu-
lation and are focused on titanium and Inconel alloys. The experimental research on 
the effect of deposition strategy on residual stresses of 316L samples is very limited. 
For example, Saboori, et al. [17] investigated the raster deposition strategy with two 
different rotation angles that are 90° and 67°. They showed that using a rotation of 
67° lower residual stresses were obtained.

However, the deposition strategy is defined by different parameters such as the 
hatching distance, the deposition path and the idle time. However, the time between 
two consecutive layers, the so-called idle time, is often neglected in the analysis and 
its evaluation is limited to tensile and microstructure analysis. For example, Yado-
llahi, et  al. [48] showed that idle time influenced the mechanical and microstruc-
tural properties of 316L cylindrical samples. In detail, they found that a longer idle 
time caused a finer microstructure, a higher strength and a lower elongation. Hwang, 
et al. [49] determined the optimal idle time for 316L thin walls using the constitutive 
equation and showed that with the optimal idle time a homogeneous grain refine-
ment along the sample height was obtained.

From the analysis of the literature on 316L samples produced by the LP-DED 
process, it was observed that most of the works investigated the tensile and the 
microstructural behavior. Porosity and residual stresses are less investigated and the 
majority of the existing studies analyzed the effect of laser power, travel speed and 
powder feed rate. However, according to the literature, the deposition strategy that 
is defined by deposition path, hatching distance and idle time significantly affected 
the mechanical behavior. Therefore, this work aims to investigate the effect of two 
deposition strategy parameters, namely the deposition path and the idle time, on the 
porosity and residual stresses of 316L samples.

Materials and Methods

The experimental procedure adopted in this work is described in the following sub-
sections. Firstly, the system and the material used for sample production are pre-
sented. Then, the equipment used for sample characterization in terms of residual 
stresses and porosity is illustrated.

Samples Production

Several AISI 316L parallelepiped samples with dimensions of 60 × 15 × 15  mm3 
were produced on 110 × 110 × 10  mm3 substrates of the same material, as illus-
trated in Fig.  1. 316L gas atomized powder supplied by Oerlikon Metco Inc. 
(Troy, MI, USA) was used, with a particle size distribution ranging from 45 to 
106  μm. The complete characterization of the powder was performed by Vin-
cic [50]. Powder particles were delivered to the deposition area by means of a 
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carrier gas. In this work the carrier gas was argon at a pressure of 5 bar and a 
constant flow of 6 l/min. The same carrier gas is used to create the local shielding 
atmosphere.

Samples were realized using a LASERDYNE® 430 system developed by Prima 
Additive (Collegno, Italy). The LASERDYNE® 430 system is equipped with a fiber 
laser with a maximum laser power of 1000 W. The laser beam has a top hat energy 
distribution with a diameter of 2 mm in the focal plane.

Focusing on the effect of the deposition strategy on part properties, the produc-
tion of the samples was carried out by varying the idle time and the deposition path, 
while keeping other parameters constant. Especially, the laser power, the travel 
speed and the powder flow rate were set to 650  W, 850  mm/min and 5.5  g/min, 
respectively, as suggested by the LP-DED system supplier for the 316L powder. The 
hatching distance that guarantees an overlapping of 50% between adjacent tracks 
was set up; since the track width is a consequence of energy density and power flow 
rate, which are invariant in this work, the hatching distance is also considered as a 
constant parameter. Thus, the third parameter that defines the deposition strategy, 
which is the hatching distance, was kept constant during all the experiments and set 
to 1 mm. Given the process parameters and the resulting height of the tracks, a layer 
thickness of 0.50 mm was set up.

In particular, nine deposition strategies, defined by three deposition paths and 
three values of idle time, were studied. A standard raster deposition path, with a 
rotation of 90° at each layer, was analyzed and compared to a raster deposition 
path with a rotation of 67° at each layer, typically used in Laser Beam Powder Bed 
Fusion (PBF-LB) systems, and the spiral in-out deposition path, that is widely rec-
ognized as being able to generate a more even temperature distribution during depo-
sition [51]. To evaluate the effect of the idle time, depositions with no idle time (0 s) 
and with increasing values (10 and 20 s) of idle time were investigated. Higher idle 
times are not of interest from an industrial perspective as they prolong the deposi-
tion time to unacceptable values. The samples were coded according to the deposi-
tion strategy as reported in Table 1.

Fig. 1  CAD model of the LP-DED sample
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Porosity Evaluation

The porosity of the samples was evaluated through computer tomography (CT) 
analysis on 10 × 10 × 55  mm3 coupons extracted from a replica of the samples. 
In detail, the samples were separated by WEDM at 2.5  mm distance from the 
substrate and then machined to remove 2.5  mm depth on all the other external 
surfaces, to keep within the limits of CT scanner and exclude the near-to-surface 
defects from the analysis. A Phoenix V|tome|x S240 by Baker Hughes (Houston, 
TX, USA) was used for CT scans, setting a voltage of 210 kV and a current of 
110 µA and without the use of any filter in order to achieve the proper balance 
of sample and background grey values. The acquisition setup led to a voxel size 
of 20 μm (resolution). For each coupon, 2500 images in a full 360° rotation were 
acquired. After the acquisition, the raw data were automatically cleaned from 
possible errors and processed for volume reconstruction using Phoenix datos|x 2 
software.

Then, a porosity analysis was performed in the software VGSTUDIO MAX 
3.5 by Volume Graphics (Heidelberg, Germany) using the VGDefX algorithm. 
In detail, the porosity analysis was performed by defining a Region of Interest 

Table 1   Sample designation with respect to the deposition strategy parameters used in the experimental 
procedure

Sample designa�on Deposi�on path Idle �me

R90_00
Raster with a rota�on of 90° at each layer

0 s

R90_10 10 s

R90_20 20 s

R67_00
Raster with a rota�on of 67° at each layer

0 s

R67_10 10 s

R67_20 20 s

SPI_00
Spiral in-out

0 s

SPI_10 10 s

SPI_20 20 s

z

n + 1

n

z

n + 1

n

z

n + 1

n
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(ROI), which is defined as the volume in which the analysis was executed. The 
definition of the ROI was performed by virtually cutting the entire scanned vol-
ume of the sample using the clipping box function available in the software. The 
ROI was characterized by dimensions of about 10 × 10 × 15  mm3, including the 
end of the coupon and an intermediate volume. In this way, it was possible to 
analyze the porosities on both the edge of the sample, where a temperature accu-
mulation is typically observed due to lower heat exchange and path inversion, 
and the core of the sample, where a more regular behavior is expected. Porosities 
were then determined in the defined ROI by comparing the grey value deviation 
between two adjacent voxels using a contrast level of about 3500 and a probabil-
ity threshold of 0.70. According to the voxel resolution, only pores with a diame-
ter larger than 40 μm (limited by 2 times the CT scan voxel size) were considered 
in the analysis.

Residual Stresses

The hole-drilling strain gauge method was selected to investigate residual stresses 
beneath the surface according to the ASTM E837-20 standard [52]. The residual 
stress distribution was measured on the top surface of each sample, as illustrated 
in Fig. 2, after surface cleaning and smoothing in the measurement area to improve 
the strain-gauge adhesion. The surface preparation was manually performed using 
abrasive SiC paper with different grain dimensions (220, 400 and 600 grit). The pro-
cedure used for surface preparation and rosette gluing is detailed in [20]. Stresses 
were measured before detaching the samples from the substrate in order to meas-
ure the stress induced by the mere production process and avoid the stress relaxa-
tion due to the separation operation. The Restan MTS300 system (SINT Technology 
S.r.l, Italy), equipped with an inverted cone drill bit characterized by a diameter of 
1.6 mm, was used to produce a 1.2 mm deep flat-bottom hole. In detail, the hole 
was obtained through a sequence of 24 drill steps of 50 μm each. Each drilling step 
caused material removal and therefore, a stress redistribution and deformation of the 

y

x

Fig. 2  Position of the strain gage rosette on the top surface of the LP-DED sample
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material. The deformations were measured by K-RY61-1.5/120R (HBM Italia S.r.l., 
Italy) Type B 3-element rosette connected to an amplifier and acquired by the auto-
matic RSM software. In detail, the QuantumX MX440B amplifier (HBK GmbH, 
Germany) was used. This amplifier was characterized by 4 channels, a resolution 
of 24 bits, and a sampling rate of 40 kHz. The RSM software (HBM Italia S.r.l., 
Italy) was used to control the whole acquisition process and to save the measured 
deformations.

The acquired deformations were then elaborated using the EVAL software (SINT 
Technology S.r.l, Italy) in order to compute the residual stresses along the analyzed 
depth according to ASTM E837-20 standard.

Results and Discussion

All the samples were successfully produced without any visible surface defects. 
Figure 3 shows a replica of the samples produced with the three different deposi-
tion paths and no idle time. From a preliminary visual inspection of the samples 
produced, the effect of the deposition path on the external morphology of the top 
surface of the sample was clear. The influence of the deposition path on the ther-
mal history was also evident from the different colors of the oxides on the external 
surfaces. In particular, as observed by Vecchi, et al. [53], higher temperatures were 
expected when the oxides tended to dark blue colors.

Porosity

The porosity analysis in VGSTUDIO MAX allowed to detect and visualize the spa-
tial distribution of the pores, to characterize their shape and size, and to determine 
global parameters such as total porosity in the analyzed volume. Results showed that 
the porosity of the samples produced with the standard deposition strategy, that is 
a raster path rotating 90° at each layer, was 0.21% without idle time and increased 
to 0.35% at the highest idle time. Nevertheless, all these samples satisfied the limit 
suggested by Svetlizky, et  al. [23] of the maximum porosity level of 0.50%. The 

a) )c)b

Fig. 3  316L samples produced with no idle time and with different deposition paths: a raster with a rota-
tion of 90° at each layer, b raster with a rotation of 67° at each layer, and (c) spiral in-out
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adoption of the 67° rotation of the raster deposition path led to lower values of 
porosity, between 0.13% without idle time and 0.26% with 20 s of idle time. This 
was attributed to a more homogenous temperature distribution and the uniform melt 
pool formation caused by the lower cyclicity during the production of the samples 
[54]. This aspect was also observed in PBF-LB processes where the use of a 67° 
rotation angle led to a more random distribution of the temperature and of the melt 
pool [55–57]. The spiral deposition path caused an increased total porosity, ranging 
from 0.35 to 0.60%. All the results are listed in Table 2. The high porosity detected 
in the sample SPI_20 realized with the spiral deposition path and 20 s of idle time, 
that was higher with respect to the maximum porosity value recommended by [29], 
suggests that this deposition strategy should be rejected, at least with the adopted 
process parameters. Based on these results, is thus possible to state that the deposi-
tion path and the idle time significantly affected the total porosity. In particular, it 
was also possible to observe that for all the deposition paths analyzed in this work, 
increasing the idle time value caused an increase in the porosity value. This behav-
ior could be explained by considering that as the idle time increased, the tempera-
ture of the deposited material progressively decreased [58]. Therefore, with all other 
process parameters held constant, the thermal energy provided to the material was 
insufficient to produce a stable melt pool as the temperature gap increased.

The porosity distributions within the samples produced with the three deposi-
tion paths and idle times are illustrated in Fig. 4. The spatial distribution of porosity 
changed significantly with the deposition path and pores were mainly located at the 
interface between layers, in some cases hinting at the path itself. This is particularly 
evident in the sample produced by the spiral deposition path, where all the tracks 
in the layer were aligned with those of the previous layer and intertrack porosity 
developed.

From the pore size distribution, illustrated in Fig. 5, it was possible to observe 
that most pores had a diameter lower than 0.2 mm. Furthermore, these pores were 
also characterized by a high value of sphericity and consequently, they were identi-
fied as gas-entrapped pores. Very few pores were characterized by a diameter larger 
than 0.6 mm and a low value of sphericity, and these pores were classified as lack of 
fusion pores.

Table 2  Porosity level measured on the analyzed samples

Deposition path Sample Total porosity

Raster with a rotation of 90° at each layer and no idle time R90_00 0.21%
Raster with a rotation of 90° at each layer and 10 s idle time R90_10 0.26%
Raster with a rotation of 90° at each layer and 20 s idle time R90_20 0.35%
Raster with a rotation of 67° at each layer and no idle time R67_00 0.13%
Raster with a rotation of 90° at each layer and 10 s idle time R67_10 0.19%
Raster with a rotation of 90° at each layer and 20 s idle time R67_20 0.26%
Spiral in-out and no idle time SPI_00 0.35%
Spiral in-out and 10 s idle time SPI_10 0.48%
Spiral in-out and 20 s idle time SPI_20 0.60%
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Comparing the results in Fig. 5, it is possible to observe that the increase in the 
idle time caused an increase in the number of lack of fusion pores and in their diam-
eter. In details, a larger number of lack of fusion pores was observed in samples 
produced with 20 s of idle time, with a higher percentage when the deposition path 
was in-out spiral. The maximum pore diameter measured in SPI_20 sample was 
1.58 mm.

Overall, it was observed that both the deposition path and the idle time influ-
enced the porosities measured in the samples. Specifically, these parameters mostly 
influenced the amount and the dimension of the lack of fusion pores, while gas-
entrapped pores were almost constant and equal to 0.10% in all the analyzed sam-
ples. The porosity related to gas entrapped pores may be attributed to the carrier gas 
flow rate or the initial condition of the powder, in terms of relative humidity and 
inherent porosity [23, 28, 59]. Since the carrier gas flow rate did not change in the 
experiments, and the same powder batch was used in the deposition tests, the con-
stancy of gas-entrapment resulting porosity is justified.

Combining Figs. 4 and 5, it can be observed that the pores with a diameter lower 
than 0.2 mm were uniformly distributed along the building direction in the ROI con-
sidered, even if in some cases the deposition path in the layer is understandable, 

e
mit

eldi
s

01
e

mit
eldi

s
02

1.60

1.00

1.20

0

0.20

0.40

0.60

0.80

P
or

e
di

am
et

e
r 

(m
m

)1.40

1.60

1.00

1.20

0

0.20

0.40

0.60

0.80

P
or

e
di

am
et

e
r 

(m
m

)1.40

1.60

1.00

1.20

0

0.20

0.40

0.60

0.80

P
or

e
di

am
et

e
r 

(m
m

)1.40
S
P
I_
0
0

R
67

_0
0

R
9
0_

00

S
P
I_
10

R
67

_1
0

R
9
0_

10

S
P
I_
2
0

R
67

_2
0

R
9
0_

2
0

N
o 

id
le

 ti
m

e
Raster with a rotation of 90°

at each layer 
Raster with a rotation of 67°

at each layer 
Spiral in-out

Fig. 4  Spatial distribution of porosity measured in the sample produced with different deposition paths 
and times



1 3

Lasers in Manufacturing and Materials Processing 

confirming the intrinsic nature of these pores. On the other hand, the pores with a 
large diameter, greater than 0.6 mm, were mainly located in the lower part of each 
sample, where the mean temperature of the deposit was lower. In fact, during the 
process the mean temperature of the deposit tends to increase do to heat accumula-
tion. Consequently, the specific energy required to obtain a proper dilution between 
layer and hence a reduction of lack-of-fusion pores, decreased with the deposit 
height confirming the finding of [34] and [38].

Therefore, the differences observed in the lack-of-fusion porosity of the samples 
can be explained by considering the temperature distributions induced by the differ-
ent deposition paths. The spiral distribution path was adopted in the experimental 
design since it was demonstrated by Yu, et al. [51] to be able to generate a nearly 
symmetric temperature distribution at the end of the deposition process and almost 
constant temperature gradients during building. However, with respect to the raster 
deposition path, inevitably involved a lower temperature in preceding layers hence 
an higher temperature gradient between two consecutive layers Yu, et al. [51], thus 
preventing proper dilution of tracks during the deposition of subsequent layers.

Summarizing the results, it was observed that, despite for all the deposition paths 
lack-of-fusion pores were observed, the deposition path can be used to minimize 
the temperature gradient and reduce lack-of-fusion pores. However, without the 
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selection of the process parameters to obtain a proper value of specific energy, it is 
not enough.

Similarly, it is possible to explain the effect of idle time. In fact, as the idle time 
increases, the overall temperature of the sample decreases. The lower temperature 
may be compensated with an increase in specific energy, but this approach is unde-
sired when the goal is to minimize the thermal stresses and the substrate alteration. 
Another possibility is to reduce the layer thickness, resulting in a lower productivity. 
Further studies should consider variants of the spiral deposition path, including seg-
mentation options and path shifting at each layer.

Residual Stresses

Figure 6 shows the residual stress distribution (σmax and σmin) and direction of the 
maximum principal stress (β) measured on the different samples. It is possible to 
observe that the lowest residual stresses in the depth were measured in the sam-
ple R90_00, built with the standard deposition path. In this sample, an initial 

Fig. 6  Residual stress distribution measured on the top surface of the samples with (a) no idle time, (b) 
10 s idle time and (c) 20 s idle time
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compressive stress state was observed with the value of maximum principal stress of 
-150 MPa. Then, the stress sharply increased and a local maximum value of 93 MPa 
was observed at a depth of 0.125 mm. After this depth, the maximum principal stress 
oscillated between 52 MPa and 95 MPa. It is worth noting that the adopted process 
parameters, namely laser power and travel speed, combined with the 90° deposi-
tion strategy, are optimized for the 316L material to best balance between porosity 
and residual stresses. Thus, this behavior of the R90_00 sample was expected and 
confirmed the process reliability. In the sample R67_00, which exhibited to low-
est porosity, the measured stresses showed a trend very similar to that observed in 
sample R90_00, but the stress values were moderately higher confirming the find-
ing of [17]. In fact, the initial value of the maximum principal stress was of about 
10 MPa and then it increased, reaching the maximum value of about 240 MPa at a 
depth of about 0.6 mm. Higher residual stresses were measured on sample SPI_00, 
with a nearly uniform stress profile along the depth, with a maximum stress of about 
350 MPa. This result is consistent with the more uniform temperature distribution 
obtained with the spiral deposition strategy Yu, et al. [51, 53], combined with the 
lower temperatures in preceding layers that caused higher thermal stresses, given the 
same energy density in all the experiments.

Analyzing the direction of the maximum principal stress, the β value measured 
on the sample R90_00 ranged between 60° and − 30°. Combining this result with 
the orientation of the strain gauge rosette installed on the top surface of the sample 
gives a principal stress direction of approximately 15° from the longitudinal axis 
of the sample. The β angle measured in the R67_00 sample is quite constant along 
all the analyzed depth, with a 0° mean value and a variance of ± 15°. This outcome 
was attributed to the strategy of rotating the deposition path at each layer to avoid 
aligning the tracks in successive layers. In this sample, the direction of the princi-
pal stress is thud about 45° from the longitudinal axis. The value of β measured in 
the sample SPI_00 was of about 90°, meaning that the maximum principal stress is 
directed at 45° from the longitudinal axis.

The residual distribution and the direction of the maximum principal stress of 
samples produced with 10 and 20 s idle times are shown in Fig. 6b and c. At 10 s of 
idle time, the stress trend was similar to that observed in the samples produced with 
no idle time. In fact, similarly to the latter, higher stresses were observed in the sam-
ple produced with the spiral deposition path, and the lower stresses were measured 
in the sample produced using the raster deposition path with 90° rotations. More 
in detail, comparing the residual stresses depicted in Fig. 6a and b, it is possible to 
observe that no significant differences were measured between the samples SPI_00 
and SPI_10. Conversely, in the other samples, the increase in idle time from 0 to 
10 s caused an increase in residual stresses of about 50 MPa, which is particularly 
evident after a depth of 0.5 mm, corresponding to the penultimate layer. Analyzing 
the direction of the maximum principal stress it was possible to observe that no sig-
nificant variations were obtained between the samples produced with an idle time of 
10 s and samples produced without idle time.

In the case of 20  s idle time, it is possible to observe that the differences in 
residual stress are narrowing, mainly because the stresses generated in the sam-
ples with raster deposition paths increased at values closer to those observed 
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in the spiral sample. In detail, all the samples showed a subsurface compres-
sive stress with the maximum principal stress ranging between − 227  MPa and 
− 306 MPa, and the higher compressive stress was measured on sample R90_20. 
In addition, for a depth greater than 0.3  mm, no significant differences were 
observed between samples produced respectively using 10 and 20  s idle times. 
Then, analyzing the maximum principal stress direction, it was noticed that the 
idle time had only a slight influence on the β value, more visible on the R67_20 
sample.

Summarizing the results depicted in Fig. 6, it was observed that both the deposi-
tion path and the idle time influenced the residual stress distribution measured in the 
produced samples. In particular, the different residual stress distributions observed 
by varying the deposition path could be attributed to the different temperature dis-
tributions induced in the samples. In fact, as observed by Yu, et al. [51] the spiral 
deposition strategy induces a lower mean temperature in the sample during the dep-
osition process, and consequently a higher temperature gradient between two con-
secutive layers. On the other hand, based on the distribution of residual stresses, it is 
possible to state that the higher temperature was obtained when a raster deposition 
path strategy with a rotation of 90° at each layer was used and this result confirmed 
the findings of [51]. Then, it was observed that an increase in idle time generally 
led to an increase in the residual stress value. This is particularly evident when the 
idle time is increased from 0 to 10 s for samples produced using raster deposition 
strategies. In fact, as the idle time increased, the temperature decreased and con-
sequently the residual stresses, which are proportional to the temperature gradient, 
were higher. In addition, results highlight that the deposition path had a strong influ-
ence on the direction of the maximum principal stress (β), on the contrary the β 
value was only slightly influenced by the idle time.

Conclusion

In this work, the effect of two parameters of the motion path, that are the deposition 
path and the idle time, on the porosity and the residual stresses of 316L samples 
produced by the LP-DED process is investigated. All the samples were successfully 
produced and were free from evident defects.

The results showed that:

• The porosity in the produced samples ranged between 0.13% and 0.60% and this 
value was strongly influenced by the deposition strategy parameters investigated 
in the current work. Specifically, the lower porosity value was obtained in the 
sample produced with a raster deposition path rotated 67° at each layer and with-
out the use of an idle time.

• The residual stress value ranged from − 400 MPa to 400 MPa in all the samples. 
The value depended significantly on the deposition path used with the higher 
values obtained when the spiral deposition path was used. On the other hand, 
the effect of idle time must be related to the deposition path used. In fact, when 
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the spiral deposition path was used, the stresses were almost independent of the 
idle time, whereas when the raster deposition paths were used, an increase in idle 
time caused an increase in residual stresses.

• The direction of the maximum principal stress was influenced by the deposition 
path but not by the idle time.
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