
Vol.:(0123456789)1 3

Progress in Additive Manufacturing 
https://doi.org/10.1007/s40964-022-00281-y

FULL RESEARCH ARTICLE

The effect of energy density and porosity structure on tensile 
properties of 316L stainless steel produced by laser powder bed fusion

Stefania Cacace1  · Luca Pagani2 · Bianca M. Colosimo1 · Quirico Semeraro1

Received: 4 May 2021 / Accepted: 27 February 2022 
© The Author(s) 2022

Abstract
Understanding the influence of process parameters and defect structure on the properties of parts produced via laser powder 
bed fusion (L-PBF) is a fundamental step towards the broader use of additive manufacturing technologies in critical applica-
tions. Furthermore, the ability to predict mechanical properties by simply considering information on the process parameters 
and defects observed via X-ray computer tomography (XCT) allows one to avoid expensive destructive testing, provide an in-
depth understanding of the process quality and represents a viable solution towards process optimisation. Most of the previous 
works showed that energy density could be used as an excellent synthetic indicator to predict the mechanical properties of 
parts produced by L-PBF. This paper explores the effect of different energy density levels on the tensile properties of 316L 
stainless steel parts produced by L-PBF. Different from previous works in the literature, the same level of energy density is 
obtained considering various combinations of process parameters (speed, power and hatch distance). While energy density 
is shown to be a good synthetic indicator for predicting ultimate tensile strength (UTS) and yield strength (YS), a different 
behaviour is observed for elongation. Elongation shows a significant variability even when samples are produced at the same 
level of energy density, which contrasts with results obtained for UTS and YS. Synthetic indices representing the porosity 
structure are shown to be quite significant for predicting elongation even when the optimal energy density is considered. By 
combining process parameters with porosity structure, we show that almost a full prediction of the tensile properties can be 
achieved, paving the way for a significant reduction in expensive destructive tests.

Keywords Tensile tests · UTS · YS · Elongation · Porosity · Additive manufacturing · L-PBF · SLM · AISI 316L · X-ray 
computed tomography

1 Introduction

Laser powder bed fusion (L-PBF) technology has emerged 
as a new manufacturing candidate to produce critical parts 
in the automotive, aerospace and biomedical sectors. The 
advantages of this technology are well-known: weight reduc-
tion, geometric complexity for functionalised products and 
near net-shape production. However, the path towards a 
complete maturity of this technology is still challenged by 
internal defects, which appear to be typical of the process 
[1, 2].

Limiting the presence of defects in L-PBF parts is essen-
tial to ensure high mechanical properties. The mechanism 
of defect formation has been widely investigated in the lit-
erature. Simulation and analytical models [3, 4] as well as 
experimental campaigns [5, 6] were carried out to determine 
in which condition it is possible to obtain fully dense parts. 
For this purpose, process maps have been developed to iden-
tify the optimal process parameters (usually laser power and 
laser speed) with respect to the porosity content [7–10], even 
if defects can also occur when optimal process conditions 
are assumed [11].

The concept of a process map linking porosity to process 
parameters can be further simplified considering a synthetic 
index known as energy density, which is used to summarise 
the energy level per unit volume considered during layer 
melting. In particular, the volumetric energy density VED 
(J/mm3) for a pulsed laser is defined as:
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where P (W) is the laser power, t (μs) is the exposure time, 
dp (μm) is the point distance, dh (μm) is the hatch distance 
and z (μm) is the layer thickness.

Low-energy values result in a lack of fusion (LOF) poros-
ity, which means that the energy is not sufficient to melt the 
powder fully, resulting in large irregular porosities spread 
all across the part [12]. High-energy density values result in 
over-melting, usually referred to as keyhole porosity [13]. 
At high-laser power and scan speed, the balling effect takes 
place [14, 15]. In this condition, the molten track breaks 
into droplets and it does not solidify uniformly, generating 
defects in the final part. In the region between these energy 
density limits, the steady region is used to denote the range 
of values ensuring the complete melting of the track and 
bonding between adjacent layers.

Different authors [16, 17] showed that parts with the same 
static properties can be printed using a small range of pro-
cess parameters (± 10%) and values of the energy densities 
in the steady region. Furthermore, according to these papers, 
the energy density alone can be used successfully to predict 
the mechanical properties of the parts despite changes in 
the process parameter settings determining the same energy 
density. In conclusion, it is a standard practice to assume that 
the mechanical properties of L-PBF parts can be predicted 
easily considering the energy density value only, without the 
need to specify the specific parameter setting.

This work investigates how tensile properties, namely 
UTS, YS and elongation, vary when a large range of energy 
densities are used, and different process parameter combina-
tions are used to obtain the same level of energy density. The 
experimental results show that while the energy density can 
predict UTS and YS, the porosity structure, defined as the 
distribution of volume, position and shape of the porosity 
inside the sample, plays an important role in predicting the 
elongation.

The porosity structure can be detected using XCT. The 
use of XCT to characterise the influence of the internal 
structure of L-PBF parts is well established in the literature 
[18–21], and [22]. Porosity in L-PBF can be divided into two 
main categories according to Snow et al. in [11]: the first is 
made of systematic flaws due to the suboptimal selection of 
process parameters. In contrast, the second class is repre-
sented by random flaws, which can be ascribed to random 
and unpredictable fluctuations in the quality of materials 
and processes, such as the natural variability of the powder 
feedstock, the irregular layering of particles and the random 
occurrence of atmospheric changes. The former group of 
defects can be avoided by selecting the appropriate energy 
density region, i.e., the steady region (Fig. 1), so as to avoid 

(1)Ed =
P ⋅ t

dp ⋅ dh ⋅ z

keyhole porosity, balling and a lack of fusion conditions. 
On the other hand, random flaws cannot be predicted and 
can occur even when optimal process parameters are used.

Kim et al. [23] studied the porosity structure of Co-Cr 
disks produced via L-PBF using different combinations of 
process parameters, with different process settings determin-
ing the same energy density. In this work, speed and hatch 
distance were varied and, as a result, two energy density 
levels (30.5 and 60.9 J/mm3) were obtained with two dif-
ferent combinations of process parameters each. According 
to this study, the mean density of samples sharing the same 
energy density was similar even if characterised by a differ-
ent porosity structure measured via XCT.

The influence of porosity on the static properties of man-
ufactured parts was also investigated in two recent papers. 
Yang et al. [24] studied the influence of linear energy density 
(evaluated as laser power divided by laser speed) and the 
VED on AlSi10Mg samples produced via L-PBF, showing 
that the number of pores decreased as both the power and 
the scanning speed decreased. In their study, the authors 
provide information about the resulting tensile properties, 
but no statistical analysis of the correlation between pore 
structure and the mechanical performances was shown. In 
Salarian et al. [25], the pore structure of L-PBF specimens is 
correlated to their tensile behaviour using Inconel 625. The 
experiment entailed varying the laser power and keeping the 
other parameters fixed. They found that the pore morphol-
ogy influenced strain to failure, but no statistical evidence 
is provided.

Zhang et  al. [26] studied the relationship between 
porosity and the ductility of magnesium alloy in high-
pressure die casting. The result showed that local poros-
ity played a primary role in determining the elongation 
of the samples. Erickson et al. [27] used a finite element 
modelling method to simulate different porosity networks 
based on real data from additive manufacturing experi-
ments. Tensile specimens were tested virtually, and the 
relationship between porosity and tensile properties was 

Fig. 1  Relationship between part density and energy density
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investigated using a descriptor function that considered 
the volume and the position of pores. A summary of the 
literature on the influence of porosity structure on final 
part properties is reported in Table 1.

This paper explores the use of the VED as a unique 
indicator to predict UTS, YS and elongation of 316L stain-
less steel parts produced via L-PBF. A specific experimen-
tal campaign is carried out to show that the porosity struc-
ture can also be relevant to predict mechanical properties. 
In particular, the paper presents a new model, combining 
the VED with a few indicators representing the porosity 
structure as a viable solution to represent the tensile prop-
erties completely.

The paper is organised as follows. In Sect. 2, the experi-
mental design and procedures are described. In Sect. 3.1, 
the results of the apparent density and tensile properties 
for all samples are described and discussed. A regression 
equation that predicts UTS based on the energy density is 
estimated. In Sect. 3.2, a fractographic and microstructural 
analysis of selected samples at a specific energy density 
value is carried out. In Sect. 4, the porosity structure is 
analysed qualitatively and quantitatively. In conclusion, a 
model predicting elongation based on the porosity index 
is presented.

2  Experimental procedures

2.1  L‑PBF machine and material

Tensile test samples were produced using a L-PBF Ren-
ishaw AM250 system. The industrial machine is equipped 
with a Nd:YAG laser working in pulsed mode; the maximum 
power is 200 W and the laser spot diameter is 70 μm at the 
focal position. The material used in this study was stainless 
steel powder 316L (LPW Technology Inc.), with a size range 
between 15 and 45 μm, produced with the gas atomisation 
process (Fig. 2).

The chemical composition provided by the manufacturer 
is shown in Table 1, and it is compliant with AM standard 
ASTM F3184-16.

2.2  Process parameters

Process parameters were selected following the procedure 
described in [16]. The idea is to select different combinations 
of process parameters resulting in predefined values of energy 
density values. For the present work, samples were built at 
three levels of energy density: 59, 103 and 180 J/mm3. The 
smaller value, 59.2 J/mm3, belongs to the steady region of 

Table 1  Summary of the literature review

Process Number of samples Material Experimental 
design

Tensile tests Result Statis-
tical 
analysis

Kim et al. [23] L-PBF 6 CoCr Scan speed, hatch 
distance varied. 
Same VED

No Mean density 
similar, but dif-
ferent porosity 
structures

–

Yang et al. [24] L-PBF 5 same VED, 5 
same LED

AlSi10Mg Power, speed, hatch 
distance varied. 
Same VED and 
LED

Yes Higher power 
reduces poros-
ity resulting in 
higher UTS

No

Salarian et al. [25] L-PBF 4 Inconel 625 Power varied, other 
parameters were 
fixed

Yes Pore morphology 
influences strain 
to failure

No

Zhang et al. [26] High-pres-
sure die 
casting

20 AM60 None Yes Maximum volume 
reduction is 
correlated with 
elongation

Yes

Erickson et al. [27] L-PBF 120 17–4 PH Same parameters Yes (simulated 
data)

A porosity index 
based on pore 
position is 
correlated with 
fracture location

Yes

Present work L-PBF 12 AISI 316L Power, point dis-
tance, exposure 
time, hatch dis-
tance varied with 
the same VED

Yes Maximum volume 
reduction is 
correlated with 
elongation

Yes



 Progress in Additive Manufacturing

1 3

energy density as defined in Fig. 1, and it was selected based 
on our experience with the machine and a preliminary experi-
mental campaign not reported here. The higher value, 180 J/
mm3, is beyond the limit between the steady region and the 
balling/keyhole region.

The process parameter ranges considered for the genera-
tion of the different conditions (called ‘treatments’ in Table 2) 
were large compared with previous works [16, 17] because 
the objective is to study the influence of a large variation of 
process parameters. In this work, the range considered for the 
individual parameters is ± 50–100%:

• Exposure time m, 75 ≤ t ≤ 280 µs.
• Point distance 35 ≤ dp ≤ 85 µm.
• Hatch distance 75 ≤ dh ≤ 124 µm.

Power was varied at two values only: 150 W and 200 W. 
Power values lower than 150 W did not ensure full powder 
melting even when varying all the other parameters. On the 
other hand, 200 W is the maximum power available in the 
industrial system.

Two samples were produced for each treatment. The 
experimental design could not be a standard  2 k factorial 
design because of the constraint on the energy density value. 
The treatments in Table 2 do not result in the exact value of 
energy density, but a slight variation of ± 2 J/mm3 was deemed 
acceptable.

The meander scanning strategy was applied to all samples. 
In this configuration, the laser moves in a straight line vector 
from each side of the border. The scanning lines’ direction is 

rotated by 67° at each layer. Hatch lines were scanned first, 
followed by two contour lines. All samples were built in the 
vertical position (90°) and no preheating was applied.

2.3  Mechanical properties

Samples were characterised in terms of apparent density, cross 
sections and tensile properties. Archimedes’ method was used 
to evaluate the apparent density of each sample. An electronic 
scale with a kit for density measurement was used (Sartorius 
YDK 01). The apparent density ρA was evaluated according 
to the following formula:

 where Wa [g] is the weight of the specimen in the air, Wfl 
[g] is the weight of the specimen in water and �fl[g/cm3] is 
the density of the water. Measurements both in water and air 
were repeated three times. A suitable measurement method 
should be identified to analyse the porosity structure. There 
are typically three methods to measure part porosity content: 
Archimedes method, metallurgical sections and XCT [28]. 
Archimedes method is considered reliable and accurate but 
provides only a macroscopic result, as specific information 
on the position, shape and size of pores cannot be derived. 
On the contrary, metallurgical sections can provide location 
and size information on pores but only on predefined planes, 
and a large amount of cross-sectional analysis is required 
to obtain statistically representative data on part density. 
Moreover, the pores detected in 2D images can provide 
only a general indication of the size and shape of the actual 
3-dimensional volume, as shown in Fig. 3. While a spheri-
cal pore can be easily observed in different cross-sections 
resulting in several circular shaped 2D voids (see Fig. 3a), 
a single lack of fusion pore might appear as a set of small 
pores in different sections (see Fig. 3b). Therefore, detecting 
irregular pores with metallurgical sections might generate 
large variability and less accuracy than Archimedes method, 
as results strongly depend on the analysed sections. X Ray-
CT allows full 3D information on the pores’ size, shape and 
position to be obtained, so that a complete characterisation 
of the porosity structure can be ascertained.

Tensile properties were computed according to standard 
ASTM E8/E8M-16a, considering a geometry of the tensile 
specimens shown in Fig. 4. The machine used for the tensile 
test was an MTS Alliance RF/150. Samples were tested in the 
‘as-built’ condition, without any post-processing.

�A =
Wa ⋅ �fl

Wa −Wfl

[g∕cm3],

Fig. 2  SEM image of AISI 316L powder

Table 2  Chemical composition 
of AISI 316L powder in wt%

Powder material Fe C O Si Ni Mo

AISI 316L Balance 0.019 0.022 0.67 13 2.36
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Samples were prepared by grinding and polishing, and 
V2A etching was used to perform the microstructural 
analysis.

2.4  XCT measurement

The tensile test samples were analysed by X-ray Com-
puted Tomography. Scans were performed using a Nikon 
XT H 225 machine. Considering only the gauge length 
as the region of interest, samples were positioned close 
to the X-ray gun to obtain a high resolution, with a voxel 
size of 14.8 × 14.8 × 14.8 μm3. During all scans, the scan-
ning parameters were kept constant. 10 W of power and an 
acceleration voltage of 150 kV were used. A 1.25 mm Cu 
filter was used throughout all the measurements to reduce 
the beam hardening effect. The scan parameters are reported 
in Tables 3, 4.

The power of the XCT was kept below 10 W, with a 
standard focus setting. Above this power, the auto-defocus 
setting was used to avoid damage to the detector. Each sam-
ple was positioned in the XCT using a fixture, which allowed 
us to obtain the XCT measurements of the same portion of 
the sample.

Reconstruction was performed using Nikon CTPro 3D, 
and surface determination was performed using VGStudio 
MAX 3.0. The local iterative surface determination algo-
rithm was used to create the STL file with a search distance 
of 4 voxels. The region of interest (i.e., the part and the 
pores) was converted to mesh using the VGStudio MAX 
‘Precise’ setting. The threshold was selected manually, and 
it is the starting point for the iterative surface reconstruction.

The surface was divided into the individual pores using 
Matlab and the geom3d package [29]. The procedure allows 
the properties of each pore to be measured, i.e., the volume 
V; the position of the centroid described using a cylindri-
cal coordinate system in which the radial position is indi-
cated with ρ; the surface area, A and the bounding box. The 
bounding box refers to the elongation of each sample along 
the X, Y and Z planes (see Fig. 5) where ΔX =  Xmax –  Xmin, 
ΔY =  Ymax –  Ymin, and ΔZ =  Zmax –  Zmin represent the elon-
gation of each pore along the three different directions.

Eventually, the sphericity of the pore was evaluated as 
[30]:

where V represents the pore volume and A the surface area. 
A sphericity index close to 1 means that the shape of a pore 
is similar to a sphere. As the sphericity index decreases, the 
shape of the pore becomes more irregular.

All pores with less than  23 voxels were considered ‘noise’ 
and eliminated from the analysis.

2.4.1  Porosity indexes

Several metrics have been proposed in the literature to charac-
terise pore networks. The most commonly used are the pore 
with the maximum volume, total pore count, average equivalent 
pore diameter and maximum equivalent pore diameter [27]. For 
the present work, two indexes were used based on the infor-
mation obtained in the literature. The objective was to identify 

� =

(
36 ⋅ � ⋅ V2

A3

)1∕3

Fig. 3  D reconstruction of pores 
produced by the L-PBF process

Fig. 4  Tensile specimen dimension and coordinate system, dimen-
sions are in mm
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two indexes that could consider the amount of porosity and the 
distribution of the pore location within a sample. These two 
aspects (volume and position) are considered the most important 
features affecting the mechanical properties [26, 31], and [32]. 
Chawla and Deng [31] investigated the effect of the pore struc-
ture on porous sintered steel materials, and they found that pore 
clustering acts as stress concentration, reducing the tensile and 
fatigue properties of the parts. Biswal et al. [32] investigated the 
effect of the pore structure on the fatigue properties of additively 
manufactured Ti6Al4V alloy. Their results showed that a criti-
cal aspect is the location of the pores: pores close to the surface 
significantly decrease the mechanical performance. The results 
obtained by Zhang et al. [26] were discussed in the introduction. 
In conclusion, two indexes of porosity are considered in this 
paper to study the influence of the pores’ volume and position 
on the mechanical properties of the parts:

Maximum Volume Reduction along the building direction, 
Π, an index proposed by [26] for high-pressure die casting pro-
cesses. The index is computed by dividing the scanning region 
of each sample in a set of layers, considering the Z-axis (i.e., 
the building direction) as reference. In our case, a set of 150 
layers was considered with a height of 0.05 mm each, which 
corresponds to the layer thickness of the L-PBF process. In other 
words, the first layer is the one between 0 mm and 0.05 mm, the 
second layer is constrained by 0.051 and 0.100 mm and so on. 
The pores with the centroid belonging to each layer are then 
extracted and their volumes summed up. For each sample j, 
the worst layer (i.e., the layer with the highest porosity) is then 
selected as well as the corresponding value of total pore volume 
indicated with Πj. Πj combines the effects of pore volume and 

Table 3  Process parameters 
used in the experimentation

Treatment P [W] t [µs] dp [µm] dh [µm] Ed [J/mm3] Samples ID

1 150 77 38 102 59.6 S1; S2
2 150 100 42 121 59.0 S3; S4
3 150 118 60 99 59.6 S5; S6
4 200 75 42 121 59.0 S7; S8
5 200 88 60 99 59.3 S9; S10
6 200 90 59 103 59.2 S11; S12
7 150 83 85 243 103.3 S13; S14
8 150 116 45 178 102.3 S15; S16
9 150 96 53 176 103.8 S17; S18
10 200 103 85 224 103.8 S19; S20
11 200 76 76 148 102.5 S21; S22
12 200 121 44 137 102.9 S23; S24
13 150 277 44 106 178.2 S25; S26
14 150 230 42 91 180.5 S27; S28
15 150 161 35 76 181.6 S29; S30
16 200 229 68 75 179.6 S31; S32
17 200 146 35 93 179.4 S33; S34
18 200 205 48 95 179.8 S35; S36

Table 4  XCT scanning parameters

Parameter Value

Filter material Copper
Filter thickness 1.25 mm
Acceleration voltage 150 kV
Exposure time 2000 ms
Voxel size 14.8 × 14.8 × 14.8 

μm3

Number of images per projection 2

Fig. 5  Example of Bounding Box
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spatial correlation as high values of Πj indicate the presence of 
pores concentrated in a small region of the sample.

Radial Equivalent Distance, RED. The radial equivalent 
distance is an index that weighs the pores’ volume based on 
their distance from the centre of the sample in the XY plane. 
This index is based on the concept that the most critical 
pores are large pores near the edge of the sample; the less 
critical ones are small pores near the centre [32]. The RED 
index is based on the porosity index defined in [27], where 
it was found to correlate with the tensile properties. More 
specifically, the RED index is given by:

where Vtot is the total volume of the gauge length, Nj is the 
number of pores in the j-th sample, g is the nominal radius 
of the sample in the gage, ρi is the radial position of the i-th 
pore in the XY plane,  req,i is the equivalent radius of the i-th 
pore and γ is a smoothing parameter. The weight function 
selected is exponential with smoothing parameter γ. A small 

(2)REDj =
1

Vtot

Nj∑

i=1

Vie
−|g−�i−req,i|

g�

Fig. 6  Mechanical properties of 316L samples during the different treatments (Table 2) b UTS, c Yield strength, d Elongation El %. Bars repre-
sent ± 1 standard deviation

Fig. 7  Correlation between UTS and YS
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value of γ results in less weight imposed on the pores far 
away from the centre, a larger value of γ results in a slower 
decay of the weight function, therefore reducing the effect 
of the distance of the pores on the value of the index. In our 
case, γ was set equal to 0.2 [27].

3  Tensile tests results and discussion

In this section, the results of the tensile tests along with the 
fractographic analysis are discussed. A regression model is 
finally proposed to predict UTS based on the VED.

3.1  Static mechanical properties

The results of the mechanical properties of the samples are 
listed in the Appendix. The density of all samples is higher 

than 94% (considering 7.98 g/cm3 as the reference value). 
The apparent density changes with the VED as expected. 
The scatterplot in Fig.  6a also shows that as the VED 
increases, the variability of the apparent density increases 
as well and high-density samples can sometimes also be 
obtained with large values of VED. Similar results were 
obtained in [33]. The two samples at 180 J/mm3 resulting in 
low apparent density were produced with different settings 
of process parameters, therefore their low performances 
cannot be ascribed to the processing conditions but to the 
inevitable variability of the process.

The range of energy density between 59 and 103 J/mm3 
belongs to the steady region as identified in Fig. 1,

while at 180 J/mm3, the apparent density is lower, indicat-
ing keyhole and balling phenomena. Tensile test results are 
illustrated in Fig. 6b–d. UTS and YS show a linear reduction 
in energy density, as expected based on the apparent density 
data. Dotted horizontal lines were added in correspondence 
to the reference values of AISI 316L processed via L-PBF 
according to standard ASTM F3184-16 (UTS = 530 MPa, 
YS = 240 MPa, and El = 30% for the annealed condition). 
UTS and YS are also highly correlated in the range of energy 
density considered, as shown in

Figure 7, showing a Pearson’s correlation coefficient equal 
to 0.808 (with a 95% confidence interval of [0.652;0.898]).

The variability observed on the elongation is much larger 
than the one observed on UTS and YS and appears to be more 

Table 5  Mechanical properties 
of 316L processed with L-PBF

Energy density 
[J/mm3]

Power [W] UTS [MPa] YS [MPa] EL %

Present work 59 150 623 ± 6.59 467 ± 23 47.5 ± 10
200 614 ± 19.0 495 ± 10 25.3 ± 15

103 150 580 ± 11.6 468 ± 19.3 29.9 ± 18
200 574 ± 2.0 448 ± 18.5 50.4 ± 6

180 150 532 ± 17.5 417 ± 39.4 30.1 ± 3
200 545 ± 37.0 438 ± 50 38.6 ± 11

[33] 48 180 524 385 22
[34] 20 90 509.0 ± 3 430.4 ± 11 12.4 ± 1
[35] 81 100 687 ± 40 517 ± 38 32 ± 5
ASTM F3184-16 

‘stress relieved’
515 205 30

Fig. 8  Elongation values at treatment level for  Ed = 59  J/mm3. Bars 
represent ± 1 standard deviation

Table 6  Reference samples used for SEM analysis

Treatment Power Elongation Name

3 150 44 S5
3 150 19 S6
6 200 55 S11
6 200 27 S12
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Fig. 9  SEM images of the fracture surface of replicated samples produced using treatment 3 and P = 150 W a Sample S5, b Sample S6

Fig. 10  SEM images of the fracture surfaces of replicate samples using treatment 6 and P = 200 W a Sample S11, b Sample S12
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severe when the optimal VED (59 J/mm3) is assumed. Moreo-
ver, the elongation seems to be driven by other factors than 
process parameters and VED as different values of elongation 
can be observed both on different treatments at the same VED 
and on different replicates during the same treatment.

Table 5 shows a synthetic summary of mechanical proper-
ties observed in our study along with the ones reported in the 
literature.

In summary, the macroscopic characterisation of our 
experimental study showed that:

• UTS and YS decrease as the VED increases. Despite the 
reduction in UTS and YS, the resulting properties are 
coherent with the reference values for the material. In 
general, it appears that even a considerable variation of 
process parameters (and VED) does not cause a consider-
able variation in UTS and YS. UTS and YS are highly 
correlated in the process window considered.

• Elongation varies significantly among the treatments and 
among replicates in the treatments.

Based on these results, a linear model can be fitted to 
describe UTS as a function of the energy density VED (note 
that YS cannot be included as a regressor, as it is highly cor-
related with UTS).

The estimated model ÛTS(VED) is given by:

The regression equation indicates a statistically significant 
decrease in UTS as energy density VED increases; this result 
is expected because of the considerable variation of energy 
density and process parameters considered in the experiment. 
Nevertheless, all the samples sharing the same energy density 
value show similar UTS values (as visible in Fig. 6b). This 
finding was unexpected because the large variation of indi-
vidual process parameters was supposed to influence UTS 
(and YS); the result shows that using the same energy density 
does not influence UTS and YS even when a large variability 
of process parameters is considered.

ÛTS = 574.64 − 39.13 ⋅ VED(adj-R2 = 73.04%).

On the contrary, it is not possible to derive a relationship 
between the elongation and the energy density, and therefore 
a different approach should be considered. The analysis of the 
elongation data will focus on the samples produced at the low-
est energy density value only. In fact, this value belongs to the 
steady region of the parameters (apparent density > 99%) and 
low-energy density results in high build rates, too. Therefore, 
these parameters are the most likely to be used in all industrial 
environments.

First, a fractographic analysis is performed to investigate 
the different fracture surfaces obtained in the tests, and later, 
a more detailed analysis of the XCT data is carried out. The 
objective is to find an equation to predict the elongation values 
with the porosity indexes defined in Sect. 2.4.1.

3.2  Fractographic analysis

The fractographic analysis focuses on samples produced at 
energy density level 59 J/mm3. The detailed elongation results 
at 59 J/mm3 are illustrated in Fig. 8, where elongation data are 
visualised for each treatment level (1–6, as stated in Table 3).

Samples produced at P = 150 W are characterised by a 
lower elongation than samples at P = 200 W. Furthermore, 
sample S12 (treatment 6) printed at P = 200 W presents a 
low elongation value, while its replicate (sample S11) shows 
standard properties.

The effect of changing power at a fixed energy density on 
tensile properties of L-PBF parts was already investigated 
in the literature [24]. Using AlSi10Mg powder, the authors 
found that the power influences the UTS, while also showing 
a limited effect on the elongation. However, results obtained 
in [24] for aluminum alloy cannot be transferred to our case 
as the material used in our study is different.

An interesting result observed in our experiments is the 
variability of elongation values observed on specimens 
produced with the same parameters (same treatment). To 
better study this variance, SEM images of fracture surfaces 
and cross sections on four reference samples were analysed. 
The reference samples are selected as replicated conditions 

Fig. 11  SEM cross-sectional images for reference samples. a Treatment 3, elongation 44% (Sample S5), b treatment 3 (Sample S6) elongation 
18.5% and c treatment 6, elongation 27% (Sample S12)
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of two treatments, namely treatments 3 and 6; in these two 
conditions, the replicated samples show a large variability 
of elongation values.

The samples considered for the SEM analysis are reported 
in Table 6.

In Fig. 9, the SEM fracture surfaces of two samples 
produced using treatment 3 are illustrated. Sample S5 in 
Fig. 9a obtained an elongation of 44%, while sample S6 in 
b resulted in low elongation (18.5%). In the first sample, the 

fracture surface shows unmelted particles, especially at the 
centre of the surface. In addition, the upper edge contains 
a pronounced shear lip. In the latter case, several unmelted 
particles are visible on the surface, which explains the low 
elongation. The fracture surface is homogeneous, and the 
shear lip is not visibly different from the previous case.

In Fig. 10, fracture surfaces of samples produced using 
treatment 6 are shown. Sample S11 in Fig. 10a obtained an 
elongation of 55%. The fracture surface has a homogenous 

Fig. 12  Cross-sectional views on the XY plane of samples at different treatments a treatment 1, b treatment 2, c treatment 3, d treatment 4, e 
treatment 5 and f treatment 6
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structure and no visible defects are detected. The dimples are 
visible only at high magnification. Sample S12 in Fig. 10b 
is characterised by a low elongation (27%). The fracture 
surface is entirely different from its replicate in Fig. 10a. 
Dimples are visible at lower magnification, and the shear 
lip is present in the upper part of the specimens as it was for 
the sample in Fig. 9a. Cavities and minor porosity are found 
on the surface.

Samples were cross-sectioned and polished to obtain 
SEM images of defects. The porosity found for the refer-
ence samples is shown in Fig. 11. Samples S5 and S6 are 
characterised by large and irregular porosity, probably due to 
a lack of fusion. The detected defects have a size of around 
100 μm and are scattered along the entire surface. In sam-
ples S11 and S12, a few defects are found, mainly with a 
regular shape. However, irregular pores are also detected 
for sample S12. Compared with the low-power samples, 
the irregular pores found at P = 200 W have a smaller size 
(around 50 μm).

Generally, pores detected for P = 150 W are large and 
irregular, while at P = 200 W, spherical pores are mostly 
found. The irregular porosity at P = 200 W has a smaller 
size than the ones at P = 150 W. A deeper analysis of the 
pore structure is required to understand the effect of the pore 
structure on the elongation of the samples.

The microstructure on the XY plane of reference sam-
ples during the different treatments was analysed using an 
optical microscope. The optical micrographs illustrated in 
Fig. 12 show identical features for all samples produced at 
59 J/mm3; the laser scans are visible with well-defined melt 
pool boundaries. The microstructure does not vary despite 
changing the process parameters using the same volumetric 
energy density.

In conclusion, the investigation of the cross-sections and 
the fracture surfaces of selected specimens did not help 

identify a possible explanation for the considerable varia-
tion in elongation.

4  XCT analysis

For the qualitative XCT analysis, the focus is on the refer-
ence samples in Table 6. Then, a correlation between elon-
gation and the porosity indexes for all samples produced at 
59 J/mm3 is carried out.

4.1  Porosity structures

This section focuses on the porosity structure of the samples 
produced with the combination of parameters that resulted 
in different elongation values. The objective is to understand 
what difference in porosity structure between these samples 
caused the premature failure.

Box plots showing the logarithmic transformation of the 
volume distribution are shown in Fig. 13. The median values 
of the volume distribution do not vary among the considered 
samples. Samples S6 and S11 are characterised by a skewed 
distribution with an increased presence of larger pores. The 
low limit for all volume distribution is similar because data 
are cut off, as explained in Sect. 2.3. The volumes' distribu-
tions do not differ significantly, as expected from the mean 
density measurements performed using Archimedes method.

In all four cases, the pores are elongated along the XY 
direction rather than on the Z direction, as shown by the 
histograms in Fig. 14. This result is coherent with the litera-
ture [38] and [23]. Samples S6 and S12 present the largest 
values of ΔX, ΔY and ΔZ compared with their respective 
replicates. Smaller pores characterise the samples produced 
at P = 200 W (Treatment 6) in all directions.

Fig. 13  Volume distribution for 
the reference samples. Volume 
data were transformed with a 
natural log transformation
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The relationship between the pores’ size and shape is 
shown in Fig. 15, where each dot represents a pore. The 
shape distributions of the pores do not change among the 
different samples in Fig. 15 so it cannot explain elongation 
differences, as suggested in the literature [25]. Interest-
ingly, high spherical pores are also found for large pores 
(ΔZ between 0.08 and 0.10 mm), independent of the power 
used. In addition, irregular pores are also found in sam-
ples S11 and S12 (Fig. 15b), indicating that occasionally a 
lack of fusion defects can be generated even when optimal 
energy density and high power are used. Samples S5 and S6 
in Fig. 15a are characterised by a more irregular shape of the 
pores as the minimum value of the sphericity index is close 

to 0.3. The presence of highly irregular pores is expected at 
low-power values.

The position of the pores inside the sample is also inves-
tigated. The histograms shown in Fig. 16 represent the dis-
tribution of pore position along the radial direction. Pores 
are mainly positioned near the sample edge, 500–200 μm 
from the edge. These pores are usually formed at the inter-
face between the end of the melt track and the contour lines 
[11]. The distribution of pore location is similar in all the 
considered samples.

From this qualitative analysis, it can be concluded that:

Fig. 14  Elongation of the pores along the X-, Y- and Z-axis. a Samples S5 and S6, b samples S11 and S12
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Pores are more elongated along the XY plane than the 
Z plane for all samples. This result was also found in [21, 
23, 38].

The morphology of the pores is similar for all samples.
The position of the pores is similar for all samples, with 

a peak of porosity at the hatch-contour interface.
The qualitative analysis shows that the porosity structure 

is different among the samples even if the apparent density 
is similar; this result is coherent with Kim et al. [23]. The 
samples with the lowest elongation show the largest pores.

4.2  Relationship between porosity structure 
and elongation

The relationship between elongation and the porosity index 
defined in Sect. 2.4.1 is presented in Fig. 17.

The trend between elongation and Π is clear for energy 
density 59 J/mm3: a substantial decrease in elongation as the 
cross-sectional area is reduced. The same index was used in 
[26] for the high-pressure die casting process, and a statistical 
correlation between porosity and elongation was found.

Fig. 15  Relationship between the pores’ size (ΔZ) and sphericity for the four samples a Sample S5, b sample S6, c sample S11 and d sample 
S12

Fig. 16  Distribution of the pores along the radial position ρ
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The position-based index (RED) proposed in the literature 
[27] for L-PBF processes does not show any correlation with 
the elongation. At  Ed = 59 J/mm3, similar values of RED result 
in an extensive range of elongation, indicating a low corre-
lation between pore position and elongation: the correlation 
coefficient is 0.460 (95% confidence interval for the correla-
tion coefficient is [− 0.818; − 0.154]).

In conclusion, the elongation is highly correlated with a 
volume-based index rather than a position-based index. The 
clustering of pores is detrimental to the mechanical properties, 
especially elongation, while UTS and YS were not affected 
by the porosity structure. Based on the result of the analysis, 

the position of the pores (RED index) does not influence the 
mechanical properties.

It is possible to estimate a regression equation in the form 
Êl% = Êl%

(
Π
|||VED = 59 J/mm

3
)
 . The equation is given in 

Table 7 and it is shown Fig. 18.

5  Conclusion

This work investigates the influence of a wide variation of 
process parameters on the tensile properties of AISI 316L 
processed via L-PBF. Three levels of energy density were 
selected, ranging from the optimal region (59 J/mm3) to the 
keyhole region (180 J/mm3), and each level was obtained 
using different combinations of individual process parameters, 
namely power, point distance, hatch distance and exposure 
time.

Specimens were analysed in terms of the average apparent 
density, XCT scan and tensile properties. The results showed 
that the UTS and YS varied according to energy density: as 
the energy density decreases towards non-optimal values, 
UTS and YS reduce. Interestingly, even with a significant 
variation of process parameters, energy density is still a good 
predictor for tensile strength (adj-R2 = 73%), while UTS and 
YS are shown to be highly correlated.

Elongation was found to vary quite significantly even con-
sidering samples produced at the same energy density, which 
contrasts with the results of UTS and YS. By considering only 
the optimal level of energy density, XCT data were used to 
find a statistical correlation between specific features of the 
observed porosity and the final value of elongation observed, 
as suggested by the literature. Two indexes were proposed to 
characterise the distribution of the pores: a layer-wise volume-
based index (Π) and a position-based index (RED). Π index was 
able to predict the sample elongation with a very good statistical 

Fig. 17  Correlation between a elongation and volume-based index Π b elongation and position-based index RED

Table 7  Regression equations for elongation as a function of porosity 
index Π at a fixed energy density, VED = 59 J/mm3

Regression equation adj-R2 MSE

Êl% = 31.09 − 20.9Π 90.19% 28.18

Fig. 18  Relationship between the highest volume reduction (Π) and 
elongation. Dotted lines represent the prediction interval
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fit (adj-R2 = 91%), while the RED index did not show a good 
correlation with elongation. In conclusion, the clustering of the 
pores influences the elongation rather than the position of the 
pores inside the sample.

Further studies will focus on extending the experimental 
investigation to consolidate our results and better investigate 
the effect of process parameters. Additional models will also 
be investigated to increase the prediction ability of porosity 

indicators in terms of final mechanical performances, particu-
larly for fatigue properties.

Appendix

See the below Table 8.

Table 8  Complete list of experimental results

Treatment P [W] t [µs] dp [µm] dh [µm] UTS (Mpa) YS (Mpa) El% Apparent 
density (g/
cm3)

Ed [J/mm3] ID sample Π  (mm3) RED (−)

1 150 77 38 102 633 504 24 7.895 59 S1 0.007123 1.87E-05
1 150 77 38 102 587 484 8 7.894 59 S2 0.013556 2.43E-05
2 150 100 42 121 616 483 43,5 7.922 59 S3 0.007588 3.59E-04
2 150 100 42 121 607 493 13,9 7.910 59 S4 0.012325 9.34E-05
3 150 118 60 99 639 501 44 7.915 59 S5 0.002282 9.01E-05
3 150 118 60 99 607 507 18,5 7.904 59 S6 0.010888 2.97E-04
4 200 75 42 121 628 480 50 7.929 59 S7 0.001822 1.79E-03
4 200 75 42 121 634 493 50 7.925 59 S8 0.001153 3.81E-03
5 200 88 60 99 626 477 53 7.939 59 S9 0.001526 2.19E-05
5 200 88 60 99 625 476 50 7.928 59 S10 0.001152 1.33E-05
6 200 90 59 103 611 441 55 7.937 59 S11 0.001163 3.10E-05
6 200 90 59 103 615 435 27 7.937 59 S12 0.008737 1.61E-04
7 150 243 85 83 581 462 7,5 7.925 103 S13 0.004104 7.98E-03
7 150 243 85 83 561 442 16,5 7.872 103 S14 0.019812 2.87E-03
8 150 178 45 116 595 481 48 7.919 103 S15 0.006657 3.41E-03
8 150 178 45 116 574 479 18,5 7.827 103 S16 0.069213 5.69E-04
9 150 176 53 96 584 492 51 7.922 103 S17 0.003051 1.54E-03
9 150 176 53 96 586 451 38 7.918 103 S18 0.038718 1.39E-04
10 200 224 85 103 573 438 57,5 7.921 103 S19 0.00505 1.54E-03
10 200 224 85 103 573 481 55 7.940 103 S20 0.001564 6.29E-04
11 200 148 76 76 576 457 50 7.942 103 S21 0.004279 2.29E-03
11 200 148 76 76 576 431 40 7.933 103 S22 0.005772 4.29E-05
12 200 137 44 121 575 437 50 7.878 103 S23 0.017251 6.87E-05
12 200 137 44 121 571 443 50 7.895 103 S24 0.017274 2.16E-04
13 150 277 44 106 544 457 28,5 7.831 180 S25 0.047352 1.88E-04
13 150 277 44 106 500 359 27,5 7.581 180 S26 0.083049 5.60E-03
14 150 230 42 91 550 465 28 7.845 180 S27 0.082203 1.28E-04
14 150 230 42 91 536 419 35,5 7.766 180 S28 0.034862 3.91E-03
15 150 161 35 76 527 399 32,5 7.734 180 S29 0.024098 4.37E-06
15 150 161 35 76 534 404 28,5 7.770 180 S30 0.033807 8.18E-05
16 200 229 68 75 581 492 55 7.937 180 S31 0.002338 3.76E-04
16 200 229 68 75 578 454 40 7.929 180 S32 0.003917 9.43E-03
17 200 146 35 93 486 349 30,5 7.553 180 S33 0.046878 7.32E-04
17 200 146 35 93 532 430 26,5 7.822 180 S34 0.038957 2.83E-03
18 200 205 48 95 567 473 48,5 7.917 180 S35 0.007024 2.25E-04
18 200 205 48 95 527 427 31 7.811 180 S36 0.033671 9.95E-05
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