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This paper presents an appropriatemethod to significantly reduce the pore size of high porosity porous stainless
steel 316L structures fabricated by laser powder-bed fusion (LPBF) utilizing pulse wave emission (PW). PW de-
liberately avoids full-melt and applies low energy conditions to achieve single layer sintered porous material
with controlled characteristics. Experimental approaches on a lab-scale setup equipped with a pulsed fiber
laser systemwere developed to investigate the effect of laser scan settings. Properties of low-energy laser single
sintered layers are studied experimentally, and the influence of laser power and pulse duration is discussed. A
layer of sintered porous material was characterized in terms of the pore size, layer thickness, porosity and ther-
mal conductivity. The results show that sintered porous layers can be fabricated by effectively connecting metal
powder in the powder bed similar to a sintering process or partial melting. The porosity of fabricated structures
was 51%–61% and the average pore radius ranged between22 and 29 μm.We found that the thermal conductivity
of a single powder particle is 31.5% of the sintered layer value and the thermal conductivity of the sintered layer is
4.8% of its solid material.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Porous materials are vital elements for a range of industrial applica-
tions, as they offer a number of special mechanical and thermal proper-
ties associated with their low density and large specific surface area.
Various pore architectures and porosities can be engineered thanks to
additivemanufacturing (AM). Laser powder-bed fusion (LPBF) technol-
ogy is a commercially available AM technology, in which parts are
manufactured by depositing thin layers of powder particles repeatedly
fari@utwente.nl (D. Jafari).
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to form three-dimensional (3D) objects. An energy source is applied
to particles deposited in a powder bed followed by selectively melting
a pattern corresponding to the cross-section of the part that is being
formed. LPBF enables the creation of metal components, using
computer-controlled high-energy laser illumination, from 3D model
data by incorporating material layer by layer. One of the main advan-
tages of the LPBF system is the ability to manufacture complex freeform
structures such as porous materials [1–3].

For two-phase devices, and potentially many other applications,
e.g., in aerospace, chemical processes, petrochemical and semiconduc-
tor industries [3], porosity and average pore size are two key perfor-
mance indicators. For the intended application, capillary driven two-
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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phase devices, the porous material serves as a pump for fluid flow by
generating capillary pressure within the (micro) pores [4]. The desired
characteristics of the porous materials include:

a) High permeability and low hydraulic resistance achieved by a high
porosity. Permeability is a measure of the openness of the structure
and often it is desirable to have a high permeability or porosity. The
pressure drop (dp/dx) for flow through a porousmedia, governed by
Darcy's law, describes the relationship between flow resistance and
permeability as dp/dx is proportional to 1/K, whereK is permeability.

b) High capillary pressure which is inversely proportional to the pore
radius Based on the Young-Laplace equation, the capillary pressure
(ΔPc) is defined as [5] ΔPc = 2σ cosθ/rp where, σ is the surface ten-
sion coefficient of the liquid, θ is the equilibrium contact angle and
rp is the average pore radius.

The unavoidable trade-off between capillary pressure and flow re-
sistance (i.e. permeability) defines the optimal working distancewithin
the porous material for a given fluid flow rate – a desirable balance be-
tween these conflicting properties is critical. Therefore, the minimum
resolution, defining small pores and high porosity, is very important in
the layout of porous materials.

Recently, much research has been carried out regarding AM of po-
rous materials focusing on LPBF [1,2,6,7]. In this approach, a designed
part through 3Dmodeling software is constructed from fullymolten ad-
jacent lines typically referred to as the hatch pattern. Similarly, layer to
layer full melting is required to build parts. For such processes themin-
imum feature size is determined by the thinnest fully molten line the
laser system can produce. Thus, a porous material can be constructed
from a unit cell of which the struts and hence also the openings are de-
termined by theminimum feature size [8]. The unit cell is thereafter re-
peated across a required volume to produce a porous material typically
referred to as a lattice. Čapek et al. [9] fabricated a 316L stainless steel
porous material with a high porosity of nearly 90%, with a minimum
pore size of 250 μm. Van Bael et al. [10] fabricated porous materials
with a porosity of 68–82% and a pore size of 700–1000 μm. Esarte
et al. [11] reported fabrication of stainless steel porous materials for
loop heat pipes with an average pore size of 80 μm and a porosity of
17%. Ameli et al. [12] developed an aluminium heat pipe with a porous
material and reported that the porosity varied depending on the part
size from around 20% in 300 μm to about 60% in 500 μm. Gu et al. [13]
reported the porosity of stainless steel structures with a maximum
Table 1
Summery of literature research for metallic porous materials manufactured via LPBF (CW emis

Refs. Laser system

[1,14] MLab Cusing 90; yttrium fiber laser 100 W; λ = 1.07 μm; r = 40 μm

[9] M2 Cusing; yttrium fiber laser 200 W; λ = 1.07 μm; r = 100 μm
[10] In-house SLM machine; yttrium fiber laser 200 W; λ = 1.07 μm; r = 40 μm

[11] SLM 280; λ = 1.07 μm; r = 40 μm
[12] MCP Realizer; yttrium fiber laser 200 W, λ = 1.07 μm; r = 50 μm
porosity of 70% and a pore size in the range of 200 to 500 μm. In previous
work, we fabricated a 316L freeform porous material, demonstrating a
porosity of 46% with a pore size of 216 μm [1,14]. The details of afore-
mentioned studies regarding manufacturing metal porous materials
via LPBF are summarized in Table 1.

In all the above reported research, fabrication of the porous material
was limited by its minimum attainable feature size, which is at best
around 100 μm [15]. Above works on LPBF consider laser beams with
continuous wave (CW) emission. However, regulation of the heat
input and therefore the kinetics of solidification and fusing of powder
particles is required. A solution to offer increased control over the kinet-
ics is the use of a pulsed wave (PW) laser system [16–18]. This is due to
pulsed lasers having a smaller heat-affected zone thatminimizes the re-
gion on the substrate that the laser is sintering. This allows greater con-
trol over the heat input and melting pools during the process and thus
enables better spatial resolution and feature sizes [19]. In recent years,
LPBF of metal particles using PW emissions has been studied using var-
ious materials. The focus has previously been set mainly on, thin-wall
components [20–22], the modification of microstructures [18,23–25],
fully dense components [26], and melting efficiency [27]. In all cases,
full melting under PW conditions was aimed at. There is, however,
very limitedwork out on the PW sintering to fabricate porousmaterials
[28].

LPBF utilizing PW lasers offers the additional parameter of pulse
power (pulse energy/pulse duration), which has a significant effect on
the quality of manufactured components [17]. Very little work has
been done to check the system requirements needed to fuse the metal
particles. Therefore, a thorough understanding of the dependence of
processing parameters is investigated here, with a wide range of pulse
duration and pulse energy. The challenge when using this method for
manufacturing a desired porous material with a right pore size and po-
rosity, reliably and repeatably, is to apply the right amount of energy to
the powder bed, thereby partially melting the powder particles or
sintering, resulting in a packed non-fully molten powder that can have
considerably smaller feature sizes compared to the CW mode. In this
paper, LPBF utilizing PWemission is investigated for its use in producing
highly porous materials with small pores exploiting partial melt condi-
tions. The goal of this paper is to explore low-energy laser processing to
achieve a high porosity in a porousmaterialwhile reducing the pore size
similar to that of a sintered structure.

Additively manufactured parts are constructed frommultiple layers
stacked on top of each other. Naturally, this would also hold for our
envisioned porous materials. Therefore, before progressing to multi-
sion, where λ is the wavelength and r is laser spot radius).

Unit cell Pore size Porosity (%) Material

216 46 Stainless steel 316L

Not reported 250 90 Stainless steel 316L
700–1000 68–82 Ti-6Al-4V

Not reported 80 17 Stainless steel 316L
300–500 20–60 Al6061
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layer porous material manufacturing, it is critical to fully understand
and solve problems within single-layer manufacturing. Hence, in this
study we investigate porous materials within a single layer, taking
fluence, which expresses the energy density at the peak of an ideal
beamwith a Gaussian distribution, as the process parameter to (1) dis-
cuss the relationship between fluence, porosity and pore size, (2) ob-
serve and analyse the forming characteristics of the porous material
during laser sintering of metal powders, and (3) test the thermal con-
ductivity of stainless steel 316L printed layers. In this study, both the
thermal conductivity of stainless-steel powder and single-layer 3D-
printed porousmaterials weremeasured and compared to available ex-
perimental data and correlations in the literature.

In order to document our proof-of-concept the following steps were
taken. First, an experimental design and experimental apparatus were
developed, presented in Section 2. The results and discussion from the
experiment and specimen characterization are described in Section 3.
Finally, conclusions are presented in Section 4.

2. Experimental development, specifications and characterization

In this section, the experimental setup is introduced in Subsection
2.1, the main variables are introduced in Subsection 2.2 and characteri-
zation details are given in Subsection 2.3.

2.1. Experimental setup

The powder feedstock used is gas atomized, stainless steel 316L
(supplied by ConceptLaser). The powder was characterized using scan-
ning electron microscopy (SEM). An image of the powder feedstock is
shown in Fig. 1. Powder particles are generally spherical in shape and
have a wide distribution of size; mostly particle diameters are within
30–47 μm range.

A purpose-build test set-up to characterize laser-powder interaction
(see Fig. 2), was employed throughout this studywith amaximum laser
power of 100W generated by a 1080 nm Ytterbium fiber laser. The ex-
perimental set-up consisted of a laser source (JK100FL laser), focussing
mechanism, a laser positioning stage (Thorlabs KS1-Z8), a camera (STC-
P63SBJ), a processing chamber and a powder layer deposition system.

A layer of stainless steel 316L powder was deposited on a stainless-
steel substrate. To deposit a layer of powder on the substrate, a manual
powder deposition mechanism was used, capable of depositing a layer
thickness of 200 μm. In this system a small amount of metal powder
with a known weight is applied with an applicator strip along a ruler.
As the layer thickness and track width are known, by measuring the
Fig. 1. Stainless steel 316L powder feedstock morphology and size distribution.
track length, the layer density was determined by weighing the mass
of the deposited powder layer.

The laser was focussed at the top of the powder layer and pulsed
with a defined pulse duration. The laser fiber entered the optical unit,
which has a mirror that redirects the beam to the lens as described in
detail by [29]. The mirror is reflective for the 1080 nm wavelength of
the laser, but transparent for visible light. A camera was mounted be-
hind the mirror to observe the laser spot and process interaction. The
laser beam progresses through the optical unit to the tilting mirror.
The lateral position of the optical unit was changed using a Thorlabs
MTS50/M-Z8 linear actuator [29]. This provided the possibility of chang-
ing the path length of the laser light from the lens to the powder bed to
change the focal position. The actuator has a range of motion of 50 mm
with an accuracy of 6 mm. The mirror, a Thorlabs PF10-03-P01, was
tilted along one axis using a KS1-Z8 setup [29]. This allowed for a
range of motion of 8°. The mirror was used to reflect the laser beam to
a certain point on the substrate. Detailed information on the focusing
mechanism is discussed in [29]. Finally, the laser beam passes through
a transparent window into the processing chamber. This chamber was
filled with argon gas as a shielding gas. The build platform could be
moved along one axis. With the rotating axis of the mirror oriented
across, a 2D surface could be laser scanned. All experiments were car-
ried out in an air-conditioned laboratory environment at 22 °C ambient
temperature.

2.2. Theory – variable definition

The LPBF process using PW emission to sinter a layer of powder par-
ticles is influenced by a number of parameters, which together deter-
mine the properties of the printed artefact. This includes, but is not
limited to, environmental parameters, material specifications, and
laser (scanning) parameters [30]. The fluence parameter (F in J/m2),
which expresses the energy density at the peak of an ideal beam with
a Gaussian distribution is considered in this study. Controlling the
fluence on the surface is key to affect the pore size and porosity/density
of 3D-printed parts [31]. The fluence determines the state of themolten
powder (i.e., state of vaporization, state of fusion, state of sintering or
state of heating-up). Therefore, fluence is taken as the main parameter
to describe the effect of the laser conditions on the pore size and poros-
ity of the sintered single-layer experiments of the present study. The
fluence is determined by laser power (P), pulse duration (τ), and laser
spot radius (r) as [32]:

F ¼ 2Pτ
πr2

ð1Þ

Sintered layers were fabricated as a grid of laser dots (51 × 21). The
following process parameters were selected according to a preliminary
series of single spot/line scanning experiments (see Fig. 3): laser spot ra-
dius (r) of 200 μm, a point distance (dx) of 100 μm, the distance between
two consecutive illuminated points, a hatch spacing of 100 μm. The
jump speed was kept at s = 0.625 mm/s, describing the speed of the
movement when the laser moves from point to point. Since a pulsed
laser is used, the laser is fired discretely rather than continuously. In
this case, the overall scanning speed is determined by point distance
(dx), pulse duration (τ), and jump speed (s) as follows

v ¼ dx

τ þ dx
s

ð2Þ

In order to reliablymanufacture porousmaterials through LPBF, sev-
eral phenomena need to be investigated [33]. The main parameters in-
clude laser power and laser scan speed. Material parameters as well as
laser-specific parameters, determine the amount of energy that must
be deposited into the material. To estimate the energy required to



Fig. 2. (a) Schematic of the setup including beammanipulation adapted from [29]. The laser can reach the powder bed using the tilt mirror. The focus stage is used to keep the spot size on
the powder bed constant. (b) An image of the realised setup.

Fig. 3. Laser pattern, hatch space and point distance, arrow shows laser movement
direction (left) and schematic view of laser spot penetration (right).
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produce a desired porous layer of stainless steel 316L powder in the
powder bed using the pulsed laser, the following dimensionless groups
of process variables are considered:

P� ¼ άP
Rk Tm−T0ð Þ ð3Þ

v� ¼ vR
α

ð4Þ

where, characteristics of the beam include power (P), scan speed (v)
and beam radius (R); and the material properties include absorptivity
(ά), thermal conductivity (k), and thermal diffusivity (α). Tm and T0
are the melt and initial temperatures, respectively. P⁎ and v⁎ regulate
the material's thermal cycle maximum temperature and heating rate,
respectively. The material and process constant values used to calculate
P⁎ and v⁎ include [34]: average thermal properties (conductivity and dif-
fusivity) of 0.6 Tm and a surface absorptivity of 0.5.

According to the dimensionless process diagram presented in Fig. 4
[34], laser processing is characterized according to three regimes:
heating (including necking between particles), melting and vaporiza-
tion. Hence, the process parameter set of Table 2 was selected, resulting
in energy thresholds required to sinter/partiallymelt particles (a further
discussion is presented in the Subsection 3.1):
(i) varying pulse duration in the range of 0.75–14mswhile keeping
the laser power at a constant level (20 W), thereby varying the
fluence;

(ii) constant fluence by varying both laser power (20–100 W) and
pulse duration (0.8–4 ms) simultaneously;

(iii) constant laser power (20 W) and pulse duration (4 ms), for re-
peatability testing.



Fig. 4.A comparison of dimensionless groups of process variables in the current paper and
experimental data in the literature [34]. Data collection for the threemain classes: heating,
melting and vaporization. Red symbols denote failed specimens. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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The first goal is to investigatewhether it is possible to create a highly
porous layer using a LPBF process by evaluating the effect of fluence on
the resulting structure. The second goal of this experiment is to collect
statistical data and establish that the process is repeatable.
2.3. Characterization

The fabricated sintered layers were subjected to various characteri-
zation methods, including geometric and thermal analyses. The analy-
ses performed are summarized here: optical microscopy analysis
using an optical light microscope of model VK 9700 Keyence, SEM anal-
ysis and differential scanning calorimetry (DSC) test.

In view of the importance of accurately measuring the porosity of a
sintered layer, three porositymeasurement techniques were employed.
From the top and side surfaces of the as-fabricated sintered layers, im-
ages were made using an optical light microscope. From the images
the outer dimensions were measured to determine the specimen's vol-
ume. The specimen'smasswasmeasured under atmospheric conditions
using an analytical balance with an accuracy of 0.0001 g (Mettler To-
ledo). Thereafter, the porosity of the specimen (ε) was computed by di-
viding the actual mass, obtained from dry weighing (m), by the volume
(V) of the parts, obtained from dimension measurements and the bulk
Table 2
Laser process parameters.

Varied fluence (constant laser
power)

Constant fluence

Pulse frequency, f
(Hz)

12.75 12.75

Laser spot radius, r
(mm)

0.2 0.2

Scanning speed, v
(mm/s)

0.625 0.625

pulse duration, τ
(ms)

0.75, 1.25, 2, 3, 4, 6, 7, 8, 9, 10, 12
and 14

4, 2.66, 2, 1.14, 1, 0.88
and 0.8

Laser power, P (W) 20 20, 30, 40, 70, 80, 90
and 100

Fluence, F (J/cm2) 2.4–44.5 12.7
density (ρ) of stainless steel 316L (8.0 g/cm3). The specimen porosity
from direct mass measurement, so-called volumetric mass porosity, is
obtained by:

ε ¼ 1−
m
ρV

ð5Þ

The porosity values for each specimenwere also characterized using
Archimedes method. In this approach the sintered layer was fully satu-
rated with fluid, following the same procedure of our recent work [1].
Themass of each sintered layerwas recordedbefore and after saturating
it with methanol and the porosity is measured by weighing the satu-
rated fluid by:

1
ε
¼ 1þmρl

mlρ
ð6Þ

where ml and ρl are the methanol liquid mass needed to saturate the
specimen, and mass density, respectively. To complete the geometric
characterization, image analysis from an optical light microscope and
SEMwere also used for determining the porosity level and pore size di-
rectly. Different cross-sectional images were captured. These images
were then converted into de-noised black-and-white micrographs
using ImageJ software and a porosity analysis tool [35]. Fig. 5 shows a
cross-sectional image of an actual specimen, used for image processing.

Thermal conductivitymeasurements includemeasuring the temper-
ature gradient and heat flow through a specimen of known geometry,
using DSC. The details of the measurement process are reported in
[36,37]. In this system, in the contact area between the sintered layer
and the sensor, both temperature and heat flow aremeasured. The tem-
perature on the opposite side of the specimen cannot be measured. The
temperature of that opposite side is known during the melting of a
known melting point material, i.e., indium (known melting tempera-
ture of 156.6 °C), placed on top of the specimen. From the temperature
of both sides and the recorded heat flow, the thermal conductivity can
be determined (see Fig. 6).

We performed the experiments as follows. The sintered layer was
placed in the pan and indiumwas placed on top of the panwhile the ref-
erence furnace remained empty. The temperature must be constant
during themelting of the indium; thus the top of the specimen remains
at constant temperature, while the temperature of the bottom side of
the specimen rises at a constant rate. To measure the differential
power produced during the indium melting, a scan was performed.
The curve obtained during the melting was decreasing and approxi-
mately linear and increased rapidly after completion of the melting.
The slope measurement of the decreasing part of the curve makes it
possible to evaluate the specimen's thermal conductivity:

q
ΔT

¼ S ð7Þ

where S is the slope of the linear side of the melting curve. The thermal
resistance (Rt) to heat flow (q) through the specimen under the differ-
ence in temperature between the heater and the melting indium can
be expressed as

Rt ¼ 1
S

ð8Þ

The thermal resistance of the specimen is determined by the differ-
ence between themeasurementwith the Indium at the top andwithout
as

Rs ¼ R0−Rt ð9Þ

where, Rt is the thermal resistance of calorimeter and sensor material,
and R' is the thermal resistance of calorimeter and sensor material
with an Indium layer on top of the specimen (Fig. 6). Compared to the



Fig. 5.An example of pore size and porositymeasurement: optical lightmicroscopy image of cross section (a), and its thresholded image (b). The black colour represents open parts in the
sample.
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sensor's thermal resistance and the crucible, the total thermal resistance
obtained yields directly the thermal conductivity (k) of the specimen as:

k ¼ L
ARs

ð10Þ

where, A is the apparent cross-sectional area of the sintered specimen,
and L is the specimen length. For the thermal conductivity measure-
ment of porous materials, 2 × 2 mm2 specimens were prepared and
the diameter of the sensor specimen (indium) was 1.9 mm. Similarly,
a crucible was filled with metal powder and the reference material
was partly sunk in it and the thermal resistance between the metal
and the crucible from theDSCmelting peak slopewas obtained. This ap-
proach was successfully used in metal powder characterization in [38].

3. Results and discussion

In this section, we first present the laser material procession dia-
grams to determine a suitable process parameter range within which
laser sintering of stainless steel powder should yield a desired porous
layer (Subsection 3.1). This follows from the results of experiments to
identify the effect of laser power and pulse duration on the
Fig. 6. Schematic diagramof the specimenarrangement on theDSC sensor. Tm, Tr and Ts are
melting temperature of indium, reference temperature and specimen temperature,
respectively (adapted from [36,37]).
microstructures and porosity/pore size of sintered layers (Subsection
3.2). Then, the thermal analysis is provided for both the metal powder
and manufactured specimens (Subsection 3.3).
3.1. Laser material procession diagrams

To characterize the sintered single-layers, they were manually ex-
tracted from the powder bed. In relation with our results, published
data in the literature [34] is compared as a laser processing diagram in
Fig. 4 on logarithmic axes of P⁎ and v⁎. According to Fig. 4, the nature
of laser processing is categorized as heating, melting and vaporization
(sketched boundaries). Table 3 shows the combination of parameters
for which built specimen could not successfully be lifted from the bed.
Interestingly, we observed that failed single layers are in the ‘only’
heating region or ‘only’ melting region. Thus, the powder sintering/
melting mechanisms corresponding to the process diagram are defined
as follows:

1. No sintering/nomelting – failed specimen (Fig. 7a), ‘only’ heating re-
gion in Fig. 4: the delivered laser energy is insufficient, resulting in ei-
ther non-fused (melted) specimens or poor specimens due to
reduced necking that broke when lifted from the bed. This occurs at
a (constant) low laser power, P= 20Wwhich is equivalent to P⁎=
3.2, and applying a lower pulse duration, τ b 3mswhich is equivalent
to v⁎ N 3.3.

2. Sintering/partial melting – desired layers (Fig. 7c), common heating
and melting regions in Fig. 4: (i) at a (constant) low laser power,
P = 20 W which is equivalent to P⁎ = 3, and applying a higher
pulse duration, τ ≥ 3 ms which is equivalent to v⁎ b 3.3; or (ii) at
20 W ≤ P ≤ 40 W which is equivalent to 4 ≤ P⁎ ≤ 8, and applying a
pulse duration between 2 and 4 ms, which is equivalent to
2 ≤ v⁎ ≤ 5, allows more time for heat to be absorbed compared to
the case of lower pulse duration.

3. Melting – failed specimens (Fig. 7b), ‘only’melting region in Fig. 4: at
a lower pulse duration τ b 2 ms which is equivalent to v⁎ N 5, and a
higher laser power P N 40 which is equivalent to P⁎ N 8, results in
an excessive (partial)meltingwhichwasnot appropriate as it was al-
most impossible to extract specimens.

In summary, it was clearly found that a minimum fluence to fabri-
cate a consistent specimen is in a range between 9.5 and 44.5 J/cm2.
At low fluence, higher pulse duration is preferable, e.g., fluence of
9.5 J/cm2 (laser power of 20 W and τ = 3 ms as observed in Fig. 7c)
or fluence of 44.5 J/cm2 (laser power of 40 W and τ = 2 ms) to have a
consistent specimen. Further discussion on microstructure evaluation
is presented in Subsection 3.2.
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3.2. Microstructure, porosity level and pore size evaluation

The first set of experiments allows the comparison of properties ob-
tained from the successfully removed sintered single layer formation at
a constant laser power (20 W). SEM micrographs of the surface of
sintered layers obtained by using different pulse durations are shown
in Fig. 8. Porosity created by particle sintering can be observed in all
the specimen surfaces, the pore size is dependent on the pulse duration.
SEM analysis reveals that in none of the specimens the sintering is uni-
form and therefore the pores have an unusual size and morphology
compared to traditional sintering.

In the range of cases included in this study, the pulse exposure pe-
riod ranges between 3 and 14 ms while the radial thermal diffusion
time (R2/α) for a (0.5–1) × 10−6 m2/s thermal diffusivity (α) powder
bed [39] is about 40–80 ms. Thus, based on these time scales, during
the interaction time the heat flow distance is less than the particle size
particularly at low pulse durations, resulting in very rapid heating of
the particle surface [31]. Thus, the exposed powder particle tempera-
ture can easily exceed the temperature of melting, leading to melting
of the particles rather than necking as evidenced in Fig. 8.

At a low pulse duration, from 3 to 9 ms when fluence values are
equivalent or over 9.5 J/cm2 a ‘balling’ effect of molten stainless steel
powder is observed. Because of insufficient fluence, the presence of
such a balling area is characterized by the agglomeration of a collection
of ball-like particles to form large melt pools [40,41]. In the specific
range of 9.5–28.6 J/cm2, molten material tends to form a ball. At a
pulse duration of 9 ms balling formation finds its minimum amount
among all the procedures.

The layer thickness (L) of specimens is measured (see Fig. 9) and
plotted in Fig. 10 as a function of pulse duration (and fluence). The
layer thickness decreases with increasing pulse duration from 6 to
9ms. Due to the formation of balling and lumps of partially melted par-
ticles, the large layer thickness in specimens at a low pulse duration is
observed (see Fig. 8). It varies between 159 and 165 μm by increasing
pulse duration.

As expected, increasing the pulse duration, i.e., higher fluence, re-
sults in a larger melting volume of powder. It was observed that
neighbouring particles combined during the sintering process and par-
tially melted particles are clearly visible. With increasing pulse duration
to 10 ms, the specimen surface has a smoother porous appearance and
larger connecting features than what was observed at shorter pulse du-
ration, as observed in Fig. 8.

To compare the present results with literature, a dimensionless ex-
posure time (τ⁎) is considered and defined according to τ⁎ = ατ/R2 to
characterize laser-sintered microstructures. Accordingly, we observed
fewer sintering necks between particles or insufficiently bonded results
at τ⁎ b 0.3, balling formation at 0.3 b τ⁎ b 1 while at 1 b τ⁎ b 1.4, the en-
ergy input is more evenly distributed causing the formation of a uni-
formly melted sintered stainless-steel surface. This agrees with
reported results in [42,43], in which a laser sintered 316L stainless
steel structure was evaluated. In [42] a balling formation was observed
at τ⁎ b 1 while a uniformly melted surface at 1 b τ⁎ b 2 when using a
laser scan speed between 20 and 40 m/s and a laser power of 100 W.
Stašić and Božić [43] observed balling formation for shorter pulse dura-
tion (τ⁎=1) under laser power of 70W. Based onmicrostructural char-
acterization, we conclude that a minimum fluence of 9.5 J/cm2 is
necessary to achieve necking/partialmelting of powder particles - how-
ever, if balling formation is considered - a fluence above ~28.6 J/cm2 is
necessary for obtaining a smoother sintered layer.

Fig. 11 shows the effect of fluence on the porosity determined by ei-
ther of the three methods available: the volumetric measurement, Ar-
chimedes method and SEM image analysis. It is evident that an
increase in pulse duration results in a decrease in porosity, due to the in-
creasing degree ofmelting. Fewer pores are evident after 7ms pulse du-
rations at fixed power of 20 W. The plot in Fig. 11 shows a downward
trend – a negative linear relationship – when the energetic input



Fig. 7. Optical microscopy image of sintered layers that failed to be lifted: P = 20 W and τ = 1.25 ms (a), failed to be lifted at P = 80W and τ = 1 ms (b), and a successfully extracted
sintered layer at P = 20W and τ = 3 ms (c).
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increases above 19.1 J/cm2. Between 9.5 J/cm2 and 22.2 J/cm2 there is a
porosity variation of only 1%. However, when fluence increases from
22.2 J/cm2 to 28.6 J/cm2, a noticeable 9% decrease in porosity is ob-
served. With increasing pulse duration, the porosity decreases with a
maximum porosity of ~50% (determined by the volumetric measure-
ment) obtained at a fluence of 12.7 J/cm2.

The porosity measurement results by volumetric measurement, Ar-
chimedes method and image processing show an identical trend. For
the volumetric approach, Archimedes method and image processing
trend lines were fitted with linear regression yielding R2 values of
0.95, 0.88 and 0.96, respectively. The image analysis method consis-
tently recorded a lower value compared to the volumetric measure-
ment and Archimedes method. The porosities as determined by the
Archimedesmethod are 13% (average) lower than the directmassmea-
surements and 13% (average) higher than those determined by image
analysis. The possible reasons for this difference are discussed next.

A difference between the volumetric and Archimedes porosity mea-
surements may highlight that during the saturation, not all of the air
was replaced by liquid. A difference between Archimedes method and
image analysis may arise due to fact that an image analysis can reflect
the effect of un-melted powder on the results of porosity, as the cavities
may contain un-melted powder. These cavities can especially show a
significant influence on the results of structures with a high porosity.
The results reported in this study are consistent with data reported in
[44–47]. A comparison of the Archimedes method and image analysis
showed that for low-porosity parts (porosity of approximately 2%),
the differences are within about 1%. However, the Archimedes method
shows 8% higher porosity compared to image analysis at a porosity of
around 10% [44]. Similarly, Bai et al. [45] observed that the results of Ar-
chimedes method and image analysis are similar when the porosity is
near 0%, however, the porosity values using the image analysis are obvi-
ously lower than those using the Archimedes method for higher poros-
ity specimens. Damon et al. [46] observed higher porosity values
recorded by Archimedes method compared to microscopic image anal-
ysis by 25% at porosity of around 3%. Thus, from comparison of different
porosity measurement approaches, it can be concluded that the results
using the three different methods differ from each other to a degree al-
ready observed in literature before. The advantage of the image analysis
is that more information about the distribution, size and form of pores
in the part is determined. The characterization of a porous material by
image analysis is however directly influenced by software capabilities.
It seems that the Archimedes method determines more reliable results
as the whole specimen volume (in 3D) is considered instead of consid-
ering just the upper surface (in 2D), which might not be representative
for the entire specimen.

It is clear from the SEM image analysis (Fig. 8) that at a higher pulse
duration the surface is much smoother and uniform, and the porosity
decreases. The average pore-size at different fluences is illustrated in
Fig. 12. At different energy inputs, by changing pulse duration, the aver-
age pores size is between 22.3 and 29.3 μm from high to low pulse du-
ration. We observed some tunnel like pores that go into the sintered
layers. It was also observed that b7% of the pores were between 40
and 50 μm in size.

The pore size is found to be dependent on the pulse duration as well
as on the value of porosity in the sintered layer. As evidenced in Fig. 11,
at pulse durations of 12–14ms, approximately 27%of the sintered layers
refers to porosity with average pore size of 22–24 μm(Fig. 12), based on
image analysis. While at the pulse duration of 3–4 ms approximately
39% of the specimens has a porosity with average pore size of
27–29 μm. It means that the porosity decreases by around 30% and ac-
cordingly the pore size decreases by approximately 24%. Thus, a relation
is observed to describe the pore size variation with porosity as a func-
tion of pulse duration at constant laser power.

The next set of experiments concerns the comparison of the results
obtained at constant fluence. The effects of laser power and pulse dura-
tion on the layer thickness and porosity are plotted in Fig. 13, for the
maximum laser power of 40 W and the pulse duration ranging from 2
to 8 ms. As discussed in Section 2, at laser powers higher than 40 W,
the specimen was stuck to the substrate and could not be lifted from
the bed for characterization. As evidenced in Fig. 13, the layer thickness
clearly increases by increasing laser power (decreasing pulse duration).
It is clear that even though fluence was kept constant, the change in
laser power and pulse duration has an effect on the layer thickness of
the specimens.

Fig. 13 shows a clear rise in porositywith increasing laser power. The
overall porosity level is below 61%. A noticeable drop in specimens po-
rosity (17%) is observed from specimen with a P = 40 W and τ =
2 ms to P = 30 W and τ = 2.66 ms. Both are at an identical fluence
level (12.7 J/cm2). A specimen with high laser power and low pulse du-
ration achieves higher porosities. This result suggests that fluence is not
a good indicator for porosity level of LPBF manufactured porous mate-
rials when processing at low laser powers/pulse durations, as also de-
scribed in [13]. Previously, it was reported that porosity in stainless
steel specimens can vary if the laser power or the speed of scanning
varies at the same fluences due to, e.g., balling or poor wetting charac-
teristics [48,49].

Lastly, a total of 6 specimens has been produced, extracted andmea-
sured using the same settings. These specimenswere produced with an
energetic input of 12.7 J/cm2. The height, area and weight of the speci-
mens have beenmeasured and the porosity has been computed. The re-
sults of these measurements are presented in Fig. 14. The porosity and
layer thickness of the specimens is on average 50% and 167 μm,
respectively.

From the experimental results presented in this section several con-
clusions can be drawn. Firstly, it is possible to create highly porous
(50–60%) materials using printing based on a pulsed LPBF process.



Fig. 8. SEM images of the porousmaterials at different pulse duration (τ=3–14ms) and a
laser power of 20 W.

Fig. 9. Layer thickness measurement.

Fig. 10. The measured layer thickness of specimens at constant laser power of 20 W and
varied pulse duration.
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Secondly, fabricating porous materials is repeatable using the current
setup, although the structures are random in nature. Thirdly, the poros-
ity can be controlled within a certain bandwidth by changing laser
power and pulse duration. The minimum pulse duration is found to be
highly important. In this study, we observed aminimum pulse duration
of 2ms and 3ms at laser power of 40W and 20W, respectively, to have
a consistent porous material.
3.3. Characterizing metal powder and sintered single-layer specimens in
terms of thermal conductivity

For using additively manufactured porous materials in heat transfer
devices, it is very important to know its thermal conductivity, and con-
sider the pore/porosity effect on the heat flow. Moreover, the thermal
conductivity of powder within a powder bed and the first layer that is
printed are essential properties in modeling LPBF processes and to im-
prove process parameters. In this subsection, the thermal conductivity
of the printed single-layers is analysed. Table 4 presents the results of
measurements of slopes and thermal conductivities obtained for each
specimen. Accordingly, thermal conductivity of sintered layers related
to fluence and pulse duration is presented in Fig. 15. Each point presents
an average of 3 measurement results. The thermal conductivities of
specimens vary between 0.37 and 0.73 W/mK according to pulse dura-
tion range and it can be clearly observed that the conductivity increases
as fluence is increased. This is expected as higher fluence results in a
higher sintering temperature and thus better fusion of powder particles.
Solid–solid contact regions expand by two mechanisms: sintering and
partially melted particles. These regions provide heat conducting path-
ways to improve thermal conductivity. It can be seen that over the range
of pulse duration, thermal conductivity almost doubles (1.95 time)
when determined at the pulse duration of 7 and 12 ms. However, the



Fig. 11. The measured porosity of specimens using different approaches at constant laser
power of 20 W and varied pulse duration (τ).

Fig. 13. The measured layer thickness (top) and porosity (bottom) of specimens at
constant fluence of 12.7 J/cm2.
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porosity changes by about 30%, which implies that both morphology
and sinter densification changes affect the thermal conductivity. Similar
results have been reported in literature for powder bed fusion using
electron beammelting [50].

Accordingly, a ratio of thermal conductivity of the powder particle
and sintered layers to its bulk thermal conductivity (k/ks) related to po-
rosity is presented in Fig. 16 and compared to available experimental
data and correlations in the literature. The thermal conductivity of the
sintered layer is found to be 0.38 W/m K which is higher than that of
powder particles (non-sintered) (0.12 W/m K) at porosity of approxi-
mately 50%. In the literature, there aremanymodels to predict the ther-
mal conductivity of sintered powder particles, within a liquid, gas, or
vacuum. Examples of such investigations include the works of Alexan-
der [51] and Hadley [52]. Alexander's model [51] was developed for
Fig. 12. Themeasured pore size of specimens by SEM at constant laser power of 20W and
varied pulse duration.

Fig. 14. Porosity and layer thickness results for specimens in the repeatability experiment.

Table 4
Results of thermal conductivity measurements of single layer specimens using DSC.

Specimen Porosity (−) Slope (mw/K) K (W/m K)

1 0.46 2.30 0.37
2 0.41 2.48 0.44
3 0.37 3.00 0.55
4 0.32 3.95 0.73
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sintered powders and unconsolidated beads, given by the thermal con-
ductivities of the solid (ks) and the fluid phase (kf) as:

k ¼ kf ks=kf
� � 1−εð Þ0:53 ð11Þ

In addition, the Maxwell–Eucken lower bound correlations [52], de-
rived for a dilute spherical particle suspension in a uniform liquid as:

k ¼ kf
2ε þ ks=kf

� �
3−2εð Þ

3−ε þ ks=kð Þε ð12Þ

Wehave compared our experimental data with the previous data on
non-sintered powder particles, sintered powder particles and model
predictions in the literature. As evidenced in Fig. 16, an excellent agree-
ment is observed for the normalized experimental values of powder
particles in this study and Alexander's model while an over prediction
of the Maxwell-Eucken model is observed. Experimental data deter-
mined in the present study for a powder particle are in good agreement
with the independent experimental results of Rombouts et al. [53],
Fig. 15. (a) Example of heat flow vs. temperature curve - slope calculation for a specimen
proceeding as indicated and (b) thermal conductivity of the sintered layers with
increasing fluence at the constant laser power of 20 W.

Fig. 16. Comparison of normalized thermal conductivity of powder particle and sintered
layer in the present study (circle markers) with Alexander model and Lower Maxwell
model (dashed lines) as well as reported experimental data in the literature. SSL:
interested single layer; SML: interested multi layers powder particle: PP;
Alkahari et al. [54] and Agapiou and DeVries [55]. Therefore, to estimate
the thermal conductivity of a powder bed, Alexander's model can be
proposed.

As evidenced in Fig. 16, the thermal conductivity of a powder parti-
cle differs from a sintered layer of the present study and sintered porous
materials reported by Biceroglu et al. [56], Thewsey and Zhao [57] and
Smith et al. [50]. We observed that the thermal conductivity of a single
316L stainless steel powder particle is ~0.17W/mK,which is close to re-
ported particle thermal conductivity of 0.156W/mK,whereas the corre-
sponding bulk material value is 15 W/mK [48]. Hence, the thermal
conductivity of the powder particle is 31.5% of the sintered layer and
the thermal conductivity of the first sintered layer is 4.8% of its bulkma-
terial. Similarly, Zhang et al. [58] showed that the Ti64 powder conduc-
tivity is approximately ~4–5% of the bulk Ti64 conductivity and the
results of Inconel 625 powder, conductivity is 4–7% of its bulk material.

In summary, we conclude that:

(1) thermal conductivity not only depends on the porosity but also
the necking between powder particles;

(2) due to the growth of the contact area during sintering, the ther-
mal conductivity of a powder bed changes significantly after
high-temperature heating.

Therefore, the powder bed thermal conductivity should be stimu-
lated taking into consideration the powder bed density and fusion of
particles at the first layer. This is because of the fact that for a low ther-
mal conductivity, heat in the first layer(s) cannot be easily transmitted
to the underlying layers/material. Hence, the exposed powder particle
temperature reaches the melting temperature faster. An incremental
change in temperature results in material evaporation. Our findings
with regards to thermal conductivity of a first layerwould help to better
understanding and simulating of the complexmelt pool physics in LPBF.

4. Summary and conclusions

In this paper, a single layer of sintered porous material was
manufactured using a lab-scale setup, considering laser power and
pulse duration. 316L stainless steel powder was used as powder
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feedstock material. The formed microstructures were discussed and
sintered layers were characterized in terms of porosity, pore size, and
layer thickness. The thermal conductivity of sintered layers and powder
particles were also evaluated. The main results obtained are as follows:

• Single-layer porous materials could be consolidated by the presented
lab scale set-up – properties are strongly dependent on the pulse du-
ration. It was observed that aminimum fluence to fabricate consistent
specimens is in a range between 9.5 and 12.7 J/cm2. In the specific
range of 9.5–28.6 J/cm2, molten material tends to form a ball and
above approximately 28.6 J/cm2 a smooth sinter layer was fabricated.

• A high porosity of 50–60% with pore sizes in a range of 22–29 μmwas
obtained from high to low pulse duration and the pore size distribu-
tion widens with increased pulse duration. A relation was also ob-
served to describe the pore size variation with porosity as a function
of the pulse duration: the porosity decreases by around 30% and ac-
cordingly the pore size decreases by approximately 24%.

• We observed a comparable trend for different porosity measurement
approaches – the porosities as determined by the Archimedesmethod
is 13% lower than those determined by direct mass measurements
and also 13% higher than those determined by image analysis in
agreement with other literature findings.

• An excellent agreement was observed for the experimentally deter-
mined thermal conductivity values of powder particles and
Alexander's model. We found that the thermal conductivity of the
powder particle is 31% of the sintered layer and the thermal conduc-
tivity of the first sintered layer is 5% of its solid material value.

The controlled porosity layer-structures of this study are a feature
that is difficult to achieve with conventional manufacturing techniques.
This development can be employed in two-phase heat transfer devices
and other devices in which graded porous layers are required, e.g. fuel
cells, thermal energy storage systems, batteries, and many more. The
authors aim to fabricatemulti-layer porousmaterials by translatingpro-
cess parameters of this study to a commercial machine to further de-
velop unique layer-by-layer controlled porous materials using LPBF
technology.
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