
Processing conditions and microstructural features of porous 316L stainless
steel components by DMLS

Dongdong Gu *, Yifu Shen

College of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics, 29 Yudao Street, 210016 Nanjing, PR China

Applied Surface Science 255 (2008) 1880–1887

A R T I C L E I N F O

Article history:

Received 11 March 2008

Received in revised form 14 May 2008

Accepted 17 June 2008

Available online 26 June 2008

PACS:

42.62.Cf

78.55.Mb

81.20.Ev

Keywords:

Solid freeform fabrication (SFF)

Direct metal laser sintering (DMLS)

Porous materials

Stainless steel

Porosity

A B S T R A C T

Direct metal laser sintering (DMLS), due to its flexibility in materials and shapes, would be especially

interesting to produce complex shaped porous metallic components. In the present work, processing

conditions and microstructural characteristics of direct laser sintered porous 316L stainless steel

components were studied. It was found that a partial melting mechanism of powders gave a high

feasibility in obtaining porous sintered structures possessing porosities of �21–�55%. Linear energy

density (LED), which was defined by the ratio of laser power to scan speed, was used to tailor the laser

sintering mechanism. A moderate LED of �3400–�6000 J/m and a lower scan speed less than 0.06 m/s

proved to be feasible. With the favorable sintering mechanism prevailed, lowering laser power or

increasing scan speed, scan line spacing, and powder layer thickness generally led to a higher porosity.

Metallurgical mechanisms of pore formation during DMLS were addressed. It showed that the presence of

pores was through: (i) the formation of liquid bridges between partially melted particles during laser

irradiation; and (ii) the growth of sintering necks during solidification, leaving residual pores between

solidified metallic agglomerates.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Porous metals are known to have many interesting combina-
tions of physical and mechanical properties such as low specific
weight, high gas permeability, and high thermal conductivity
[1,2]. Therefore, there exists a growing interest in their practical
applications in various industrial sectors such as automotive
industry, aerospace industry, sporting equipment, and biomedical
industry [3]. So far, a number of approaches concerning the
fabrication of porous metals have been reported, including
sintering of metal powders [4,5], foaming of slurries [6,7], and
casting methods [8,9]. However, a common limitation of the
powder sintering method is that pore characteristics (e.g., size,
shape, and distribution of pores) are usually difficult to control
[10]. Foaming approaches also have inherent limitations, such as
contamination, formation of impurity phases, and limited control
over pore features [11]. More important, porous metallic
components with complex geometric features usually cannot
be easily fabricated using the above mentioned conventional
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methods [12,13]. Thus, novel fabrication methods for porous
metals should be innovatively designed to ensure complex part
geometries coupled with controllable pore size, shape, and
distribution.

Direct metal laser sintering (DMLS), as a typical solid freeform
fabrication (SFF) technique, enables the quick production of
complex shaped three-dimensional (3D) parts directly from metal
powder [14–18]. The DMLS process creates parts in a layer-by-
layer fashion by selectively fusing and consolidating thin layers of
loose powder with a scanning laser beam. DMLS, due to its
flexibility in materials and shapes, would be especially interesting
to produce complex shaped porous metallic components. How-
ever, most of the previous work using DMLS has been focused on
net shape manufacturing of fully dense metallic prototypes and
tools [19–22]. Actually, few research efforts have been devoted in
understanding how the porous structures are developed in DMLS-
processed porous metals.

In this work, DMLS of 316L stainless steel (SS) powder was
performed for the preparation of porous components. The
processing conditions, microstructural features, and mechanical
properties of DMLS-processed porous metals were assessed and
the formation mechanisms of pores were elucidated. These
principles are generic and can be applied to other pre-alloyed
metallic materials with incongruent melting temperatures.
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Fig. 1. SEM image showing characteristic morphology of SS powder.

Fig. 2. Schematics of laser sintering apparatus (a) and laser scanning pattern (b).
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2. Experimental

The austenitic 316L SS powder (supplier: Haining Feida
Metallurgy Powder Co., Ltd. China) with a spherical shape and a
mean particle size of 20 mm was used in the present study, as
shown in Fig. 1. The elemental compositions of SS powder were:
16.9Cr, 13.2Ni, 2.7Mo, 1.6Mn, 0.019C, 0.23Si, Fe balance.

The used DMLS system, as schematically shown in Fig. 2a,
consisted mainly of a continuous wave Gaussian CO2 laser (type:
Rofin-Sinar 2000SM, supplier: Rofin-Sinar Laser GmbH) with a
maximum output power of 2000 W, an automatic powder
delivery system, and a computer system for process control.
Single layer sintering tests were primarily performed by repeated
scanning a powder layer (0.15 mm in thickness) in order to
establish a process map. Each single layer sintering test was
processed within a 20 mm � 10 mm region. A simple linear raster
scan pattern was used, as illustrated in Fig. 2b. From these
preliminary experiments, a series of processing parameters were
chosen for further preparation of multi-layer samples. When a
sample was to be prepared, a steel substrate was placed on the
building platform and leveled. Afterwards, a thin layer of loose SS
powder was spread on the substrate by the roller. Subsequently, a
laser beam scanned powder bed surface to form a layerwise profile
according to CAD data of the sample. The similar process was
repeated and the sample was produced layer by layer until
completion. The used processing conditions were: spot size (D)
300 mm, laser power (P) 100–550 W, scan speed (v) 0.03–0.10 m/
s, scan line spacing (h) 0.10–0.30 mm, and powder layer thickness
(d) 0.10–0.25 mm.

The porosity of laser sintered porous samples was calculated
using the following expression:

Porosity ¼ 1� Mass of the porous metal

Volume of the porous metal�
Density of the solid metal

(1)

Surface morphologies of laser sintered samples were characterized
using a Quanta 200 scanning electron microscope (SEM), operated
at an accelerating voltage of 20 kV. The laser sintered porous
samples were cut using a spark-erosion wire cutting machine to
prepare standard specimens for tensile tests. The tensile directions
were parallel to the sintered layers and parallel to the building
direction (i.e., perpendicular to the sintered layers), respectively.
Uniaxial tensile tests were performed at room temperature with a
universal testing machine (type: CMT5105, supplier: Shenzhen
SANS Testing Machine Co., Ltd. China) at a strain rate of 10�3 s�1.
The ultimate tensile strength was determined from the stress–
strain curve.

3. Results and discussion

3.1. Process map for porous structure

In order to determine a suitable process window within which
laser sintering of SS powder would yield a desired porous structure,
a series of laser power and scan speed combinations, as indicated
by four sets of symbols in Fig. 3, were used to scan over the powder
bed. Laser processing using the processing parameters denoted by
the same symbols produced a similar sintering mechanism. With
these key parameters points fixed, the boundary locations between
the four different zones were determined. The powder melting
mechanisms corresponding to the four process windows were
defined as follows:
(I) N
o melting: the delivered laser energy was insufficient to
exert any effect on the powder, leaving a large amount of
remaining unsintered starting powder particles.
(II) P
artial melting: at a moderate laser power combined with a
low scan speed (<0.06 m/s), the liquid phase presented by
means of the surface melting of particles, thus joining the
unmelted cores of particles via liquid ‘‘bridge’’ to form a
porous surface.
(III) M
elting with balling: at a high laser power and a high scan
speed (�0.06 m/s), long, thin, and cylindrical shaped liquid



Fig. 3. Process map for laser sintering of a single layer of SS powder using a wide

range of laser powers and scan speeds. Sintering mechanisms and resultant sintered

structures are: Zone I—no melting, powder unsintered; Zone II—partial melting,

porous sintered surface; Zone III—melting with balling, coarsened metallic balls;

Zone IV—complete melting, fully dense sintered surface.

Fig. 4. SEM images showing surface morphologies of laser sintered samples prepared with typ

P = 300 W, v = 0.08 m/s; (c) P = 250 W, v = 0.05 m/s. Fixed parameters are h = 0.15 mm and d
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scan tracks were generated, which subsequently broke up into
rows of coarsened metallic balls as a result of surface tension
reduction.
(IV) C
omplete melting: the incident laser energy was great enough
to produce continuous tracks of molten liquid, forming
coherent sintered lines and a fully dense surface after
solidification.
Typical processing parameters within different windows in
Fig. 3 were chosen to prepare multi-layer components, with
characteristic surface morphologies provided in Fig. 4. Laser
sintering at a laser power of 300 W and a scan speed of 0.05 m/s
(Zone IV) yielded continuous scan tracks and coherent inter-track
bonding, showing a fully dense sintered surface (Fig. 4a). However,
at a higher scan speed of 0.08 m/s, laser sintering at the same laser
power (Zone III) produced discontinuous scan tracks consisting of
significantly coarsened individual agglomerates in a spherical
shape (Fig. 4b). Thus, it was confirmed that ‘‘balling’’ effect
initiated in this instance. With the occurrence of balling, no
effective inter-ball and inter-track bonding was obtained (Fig. 4b).
Interesting, the sample processed at a lower laser power of 250 W
and a scan speed of 0.05 m/s (Zone II) showed a desirable porous
structure, which was characterized by open pores formed in
sample surface. Moreover, the sintered surface consisted of
continuous long bar-shaped metallic agglomerates, rather than
ical parameters within different zones in Fig. 3: (a) P = 300 W, v = 0.05 m/s; (b)

= 0.15 mm.



Fig. 5. Change of laser sintering mechanisms of SS powder with linear energy

density. Note: boundary location between Zone II and Zone III is not absolutely

strict due to the span of parameters choice (i.e., 0.01 m/s).
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ball-like agglomerates (Fig. 4c). Therefore, the inherent weakness/
brittleness incurred by balling effect could be well eliminated.

The establishment of the four process windows gave a high
facility in choosing the suitable processing conditions under which
laser sintering could generate a desired porous sintered structure.
A close look at the parameter-dependent process map (Fig. 3) and
the corresponding microstructural features (Fig. 4) revealed that
the process window for the formation of porous structure was
quite narrow. Processing parameter, especially laser power and
Fig. 6. High-magnified SEM image of Fig. 4c showing pore charact
scan speed, were required to be carefully tailored in order to realize
a feasible sintering mechanism by means of the partial melting of
the powder.

In the case of pre-alloyed SS powder, melting occurs over a
temperature range between the solidus and liquidus temperatures.
The amount of liquid formation depends on the sintering
temperature, which is in turn related to the energy gain of the
powder [23]. It is known that an individual line scan introduces
two main parameters, i.e., laser power and scan speed. In order to
evaluate their combined influence, a new parameter, i.e., linear
energy density (LED), is defined by the ratio of the incident laser
power to the laser scan speed. After converting Fig. 3 into Fig. 5
using the defined LED, the relationship between the sintering
mechanisms and the incident LED is clearly revealed. The LED
should be strictly tailored, in order to obtain a suitable amount of
liquid formation. The complete melting of SS powder is expected to
occur at a LED larger than �6000 J/m (Zone IV, Fig. 5), favoring the
formation of fully dense sintered layers (Figs. 3 and 4a). Setting a
lower LED between �3400 and �6000 J/m (Zone II, Fig. 5) is
required for obtaining a desired porous structure (Figs. 3 and 4c). A
decrease in LED (i.e., P/v) can be realized by increasing scan speed
or decreasing laser power. However, using a higher scan speed, to a
great extend, would result in the occurrence of balling (Figs. 3 and
4b), although the obtained LED can also falls within this favorable
range (Zone III, Fig. 5). In this instance, laser sintering at a relatively
higher LED above �3400 J/m causes the melting along a row of
powder particles, forming a continuous liquid scan track in a
cylindrical shape. However, a higher scan speed (�0.06 m/s)
induces a significant capillary instability effect of the melts [24].
The diminishing in the surface energy of the molten track is going
eristics (a); schematic of pore development during DMLS (b).



Fig. 7. Variation of porosity of laser sintered porous samples with laser power and

scan speed. Fixed parameters are h = 0.15 mm and d = 0.15 mm.
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on until the final equilibrium state through breaking up the
cylinder into several metallic agglomerates in a spherical shape is
obtained (so-called ‘‘balling’’ effect). Balling phenomenon,
although it can also produce a certain amount of porosity in laser
sintered layer, is a severe impediment to the smooth spreading of
the fresh powder on the previously sintered layer and tends to
cause delamination induced by poor inter-layer bonding in
combination with thermal stresses, handicapping the completion
of a multi-layer component. In the present study, a close study of
Figs. 3–5 reveals that setting a moderate LED of�3400–�6000 J/m
and a lower scan speed less than 0.06 m/s proves to be an efficient
method for obtaining a porous component free of balling.

3.2. Pore formation mechanism

In order to further study the porous features in Fig. 4c, SEM
characterization at a higher magnification was performed, as shown
in Fig. 6a. It was clear that the dense metallic agglomerates joined
together via sintering necks (arrowheads, Fig. 6a), leaving inter-
agglomerate residual porosity. Fig. 6b schematically depicts the
formation mechanisms of pores during DMLS. When the laser beam
scans over the loose powder bed at a constant speed, several powder
particles are irradiated simultaneously in each laser-irradiating
zone, due to a larger laser spot size (300 mm) relative to powder
Fig. 8. SEM images showing characteristic pore features in laser sintered porous samples

v = 0.05 m/s. Fixed parameters are h = 0.15 mm and d = 0.15 mm.
particle size (20 mm) in this study (Stage I). The laser energy is
primarily absorbed in a narrow layer of individual powder particles,
leading to a high temperature of the surface of particles during the
interaction. The heat, subsequently, flows mainly towards the centre
prepared at: (a) P = 225 W, v = 0.04 m/s; (b) P = 175 W, v = 0.04 m/s; (c) P = 175 W,
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of particles until a local steady state of the temperature within the
particles is obtained [25]. With suitable processing conditions
determined (Figs. 3 and 5), the surface of particles melts to form
liquid, while the cores of particles remain in solid. The liquid quickly
collects at particle interfaces, forming liquid ‘‘bridges’’ between solid
particles (Stage II). With the laser beam moving away, the surface-
melted particles join together due to the presence and combination
of sintering necks, leaving residual pores between solidified metallic
agglomerates (Stage III).

3.3. Influence of processing parameters on porosity and

microstructure

With the above mentioned process map defined, the porous
structures are generally obtainable in laser sintered SS components
through the partial melting mechanism. However, the micro-
structural characteristics of pores show some distinct changes
with various processing conditions. The influence of processing
parameters (e.g., laser power, scan speed, scan line spacing, and
power layer thickness) is highlighted as follows.

3.3.1. Influence of laser power and scan speed

Although laser sintering using the parameters within Zone II
(Fig. 3) generally led to a favorable mechanism of powder
Fig. 9. SEM images showing typical surface morphologies of laser sintered porous sa

h = 0.10 mm. Fixed parameters are P = 225 W, v = 0.04 m/s, and d = 0.15 mm.
melting and the resultant desirable porous structure, the
amount of porosity and the microstructural features of pores
varied considerably with the processing conditions. Fig. 7
depicts the influence of processing parameters on the sintered
porosity. It was found that �32–�55% porosity was generally
obtainable after sintering. However, for a given scan speed, the
porosity decreased with increasing the laser power. When the
laser power was fixed, a higher porosity was obtainable for a
higher scan speed. The characteristic morphologies of pores on
surfaces of laser sintered samples are provided in Fig. 8. The
features of porous structures, e.g., pore size, metal agglomera-
tion size and shape, neck size and connectivity, showed a
distinct variation with the used parameters. At a relatively high
laser power of 225 W and a relatively low scan speed of 0.04 m/
s, the sintered metallic agglomerates were large-sized and the
sintering necks were well developed, forming small-sized
residual pores (Fig. 8a). With lowering the laser power to
175 W, laser sintering at the same scan speed led to the
formation of round and large pores with the diameter of
�750 mm (Fig. 8b). Keeping the laser power fixed, increasing the
scan speed to 0.05 m/s led to a further increase in the sintered
porosity (Fig. 7). However, a fraction of necks between the
sintered agglomerates became thinner and interrupted (arrow-
head, Fig. 8c).
mples with various scan line spacing: (a) h = 0.30 mm, (b) h = 0.15 mm, and (c)



Fig. 10. Effect of powder layer thickness on porosity of laser sintered porous

samples.

Fig. 11. Stress–strain curves for laser sintered porous SS sample prepared at

P = 250 W, v = 0.05 m/s, h = 0.15 mm, and d = 0.15 mm. The tensile tests are

performed parallel to (a) and perpendicular to (b) the sintered layers, respectively.
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In general, a partial melting of powders occurs within Zone II of
Fig. 3 as the obtained sintering temperature falls between the
solidus and liquidus temperatures of SS powder, which favors the
formation of porous structures (Fig. 6). On the other hand, SS
powder, which melts incongruently within such a temperature
range, exhibits a higher degree of liquid formation as the
temperature above the solidus increases. As the laser power
increases or the scan speed decreases, the amount of energy
absorbed by the powders under the laser beam enhances, inducing
a larger degree of melting. Consequently, the size of the solidified
metallic agglomerates and the inter-agglomerate sintering necks
increases, thereby decreasing the size of the residual pores (Fig. 8a)
and thus the obtainable sintered porosity (Fig. 7). In other words, as
the favorable partial melting mechanism prevails, a reasonable
decrease in laser powder (Fig. 8b) or a moderate increase in scan
speed (Fig. 8c) generally leads to a higher porosity in laser sintered
powders. However, it is noted that although a higher porosity is
obtainable with the combination of a low laser power and a high
scan speed, some sintering necks become thinner and interrupted
(Fig. 8c), which ultimately lower the continuity of the porous
structure. Therefore, care should be taken to choose the optimal
processing parameters within the suitable process window (Zone
II, Fig. 3) in order to yield a sufficiently high porosity combined
with an adequate structural continuity.

3.3.2. Influence of scan line spacing

The characteristic surface morphologies of laser sintered
porous samples at different scan line spacing are provided in
Fig. 9. It raveled that the microstructural features (e.g., the size
and shape of sintered agglomerates, the shape and connectivity
of pores, and the amount of porosity) were significantly
influenced by the used scan line spacing. At a large line spacing
of 0.30 mm, long and narrow sintered agglomerates were
formed, between which interconnected pore channels in the
order of millimeter were visible (Fig. 9a), thereby leaving a high
residual porosity, i.e., 41.3%, in laser sintered component. Laser
sintering at a lower line spacing of 0.15 mm produced the
relatively large sintered agglomerates and the discontinuously
distributed inter-agglomerate pores (Fig. 9b), resulting in a
decrease in the obtainable porosity (33.6%). As the line spacing
further decreased to 0.10 mm, a denser sintered surface
consisting of a small amount of pores was present (Fig. 9c),
leading to a sharp decrease in porosity (20.7%). Thus, it is
reasonable to conclude that a suitable increase in scan line
spacing leads to a higher sintered porosity.

As mentioned above, laser sintering of SS powder involves the
melting of particle surfaces but the remaining of particle cores. It is
known that when localized powder melting occurs during laser
scanning, a significant temperature gradient tends to form
between the centre and edge of the molten pool, due to a Gaussian
laser beam used. Both concentration differences and temperature
gradients at solid–liquid interfaces can give rise to surface tension
gradients and resultant Marangoni flows [16–18,24]. The con-
vective Marangoni streams tend to rotate the SS particle cores
within the pool and, meanwhile, moves them towards the centre of
laser beam, where the temperature is maximum [26]. Thus, arrays
of agglomerates at the centre of the scanned tracks and the
interconnected inter-track pores were formed (Fig. 9a). Narrowing
the scan line spacing makes the adjacent scan tracks close to each
other until they overlap. Thus, a portion of laser spot tends to scan
over the previously sintered track, favoring the remelting of the
primarily processed materials and, accordingly, the escaping of the
previously trapped air. The liquid, therefore, can flow and spread
easily between the adjacent tracks, thereby decreasing the porosity
in finally solidified materials (Fig. 9b and c).
3.3.3. Influence of powder layer thickness

Fig. 10 depicts the variation of laser sintered porosity with the
used powder layer thickness. It was clear that when other processing
parameters were constant, the obtainable sintered porosity
decreased with lowering the powder layer thickness. The decreasing
tendency became more significant for a smaller layer thickness.

It is known that a large amount of air exists in the pores
between particles in a loose powder layer, and tends to be trapped
as bubbles when the powder layer undergoes laser-induced
melting [27]. For a fixed laser energy input, the thinner the
powder layer is, the deeper the laser beam penetrates into the
layer, leading to a larger degree of melting. Thus, most of air
bubbles, even at the bottom of the layer, are able to move up to the
surface of the layer, and collapse when the liquid solidifies rapidly,
leading to less sintered porosity.

3.4. Stress–strain response

Typical stress–strain curves of laser sintered porous sample are
provided in Fig. 11. Fig. 11a presents the tensile test performed
parallel to the sintered layers. The curve showed a nearly linear
elastic behavior at small strains, followed by yield and strain
hardening up to a peak stress. The ultimate tensile strength of the
sample was 152 MPa. It is known that the weakest direction of parts
produced by DMLS is the building direction (i.e., perpendicular to the
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sintered layers). The tensile test performed in this direction revealed
that the ultimate tensile strength showed a certain degree of
decrease, i.e., 91 MPa (Fig. 11b). After a combined evaluation, it is
reasonable to consider that DMLS process holds a high potential for
obtaining porous SS components possessing a sufficient strength.

4. Conclusions

Based on the experiments conducted, the following conclusions
can be drawn:
(1) T
ailoring a partial melting mechanism showed a high
feasibility in obtaining a porous laser sintered structure. The
combination of a moderate linear energy density of �3400–
�6000 J/m and a lower scan speed less than 0.06 m/s
contributed to the presence of a feasible sintering mechanism.
(2) W
ith a suitable sintering mechanism determined, a reasonable
decrease in laser power or an increase in scan speed, scan line
spacing, and powder layer thickness generally led to a higher
sintered porosity.
(3) P
orosities of �21–�55% were generally obtainable in laser
sintered samples. A favorable stress–strain response, i.e., the
tensile strength of 152 MPa, was obtained under optimal
processing conditions.
(4) T
he presence of pores in laser sintered porous metals was
through: (i) the formation of liquid bridges between partially
melted particles during laser irradiation; and (ii) the presence
and growth of sintering necks during solidification, leaving
residual pores between solidified metallic agglomerates.
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