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To fabricate 316L stainless steel part with a pore gradient structure, the method using selective laser
melting (SLM) technique is exploited. Scan tracks feature, densification, and tensile property of SLM-
produced samples prepared via different scan speeds were investigated. The results show that the porosity is
strongly influenced by scan speed. On this basis, a gradient changed scan speed was applied in every SLM
layer for the purpose of producing a gradient porosity metal. The results indicate that the structure exhibits
a gradually increased porosity and a reduced molten pool size along the gradient direction of scan speed
variation. The forming mechanisms for the gradient porosity were also addressed.
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1. Introduction

Porous metals have been widely used in biomaterials,
biochemistries, electronics, etc., owing to their outstanding
properties (Ref 1). However, there are some problems in porous
metal fabricated by present techniques, such as low controlla-
bility in porosities and performances. Moreover, it is difficult to
fabricate porous metals with high porosities and high mechan-
ical properties simultaneously (Ref 2), as higher porosity could
deteriorate their mechanical performance. A material with a
gradient porosity from higher to lower could lead to a gradual
mechanical property variation from lower to higher. Thus, the
gradient porosity material can be the ideal scheme in solving
this problem. Currently, the reported methods for fabricating
gradient porous materials include colloidal infiltration (Ref 3),
electric field-assisted processing (Ref 4), powder sintering
(Ref 5), etc. Nevertheless, such methods are not flexible in the
porosity controllability and the net shaping.

Selective laser melting (SLM) is a relatively new rapid pro-
totyping (RP) technique through which the three-dimensional
metallic parts can be fabricated directly from computer aided
design (CAD) data without using any traditional tooling
(Ref 6-8). In this method, a high-energy laser is used to
selectively fuse thin powder layers. Moreover, SLM technology
is flexible in controlling porosities according to different laser

energy inputs (Ref 9-11), showing a great potential for
producing porous materials. Fortunately, Gu et al. have studied
fabrication of porous metal using direct laser forming technol-
ogy (Ref 12, 13). Moreover, they pointed out that the porosity
of SLM-produced parts can be easily controlled by processing
parameters. Therefore, SLM technology is promising in
producing gradient porous metal by setting a gradient-varied
parameter in every processing layer. In this article, we
investigated into fabrication of the 316L stainless steel material
with a gradient porosity via SLM technique.

2. Experimental

2.1 Materials

In this experiment, gas atomizing 800 mesh 316L stainless
steel powder (99% purity) was used for SLM process. Figure 1
shows the morphologies of the 316L stainless steel powders.
This powder exhibited a spherical morphology and a wide size
distribution. Elemental compositions of this powder were:
16.7Cr, 12.8Ni, 2.8Mo, 2.4C, 0.9Si, 0.05Mn, and Fe balance.

2.2 Single-Layer Forming Process

In a single-layer forming process, the scan speeds vary from
90 to 180 mm/s with an increment of 30 mm/s. The laser power
of 100 W, scan interval of 0.1 mm, and layer thickness of
0.06 mm were fixed as constants.

2.3 Multi-Layers Forming Process

In this experiment, a self-developed commercial HRPM-II
SLM machine from Huazhong University of Science &
Technology (HUST) was used. The system was equipped with
a 100 W continuous wave fiber laser. The building chamber of
this system could be vacuumed and protected by argon gas.

Figure 2 shows the multi-layers forming process of this
experiment. In each fabricated layer, the variational mode of
scan speed is identical. The multi-layers forming comprise
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three main steps: (1) a certain quantity of fresh powders is sent
into working cylinder from powder feeding system, then a
smooth powder layer with a certain thickness is produced via
a roller; (2) the powders are melted and solidified rapidly by a
high energy from fiber laser according to the single-layer
forming method; and (3) the piston moves down a layer
thickness, then the same action is repeated before a complete
component can be formed. Thus, with the repeated single-
layers forming process, a rectangular block with dimension of
159 129 1 mm3 was prepared, and a gradient porosity
microstructure along the speed gradient direction was obtained.
In addition, to evaluate the influence of scan speed on the
porosity and mechanical property of SLM-prepared samples,
separate samples were fabricated under different scan speeds.

2.4 Characterization

Finally, porosities of samples produced at different scan
speeds were measured by Archimedes law. Then, tensile

samples were produced by wire-electrode cutting, and the
dimension of tensile specimen is shown in Fig. 3. The tensile
strengths were measured by Zwick/Roell Corporation
Germany) with the loading rate of 2 mm/min. SLM specimens
for metallographic examinations were cut from side view, and
pre-grinding was conducted with SiC sandpaper to 800 grit
finish. After plane grinding, polishing was done for the
samples with Cr2O3 suspensions on woven synthetic pads.
Then, the polished sample was rinsed using distilled water to
wipe off any impurities on the polished surface. Aqua fortis
was used as a corrosive agent. Metallographic structure of the
sample was analyzed with an Axiovert 200MAT Metallurgical
Microscopy.

3. Results

To make clear the influence of scan speed on the melting
condition during SLM process, experiments for single line
scanning on stainless steel substrate with a powder layer
thickness of 0.06 mm were conducted using different scan
speeds. Figure 4 shows the transverse section of laser-molten
tracks produced through various scan speeds. It can be seen
that, with the increase of scan speed, the molten pool size is
gradually decreased. In other words, the melting track width
and laser penetration depth are reduced. In addition, the wetting
angle between molten pool and substrate is increased, showing
a more inferiors wetting ability which is liable for pores�
generation. Moreover, it should be noted that the deteriorative
wetting condition tends to form many separate spheres, which
is usually termed as ‘‘balling effect.’’

For the purpose of understanding the influence of scan speed
on the density of SLM-prepared parts, SLM experiment was
performed for creating separate samples with different scan
speeds. It can be found that an increasing scan speed induces
a higher porosity, as is presented in Fig. 5. Under a scan speed
of 90 mm/s, a high density of 96% theoretical density was
obtained. When scan speed was enhanced to 180 mm/s, the
as-received density was decreased to 65%. In all, the density
of SLM-produced parts is highly dependent on scan speed,
through which controlling the porosity is possible.

It is known that mechanical performance of a part is an
essential parameter for assessment of its final practicability.
Based on this requirement, tensile strengths of individual
samples prepared by different scan speeds were tested, as is
shown in Fig. 6. It reveals that the tensile strength is also

Fig. 1 SEM image showing morphologies of 316L stainless steel
powders

Fig. 2 Diagrammatic sketch for multi-layers forming process

Fig. 3 Diagrammatic sketch showing dimension of tensile specimen
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markedly influenced by scan speed, increasing of which could
enable a significant decrement in tensile strength. Combined
with the porosity results, it can reasonably be concluded that
the final density and tensile strength of SLM-produced parts
relied on scan speed. Thus, in each SLM slice layer, when scan
speed is varied along a certain gradient direction, the porosity
may also be varied, forming a gradient porosity structure.

Based on the above-obtained results, in every SLM layer,
scan speed was varied from lower to higher along a gradient
direction. SLM experiment for fabrication of gradient sample

was conducted. Figure 7 presents a few typical metallographs
along the gradient direction, showing irregular pore shapes
without any addition of special pore-forming agents. However,
it can be seen that a true gradient microstructure with relatively
continuous changes in porosity was formed. Moreover, the pore
size is also increased with the increasing scan speed. Therefore,
the increasing scan speed can lead to a higher porosity and a
smaller molten pool size. Thus, the 316L stainless steel
material with a gradient porosity was developed using the
SLM technique. It can be concluded that 316L stainless steel

Fig. 4 Metallographs showing transverse section of laser-molten tracks produced through different scan speeds. (a) 90 mm/s; (b) 120 mm/s;
(c) 150 mm/s; and (d) 180 mm/s

Fig. 5 Effect of scan speed on porosity of SLM-prepared 316L
stainless steel samples

Fig. 6 Effect of scan speed on tensile strength of SLM-prepared
316L stainless steel samples
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with porosity gradient is obtainable through a gradient change
of laser scan speed.

4. Discussion

During SLM process, the powder bed is irradiated by the
fiber laser beam and simultaneously the powder particles
absorb the laser-induced energy by bulk coupling and powder
coupling mechanism (Ref 14). Then, the temperature of powder
particles is elevated rapidly under the action of absorbed
energy, causing a molten pool. An extremely large temperature
gradient is liable to be generated between the center and border
of the molten pool, due to an applied Gaussian heat resource.
Thus, the surface tension gradient and relevant Marangoni
convection are formed by the effect of temperature gradient
(Ref 15). Subsequently, the molten pool flow and attendant
wetting are propelled under the action of capillary forces which
is caused by Marangoni (Ref 16, 17). Therefore, in SLM
process, the flow, spreading, and wetting of molten pool under
the action of capillary forces are significantly important

characteristics which need to be carefully investigated and
controlled so as to obtain a required structure. The single tracks
tests, shown in Fig. 4, indicate that an increase in the scan
speed can lead to a smaller molten pool. This phenomenon can
be understood by considering the melting temperature and
attendant heat effect zone, which is caused by laser energy.
Increasing scan speed with other parameters fixed as constants
will result in a lower melting temperature and, accordingly, a
smaller amount of liquid formation, as evidenced in a smaller
molten pool size (Fig. 4). Consequently, different scan speeds
could produce varied dimension levels of molten pool in cross-
section view. It should be noted that the varied molten pool size
could yield different pore characteristics under a fixed scan
interval and layer thickness. In addition, a decreasing temper-
ature under a high scan speed tends to cause a more bellied
shape of molten pool, showing an inferior wetting condition
and a much higher wetting angle between the liquid and solid
phases. This can be ascribed to an increased viscosity with
increasing scan speed. Under the decreased temperature in
molten pool, the viscosity is relatively high, inhibiting the
liquid flow characteristic. Moreover, a lower temperature
cannot enable the full melting of powder particles, causing

Fig. 7 Metallographs showing the porosities variation in gradient speeds direction
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a much smaller liquid phase volume in solid-liquid coexisting
state. Therefore, the much higher volume fraction of solid
phase is ultimately apt to hinder the molten pool flow,
spreading, and wetting. Above all, it is obvious that the
melting condition is considerably influenced by scan speed in
single line scan test.

When building a three-dimensional (3D) sample, the scan
tracks are arrayed line-by-line and bonded together in each slice
layer. According to the same principle, a next slice layer is
produced, strongly bonding the previously fabricated layer. In
this situation, the scan speed influences the size, shape, and
wetting of molten pool, and accordingly, determining the multi-
layers forming condition and attendant pore formation. First,
the formation of gradient porosity can be understood by
considering the combination of geometry shape of molten pool.
Figure 8 shows the diagrammatic sketch of gradient porosity
formation with different scan speeds. Under a relative lower
scan speed, the as-received contour outline of molten pool is
big enough in size, facilitating the coherent combination of
contour outline of molten pool. Thus, a structure with a low
porosity tends to be formed, as illustrated in Fig. 8(a).
According to obtained results, with the increase of scan speed,
the contour outline size of molten pool will turn into a relatively
smaller one. In this instance, when the multi-layers processing
is carried out by increasing scan speed with other parameters
(laser power, scan interval, and layer thickness) fixed as

constants, the contour outline size will be not be large enough
to completely fill the gaps. This subsequently results in a higher
porosity, as is illustrated in Fig. 8(b). Moreover, the further
increase of scan speed tends to cause a much smaller molten
pool size, which in turn favors the increase of porosity and
induces the enlargement of pore size (Fig. 8c, d). Meanwhile,
the increased porosity tends to cause a decreased tensile
strength. Under this circumstance, a sample with gradient
porosity can be obtained by controlling scan speed with
a gradient variation. It should be noted that the variation law of
porosity versus scan speed in this study is in accordance with
the previously reported results (Ref 8-11). Based on this point,
this study made an improvisation which gives the possibility of
creating a sample with gradient porosity. On the other hand, the
formation of gradient porosity is ascribed to the variation of
viscosity in molten pool. According to the obtained results, an
increasing scan speed can lead to a higher viscosity. In the
process of building a 3D part, the increasing viscosity yields
worse rheological properties of molten liquid, obstructing the
liquid phase from filling the pores; on the contrary, a large
number of pores and metal balls would be generated due to
limited liquid phase volume and a worse flow property. The
combined influence of the above two factors cause the porosity
and tensile strength with gradient variations.

However, the variation of porosity with scan speed in this
study shows an opposite trend with the literature reported by
Gu et al. (Ref 13). Their work showed a drop in porosity with
the increase of scan speed in the process of fabricating porous
stainless steel with controllable microcellular features. The
reason for the opposite trend can be understood by comparing
the pores formation mechanisms. In the work by Gu et al.,
H3BO3 and KBF4 were added into the powder system, inducing
several chemical reactions with the formation of H2O and
(BOF)3 in gas phase. Therefore, the additive materials in their
investigation produced a sufficient amount of gas phase to favor
pore formation (Ref 13). When a higher scan speed was applied
for creating porous sample, the duration of laser beam at
irradiating zone was decreased. Thus, the time for growth of
bubble nuclei was insufficient and the bubble growth process
was also inhibited, causing a decrease of porosity at a high scan
speed. Consequently, in this study, the formation mechanism of
pores is different from the Gu et al.�s study with additive
materials generating gas phase.

Above all, setting scan speed with a gradient variation
enables a gradient-varied molten pool, accordingly, an inter-
esting gradient porosity structure. The results presented in
Fig. 7 reflects a trend in porosity variation in the 316L stainless
steel part, suggesting that the porosity of SLM-fabricated part
could be effectively controlled by varying scan speeds. This
technique can be used for many practical applications, such as
for biomaterials. It is known that the tissue cell growth is
favored with a high porosity; however, the high porosity can
decrease its mechanical property. Thus, for an artificial bone
biomaterial, a gradient porosity metal with highly controllable
porosity is a requisite.

5. Conclusion

SLM technique was demonstrated to be a feasible method
for building a pore gradient 316L stainless steel material. The
melting characteristics of single track show a high correlativity

Fig. 8 Diagrammatic sketch showing pores� formation under differ-
ent scan speeds
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with scan speed, which can be reflected by a decreased molten
pool size coupled with a worsened wetting ability with an
increased scan speed. Moreover, the density and tensile
property of SLM sample are also dependent on scan speed.
Therefore, the variation of porosity from lower to higher could
be effectively achieved by increasing scan speed. Thus, by
setting a gradient variation scan speed in each SLM layer,
a 316L stainless steel sample with a gradient porous micro-
structure along speed gradient direction can be fabricated, due
to the variational melting condition. Overall, SLM enables the
fabrication of pore gradient 316L stainless steel parts, and many
other alloys. The introduction of SLM indicates a new direction
for fabricating pore gradient metals.
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