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Abstract Energy input is crucial in the manufacturing of
high-density metal part with smooth surface. In this article,
the authors had studied the single-track, multi-track, and
multi-layer and had obtained four types of typical tracks,
including regular and thick shape, regular and thin shape,
regular but occasionally broken shape, irregular and pre-
balling shape. The analysis of single- and multi-track
experiments showed that the regular and thin shape was
the most suitable for selective laser melting (SLM)
fabrication. Multi-track experiments proved that dense and
smooth surface can be obtained when the overlapping rate
was around 30% based on the regular- and thin-shaped
track. As a result of the heat accumulation effect during
multi-track and multi-layer fabrication, it was possible to
obtain ideal track type with less energy input. In multi-layer
experiment, the gradually thicken layer was the reason for
the surface quality deterioration. The inter-layer stagger
scanning strategy, which can improve the quality of the
end-use part, was used in this experiment. By testing the
316 L stainless steel samples fabricated by the SLM
process, the microstructure can be identified as composed
of fine equiaxed and columnar grains, and the samples had
higher tensile strength and hardness than castings of the
same material, but with lower elongation. The experiments

had proved that SLM process can directly produce high
dense 316 L stainless steel part with smooth surface.

Keywords Selective laser melting . Energy input . Single
track .Multi track .Multi layer . Density

1 Introduction

Additive layer manufacturing is commonly used for
manufacturing prototypes, tools, and functional end prod-
ucts (RM) in a wide range of industries including medicine,
automotive, and aerospace industries [1–4]. One of the key
advantages of RM over conventional manufacturing is the
elimination of molds, dies, and other forms of tooling.
Moreover, almost infinite geometrical complexity [5],
individualization [6], and material flexibility [7] give RM
more superior properties.

The selective laser melting (SLM) technique fully
melts a predeposited layer of a single component metallic
powder onto a substrate according to a computer-
generated pattern, by successive powder deposition of
these layers at 20–100 μm thickness. Directly after the
production process, the manufactured parts or tools show a
surface roughness between Ra 30–50 μm. By using laser
resource to radiate powder to fabricate, full density parts
can be difficult due to the formation of part porosity. The
problems generally due to the high temperature and
strong surface tension forces act on the melt, driving it
towards a minimum surface energy rate, which is
spherical, leaving areas of porosity between melt tracks
[8]. High-temperature oxidation of the material, exacer-
bates the situation by further reducing wetting between
melt beads [9]. High residual stresses are also generated
in the layers causing curl.
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So far, the researches on SLM have included the
following aspects: fundamental theory [8–10], manufactur-
ing process [6, 11–13], application fields [14, 15], and new
materials research [16, 17], etc. The aims of these
researches were to improve the density and solve the bad
surface quality of the parts produced by SLM. In order to
improve the density, many ways had been used including
optimization of process parameters [9, 13], using special
scanning strategies [12, 18], and so on. Most of the works
highlighted on separate discussion about the impact of
scanning speed, laser power, overlapping rate, and other
process parameters on fabrication quality, while no one was
associated the whole process of SLM and the heat
accumulation effect. There were also many studies that
had obtained good manufacturing results at absolutely
different energy input conditions, but these studies did not
well explain the energy requirements needed to directly
fabricate metal parts by SLM method, and the definition of
the energy input varied widely.

The main purpose of this article was to explore the
procedure of obtaining high-density metal parts with
smooth surface by SLM process. The research method
was by the progressive study of single-track→multi-
track→multi-layer, also taking energy input as the clue to
(1) discuss the relationship between energy input and single
track, and analyze the forming characteristics of single
track; (2) study the overlapping rate between tracks by
multi-track experiment; (3) analyze the influence of heat
accumulative effect on parameters choice during the experi-
ments; (4) choose scanning strategy and explain why the
surface quality gradually getting worse; and (5) observe the
microstructure and test the mechanical properties of 316 L
stainless steel samples produced by SLM. Finally, typical
application examples from the SLM technology were given.

This article will systematically analyze the process of
fabrication of high-density metal parts by SLM method.
Taking the energy input as the main clue to study on single-
track, multi-track, and multi-layer fabrication, which gives
a clear route for directly fabricate high-density metal parts
by SLM.

2 Experiment procedure

2.1 SLM machine

The apparatus used was a self-developed Dimetal-280,
which was a precommercial SLM workstation with a
maximum laser power 200 W continuous wavelength of
1,090 nm Ytterbium fiber laser. The building envelop was
280×280×240 mm. The scanning system used was a Dual
Axis Mirror Positioning System and a Galvanometer optical
Scanner, which directs the laser beam in the x- and y-axis

through an F-theta lens. The focusing optics was 163 mm
focal length lenses, which produces a focused beam spot
size of about 70 μm diameter. Since the powder was fully
melted during the process, protection of the SLM-processed
parts from oxidation is essential; therefore, all metal powder
processing occurred in an argon or nitrogen atmosphere
with no more than 0.15%. For the given laser parameters,
the optimum thickness of the powder layer spread by
scraper is 20–50 μm. Thicker layer is not desirable, as it
leads to formation of droplets and, thus, to considerable
deterioration of product quality. Figure 1 shows the
schematic diagram of the operating principle of Dimetal-
280 equipment.

2.2 Material

Gas atomized 316 L stainless steel powder was used in this
experiment. The 316 L stainless steel is considered to be
biocompatible and corrosion resistant. The main reason for
selecting 316 L stainless steel is for its relatively mature
research and its wide applications. The chemical composi-
tion and property of powder is shown in Table 1.

2.3 Experiment detail

Multi-layered part is built from multi single layers, and a
single layer is composed of multi single tracks. Therefore, it
is critical to fully understand and resolve problems within
single-track and single-layer fabrication before progressing
onto multi-layer fabrication. Basically, laser energy input
controlling is key to affect the fabricated part quality, and its
value determines the state of the molten powder, including
vaporization state, melting state, and sintering state.

Fig. 1 The operating principle of SLM equipment
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Therefore, energy input will be taken as the main clue to
optimize single track, the overlapping rate in multi-track
experiment and scanning strategy in multi-layer process.
The influence of heat accumulative effect on parameters
optimization during multi-track and multi-layer fabrication
will be discussed. Finally, cubic samples would be
fabricated using optimized parameters by SLM. Density
was taken as the core indicator to discuss the influence of
processing parameters on density and surface morphology,
and microstructure of the samples were analyzed. The
mechanical properties and hardness were also tested for
comparison with casting parts.

The relative density of the sample was calculated by
P=P0 � 100%; P0 is the theoretical density of 316 L
stainless steel, the actual density P of SLM fabricated
samples were measured by Archimedes method. The
sample was polished and etched before microstructure was
observed; the etching liquid was composed of 5 g Fe3Cl,
50 mL HCL and 100 mL deionized water. The surfaces of
the specimens were observed under stereo-microscope and
a scanning electron microscope. Micro-hardness and me-
chanical properties were measured respectively on Digital
Micro-hardness tester HVS-1000 and Electronic Universal
Testing Machine CMT5105.

3 Result and discussion

3.1 Single-track fabrication

The processing region in which the material would fully
fuse was initially investigated by single-track experiment.
The single-track investigation allows for identification of
optimized processing parameters for laser power and
scanning speed.

There are as many as 130 factors that affect the part’s
quality during SLM process [5], in which the key factors
are around 20. In this experiment, the factors affecting the
fabrication quality mainly including laser power, scanning
speed, layer thickness, scanning spacing, spot diameter,
scanning strategy, material properties (composition, particle
size and shape, etc.), and inner-chamber environment
(oxygen content, atmosphere humidity, etc.). Due to the layer
thickness has significant influence on the stability of molten
pool, which will tend to reduce the surface tension, easily
leading to balling effect. Therefore, the layer thickness should

be as thin as possible. In this experiment, layer thickness was
set to 35 μm, which was decided by the powder particle size
(the maximum particle diameter is about 25 μm). The laser
spot diameter was 70 μm, and the material’s physical
properties are fixed parameters. Therefore, the main factors
affecting the result of single-track experiment were laser
power and scanning speed. Table 2 shows the process
parameters of single-track experiment.

Four different types of tracks were obtained. It was
found that the track type is closely related to the energy
input per unit timey1 (W cm−3), which can be obtained by
formula (1) [19]:

y1 ¼
4P

pd2:v
ð1Þ

Where P is laser power, d is the spot diameter, and v is
scanning speed. Different types of track can be got at
different ψ1 range.

1. As y1>2.6×10
5 W cm−3, especially when scanning

speed was rather low and laser power was high, for
example P=150 W and v=50 mm/s, the shape of
regular and thick track could be achieved as Fig. 2a
shows.

2. As 1.3×105 W cm−3<y1<2.6×10
5 W cm−3, for

example P=150 W, v=250 mm/s, the shape of regular
and thin track could be achieved as Fig. 2b shows.

3. As 0.7×105 W cm−3<y1<1.3×10
5 W cm−3, for

example P=100 W, v=280 mm/s, the shape of regular
but occasionally broken track could be achieved as
Fig. 2c shows.

4. As y1<0.7×10
5 W cm−3,especially when scanning

speed was high and laser power was low, for
example P=50 W, v=240 mm/s, track of irregular
and preballing shape could be got, as Fig. 2d shows.

For the shape of regular and thick track, the high laser
energy input would make the powder vaporize, which
would reduce the material in the molten pool and blow

Table 1 Chemical compositions and property of 316 L stainless steel

Chemical composition
(mass fraction)/%

Grain size distribution
(mass fraction)/%

Apparent density/
(g cm−3)

C
0.03

Cr
17.53

Ni
12.06

Mo
2.16

Si
0.86

Fe
Bal

Mn
0.38

O
0.13

0–5.18 μm
10

5.18–15.15 μm
40

15.15–30.8 μm
50

Mean diameter
17.11

4.04

Table 2 The parameters of single track experiment

Laser power (W) 50 100 150

Scanning speed (mm/s)
(step size. mm/s)

30–240 (30) 40–320 (40) 50–400 (50)

Layer thickness, 35 μm; oxygen content, ≤0.1%
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away the powder around the pool, so there was not enough
powder remained for the next track. The higher the energy
input, the larger the powder-free zone would be formed.
The width of this type of tracks reached more than two
times of the spot diameter.

For the shape of regular and thin track, the molten pool
could not reach vaporization point and the pool’s surround-
ing powder would not be blown away. The track was as
regular and continuous as track above. The width of this
type of tracks was between one and two times of the spot
diameter.

As the energy input continued to fall, only near or in the
center of the spot have enough energy to melt metal
powder, track type of regular but occasionally broken shape
was formed. The molten pool occasionally became irregular
or noncontinuous. The track width was approximately
equal to the spot diameter.

As energy input fell to a level incapable of melting
enough powder, irregular and preballing shape track was
formed, the track became much more irregular, the
wetability was also very poor as the result of the not
enough melting of the previous layer or the substrate plate.
The track width was slightly bigger than half of the spot
diameter for this type of track.

Figure 2 also shows the cross-sections of four types of
track; it can be seen that the wetting angles of four types of
track respectively are acute angle, nearly right angle, obtuse
angle, and close to 180°. The smaller the wetting angle, the
more helpful it will be for the SLM process. Therefore, the
track of regular and thick shape and regular and thin shape

are suitable for SLM process. Figure 3 shows the track
shape distribution of single track based on experiments.

The above discussions of the four types of track have some
differences compared to the results reported by other
researchers. Yadroitsev [11] summarized the single-track
types and divided them into three zones, including stability
zone, instability zone, and drops formation zone. Childs [8]
divided tracks into four types, including continuous with a

(a) (b) (c) (d) 
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Fig. 2 Four typical track types
and the corresponding
cross sections
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Fig. 3 Distribution of single-track types
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crescent-shaped cross-section, continuous with an elliptic
cross-section, irregularly broken, and balled or only partially
melted. Compared with the above conclusion relevant to
track types, serious balling phenomenon had not been found
in authors’ experiments. The reason may have much to do
with the 35-μm layer thickness adopted in this experiment,
while much thicker layer thickness was used by the
aforementioned two researchers. The thinner layer thickness
increases the stability of the molten pool, and the balling
effect is hard to occur as the wetting ability between the
molten pool and the substrate is improved. From single-track
experiment, it is easy to obtain regular and continuous single
track when the laser energy input is appropriate.

The boundaries of the energy input y1 are not necessar-
ily accurate for the division of four types of track. The
single-track experiment provides a theoretical support for
the multi-track and multi-layer experiments. Theoretically, a
heat balance approach can be used to estimate if the energy
radiated by laser would be sufficient to melt the powder as
formula (2) [8]:

aP
v

¼ ðcp �ΔT þ LÞ � r� V ð2Þ

In formula (2), α is energy absorption rate, cp ðkJ �
kg�1:�K�1Þ is the specific heat, ΔT(°K) is the temperature
rise needed for melting, L ðKJ � kg�1Þ is the latent melt
energy, r ðkg �mm�3Þ the density and V the volume of the
spherical particle. The equation will determine whether any
particle absorbs enough energy to melt. The value calcu-
lated from this equation depends on all the material
contributing to the volume V.

In this work, however, it is necessary to consider the
energy absorption rate α and track mass m; α is associated
with powder density, surface condition after deposition by
blade or scraper; also, it is determined by laser wavelength.
Different researchers had got absolutely different α value.
The track mass m is hard to calculate too because the track
width and height are determined by deposited layer
thickness and track mass m is different as laser power and
scanning speed (or energy input) is changed. That is to say,
track mass m is not a constant. So it is not a feasible way to
discuss the relationship between energy input and material
physical properties. However, formula y1 ¼ 4p=pd2v will
be more useful in practical use. Different researchers do
their SLM experiments by using different types of lasers
(laser model is generally TEM00) and different spot
diameters. It can be useful to access whether the SLM
apparatus can manufacture high density metal parts directly
or not, by calculating if the y1 can reach to the energy input
level of the track of regular and thin shape mentioned above
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Fig. 4 The relationship between scanning speed, laser power density,
and track width (layer thickness 35 μm)
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Fig. 5 The relationship between
scanning space and
overlapping rate

Overlapping rate 30% 

(scanning spacing 0.12mm) 
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Fig. 6 Different overlapping rates experiment of the shape regular
and thick track
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(the layer thickness in the formula (1) is not taken into
account, because the layer thickness should be set as thin as
possible according to the particle size.)

The track width is also an important reference factor
for manufacturing, and it has great influence on the
dimensional accuracy and surface roughness of the
final fabricated parts. Figure 4 shows the influence of
laser power density and scanning speed on the width of
single track. It can be seen that the track width decreased
as the laser power density decreased and scanning speed
increased.

3.2 Multi track

3.2.1 Heat accumulation

Because of the overlapping during multi-track scanning,
the already formed tracks will inevitable has heat effect
on the next track, so energy density formula y1 need to
be changed to y2 ¼ 4P

pd2:v ð1þ "Þ, ε is heat accumulation
factor of multi-track; ε is closely related to overlapping
rate. In addition, the just formed track provides a wetting
matrix for the next track. Due to the above two reasons,
the distribution of track shape shift to the lower right in
Fig. 3, that is to say lower laser power or higher scanning
speed will be fine when producing regular or continuous
tracks.

3.2.2 Overlapping rate

In order to obtain dense and smooth surface, appropriate
overlapping rate between tracks should be considered
(not use the concept of scanning space, as the scanning space
varies with the track width). The formula f ¼ d�s

d � 100% is
mostly used to calculate overlapping rate during multi-track
fabrication, just as Fig. 5a shows, s is scanning space, d is
spot diameter. However, the formula above does not consider
practical track width, which varies with laser processing
parameters (laser power, scanning speed). Therefore, it
is necessary to replace spot diameter d with practical
track width dm, and the formula can be changed to
f ¼ dm�s

dm
� 100%, as Fig. 5b shows, scanning space s is

preset, and practical track width dm can be got according
to Fig. 4.

According to single-track analysis, the regular- and
thick-shape and regular- and thin-shaped tracks were
suitable for SLM fabrication. During multi-track fabrica-
tion, regular- and thick-shaped track had a larger range of
powder-free zone, making the next track not to have
enough material and the volume become smaller. Therefore,
large scanning spacing (low overlapping rate) should be
adopted for the regular- and thick-shaped track. Figure 6
shows the multi-track surface morphology of regular- and
thick-shaped track, overlapping rate respectively at 30%
and 10%. It can be seen that the surface reaches an
excessive molten degree when overlapping rate was 30%,
also serious lack of metal material. The reason is partly due
to laser remelting of the previous track; the other reason is
the vaporization of the pool and the formed plasma will
give a recoil pressure back to the pool, making the track
spread out. However, when at 10% overlapping rate, it
could clearly see the single track and the valley between
adjacent tracks. Each track was still regular, continuous
with less material loss in pool, making it appropriate for
SLM fabrication. So for the regular- and thick-shaped track,
low overlapping rate was required.

For the track of regular and thin shape, track width had
decreased significantly, and powder around the pool had not
been blown away; therefore, required a higher overlapping

Overlapping rate 30% 
(scanning spacing 0.07mm) 

Overlapping rate 10% 
(scanning spacing 0.09mm) 

300 µm 300 µm 

Fig. 7 Different overlapping rates experiment of the shape regular
and thin track

first layer 10th layer 30th layer 

3mm 3mm 3mm 

Fig. 8 Gradual deterioration of
surface quality during SLM
procession
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rate. Figure 7 shows the multi-track surface morphology of
the regular- and thin-shaped track, overlapping rate was
respectively at 30% and 10%. It can be seen when the
overlapping rate was 10%, the tracks did not overlap closely
to ensure the compactness of surface. Only when the
overlapping rate was around 30% can it ensure strong
overlapping between pools and forming a smooth surface.
The reason can be explained that when overlapping rate was
around 30%, the scanning spacing was approximately 70–
80 μm, exactly the same size as focused spot diameter. The
authors think this range of scanning spacing will ensure
uniform distribution of energy during multi-track fabrication,
not causing excessive residual stress and warping default.

It can be concluded from multi-track experiments that
when the shape of regular- and thick-track employed low
overlapping rate(say 10%), and the shape of regular and
thin track employed a larger overlapping rate (say 30%), the
multi-track surface will be fine, which provided the basis

for selecting the overlapping rate during multi-layer
fabrication. In the actual SLM processing, we should also
consider: (1) processing efficiency, which is mainly related
to scanning speed; (2) the residual stress accumulation
caused by excessive heat input, which can easily lead to
warping, crack, etc.; (3) the impurities generated by
material vaporization in the chamber during manufacturing
process will seriously pollute the optical lens. Therefore, it
is believed that multi-layer experiment should be estab-
lished on the basis of the shape of regular and thin track.

3.3 Multi-layer fabrication

3.3.1 Heat accumulation

Heat accumulation effect should not be ignored in multi-
layer fabrication. The accumulated amount of heat warming
up the subsequent layer, leading to less laser energy input
requirements. During multi-layer fabrication, laser energy
input formula (2)should be modified as [20]:

y3 ¼
4P

pd2:v
ð1þ "1Þ þ Ea ð3Þ

In formula (3), Ea is the heat building-up value. Ea is
related to P/v, scanning area of each layer and cooling rate.
Heat accumulation makes the distribution of track types
(Fig. 3) continue to shift to the lower right, so desired track
(type 2) can be got by using lower laser power or higher
scanning speed. The value of Ea will become larger as the
number of stacked layers increase, only when the accumu-
lated heat in one layer is equal to dissipated heat, the Ea

will remain unchanged.

Fig. 9 Inter-layer stagger and then orthogonal scanning strategy

Processing 

parameter 

 Value  

Scanning line 

overlapping rate 

30% 

Focused diameter 7 80µm 

scanning strategy 

Laser power 150W 

Scanning speed 300mm/s 

Scanning strategy Inter-layer stagger 

Layer thickness 35µm 

Oxygen content in 

chamber 

0.1% 

technical parameters Cubic entity fabrication 

8mm 

Fig. 10 SLM fabrication of
316 L stainless steel
cubic part
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3.3.2 Surface deterioration

Multi-layer fabrication is much more difficult than single
track or multi-track fabrication because the conditions are
more complicated during multi-layer fabrication. Factors
such as flatness of powder spreading, stability of effective
laser power, and oxygen content in chamber are all critical
to ensure fabrication stability. Even if the above conditions
are strictly controlled, the fabricating part’s surface will still
deteriorate gradually. Figure 8 shows the morphology of
first layer, 10th layer and 30th layer in a cube fabrication.
The first layer was smooth and the 10th layer was slightly
uneven but still fine, but the 30th layer surface had become
very rough.

Surface quality deterioration leads to poor powder
spreading effect, which results in rougher surface. It is
believed that the pool solidification and shrinkage is the
main reason for deterioration of surface quality. Assume
a layer thickness is set to h, stainless steel powder density
ρ1 and fabricated part density ρ2, the shrinkage of metal
powder after melting and solidification approximately
equal to ð1� r1

r2
Þ, the nth layer thickness hn can be expressed

as follow:

h2 ¼ hþ h1ð1� r1
r2
Þ

h3 ¼ hþ h2ð1� r1
r2
Þ

. . . . . .
hn ¼ hþ hn�1ð1� r1

r2
Þ

ð4Þ

We can get the limit of hn when n reaches to infinity,
which means many layers have been fabricated (normally
more than ten layers):

lim
n!1 hn ¼ lim

n!1 h
1� ðr1r2Þ

n

1� r1
r2

¼ h� 1� 0
r1
r2

¼ h� r2
r1

The above equal which proves the gradually increase of
layer thickness, but the layer thickness increases towards a
fixed value. Assume h=35 μm, ρ1=4.04 gcm−3, ρ1=7.98g.
cm-3, the actual layer thickness will reaches up to 70 μm
according to the above analysis. In the actual SLM
manufacturing process, the gradually thickened layers could
be observed. The thickened layer thickness increases the
instability of the pool, and is unfavorable for the pool and
the substrate combination. Thickened layers also increase
the balling tendency, which is an important reason for
surface deterioration.

In order to prevent deterioration of the surface as the
result of the thickened layer, there are several effective
ways to improve the surface quality, including (1) real-time
adjustment of technical parameters during manufacturing.
For example, increase in the scanning speed appropriately
will gradually improve the surface quality, but accompanied
by a slight decline in density. (2) Remelting of the
deteriorated surface with special parameters. (3) Special
scanning strategy can be used, such as the inter-layer
stagger scanning strategy as described below.

a  side surface  b   upper surface 

Fig. 11 Analysis of the sample’s
surface morphology
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3.3.3 Scanning strategy

According to single-track and multi-track experimental
analysis, the shape of molten pool after solidification is
elliptical and micro-gully will be generated when tracks
overlap together, such as the shape of regular and thick
track of 10% overlapping rate has obvious gully. Generally,
there will be more instability in track overlapping zones
than in elsewhere. Gas holes and inclusions tend to form
in the track overlapping zone. Some researchers had done
in-depth and comprehensive study on SLM scanning
strategy. Most studies concluded [16, 17] that more dense
parts can be got by using inter-layer stagger scanning
strategy (or called refill strategy). The main reason lies to
that inter-layer scanning strategy can repair defects of
previous layer by scanning at the track overlapping zone. In
order to reduce the stress accumulated along the same
direction in this experiment, orthogonal scanning and inter-
layer stagger scanning strategy were combined together,
which can be described as: the first two adjacent layers using
inter-layer scanning strategy, and the next two adjacent layers
were scanned still using inter-layer scanning strategy, but
vertical to the previous two layers, as Fig. 9 shows.

3.3.4 Cubic part fabrication and surface analysis

Figure 10 shows the optimized parameters and a cubic part
with side dimension of 15 mm manufactured by SLM.

Figure 11 shows the sample’s side and upper surface
morphology respectively, from which the compact over-
lapping effect between adjacent tracks and layers can be
seen. Figure 11a shows the tracks arranged in staggered
manner between adjacent layers, proving the inter-layer
stagger scanning strategy used in experiment. From
Fig. 11a, it can also be identified that the track overlapping
rate is from 30% to 35%, just the same as the set value.
There are some fine powder particles that were not melted
adhered to the junctions of layers and tracks, which were
mainly caused by the influence of laser heat effect.
Figure 11b shows some inserts imbedded in the upper
surface, the compositions of these inserts are mainly the

oxide of Si, Ca, and Mn elements. The existence of oxides
will affect the comprehensive properties of the parts. The
reason for oxide formation may be attributed to the high
oxygen content in the chamber or spattering that happened
during the manufacturing.

Besides layer thickness, scanning spacing and speed are
the most important two parameters affecting part’s quality.
Based on the cubic fabrication process parameters, Fig. 12
shows the relationship between scanning spacing, scanning
speed, and the cubic density.

Figure 12a shows the part’s density reaches more than
98% when the scanning spacing was in the range of 0.06–
0.12 mm. The reason is that under the conditions of inter-
layer stagger scanning strategy and scanning spacing was
less than 0.12 mm, the track overlapping rate would be at
least 30%. When the scanning spacing was bigger than
0.12 mm and increases, lower overlapping rate and more
pores happen, and the density decreased from 98% to
around 90% when scanning spacing increased from 0.12 to
0.24 mm. Figure 12b shows that when scanning speeds
increased from 100 to 300 mm/s, the density did not
decrease but increases. The reason may lie to low-speed
scanning resulting in a powder-free zone around track,
which leaded to material loss in pool. When the scanning

30μm 

Inner-layer 

Inter-layer line 

a 

Inter-layer line 

(N+1)th

Nth

b 

15μm 

Fig. 13 Microstructure of 316 L
stainless steel part produced
by SLM

a fabrication perpendicular to tensile direction  b fabrication parallel to tensile direction 

  20mm   20mm 

Fig. 14 Mechanical properties testing samples fabricated by SLM
process
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speed was greater than 300 mm/s, the density began to
decrease, as scanning speed increased to 1,200 mm/s, the
density decreased to 90%.

3.3.5 Microstructure and mechanical properties

The microstructure of SLM part is different from the
traditional cast parts. As the laser beam moves ahead, heat
conduction direction is perpendicular to the solidification
front, also to the surrounding layers and previous solidified
layer, which leads to multidirections grain growth. At the
same time, the SLM process is a high-speed solidification
process leading to formation of large number of grains
simultaneously, so the neighboring grains meet and contact
soon. As a result, the grains are very small and microstruc-
ture is fine. Figure 13 shows the SLM 316 L stainless steel
part’s micro-structure observed perpendicular to scanning
direction, which was mainly composed of equiaxed grains
and columnar crystal, and it could also be seen that the
grains had diversified growing direction. The grain sizes
measured at about 1–2 μm or even submicron.

Mechanical properties test samples manufactured by
SLM were designed according to GB-T 228–2002 as
shown in Figure 14. The measured results in Table 3 shows
that SLM fabricated parts’ tensile strength was significantly
higher than casting. When stacked along the direction
perpendicular to the tensile direction, the parts’ tensile
strength was 20–30% higher than casting, and elongation
was slightly lower than the casting. When stacked along the
direction parallel to the tensile direction, the part’s tensile

strength was 10–15% higher than casting, and elongation
was 40–50% lower than casting. Microhardness tests show
that SLM fabricated part’s hardness was higher than the
casting parts. The main reason was related to rapid
solidification characteristics during SLM process.

3.3.6 SLM fabrication with sample applications

Compared to traditional manufacturing process, SLM
method for direct manufacturing of end-use products has
advantages of (1) not subjected to restrictions of geometry
complexity and (2) direct access to high-density parts with
metallurgical bonding structure. When using the SLM
method to manufacture parts, quality requirements, the
volume and shape of the part’s complexity should be
considered. Quality requirements determine whether the
SLM technology will meet the actual demand, and the size
and shape of the part determine the manufacturing cost. The
SLM method is suitable for products that have no
requirement of fine surface quality, for small-batch produc-
tion and for small parts with complex structure. Some SLM
fabricated examples are given in Fig. 15, where curved
surface gear (Fig. 15a) and electronic products for heat
dissipation (Fig. 15b) are shown.

4 Conclusions

Four different track types were obtained at different energy
input, including regular and thick shape, regular and thin

Table 3 Comparison of mechanical properties, hardness between SLM parts and casting parts

Samples Tensile strength (MPa) Elongation (%) Micro-hardness
(HV)

Stacked perpendicular to
drawing direction

Stacked parallel to
drawing direction

Stacked perpendicular
to drawing direction

Stacked parallel to
drawing direction

Sample 1 636 532 35 15 265

Sample 2 624 561 31 19 258

Sample 3 582 554 29 22 270

Casting >480 39 >220

(a) new gear with curved surface         (b) heat dissipation in electronic products 

20mm 
Fig. 15 SLM fabricated samples

1198 Int J Adv Manuf Technol (2012) 58:1189–1199



shape, regular but occasionally broken shape, irregular and
pre-balling shape. Considering fabrication efficiency and
stability, the shape of regular and thin track was considered
more desirable for SLM fabrication with overlapping rate of
around 30%. As a result of the heat accumulation, the
distribution of track shape would slowly shift to the
lower right in multi-track and multi-layer fabrication,
that is to say, lower laser power or higher scanning speed
was all right to get the shape of regular and thin track.
Layer thickness will gradually become thick, leading to
deterioration of the surface. The inter-layer staggered
scanning strategy helped reduce porosity and improve
the bonding strength for multi-layer fabrication. By
testing the 316 L stainless steel samples fabricated by
SLM process, it could be found that the microstructure
was composed of fine equiaxed and columnar grains.
The tensile strength and hardness of 316 L stainless steel
fabricated by SLM method were higher than casting
parts, but elongation was lower. The experiments proved
that 316 L stainless steel part with smooth surface could
be directly produced by SLM process, which would be
suitable for a wide range of applications in medicine,
moldmaking, and automotive industry.
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