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Abstract: The successful fabrication of layered hybrid beads by DLM process is limited by dissimilar melting ranges of different 
powders. For the application of DLM process into manufacturing industries, target mechanical properties of final product must be 
achieved. Process analysis was performed for the DLM fabrication of layered hybrid beads by using stainless steel (SS 316L) and 
titanium powders. For the analysis of fabrication characteristics, single hybrid bead was formed using SS316L powder onto the base 
plate and then Ti powder was melted onto the previous melted layer. In addition, multi-layer hybrid beads were fabricated for the 
analysis of the layering effects between them. From these studies, the effects of the processing parameters, such as laser power, scan 
rate and scan line spacing on surface morphology were characterized and optimum processing conditions for the DLM fabrication of 
layered hybrid beads were developed. 
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1 Introduction 
 

Rapid prototyping has used to form near-net-shape 
objects of resin, ceramics, metals and their composites 
directly from CAD data. Laser melting processes for 
metal powders also enable the production of complex 
shapes in a wide variety of materials and at a reduced 
time [1−3]. Direct laser melting (DLM) is the powder 
bed process that begins with the deposition of a thin 
layer of powder onto a substrate. 

Austenitic stainless steels are widely used owing to 
their excellent corrosion resistance, whilst their low 
hardness leads to poor surface properties in terms of 
wear and fatigue resistant [4−7]. The room temperature 
ductility of titanium (Ti) and its alloys is generally less 
than that of the common structural metals including 
stainless steels. Ti in contact with itself or other metals 
exhibits a greater tendency to gall than stainless steel 
does. Therefore, a great deal of published information 
exists on Ti forming practices in the common 
commercial forming processes [8−10]. 

DLM process, that is basically non-contact die-less 
process, has the capacity to manufacture hybrid layer 

with dissimilar metals, particularly if the substrate on 
which the component is built is one metal and the 
powder material is the other. Thus, by combining materials 
in the DLM process it is possible to choose the most 
suitable properties for specific purposes. For this system 
of manufacture to be useful, the potential problems with 
reactions between the dissimilar materials must be 
overcome. Recent reviews of the DLM process have been 
described the use of various materials and have been 
reported when diffusion bonding substrate to Ti [11−14]. 

The objective of the present study is to study the 
effect of the processing parameters on surface 
morphology and optimum processing conditions in 
obtaining better surface characteristics for the DLM 
fabrication of layered hybrid beads. 
 
2 Experimental 
 
2.1 Materials and DLM system 

A commercial pure Ti metal powder with a particle 
size of less than 45 µm and SS 316L metal powder with 
a particle size of less than 100 µm were used as the 
starting materials. The chemical composition of SS 316L 
powder is given in Table 1. 
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Table 1 Chemical composition of SS316L powder (mass 
fraction, %) 

Cr Ni Si Mn P C S Fe 

16.9 12.6 0.9 0.2 0.02 0.01 0.004 Bal.
 

In this system, an ytterbium fiber laser beam with a 
nominal diameter of 0.08 mm and a maximum power of 
200 W in an argon or nitrogen gas environment was used. 
In the DLM process, a powder layer was deposited onto 
the substrate, which was attached to the build cylinder. 
The laser beam scanned the powder bed, and melted the 
powder. The melted metal solidified forming a solid 
substrate region on top of the substrate. The build 
cylinder was then lowered, and the next layer of powder 
was deposited. Successive scans and lowering of the 
cylinder were performed until the desired structure was 
completed. 
 
2.2 Optimization of process parameters 

In order to understand the effects of the process 
parameters such as laser power, scan rate, overlap on the 
DLM process, a series of experiments were carried out to 
analyze the optimal parameters. The component qualities 
are strongly influenced by the deposited bead dimensions 
which are mainly controlled by the laser energy input 
[15,16]. Hence, the effects of the SS316L and Ti 
deposited layer on SS316L plate substrate by single-line 
bead formation and single-layer formation of 10 mm×10 
mm with different laser processing parameters were 
studied. 

To analyze a DLM single-line bead, SS 316L 
powder and Ti powder were laser melted each on the 
SS316L plate using various processing parameters (case 
1). For the deposition of two different metal powders, 
single hybrid line was melted using SS 316L powder 
onto the same material plate and then Ti powder was 
melted onto the previous deposited layer (case 2). Table  
 
Table 2 Parameters for single-line formation 

Parameter Powder Value 
SS 316L 100, 150, 200 W 

Ti 80, 82, 84 W 
Case 1

SS316L 150, 200 W 
Laser power 

Ti 80, 82 W 
Case 2

SS 316L 36.6−109.9 mm/s 
Ti 95.2−117.2 mm/s 

Case 1

SS316L 73.2, 87.9 mm/s 
Scan rate 

Ti 95.2−117.2 mm/s 
Case 2

SS 316L N2, 5 L/min 
Shield gas 

Ti Ar, 5 L/min 
SS 316L 0.1 mm Powder layer 

thickness Ti 0.05 mm 
Beam diameter − 0.08 mm 

Substrate − SS316L plate, 2.5 mm thickness

2 lists the experiment parameters. 
For the analysis of fabrication characteristics, a 

single hybrid layer was fabricated by laser scan in simple 
linear direction. Based on the single hybrid layer 
formation, the multi hybrid layers formation experiment 
was carried out. The first layer was deposited using 
SS316L powder onto the same material plate and then Ti 
powder was melted onto the previous Ti deposited layer. 
Typical processing parameters are listed in Tables 3 and 
4. 
 
Table 3 Parameters for single-layer and formation 

Parameter Powder Value 

Laser power 150, 200 W 

Scan rate 
SS316L 

51.3−95.2 mm/s 

Laser power 80, 82, 84 W 

Scan rate 
Ti 

95.2−117.2 mm/s 
 
Table 4 Parameters for multi-layer formation 

Specimen No. Powder Laser 
power/W 

Scanning 
rate/(mm·s−1)

First layer SS316L 200 73.2  Specimen
1 Second layer Ti 82 109.9 

First layer SS316L 200 73.2 Specimen
2 Second layer Ti 82 117.2 

First layer SS316L 200 80.6 Specimen
3 Second layer Ti 82 109.9 

First layer SS316L 200 80.6 Specimen
4 Second layer Ti 82 117.2 

First layer SS316L 200 87.9 Specimen
5 Second layer Ti 82 109.9 

First layer SS316L 200 87.9 Specimen
6 Second layer Ti 82 117.2 

 
Figure 1 illustrates the surface of the single-layer 

that was measured for roughness. The sample surface 
roughness was measured at five different positions 
perpendicular to the laser scanning direction. 
 

 
Fig. 1 Surface roughness measurement of deposited layer 
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To reveal the microstructure of the deposited layers, 
the fabricated samples were sectioned in the melt 
direction, polished using the usual metallographic 
procedure and immersed. A mixed solution of 50% 
HNO3 and 50% HCl (volume fraction) for the SS316L 
and mixed solution of 5 mL NH4FHF, 100 mL distilled 
H2O, and 2 mL HCl for the Ti were used. The 
mechanical properties of the deposited layers were 
evaluated by measuring the hardness across the deposited 
layers cross-section using a micro-hardness tester. 
 
3 Results and discussion 
 
3.1 Characteristics of single-line formation 

In order to fabricate defect-free components, it is 
important to optimize the power, scan rate, and scanning 
pattern of the laser beam. When the supplied energy 
density is insufficient to fully melt the powder, unmelted 
powder remains on the layer and produces defects. The 
temperature of the powder in the vicinity of the melted 
zone is low. In contrast, when the supplied energy 
density is sufficient to melt the powder, the melting zone 
becomes large and the temperature in the vicinity of the 
melted zone will remain high. This high temperature 

assists full melting of the powder in the next layer. 
Therefore, the density of the specimen depends on the 
supplied energy density at a constant thickness of 
powder layer. 

The SS316L powder and the Ti powder can be 
processed over a relatively wide range of processing 
parameters as shown in Figs. 2 and 3. The laser energy 
input of the process can be described by the energy 
density which can be calculated by the simplified 
equation as 
 
E=P/(dv)                                    (1) 
 
where E is energy density, J/mm2; P is the laser power, 
W; d is the diameter of the laser beam, mm, and v is the 
scan rate, mm/s. 

At higher energy density, the molten area can be 
maintained for a longer time in its liquid state and more 
heat is transferred to powder particles. Notice that owing 
to the good absorption of the laser energy, the deposited 
width can attain very high values at high laser power and 
low scan rate. At low energy density, the effect of the 
deposited layer onto the substrate is very weak. When 
the induced energy is small, corresponding to a low  
laser power at high scan rate, the melted lines become  

 

 
Fig. 2 Effects of energy density on deposited width for Ti powder (a) and SS316L powder (b) 
 

 
Fig. 3 Effects of energy density on depth/height ratio for Ti powder (a) and SS316L powder (b) 
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narrower. It will decrease the bonding strength between 
the deposited layer and substrate because the molten pool 
energy is insufficient to re-melt enough existing material. 

According to Fig. 3, the depth/height ratio of the 
deposited layer decreased with the increase of the energy 
density. It should be pointed out that the ratio of depth to 
height is an important criterion to estimate whether the 
energy density is appropriate for the process or not. If the 
ratio is too large, too much powder from the previous 
layers can be remelted during subsequent laser scanning, 
causing irregularities in the deposited shape and the 
excessively penetrates within the substrate. On the other 
hand, too small a ratio is scarcely bonded to substrate 
material because the molten pool energy is insufficient to 
re-melt enough existing material [15−18]. The 
subsequent single-layer formation experiment will 
determine the suitable range of energy density as listed in 
Table 3. 

Optical analysis of single-line formation on the 
substrate showed that titanium and stainless steel 316L 
behaved very differently as shown in Fig. 4. The SS 
316L powder wets the substrate much more readily, 
spreads across the surface. However, the bead shape of 
Ti powder is relatively shallower penetrated depth into 
the substrate compared to the SS 316L powder. 
 

 
Fig. 4 Cross-sectional bead shapes of single-line formation:  
(a) SS316L powder; (b) Ti powder 

Figure 5 shows the cross-sectional bead shapes of 
single-line formation with Ti melting onto previous SS 
316L deposited layer. The single-line bead formation was 
manufactured using laser power of 200 W, scan rate of 
87.9 mm/s for SS 316L melting and then Ti powder is 
melted onto the previous SS 316L deposited layer using 
different energy density, 8.53 J/mm2 (laser power of 82 
W, scan rate of 102.5 mm/s) and 9.99 J/mm2 (laser power 
of 80 W, scan rate of 117.2 mm/s), respectively. The first 
layer of SS 316L strongly wetted the substrate, widening 
the lines and fusing them together producing a deposited 
layer with no sign of balling. Crack was seen to occur at 
the interface between Ti and SS 316L layer at lower 
energy density, whilst no cracking was seen in the Fig. 
5(a). The crack within the interface region was confined 
to a thin layer at the interface between the previous SS 
316L layer and the Ti layer, and did not spread into the 
remaining layers of the Ti layer or into the previous SS 
316L layer. The hardness of the phases near the interface 
is higher for Ti layer than that of SS 316L layer 
as shown in Fig. 6. The most likely cause of these cracks 
 

 
 
Fig. 5 Cross-sectional bead shapes of single-line formation 
with Ti melting onto previous SS316L deposited layer:      
(a) Good interfacial bonding; (b) Crack occurrence 
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Fig. 6 Micro-hardness profile of laser deposited layer 
 
is the presence of a hard, brittle intermetallic phase at the 
interface. Ti powder has a significantly higher melting 
point than SS 316L powder. Thus the thermal stresses 
that develop because of the differences in thermal 
expansion coefficient may lead to hot tearing [11]. 

Figure 6 shows the micro-hardness profile of laser 
deposited layer. The hardness of Ti layer was about 
HV600. The hardness dropped rapidly at the interface 
and SS 316L layer to the values of about HV300 and 
HV170 , respectively. 

Figure 7 shows the microstructures after the DLM 
process. As shown in Fig. 7(a), the microstructure is 
composed of large grain size. All the grains are separated  
 

 
Fig. 7 Microstructures of SS 316L powder (a) and Ti powder (b) 
after DLM process 

by straight boundaries. The typical rapid solidified 
epitaxial dendrites of different lengths are formed 
preferentially into the substrate in most deposited area. In 
case of Ti deposited microstructure, the acicular crystal 
grain is observed. 
 
3.2 Characteristics of single-layer and multi-layer 

formation 
The morphological photographs of Ti single layer 

on the substrate at various scan line spacings are shown 
in Fig. 8. The scan line spacing must be smaller than the 
single-line width to ensure good metallic bonding 
between neighboring lines and minimum porosity. Since  
 

 
Fig. 8 Single layer of Ti powder on SS316L plate at various 
scan line spacings: (a) 0.08 mm; (b) 0.10 mm; (c) 0.12 mm 
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the width of a line is not only determined by the laser 
beam size but also by the laser energy density, scan rate 
and powder property, scan line spacing cannot be simply 
defined by the laser beam size. Single layers were 
produced with laser power of 82 W and scan rate of 
102.5 mm/s. At a scan line spacing of 0.08 mm, the 
balling and rough surface is appeared. In contrast, a 
non-continuous porous depositing is revealed as shown 
in Fig. 8(c). At the single-line formation, the deposited 
width using laser power of 82 W and scan rate of 102.5 
mm/s is about 0.09 mm as shown in Fig. 2(a). When the 
scan line spacing is smaller than the deposited width, the 
metallic bonding between neighboring lines cannot 
combine, whilst too large scan line spacing leads to 
balling and rougher surface. Thus, scan line spacing of 
0.1 mm was chose for single-layer formation with Ti 
powder. 

Figure 9 shows the surface roughness of the 
single-layer formation at various process parameter 
values. The surface roughness was measured at five 
positions, and the mean value was taken as representative 
of the sample. In case of the SS 316L single-layer 
formation, the deposited layer between 80.6 and 95.2 
mm/s with 200 W laser powers appears lower surface 
roughness than other ranges of the scan rate. Thus, 
 

 
Fig. 9 Surface roughness for single-layer formation:        
(a) SS316L powder; (b) Ti powder 

parameter settings with laser power of 200 W and scan 
rate of 80.6−95.2 mm/s have been chosen for multi-layer 
formation. In case of the Ti single-layer formation, the 
deposited layer of 82 W laser power is the smoother than 
that of other laser powers. At the laser powers of 80 W, 
the layer with of 109.9 and scan rates of 117.2 mm/s are 
the lowest. Thus, parameter settings of multi-layer 
formation have been chosen as the follows. The first 
layer with SS 316L powder is using 200 W laser power 
and 80.6−95.2 mm/s scan rates, and second layer with Ti 
powder is using 82 W laser power and 109.9 and 117.2 
mm/s scan rates. 

Figure 10 shows the surface roughness for 
multi-layer formation with different powders. In case of 
specimens 1 and 2, the surface roughnesses are higher 
than that of the other specimens due to the rougher 
surface of first layer. When the first layer is smoother, 
the surface of multi-layer is smoother. Figure 11 shows a 
very strong metallurgical bonding without crack 
occurrence between the two different metal powders 
when the Ti powder is deposited with laser power of 
82W and scan rate of 109.9 mm/s onto the previous SS 
316L deposited layer with laser power of 200W and scan 
rate of 87.9 mm/s. 
 

 
 
Fig. 10 Surface roughness for multi-layer formation 
 

 
 
Fig. 11 Cross-sectional view of Ti layer onto previous SS 316L 
layer 
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4 Conclusions 
 

1) The energy density is the most important factor 
that controls the component qualities. A suitable energy 
density can control the size of the molten pool efficiently 
to get a good bonding strength between powders and 
substrate. The ratio of penetrated depth to deposited 
height can be used for the criterion to estimate whether 
the laser energy density is suitable or not. 

2) There is an appropriate range for the energy 
density that can fabricate layered hybrid beads stably 
with a smoother surface. 

3) A good interfacial bonding is observed between 
the Ti deposited layer and the previous SS 316L 
deposited layer when the Ti powder is deposited with 
laser power of 82 W and scan rate of 109.9 mm/s onto 
the previous SS 316L deposited layer with laser power of 
200 W and scan rate of 87.9 mm/s. 
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