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Abstract

The aim of the research was to enhance the surface quality of 3D printed miniaturised titanium parts by employing 
laser polishing (LP). The specimens were produced using a novel 3D printing technology for metallic materials, 
developed by Digital Metal®, and comprising a two stage production process: a precision ink-jet layer by layer printing
of ‘green’ parts in a metal powder bed, followed by a secondary sintering phase. Laser polishing was subsequently 
utilised to improve the surface integrity of the printed parts. A full factorial experimental design was conducted,
consisting of 75 trials under atmospheric condition and involving variation in three LP process parameters, i.e. laser 
fluence (3 levels), pulse overlap along beam scanning direction (5 levels) and overlap in hatching/step-over direction 
(5 levels). The optimum processing window was identified at laser fluence of 7 J/cm2 and step-over overlap of 88-91%
while the pulse overlap was kept at 95%. Polished surfaces exhibited oxidation and cracks, which were reduced with 
the reduction of cumulative laser energy, as a result from the overlap decrement in either direction. However, this also 
triggered lower heat absorption and insufficient melting of material that led to numerous pits/holes on the polished 
surfaces. Although surface re-melting/shallow melting was the dominant polishing regime observed within the 
optimised processing window, it is suggested to use an inert gas environment in order to avoid oxidation and surface 
cracks when LP of titanium.
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1.     Introduction

Additive manufacturing (AM) is rapidly developing 
as a viable technology for manufacturing complex 
components, and thus finding its applications in many 
industrial sectors, such as automotive, aerospace, 
opto-electronic and biomedical [1]. However, despite its 
many perceived advantages over the conventional 
subtractive manufacturing processes, AM technology 
has some limitations. They are associated with the 
achievable accuracy and surface integrity of the parts 
that can be produced, i.e. surface roughness, Ra in the 
range from ~5-7 μm to up to 15 μm, stair-step effects 
on surfaces, balling, adverse residual stresses and 
relatively poor dimensional accuracy [2]. This 
necessitates the use of various post-process 
operations. Laser polishing (LP) is such a flexible not-
contact method with capabilities to process intricate 
internal and external 3D structures and therefore has 
attracted a significant interest from industry and 
researchers. The technology has been continuously 
developed over more than 20 years and has been 
successfully used for improving the surface 
morphologies of different materials, such as diamond, 
glass, silica and metals including steel, nickel and 
titanium (Ti) alloys, and aluminium. Research on 
applications of LP on Ti and AM fabricated components 
in particular are discussed in this paper. 

Pulsed laser micro-polishing of Ti alloys such as 
Ti-6Al-4V [3-6] exhibits significant surface cracking due
to oxidation when the processing is carried out in air.
Therefore, the use of an Argon controlled environment 
was recommended to avoid such a side effect when LP 
titanium alloys [3]. Similar surface cracking was also 

reported by Yermachenko et al. [7] when LP VT16 
titanium alloy in air. LμP of Ti-6Al-4V with an additional 
laser beam for pre-heating the surface was studied by 
Nüsser et al. [8] and the results were compared against 
a martensitic tool steel. In another study by Kumstel 
and Kirsch [9], LP of Ti in air led to maximum reduction 
in roughness values, however localised molten drops 
and oxidation zones were observed on the surface. 
Hence, use of an assisted inert gas medium was 
suggested as a mandatory for processing Ti alloys.
However, it was stressed that the gas pressure should 
be optimised [10].

LP was applied on Selective Laser Sintered (SLS) 
or Selective Laser Melted (SLM) parts to improve the 
surface quality. Remos-Grez and Bourell [11]
discussed LP of free-form SLS parts with a particular 
focus on two melting regimes, surface shallow melting 
(SSM) and surface over melting (SOM), which 
determined the final surface integrity. Especially, the 
first led to fast melting and re-solidification of surface 
asperities and a smoother finish, while SOM resulted in 
a deeper melting of a layer below the surface valleys 
and a higher roughness when LP was carried out with 
elevated laser energy density. Another study on LP of 
SLS parts was carried out by Lamikiz et al. [12] at 
different laser energy densities and beam scanning 
speeds. An 80% reduction of Ra from 7.5 μm to 1.2-1.3 
μm was reported at the optimised process conditions. 
A LP processing step during the SLM process was also 
investigated after each intermediate layer or only for 
the final layer/outer skin of the part in order to improve 
the surface integrity, especially the surface quality/shell 
density [2,13-15]. The method increased 
microhardness and density of the parts or just their skin 
was “sealed” and also led to microstructure refinement 
and improved micro-machinability of SLM parts. 
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Marimuthu et al. [16] developed a numerical model, 
based on a computational fluid dynamic (CFD) 
formulation, to understand the melt pool dynamics 
during LP, which was largely responsible for the 
resulting surface roughness. The input thermal energy 
was identified as the key process parameter affecting 
the melt pool convection, and thereby controlling the 
resulting surface quality. LP of laser clad SS316L 
specimens was also investigated and led to a Sa 
reduction of 96%, from 21 to 0.79 μm [17]. 

Due to the requirement of exceeding the melting 
temperature of metal powders in laser/electron beam 
based AM processes, the fabricated parts typically 
suffer from adverse residual stresses and poor fatigue 
properties. The design of a suitable support structure is 
also a pre-requisite for successful SLM/EBM 
applications. To address some of the limitations of 
these AM processes a novel 3D printing technology for 
metallic materials, the Digital Metal® (DM) technology, 
was developed [18]. It is a two stage process that 
requires ‘green’ parts to be produced in a metal powder 
bed by precision ink-jet layer by layer printing in the 
first stage which is succeeded by a follow up sintering 
stage. Using this technology, sintered complex 
miniaturised parts with up to 97% density can be 
produced with no dependence on the printing 
orientation. In addition, as the printing is carried out at 
room temperature, there is no distortion of the green 
parts or induced residual stress. The DM meso-scale 
parts have a very good resolution, feature sizes down 
to 50 μm and accuracy better than 20 μm, albeit exhibit 
relatively high surface roughness, at the order of ~3 to 
4 μm. Therefore, the use of the DM technology for 
serial production of functional micro/meso-scale 
components requires post-processing operations to 
improve their surface quality/integrity. Although LP was 
investigated as a post-processing operation for 
SLS/SLM parts [2,11-17], no study has ever been 
carried out on the effects of LP on intricate 3D printed 
surfaces produced with the DM two-stage process. 
Therefore, the aim of this research was to investigate 
the influence of key LP parameters, i.e. laser 
fluence/energy density, pulse overlap along X (relating 
to beam scanning speed/pulse distance) and Y 
(associated with hatching pitch) directions, on surface 
roughness of printed Ti specimens produced by 
employing the DM process.  

 
2. Experimental details 

 
Laser polishing of 3D printed Ti specimens 

produced by employing the Digital Metal® technology 
was carried out on a laser micromachining system 
using a MOPA-based Yb-doped fibre nanosecond (ns) 
laser source with a maximum average power of 50 W, 
a wavelength of 1064 nm and a beam spot diameter of 
59 μm at the focal position. Only one polishing pass 
over the surface was carried out under atmospheric 
condition. The optimisation work involved three LP 
process variables, i.e. laser fluence (energy density), 
pulse overlap factor along beam scanning direction and 
overlap factor in hatching pitch/step-over direction. A 
preliminary study on LP of similarly produced 3D 
printed stainless steel SS316L specimens was 
undertaken to identify the suitable ranges of energy 
density, pulse distance and hatching pitch (the latter 
two parameters shown in Fig. 1) and the results were 
reported in [19]. In order to express the process 
parameters in scalable quantities, pulse overlaps along 

X and Y have been used instead of pulse distance and 
step over factors, respectively. A full factorial design of 
experiment (DoE) comprising 75 LP tests was carried 
out on planar DM Ti parts in order to identify the main 
effects and interaction of process parameters on 
resulting surface roughness. Fluence was set at three 
levels while five levels were used for the other two 
parameters, pulses overlap along X and Y directions, 
as shown in Table 1. 

 

Workpiece
Step over

Pulse distance

XY

 
Fig. 1. Schematic diagram showing the process variables 

Table 1  
The DoE parameters and corresponding levels 
 
Process variables Levels 
Fluence (J/cm2) 5 7 9 
Overlap factor along X, OPx 82 85 88 91 95 
Overlap factor along Y, OPy 82 85 88 91 95 

 
An Alicona G5 InfiniteFocus system employing 

‘Focus Variation’ (FV) technology was utilised for 3D 
surface topography measurement and analysis of the 
laser polished areas as well as the as-received DM 
parts. A 50X optical magnification with lateral and 
vertical resolutions of 1.5 μm and 40 nm respectively 
were applied for all measurements, while the size of 
the analysed region was 325×325 μm. The captured 
data was assessed in terms of areal surface 
parameters, especially Sa (arithmetic mean deviation of 
the surface), St (total height of the surface) and Sz (10-
point height of the surface). 

 
3. Results and discussion  

 
The main effects of laser fluence and pulse/scan 

overlaps along X and Y directions on workpiece 
surface parameters Sa, St and Sz are depicted in Fig. 
2(a), (b) and (c) respectively. Mean Sa decreased with 
the increase of fluence from 5 to 7 J/cm2, however 
increased again with further rise of Ed from 7 to 9 
J/cm2. The higher surface roughness recorded at lower 
level of fluence was a result of lower heat absorption 
and consequent insufficient melting of the material. 
Conversely, the increase of Sa at 9 J/cm2 was due to 
the combined effects of ablation and surface over 
melting. Only Sz followed a similar trend as that of Sa 
while St decreased with the increase of fluence from 5 
to 9 J/cm2. All surface parameters were at their minima 
when the overlap factor along X was set at 95%. With 
the decrease of OPx, a steep increase of Sa, St and Sz 
values was observed. In contrast, Sa and Sz initially 
decreased with the decrement of overlap factor along 
Y, however increased subsequently with further 
reduction of OPy. The interaction plots between Ed, OPx 
and OPy for Sa, shown in Fig. 3, indicate that the 
minimum average surface roughness can be obtained 
at fluence of 7 J/cm2 and an overlap factor of 88-91% 
along the step-over direction if the pulse overlap is set 
at 95% in the beam scanning direction. 
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Fig. 2. Main effects of the LP process parameters on (a) Sa, 

(b) St and (c) Sz 

M
ea

n 
of

 S
a

(μ
m

)

Ed × OPx

5 9
Fluence, Ed (J/cm2)(a)

7

OPx (%)
95
91
88
85
82

M
ea

n 
of

 S
a

(μ
m

)

5 9
Fluence, Ed (J/cm2)(b)

7

Ed × OPy
OPy (%)

95
91
88
85
82

 
OPx × OPy

95 91 88 85 82
Overlap factor along X, OPx (%)(c)

M
ea

n 
of

 S
a

(μ
m

)

OPy (%)
95
91
88
85
82

 
Fig. 3. Interaction plots of fluence and pulse and scan 

overlaps along X and Y respectively for Sa 

The percentage contributions ratios (PCRs) 
calculated for Sa, St and Sz using analysis of variance 
(ANOVA) are shown in Table 2. An interaction between 
fluence and overlap factor along Y had the maximum 
contribution for Sa, with a PCR of 35.69, followed by the 
sole effect of OPx (PCR=28.39). Sa was moderately 
influenced by laser energy density with PCR of 13.57 
while the sole effect of OPy was relatively low with PCR 
of only 8.45. In contrast, the overlap factor along the 
scanning direction was the main contributing factor for 
both St and Sz with PCRs of 37.87 and 50.23 
respectively. This was followed by the combined effect 
of Ed and OPy (PCRs of 22.01 and 21.38 respectively). 

The sole effects of energy density on both surface 
parameters were relatively low with respective PCRs of 
5.09 and 3.87 only. Although the majority of 
investigations carried out by other researchers have 
identified laser fluence as the main dominating factor 
affecting the surface roughness, the interaction 
between fluence and OPy and the sole effect of OPx 
were found to be the primary influential parameters in 
the present study. This was due to the broad ranges of 
OPx and OPy covered for the full factorial design (82 to 
95%) compared to the narrower domain selected for 
energy density (5 to 9 J/cm2).  

 
Table 2  
Percentage contribution ratios of factors obtained from 
ANOVA 
 

Factors 
Percentage contribution ratios 
(PCR’s) at 5% significance level 

Sa St Sz 
Ed 13.57 5.09 3.87 
OPx 28.39 37.87 50.23 
OPy 8.45 3.45 4.08 
Ed×OPx 4.51 8.38 5.61 
Ed×OPy 35.69 22.01 21.38 
OPx×OPy 3.41 9.28 2.90 

 
Three dimensional surface topographies of as-

received as well as LP Ti specimens are shown in Figs. 
4(a) to 4(f). A maximum reduction of Sa by 96% (from 
4.53 to 0.18 μm) was achieved within the optimised 
processing window with SSM as the dominant polishing 
regime (Fig. 4(b) and 4(c)). Although numerous surface 
cracks due to oxidation of titanium was observed as the 
polishing operation was carried out under atmospheric 
condition [7,9]. The propensity of surface discoloration 
was directly proportional to the oxidation intensity and 
the depth of the oxide layer as revealed by the authors 
in another study on LP of SS316L using glow discharge 
optical emission spectroscopy (GDOES). The extent of 
surface oxidation was reduced with the decrease of 
cumulative laser energy when lower overlap factor in X 
or Y was used. Figure 4(d) shows a dark brown surface 
after LP with OPx and OPy of 91% and 85% 
respectively, while the surface polished with both 
parameters set at 88% was light brown, as shown in 
Fig. 4(e). The size of surface cracks was also reduced 
with the decrease of surface oxidation. However, a 
reduction in cumulative energy led to lower heat 
absorption and consequently to insufficient melting of 
material. Thus, several pits/holes can be seen on the 
polished surfaces as shown in Figs. 4(d) and 4(e). A 
further reduction in overlap factors (OPx and OPy both 
set at 82%) resulted in much inferior surface quality 
with a rise of Sa (1.81 μm), as depicted in Fig. 4(f). 

Laser-material interaction regime shifted to a 
combination of ablation and SOM when a higher 
fluence level of 9 J/cm2 was used during the polishing 
operation. The surface topography is characterised 
with many pits/holes and re-deposited materials, as 
seen in Fig. 4(g), that is an evidence of melting and 
material vaporisation. The effect was partially alleviated 
by reducing overlap factors and also by a consequent 
decrease of cumulative laser energy; however step-
over marks were visible on the polished surface as can 
be seen in Fig. 4(h). 
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50 μm(a) Sa=4.53 μm 50 μm(b) Sa=0.18 μm
 

50 μm(c) Sa=0.21 μm 50 μm(d) Sa=0.35 μm
 

50 μm(e) Sa=0.66 μm 50 μm(f) Sa=1.81 μm
 

50 μm(g) Sa=3.32 μm
 50 μm(h) Sa=1.13 μm  

Fig. 4. Topographies of (a) as-received Ti surface and 
surfaces polished at Ed/OPx/OPy of (b) 7/95/91, (c) 7/91/95, 
(d) 7/91/85, (e) 7/88/88, (f) 7/82/82, (g) 9/88/95, (h) 9/88/85 

4. Conclusions 
 
� Laser polishing of 3D printed miniaturised Ti parts 
under atmospheric condition exhibited oxidation and 
surface cracks. The results were in line with those on 
LP of Ti-6Al-4V alloy or SLM Ti parts reported in the 
literature. Thus, the use of an inert gas is required to 
avoid oxidation.  
� Surface oxidation decreased with the reduction of 
cumulative laser energy that could be achieved either 
with a decrease of fluence or overlap factors along 
beam scanning or step-over direction.  
� Surface re-melting/SSM was the dominant process 
regime in the identified optimum polishing window. In 
particular, the optimised parameter settings were a 
fluence level of 7 J/cm2 and an overlap factor of 88-
91% along step-over direction while the pulse overlap 
is set to 95%.  
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