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Abstract
Purpose Multi Jet Fusion™ (MJF) is a powder bed fusion technology that fuses 
material locally with infrared radiation. Fabricated parts show high mechanical 
strength, low porosity and good dimensional accuracy, even for challenging geom-
etries. They do, however, have a distinctive grainy surface with a roughness of 
Ra > 5 μm limiting possible applications. A fairly recent technology for the smooth-
ing and polishing of polymer surfaces is the surface re-melting by laser beam pol-
ishing (LBP). The objective of this study is to characterize the LBP-process of 
MJF-manufactured Nylon PA12 parts and evaluate it in relation to state-of-the-art 
finishing methods.
Methods PA12 samples produced using the Multi Jet Fusion™ process are laser 
beam polished with a 30  W  CO2-laser system. A numerical model is applied in 
order to estimate the effects of different processing parameters and laser scanning 
strategies. Calculated temperature progressions are validated experimentally with 
thermographic measurements. The laser beam polished surfaces are subsequently 
characterised by surface topography, tensile strength, surface energy and hardness.
Results A re-melting and concurrent smoothing of PA12 surfaces was demonstrated 
for a number of different processing strategies. The use of a line-focus resulted in 
the best combination of processing speed, flexibility and surface quality with a 
reduction in roughness of up to 91%.
Conclusion Laser beam polishing is applicable to parts manufactured by Multi Jet 
Fusion™. Depending on the case of application, it can be preferable to conventional 
post-processing strategies for fusing residual powder and improving tribological 
properties.

Keywords Laser beam polishing · Powder bed fusion · Post-processing · Additive 
manufacturing
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Introduction

  The market for additive manufacturing processes has been expanding strongly 
for years [1]. An important growth driver is the accelerating adoption of addi-
tive manufacturing in series production. This development led to an increasing 
emphasis on material quality, surface finish as well as production cost and time. 
One beneficiary of these changes in demand has been the Multi Jet Fusion™ 
(MJF) technology, introduced by HP in 2016. With already more than 100 million 
components produced [2], it has proven to be suitable for series production.

MJF uses polymer powder that is fused by infrared radiation. A nozzle array 
applies a heat-conducting liquid, called fusing agent, and a heat-inhibiting agent, 
detailing agent, to each layer of powder so that only pre-defined areas fuse. Parts 
produced this way are mechanically resilient and can reproduce fine details with 
minimal shape deviations. The most common MJF feedstock is polyamide 12 
(PA12). Alternatively, PA11, PP and highly elastic TPU are available [3].

While the technology and the materials used offer enormous potential in terms 
of component quality, strength and printing speed, application-specific require-
ments for the surfaces of components often cannot be met. Even after the removal 
of powder residues, a grainy, rough surface remains, which is susceptible to con-
tamination and may impede subsequent processes. Various post-processing meth-
ods have been developed to address this issue and modify surface properties or 
improve the finish of MJF printed parts.

In general, surface finishing methods for additively manufactured parts can be 
categorized into processes that apply, remove, or reshape material. The functional 
principles are either mechanical (sanding, milling, media tumbling, blasting, etc.), 
chemical (acetone dipping, vapor smoothing, electroless plating, etc.), thermal (laser 
beam polishing, electrical discharge machining, etc.) or hybrid combinations [4].

The most common post-processing methods for polymer parts manufactured by 
powder bed fusion include depowdering by bead blasting, coating, dyeing, media 
tumbling, and vapour smoothing [5, 6]. De-powdering, usually using compressed air 
containing glass or plastic beads, is a standard post-processing step that is required 
to clean parts from excess powder. Depending on the blasting media, pressure and 
time it can already contribute to the smoothing of the surface [7]. A further reduc-
tion in roughness is possible by placing parts in a container with abrasive media and 
vibrating or rotating the container. This process, called media tumbling or barrel fin-
ishing, can enhance the surface finish of a component, but it may also remove minor 
protrusions and round off sharp edges [8, 9]. Another method is vapour smooth-
ing, which involves exposing parts to chemical vapours that solve and reflow the 
surface layer in order to smoothen even partly enclosed surfaces [10]. Furthermore, 
protective or decorative layers can be added to the surface by spraying, immersion or 
electroless plating to modify texture, durability, colour and sheen [11]. All of these 
techniques can produce a substantial smoothing [8, 10, 11], however they require the 
use of consumables and may not preserve fine details.

In contrast, laser beam polishing does not require the use of consumables such 
as abrasive media, chemicals or paint. Instead, a laser beam is directed at the 
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surface of the part in a controlled manner, melting and resolidifying the surface 
layer to create a smoother finish. This can be limited locally in order to preserve 
edges and protruding details. However, laser beam polishing is still a relatively 
new technique, and the effects of process parameters, including laser power, scan-
ning speed, scanning strategy and trace offset are not fully understood.

The laser beam polishing of parts manufactured by Fused Deposition Model-
ling has previously been demonstrated successfully [12–15]. While LBP for parts 
manufactured by powder bed fusion has been mostly limited to metals [16], Braun 
et al. [17] have shown the feasibility of applying LBP to SLS printed PA12. Optimal 
results were achieved with in-situ temperature monitoring and processing times of 
200 s. However, a viable approach for applying the used scanning strategy to large 
surfaces has not yet been proposed.

In this article, multiple scanning strategies are evaluated, and their application 
for Multi Jet Fusion™ parts is tested. The goal is to identify a suitable and scalable 
strategy in order to reduce the roughness and adapt visual, tactile, and functional 
properties.

Materials and Methods

Fabrication of Specimens

Parts are fabricated using an HP Jet Fusion 3D 4200 printer with proprietary printing 
agents and HP 3D High Reusability PA12. Thermal material properties are specified 
in Table  1. Unless otherwise stated, parts are orientated horizontally in the build 
chamber and naturally cooled after printing. Specimen dimensions are 50 × 50 mm² 
with a thickness of 3 mm for surface characterization and 1 mm for model testing 
and validation. The maximum polishing angle for 3D-surfaces is determined with 
concave and convex, cylindrical surfaces having a curvature radius of 20 mm. Pow-
der residue is removed by manually blasting individual parts with glass beads.

Before polishing, specimens are pre-dried at 80 °C for at least 2 h. This is neces-
sary in order to avoid the formation of air blisters due to the evaporation of absorbed 
water during LBP.

Laser Beam Polishing

Laser beam polishing (LBP) is a post-processing technology using laser radiation 
in order to locally melt and smoothen surfaces (Fig.  1). When a material-specific 
process temperature is reached, the resulting roughness is largely determined by the 
material’s melt viscosity and the re-melting time [18].

Depending on the application, this contactless surface treatment can be preferable 
to conventional finishing technologies as it does not require consumables, avoids 
material removal or part contamination with abrasives and can be used for a wide 
variety of polymers [12]. Typical processing speeds range from 0.1 to 2  cm2  s− 1.
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LBP-experiments are conducted using a Keyence ML-Z9520A 30 W  CO2-laser 
system and a 3D laser scanning unit with scanning speeds of up to 6 m  s− 1. Addi-
tionally, a fume extraction system is employed during the laser process. The beam 
profile displays a Gaussian energy distribution with a beam waist, ω0, of 0.17 mm 
and a Rayleigh length,  zR, of 6.8  mm. With increasing defocus, z, the half beam 
diameter, ω, behaves accordingly [19]:

For subsequent calculations a beam with the power, P, is approximated as an ideal 
Gaussian profile with a corresponding intensity distribution.

A distinction is made between three laser beam polishing strategies which dif-
fer in the shape of their respective melt pool. With increasing scanning speed, a 
meandering beam will produce differently shaped melt pools. Starting from a point-
shaped processing zone for quasi-static beams, the thermal energy generated by a 
faster-moving beam is distributed over a line-shaped and eventually a rectangular 
area. The latter can be sustained indefinitely by rapidly repeating passes. These strat-
egies are subsequently referred to as point-, line- and areal laser beam polishing. 
Figure 2 illustrates exemplary scanning paths and resulting thermographic profiles.

The visible increase in temperature is closely related to the input energy density, 
H [J  mm−²]. It can be obtained by integrating the spatially averaged intensity over 
time. Regarding the introduced scanning strategies, this results in the following 
relation:

where m, P, v and  hs refer to the total number of passes, the laser power, the scan-
ning speed and the trace offset, respectively.

Model

Interactions between the laser beam and the polymer surface are evaluated using a 
simple 1D transient heat transfer model. Calculations are implemented in Python 
and include the surface heating by laser radiation as well as corresponding heat 
transfers. One necessary input variable is the time dependent beam intensity reach-
ing a given surface increment, dA (Fig. 3). It is determined by substituting the scan-
ning path for the coordinates in Eq. (2). In the model, this calculation is carried out 
numerically with time increments Δt ≤ 200 µs in order to ensure sufficient accuracy 
for high scanning speeds as well as the stability of the subsequent numerical solu-
tion. An exemplary intensity progression is shown in Fig. 4.

(1)�(z) = �0

√
1 +

(
z

zR

)2

(2)I(x, y) =
2P

��2
exp

(
−2

(
x2 + y2

)
�2

)

(3)H =
mP

vhs



568 Lasers in Manufacturing and Materials Processing (2023) 10:563–585

1 3

Fi
g.

 2
  

In
ve

sti
ga

te
d 

sc
an

ni
ng

 s
tra

te
gi

es
: a

 p
oi

nt
-L

B
P 

w
he

re
 s

ca
nn

in
g 

sp
ee

ds
 a

re
 lo

w
 a

nd
 th

e 
si

ze
 o

f t
he

 m
el

t p
oo

l i
s 

de
te

rm
in

ed
 b

y 
th

e 
be

am
 d

ia
m

et
er

, b
 li

ne
-L

B
P 

w
he

re
 

sc
an

ni
ng

 s
pe

ed
s 

ar
e 

hi
gh

 a
nd

 th
e 

si
ze

 o
f 

th
e 

m
el

t p
oo

l i
s 

de
te

rm
in

ed
 b

y 
th

e 
sc

an
 v

ec
to

r 
le

ng
th

 a
nd

 c
 a

re
al

-L
B

P 
w

he
re

 th
e 

m
el

t p
oo

l i
s 

ex
te

nd
ed

 to
 a

 r
ec

ta
ng

ul
ar

 a
re

a 
th

ro
ug

h 
qu

ic
kl

y 
re

pe
at

in
g 

pa
ss

es



569

1 3

Lasers in Manufacturing and Materials Processing (2023) 10:563–585 

Assuming perpendicular beam incidence, the material’s refractive index of 1.7 at 
a wavelength of 10.6 μm [18] causes a reduction of effective intensity by R = 7% de 
to reflection. The remaining energy is absorbed and converted to heat in accordance 
with the Beer-Lambert law. In the model, 50 depth increments with a thickness of 

Fig. 3  Exemplary scanning path including the measured beam profile

Fig. 4  Resulting intensity 
progression for a surface incre-
ment dA
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Δz = 20  μm are considered for calculations. The value of Φabs corresponds to the 
absorbed energy per unit of area and time in the respective increment and can be 
interpreted as the absolute value of heat flux:

Additionally, heat transfer by thermal conduction as well as convection and radia-
tion for external surfaces is considered as follows:

where σ refers to the Stefan-Boltzmann constant and κ, n, ε,  Tinf, and h are the heat 
conductivity, layer number, emissivity, ambient temperature and convection coeffi-
cient, respectively. The heat flux results in an equivalent change of temperature:

where the initial temperature is set to

and changes of the specific heat capacity during phase transformations are being 
approximated with the approach by Peyre et al. [20]:

Here  cp0 is the heat capacity at room temperature and  Hm and  Hc as well as  Tm 
and  Tc denote the melting and crystallization enthalpies and temperatures, respec-
tively. The indices s and f relate to the temperatures at the start and finish of the 
phase transformation as determined by Defauchy [21]. Whenever no phase changes 
occur, the specific heat capacity is assumed constant.

The convection coefficient is largely dependent on the air velocity of the fume 
extraction and was estimated by correlating thermographic measurements with cal-
culation results. Further parameter values are summarized in Table 1. It should be 
noted, that boundaries between fused powder particles contribute to internal scatter-
ing and reduce the penetration depth of laser radiation [18]. When the material starts 
to melt, internal scattering is reduced. Schuffenhauer et al. [22] observe an increase 
of  CO2-laser transmission by a factor of approx. 2.5 for 200 μm PA12 layers at melt-
ing temperature. This effect largely remains after re-solidification and is considered 
in the model.

The model omits increased surface absorption due to the initially rough sur-
face, heat conduction in horizontal direction and changes in material properties for 
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different cooling speeds and resulting relative crystallizations. Nonetheless it pro-
vides useful information for the qualitative comparison of scanning strategies as pre-
sented in Section “Scanning Strategies”.

Measurement Methods

The thermographic process monitoring is conducted using an Optris Pi 640 infrared 
camera. It operates at a resolution of 640 × 118 pixels with 125 frames per second. 
In order to avoid damaging the micro-bolometer sensor with laser radiation, a previ-
ously calibrated lens with a transmission window of 11.5–14 μm is used. Recorded 
temperatures are averaged over an area of 5 × 5 pixels.

Unprocessed and polished MJF-parts are characterized by their surface topogra-
phy, tensile strength, surface energy and hardness. The roughness is measured tac-
tilely with a Taylor Hobson Talysurf i5 in accordance to DIN EN ISO 4287 [26]. 
Optical measurements using a Polytech TopMap TMS-500 white light interferom-
eter supplement the topography characterization. The ultimate tensile strength is 
determined with an AMETEK Lloyd LS 5 universal testing machine for five type 
A-specimen per orientation as described in DIN EN ISO 527-2 [27]. The strength of 
unprocessed samples is compared to specimens that were polished using line-LBP 
with a scan vector length of 12 mm and at a laser power of 10 W, a scanning speed 
of 2 m/s, and a trace offset of 28 μm. A Sauter TI-D durometer test stand measures 
surface hardness Shore D in accordance with DIN EN ISO 868 [28]. The surface 
wettability is determined by measuring the contact angle of gently deposited 3 µl 
water droplets using the dataphysics Contact Angle System OCA 25. A suspected 
increase in leak-resistance for laser beam polished sealing surfaces is examined by 
means of a simple positive pressure leakage test as specified in DIN EN 1779  C 
[29]. For this purpose, the contact surface between two halves of a hollow specimen 

Table 1  Model input parameters

Variable Value

Attenuation coefficient α  [m−1] solid 13,000 [18]
molten/re-solidified 8400

Thermal conductivity κ [J  K−1] 0.3 [18]
Specific heat capacity cp0 [J  kg−1  K−1] 2670 [18]
Convection coefficient h [W  m−2  K−1] 25
Density ρ [kg  m−3] 1010 [23]
Emissivity ε 0.93
Reflection coefficient R 0.07
Melting temperature Tm [K] 460 (187 °C) [23]
Crystallization temperature Tc [K] 423 (150 °C) [23]
Ambient temperature TInf [K] 293 (20 °C)
Melting enthalpy ΔHm [J  kg−1] 66 [24]
Crystallization enthalpy ΔHc [J  kg−1] 50 [25]
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is sealed with a rubber gasket and screw-retained with a defined torque. The cavity 
enclosed is then pressurized via a valve. Potential leaks can be detected by observ-
ing the formation of air bubbles while the specimen is immersed in a water basin.

Results and Discussion

Scanning Strategies

PA12-samples with a thickness of 1 mm are used to experimentally verify simula-
tion results for the scanning strategies proposed in Section “Laser Beam Polishing”:

– point LBP: quasi-static beam to create a processing zone as large as the beam 
diameter.

– line LBP: quickly meandering beam to create a quasi-line focus.
– areal LBP: quickly repeating passes to maintain the melt pool over a rectangular 

area.

Additionally, a distinction is made between fast and slow processing, referring 
to high power with minimal beam overlap and low power with high beam overlap, 
respectively. Processing fields have dimensions of 20 × 20  mm2 with parameters 
being based on preliminary polishing experiments. With the exception of areal pol-
ishing, where lower temperatures are preferred [17], they are adjusted in order to 
achieve a maximum surface temperature of roughly 300  °C. Since decomposition 
does not start until 320 °C, this temperature allows a minimal melt viscosity while 
achieving optimal polishing results [30].

The stated re-melting time refers to the time during which the material has 
exceeded the melting temperature and has not yet cooled down below the crystal-
lization temperature. Calculation results for selected processing strategies are illus-
trated in Fig. 5.

The measured maximum temperatures and re-melting times in Table  2 are in 
good agreement with the calculation and deviate by an average of 10% and 30%, 
respectively. The largest temperature differences occur for point polishing as the 
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growing influence of heat conduction in the horizontal direction with decreasing 
scanning speed is not considered in the model. Numerical and experimental results 
allow the following conclusions:

In principle, point-LBP achieves good polishing results as very low scanning 
speeds facilitate sufficient re-melting times. The processing is heavily localised and 
only a small fraction of the surface is ever above the melting point. Therefore, ther-
mal distortion is limited and parameters are largely independent of the part geome-
try. However, the scanning strategy does require stitching of individual paths, result-
ing in a wavy surface texture.

In pursuit of a better surface quality, line polishing is usually preferred as it can 
approximate similar intensity progressions without the need for stitching. Resulting 
temperature profiles are in fact almost identical (Fig.  5a and b) with more of the 
part’s surface being processed simultaneously. A roughness of Ra = 0.6 ± 0.1 μm can 
be achieved.

With repeating passes, areal-LBP can theoretically enable unlimited re-melting 
times. It therefore allows the best surface properties with minimal roughness values 
of Ra = 0.39 ± 0.05 μm. However, long re-melting times and high melting depths are 
not desirable for dimensional accuracy as thermal deformations become more pro-
nounced. In the case of areal LBP, as shown in Fig. 5c, the 1 mm thick part reaches 
a temperature of 170  °C throughout. This causes a softening of the material and 
may result in a concave surface deformation. Furthermore, during areal LBP, the 
absorbed and emitted amounts of heat per unit of time will eventually compensate 
for each other, creating a state of thermodynamic equilibrium. This is desirable for 
long re-melting times but does require a very accurate process control in order to 
achieve optimal temperatures. In practice, a more sophisticated approach of adjust-
ing laser power in real-time based on temperature measurements as demonstrated by 
Braun et al. [17] has proven advisable.

In conclusion, each scanning strategy offers individual advantages, depending on 
the scope of application. Their main difference becomes apparent when considering 
the scalability for differently sized parts as addressed in Section “Processing Field 
Scalability”.

Processing Field Scalability

In order to polish real-world components, the process must be adaptable to differ-
ently sized surfaces. While optimizing for constant field dimensions of 20 × 20  mm2, 
the areal input energy density H [J  mm− 2] was a useful control variable, as it scales 
linearly with the focus temperature under constant boundary conditions (Fig. 6).

Once the scan vector length  LS (cf. Fig. 1) is extended however, time intervals 
between laser passes become longer and more heat is lost to the environment until 
the beam passes again. As shown in Fig. 7 this leads to decreasing focus tempera-
tures despite constant input energy densities.

There are several ways to compensate for this. Increasing the scanning speed 
and laser power accordingly is possible to a limited extent. A linear upscaling is 
however not sufficient as the beam intensity affects the polishing result as well [31]. 
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Alternatively, the input energy can be increased by reducing the trace offset. As this 
strategy is not limited by the systems maximum scanning speed and laser power, the 
latter approach is subsequently pursued.

In order to adapt to differently sized surfaces, the optimal input energy density 
for a given scan vector length is calculated using the numerical model. For this pur-
pose, the trace offset  hs is adjusted until a surface temperature of 300 °C is reached. 
Figure 8 shows the resulting energy densities for the different scanning strategies. It 

Fig. 6  Measured focus tempera-
ture in relation to energy density 
for fast line-LBP

Fig. 7   A decrease in focus tem-
perature becomes evident from 
thermographic measurements 
when line polishing with con-
stant input energy density and 
increasing scan vector length

Fig. 8  Simulated relationship 
between the length of the scan 
vector and the necessary energy 
density in order to reach 300 °C 
surface temperature, normalized 
for 100% at 5 mm scan vector 
length
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is evident, that point-LBP is largely independent of processing area, since re-melt-
ing only occurs on a locally confined basis. With increasing part size, the necessary 
energy input converges towards a maximum. For line-LBP the energy density has 
to be increased linearly with the length of the polishing line (see Section “Process 
Optimization”). Areal polishing is difficult to scale, as time intervals between passes 
and the therefore, the necessary energy density increases rapidly. In this case, scal-
ing via scanning speed and laser power would be more appropriate, but the maxi-
mum field size is then quickly limited by the system.

In order to achieve both good scalability and high surface quality, the line-LBP 
scanning strategy is chosen for subsequent experiments.

Process Optimization

In Section  “Processing Field Scalability” it has been shown that the energy den-
sity necessary to reach 300 °C surface temperature increases linearly with the scan 
vector length. Equivalent simulations show that this is true regardless of the laser 
power (Fig. 9, left). Since the flow of the surface layer is however time-dependent as 
well [18], the polishing result can be affected by the power level used. A low power 
level requires a low trace offset in order to reach the necessary input energy density 
(Fig. 9). Consequently, the beam diameter crosses surface increments multiple times 
and maintains the melt pool. This low-power strategy is ideal to polish small geome-
tries, as high remelting times can be achieved despite rapid successive beam passes. 
Large parts however, require longer scan vector lengths. Therefore, more time passes 
between laser interactions resulting in more heat lost to the environment. With low 
powers of 5–10 W, the necessary surface temperatures of roughly 300 °C can only 
be achieved with trace offsets of a few micrometres (Fig. 9, right). This results in 
a very slow and inefficient process. Instead, higher laser powers and consequently 
higher trace offsets can be used, to process the surface efficiently. Experiments have 
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Fig. 9  Line-LBP process window for a scanning speed of 2 m  s-1 at different laser power levels, each 
data point represents a set of parameters numerically optimized for a surface temperature of 300 °C with 
triangle markers indicating well-suited re-melting times of 0.5 to 3 s
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shown, that re-melting times of 0.5 to 3 s allow high processing rates, low thermal 
distortion and a minimal surface roughness. Corresponding sets of parameters are 
marked with triangles in Fig. 9.

The identified process window is experimentally tested with scan vector lengths 
of 5, 10, 40, 100 and 200 mm at the given power levels. Additionally, for each sam-
ple multiple sets of parameters are examined with higher and lower energy densi-
ties than calculated. Resulting surfaces are ranked by roughness. A good agreement 
between the numerical and experimental results is found and the model is capable of 
calculating valid parameters. Optimal trace offsets deviate from the calculated value 
by less than 20% on average, mostly for low trace offsets as the impact of horizontal 
heat conduction increases.

Finally, studies are extended to non-planar geometries. Commercially available 
3D-laser-scanners, like the used Keyence ML-Z9520A system, are able to adjust the 
focal plane and calculate the scanning speed and trace offset in the planar projection 
of the 3D surface. The processing of complex part geometries is therefore solely 
limited by the maximum effective angle of incidence. As this angle increases, the 
beam profile is distorted and the share of absorbed radiation decreases. Neverthe-
less, a re-melting and smoothing of the top layer is demonstrated for convex and 
concave shaped specimens with angles of incidence of up to 80° (Fig. 13e).

Surface Properties

The main purpose of laser beam polishing is a smoothing of the surface. The 
minimal roughness achieved using line-LBP amounts to Ra = 0.6 ± 0.1  μm or 
Rq = 0.8 ± 0.1 μm. This is equivalent to an improvement of 91%, compared to the ini-
tial surface roughness of Ra = 6.4 ± 0.3 μm or Rq = 8.1 ± 0.4 μm (Fig. 11; Table 3).

These values are similar to the roughness of Sa = 0.61  μm achieved by Braun 
et al. for an interaction time of 200 s [17], but were realised with a more scalable 
scanning strategy and an interaction time of only 1.4 s. In comparison, surfaces pro-
cessed with chemical vapor have a slightly higher surface roughness with minimal 
values of Ra = 0.78 μm [32] or Sa = 1.4 μm [6].

The measured and numerically calculated depth of the melt pool equals 
100–400  μm (Fig.  10), depending on the re-melting time. With an average pow-
der particle size of 60 μm [23], this is sufficient to melt and seal the upper layers 
of the printed PA12 part. While the visible densification suggests an increase in 

Table 3  Surface properties of unprocessed and laser beam polished PA12-surfaces

Unprocessed Laser beam polished

Roughness Ra [µm] 6.4 ± 0.3 0.6 ± 0.1
Roughness Rq [µm] 8.1 ± 0.4 0.8 ± 0.1
Hardness [Shore D] 73 ± 3 73 ± 3
Ultimate tensile strength in X, Y 

and Z [MPa]
41 ± 2, 44 ± 1, 47 ± 1 39 ± 3, 41 ± 3, 45 ± 2

Water droplet contact angle [°] 84 ± 4 59 ± 5
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surface hardness, this supposed improvement is likely insignificant as the measured 
hardness remains unchanged at 73 ± 3 Shore D. Furthermore, the mechanical part 
strength decreases slightly. After LBP, the ultimate tensile strength of rods manufac-
tured in three different build orientations decreases by 6% o average. A likely cause 
is the introduction of tensile stress in the outer part layers during the cooling phase 
of LBP (Fig. 11).

The surface wettability is however improved by laser beam polishing. It plays a 
decisive role for the bonding of coatings and adhesives on polymer parts and can 
be determined by measuring the contact angle of water droplets [33]. Unprocessed 
surfaces show a low wettability with an initial contact angle equal to 84° ± 4°. This 
result is related to the formation of air pockets in surface notches and correspond-
ingly an incomplete surface wetting [34]. After polishing the contact angle decreases 
to 59° ± 5° potentially allowing a more even distribution of adhesives without air 
pockets and thus better bonding  [33, 35].

A remaining challenge is a thermal distortion that can occur for thin-walled 
PA12-components during laser beam polishing. When the molten, initially stress-
free top layer cools on top of the underlying material, it shrinks and therefore 
deforms the part, comparable to the bimetallic effect [20, 36]. An improvement of 
the shape retention can be achieved by preheating the components, ideally to the 
work temperature range (WTR) between  Tcs and  Tms [21] and laser polishing with 
correspondingly lower energy density. Preliminary tests were limited to preheating 
temperatures of 80 to 100  °C and showed a 60% decrease in vertical warpage on 
average. The cooling rate has an additional effect on the deformation, as faster cool-
ing causes greater shrinkage [37]. Optimal LBP results therefore require a temper-
ature-controlled environment. If possible, warpage should additionally be counter-
acted by an optimised component design e.g. with stiffening ribs or an increased 
wall thickness.

Applications

Potential applications of the laser polishing process go beyond visually and hapti-
cally modified parts. For example, smoothing is advantageous for mechanically 
strained surfaces. A measure of their load-bearing capacity and wear behaviour is 
the material ratio, defined in DIN EN ISO 4287 [26]. While the load-bearing mate-
rial component in the 5 μm sectional plane Rmr(5 μm) for unmachined MJF compo-
nents is only approximately 1%, aser-beam polished surfaces are already completely 
dense at this depth (Fig.  12). This indicates an increase in resistance to frictional 
wear.

At the same time, the fusion of the top layers retains possible powder residues, 
justifying the use of polished components in dust-sensitive environments. Even 
medical applications can benefit, as complementary studies suggest that the smooth-
ing and simultaneous closing of surface pores effectively reduces bacterial attach-
ment and growth [32].

MJF fabricated parts have furthermore been found to be suitable for high pres-
sure storage applications, even at elevated temperatures [38]. This results in the need 
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for pressure-tight sealing surfaces. A simple test with a pressurized vessel showed 
that LBP of the sealing surfaces can help prevent leaking. Compared to the non-pro-
cessed specimen the maximum pressure of the specific vessel increased by 65% fom 
530 to 870 kPa before air started to leak at the detectable rate of 5e-5 mbar l  s− 1.

In addition, LBP is beneficial as pre-processing for other manufacturing steps. A laser 
beam texturing of pre-polished surfaces can help to create leather or wood textures as 
shown in Fig. 13d. This process is easily combined with laser beam marking or localized 

Fig. 12  Material ratio curve 
for unpolished and laser beam 
polished MJF-surfaces
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Fig. 13  Specimens with finishing processes: a  electroless plating, b  powder coating, c  laser beam 
engraving, d laser beam texturing, e 3D laser beam polishing and f a combination of the aforementioned 
finishing technologies



582 Lasers in Manufacturing and Materials Processing (2023) 10:563–585

1 3

polishing in order to decorate or label parts (Fig. 13c). The sheen of metallic coatings, 
applied by electroless plating, is also significantly improved on laser beam polished sur-
faces, even with a low coating thickness (Fig. 13a, right half). However, powder coating 
processes do not benefit from LBP, as the surface properties are mostly a result of the 
powder curing and are independent of the underlying roughness (Fig. 13b).

Conclusions

Laser beam polishing has proven to be a suitable process for the post-processing of 
MJF components. The derived numerical model can be used to assess different scan-
ning strategies and enables the calculation of suitable processing parameters. Three 
different scanning strategies have been evaluated. Point-LBP is largely independent 
of part geometry but does neither achieve high processing speeds nor smooth sur-
faces. Areal polishing achieves the longest re-melting times and therefore, the best 
surface quality. However, scaling, especially for large parts, is limited and requires 
temperature monitoring for optimal results. Line-LBP offers a compromise with good 
scalability and high surface quality. Due to the invariance to the angle of incidence, 
this strategy is also applicable to 3D geometries. Polished surfaces are characterized 
by a high contact area ratio and a low roughness of Ra = 0.6 ± 0.1 μm. However, hard-
ness cannot be measurably improved and tensile strength reduces slightly after LBP.

Potential applications include the improvement of visual, haptical and tribological 
surface properties as well as the smoothing of sealing surfaces and preparation for 
further post-processing steps. In combination with laser engraving and conventional 
coating processes, functional component properties can be modified in various ways.

It is recommendable to investigate the potential of these technologies, including 
the applicability to other MJF-materials, in further research. Experiments should 
ideally include a temperature-controlled environment to address the challenge of 
thermal distortion.
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