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ABSTRACT The internal structures of metallic products are important in realizing functional applications.
Considering the manufacturing of inner structures, laser-based powder bed fusion (L-PBF) is an attractive approach
because its layering principle enables the fabrication of parts with customized interior structures. However, the inferior
surface quality of L-PBF components hinders its productization progress seriously. In this article, process, basic forms,
and applications relevant to L-PBF internal structures are reviewed comprehensively. The causes of poor surface quality
and differences in the microstructure and property of the surface features of L-PBF inner structures are presented to
provide a perspective of their surface characteristics. Various polishing technologies for L-PBF components with inner
structures are presented, whereas their strengths and weaknesses are summarized along with a discussion on the

challenges and prospects for improving the interior surface quality of L-PBF parts.
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1 Introduction

Delicate internal structures, such as honeycomb with
cellular structures and natural bone with gradient
porosity, are designed to achieve specific functions in the
nature. In contemporary industries, the demand for
metallic parts with internal structures, such as conformal
channels [1] and lattice structures [2], is high because of
their light weight, high cooling efficiency, and superior
energy absorption property [3,4]. However, applying
traditional subtractive technologies to the fabrication of
complex interior structures is difficult, time consuming,
and costly [5,6]. Since the early technique of additive
manufacturing (AM) became available in the late 1980s
[7], AM processes based on material incremental
approaches experienced rapid development in the follo-
wing decades. Among various AM technologies, laser-
based powder bed fusion (L-PBF), also known as
selective laser melting, refers to a process in which a
high-power laser beam is used to scan a powder bed.
With the help of computer-aided design (CAD), desired
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models with intricate structures can be fabricated layer by
layer until the entire component is finished. Given the
advantages of L-PBF, such as geometric freedom and
high material utilization ratio, it is widely utilized in the
fabrication of various materials and is more preferred for
the preparation of customized parts that require complex
internal structures. Despite the advantages of this
technology, L-PBF still faces an apparent limitation in
terms of poor surface quality, which limits its
applications in various industries.

The surface quality of L-PBF parts is generally inferior
because of the adhesion of partially melted powders and
the rough sintered area related to the behavior of the
molten pool. Meanwhile, various effects also influence
the final surface of L-PBF components. Owing to the
same deposition approach, internal and outer surfaces on
L-PBF parts actually possess similar surface qualities and
features. Generally, surface roughness and surface
features, such as the quantity of adhered powders could
vary significantly with different deposition angles.
Although the optimization of raw powders and process
parameters could be helpful in reducing the balling
phenomena and surface defects, eliminating the adhesion
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of powders and the unevenness of molten pool is difficult
due to the use of powder bed and layer-by-layer
deposition principle. In fact, the characteristics of surface
features are relevant to L-PBF process and require further
characterization that considers the differences in
morphology, topography, microstructure, property, and
bonding conditions. Furthermore, the complexity of
surface and specific internal structure needs to be
considered in analyzing the surface quality of L-PBF
internal structures. Given that surface quality has
significant influence on multiple functions, such as
biological response, mechanical properties, and fluid
dynamics, developing and applying appropriate polishing
methods are crucial and in high demand to improve the
surface quality of L-PBF components with internal
structures.

Nowadays, numerous polishing technologies have been
utilized to improve the internal surface quality of L-PBF
parts. Compared with outer surfaces that could use
various techniques, such as milling and blasting for
surface finish, the use of proper polishing process to
improve the quality of interior surfaces is more
challenging. Traditional abrasive flow machining (AFM)
has been applied to L-PBF internal surfaces [1]. In the
meantime, techniques, such as abrasive fluid polishing
(AFP) [8], electropolishing (EP) [9], and hybrid polishing
technologies [10-12], are gradually applied to enhance
the surface quality of L-PBF parts. Notably, these
polishing methods have their own advantages and
limitations in the polishing of L-PBF internal structures.
Given the complexity of L-PBF surface features,
investigating and establishing the relationship between
L-PBF surface features and their corresponding material
removal mechanisms of polishing are typically necessary.
In comparison to outer surface, internal structures
increase the difficulty of designing and establishing
appropriate polishing equipment. Thus, more -efforts
should be devoted to the development of innovative
polishing machines to improve the polishing efficiency
and final surface quality of L-PBF internal structures.

The objective of this review is to present the surface
characteristics and progress on the polishing of the
internal structures of L-PBF metallic parts, as well as the
research challenges and prospects. This work should be
of great value to researchers who are interested in the
state-of-the-art development of interior surface finish for
L-PBF parts.

2 Process, internal structures, and
applications

2.1 L-PBF process

As a type of laser additive manufacturing (LAM)
technology, L-PBF was developed from laser sintering
(LS). Table 1 summarizes various LAM technologies
according to their mechanisms. In general, materials are
partially melted in LS because of the low energy input of
laser. Hence, low melting point materials are used as
binders to bond un-melted solid cores with high melting
point during LS. As a result, LS components usually
possess low density and inhomogeneous microstructure,
which means that a good combination of parameters and
post-treatment, such as hot isostatic pressure are essential
to LS products [7,13]. In comparison to LS, a more
powerful laser is used in L-PBF. Therefore, L-PBF can
deposit fully dense parts with better mechanical
properties and surface finish. In terms of laser melting
deposition (LMD), the powders are supplied by a coaxial
feeding system that is completely different from the
powder bed. Apart from powder supply, high power laser
and large-size laser spot during LMD lead to large molten
pools and result in surface roughness higher than that of
L-PBF samples [7]. Thus, L-PBF is currently the
preferred technology for manufacturing intricate compo-
nents, especially those requiring complex internal
geometries and good surface quality [5].

Different from conventional subtractive manufacturing
techniques, L-PBF is based on a material incremental
manufacturing philosophy. Several steps are followed
from the creation of the virtual model to the completion
of the three-dimensional (3D) object. In the first step, the
CAD model of the product is produced mathematically.
Then, specialized software slices this model into cross-
sectional layers, generates the tool path, and sends the
generated file to the L-PBF machine. Finally, the
designed model could be fabricated layer-by-layer until
the 3D component is completed. The schematic of the
L-PBF apparatus is shown in Fig. 1. An L-PBF apparatus
generally consists of a laser, an automatic powder
spreading system, a computer for the process control, an
inert gas protection system, and other accessorial
systems, such as substrate and powder bed preheating
system [7,14]. Before the printing process, the substrate is
leveled and fixed on the building platform in the L-PBF
machine. Then, the protective inert gas is fed into the

Table 1 Classification of various LAM processes

Process Mechanism Powder supply

LS Partial melting of powder Pre-spreading of powder before laser scanning (powder bed)
L-PBF Complete melting of powder Pre-spreading of powder before laser scanning (powder bed)
LMD Complete melting of powder Coaxial powder feeding with synchronous laser scanning
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building chamber to reduce oxidation during L-PBF.
After spreading a thin layer of powder on the substrate,
the laser beam would melt the powders selectively
according to the CAD model. Due to the alternate
repetition of powder spreading and laser processing,
powders on the top layer are fused onto the previously
melted layer until the part is finished [15]. Given that the
energy of the laser beam is high enough to melt the
powder and form a molten pool, the rapid solidification of
molten pools would leave sintered tracks on the L-PBF
surface after laser scanning. Generally, L-PBF parame-
ters, such as layer thickness, laser scanning speed, and
hatch spacing, are adjusted for different printing materials
[16]. In addition, the combination of various parameters
is effective on the volumetric energy density of the laser-

material interaction, which 1is important for the
microstructure and properties of the final 3D products
[17-20].

Based on the rapid melting and solidification

mechanism, the printing process crucially relied on the
behaviors of molten pool during L-PBF. As mentioned, a
result of the interaction of powder bed and the high-
powered laser is the formation of a molten pool. In
general, the molten pool has a circular or segmental
cylinder because of surface tension [21]. To reduce the
surface energy, the molten area has the tendency to break
up and therefore usually possesses an irregular geometry.
Thus, the process parameters and the properties of raw
powders influence the behavior of molten pool
significantly because the molten region follows
Plateau—Rayleigh instability [22]. In addition, the shape
of the molten area is relevant to Marangoni convection
[16]. Plateau—Rayleigh instability suggests that liquid
cylinders with high aspect ratio tend to fracture to reduce
surface energy. The breakup time of metals with a
temperature above the melting temperature has a
relationship with its geometry, surface tension, density,

Substrate

Schematic of the L-PBF apparatus. L-PBF: laser-based powder bed fusion.

and viscosity [22]. Apart from Plateau—Rayleigh
instability, Marangoni convection represents that the flow
direction inside a molten pool depends on the gradient of
fluid surface tension. If the flow is radially outward, then
a shallow and wide molten region can be formed whereas
a deep and narrow molten area is generated when the
flow is radially inward [22]. After laser scanning, molten
pool experiences rapid solidification and shrinkage with a
cooling rate of 103 to 10° K/s [5]. The rapid cooling
process results in phase transition in a non-equilibrium
state, which affects the microstructure, mechanical
properties, and surface morphology of the final L-PBF
parts greatly. In this way, the L-PBF components can be
fabricated through the melting, overlapping, and
solidification of molten pools [23].

The principle and mechanism of L-PBF make it an
effective technology for preparing fully dense parts with
complex internal structures. Moreover, based on the
complete melting/solidification mechanism [7], L-PBF
has demonstrated the capability of manufacturing a wide
range of materials, such as titanium [24,25], steel [26,27],
cobalt chrome [28], aluminum alloys [29-31], nickel-
based alloys [32,33], hard alloys [34,35], ceramics [36],
and composites [37,38]. Due to the expanded degrees of
freedom in the design of functional features, objects with
desired geometry and intricate structures are allowed to
be prepared by L-PBF for various applications [6].

2.2 Basic forms of L-PBF internal structures

The development of L-PBF technology has expanded the
degrees of freedom in designing and manufacturing 3D
objects with complex internal structures in one fabrication
process. Industrial components with complex inner
geometry and structures, such as hydraulic valve
manifold [39], conformal cooling channels [1], and heat
exchanger [40,41], are currently prepared by L-PBF for
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various applications [42—44]. Despite the complexity of
the interior structures of these products, they are usually
composed of multiple basic forms. In general, channels
(tubes) and cellular structures are the two basic forms of
L-PBF internal structures.

L-PBF can fabricate straight and curve channels with
different sizes and shapes of cross-section [45,46]. In
terms of straight channels with different deposition angles
in Fig. 2 [47], the inner diameter or size may change
gradually, as indicated in Figs. 2(a) and 2(c) [47]. For a
curve channel, the centerline of the channel is curved,
where conformal channel is a passageway that follows the
external shape or contour of the component [48,49]. In
addition, the L-PBF is suitable for the preparation of

() (b)

complex channels, as depicted in Figs. 2(b) and 2(d) [47].

Due to the great potential for light-weighting, noise
reduction, and energy absorption applications, L-PBF
cellular structures have been investigated for many years
to determine the relationship between geometry and their
physical properties [5,50]. In general, cellular structure
consists of stochastic foams and lattice structures.
Notably, the porosity distribution in a stochastic foam is
random. Apart from stochastic foams, L-PBF demon-
strates unique superiority in fabricating periodic lattice
structures [51] with various types of unit cells, such as
face-centered cubic [52]. Furthermore, lattice structures
with uniform and graded densities have been investigated
(Fig.3) [51]. Currently, the combination of the

(c) (d)

Fig. 2 Various laser-based powder bed fusion tubes: (a) straight, (b) horizontal T-shape, (c) vertical T-shape, and (d) reduction of size

[47]. Reprinted with permission from Ref. [47] from Springer Nature.
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Fig. 3 Computer-aided design models of uniform (left) and graded density (right) lattice structures [51]. Reproduced with permission

from Ref. [51] from Elsevier.
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mechanical and functional properties of L-PBF cellular
structures must be considered during the design and
fabrication processes [53—55].

Maconachie et al. [56] reviewed the design, fabrication,
and performance of L-PBF lattice structures and
emphasized the importance of design and topography
optimization. In fact, fabrication limitations, such as
dimensional inaccuracies, are prone to occur particularly
on L-PBF internal structures [57,58]. Thus, aspects, such
as model design, raw powder size, melt pool size,
deposition parameters, support structure, performance,
and dimension prediction models, need to be considered
for L-PBF internal structures [59,60]. Based on channels
and cellular structures, L-PBF is used to manufacture
components with various internal structures for
applications.

2.3 Applications of L-PBF internal structures

L-PBF is becoming an effective process for manufac-
turing components with various internal structures for
automotive, medical, and aerospace industries [61-65].
Given that straight channels are widely used, Romei et al.
[40] analyzed the critical features of L-PBF heat
exchanger and indicated that the control of feature size
below 200 um was achieved on 316L stainless steel. In
Fig. 4 [66—68], the General Electric Company has applied

(b)

L-PBF to prepare engine fuel nozzles with complex
internal channels (Fig. 4(a)). For medical applications,
Langi et al. [69] investigated the microstructure and
mechanical properties of L-PBF 316L stainless steel
tubes with thin wall thickness for stent applications.
Moreover, straight channels with diameters of 200, 300,
and 500 um were designed and prepared by L-PBF on
drug-delivering implants to reduce or avoid infection
[70]. Apart from straight channels, conformal channels
manufactured by L-PBF exhibit excellent cooling
uniformity and efficiency in hydraulic [71] and mold [72]
industries, as illustrated in Fig. 4(b) [67]. The current
focus of L-PBF manifolds with curve channels is to
investigate the relationship between microstructure and
mechanical properties [71]. In terms of cellular structures,
Yan et al. [73] fabricated L-PBF Ti-6Al-4V with
different lattice structures for bone implant and found that
the modulus and porosity of the lattices could be tailored
to mimic human bones. Xiao et al. [68] designed three
types of topology-optimized lattice structure, as shown in
Fig. 4(c) [68], and tested their energy absorption
efficiencies. Except for uniform lattice structures,
Maskery et al. [51] also prepared and examined the
mechanical behavior of graded L-PBF AlSi10Mg lattices
in Fig. 3 [51]. In addition, open cell foams with large
surface area-to-volume ratios have exhibited superior
performance in enhancing heat transfer efficiency.

é

Injector
side

Plastic
part

Ejector
side

N

Fig. 4 Part images: (a) fuel nozzle with internal channel from the General Electric Company [66], (b) ejector side (orange) and injector
side (blue) of mold with incorporated conformal cooling channels near to cavity [67], and (c) as built face center cube, vertex cube, and
edge center cube structures [68] that prepared by laser-based powder bed fusion. Reproduced with permission from Ref. [68] from

Elsevier.
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Ho et al. [41] researched the heat transfer performance of
different types of L-PBF lattice structures and proposed
Rhombi-Octet lattice structure to improve single-phase
forced convection cooling. Moreover, Jafari and Wits
[65] reviewed the application of L-PBF technology on
heat transfer devices and summarized the successful cell
structures. In comparison with basic forms of internal
structures, the combinations of different forms have also
been designed and fabricated by L-PBF for practical
applications (Fig. 5) [74].

Although the working principle of L-PBF provides
excellent flexibility for the manufacture of various
internal structures, applying L-PBF interior structures to
specific applications has certain limitations, such as high
internal surface roughness, low dimensional accuracy,
and shape distortion given that L-PBF is an asymmetric
fabrication method that depends on print direction. In
addition, limited studies and inaccurate prediction of the
overall performance of L-PBF internal structures have
resulted in the lack of acceptance of this technology [75].

3 Surfaces of L-PBF internal structures

Given that surface quality has significant influence on
various properties of products in practical applications
[76-78], the causes of poor surface quality and the
characteristics of surface features on L-PBF parts must be
learned to facilitate the surface improvement of its

products. Notably, L-PBF outer and internal surfaces are
formed on the basis of the same mechanism and are
affected by various effects, such as staircase effect and
balling [16]. As a result, the outer and internal surfaces of
L-PBF parts have similar surface features. To analyze the
surface quality of L-PBF internal structures systemati-
cally, the combination of different types of surfaces and
the complexity of specific internal structures should be
considered.

3.1 Mechanism of causing poor surface quality

The behavior of molten pool and deposition angles are
related to the final surface quality of L-PBF parts. As
illustrated in Fig. 6 [79], L-PBF surfaces can be
categorized into horizontal (top), up-facing (face up),
vertical (side), and down-facing (face down) surfaces [79]
according to different printing orientations. Due to the
interaction of powder bed and laser, raw powders on the
powder bed would be attracted by molten pools during
the L-PBF process because of surface tension, hence
resulting in adhered powders on the surface. After laser
scanning, molten pools also solidify rapidly and leave
uneven sintering tracks on the L-PBF surface. Generally,
the temperature gradient mechanism is used to explain the
unevenness of molten pools considering the property of
previously solidified layers and the top layer being
processed. Due to the rapid heating of the top layer by the
laser beam and its low heat conductivity, a steep

() E

(a)

Fig. 5 Laser-based powder bed fusion parts (top) and their computer-aided design models (bottom) combined with different forms of
internal structures: (a) cylinder with honeycomb inner structure and two spiral channels from 316L stainless steel, (b) conical frustum
object with ribs and one spiral inner channel from 904L stainless steel, and (c) heat exchanger with complex cooling channels from
Inconel 625 [74]. Reprinted with permission from Ref. [74] from Elsevier.
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temperature gradient develops between the melt and
solidified part. As the free expansion of the molten pool
is restricted by surrounding materials, the top layer would
bend away from the laser beam. Nevertheless, the
compressed upper layers become shorter and form a
bending angle toward the laser beam during the rapid
solidification [80], as illustrated in Fig. 7 [23]. Thus, the
topography of the molten pools on top surfaces is usually
uneven. Furthermore, the irregular shape of the liquid
molten pool is retained on the side, face up, and face
down surfaces after solidification.

Notably, the staircase effect is more pronounced on
face down surfaces than in other surfaces, as shown in
Fig. 8 [15,16]. Strano et al. [15] studied L-PBF surface
morphology and indicated that staircase effect was
obvious at intervals of approximately 230 um in Fig. 8(a)
[15] on a 5° inclined surface. Cabanettes et al. [16] built
samples with different inclinations and showed the visible
staircase on an inclined surface in Fig. 8(b) [16]. Despite
the optimization of layer thickness and although the
sloping angle can weaken staircase effect, these
parameters are generally constrained by many other
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factors, such as building orientation, residual stresses,
CAD design, and production rate. Thus, changing these
parameters directly to reduce the impact of staircase
effect is difficult.

Balling effect refers to the spheroidization phenomena
of molten pool caused by the instability of melts during
the L-PBF process. The occurrence of balling is related to
Plateau—Rayleigh instability and Marangoni convection
[22]. During the first laser scanning, the powder bed can
absorb energy from the laser beam and form a thermal
gradient between the molten material and the surrounding
powders. Then, the powder bed with a relatively low
temperature tends to cause the melt to break up into
metallic agglomerates with spherical shape to reduce
surface energy. The balling phenomenon could increase
surface roughness by forming surface protrusions, which
may cause discontinuous or coarse laser scanning tracks
[81]. In addition, pores are easily formed between
discontinuous metallic balls, thereby resulting in the poor
mechanical properties of L-PBF parts. Severer balling
may cause the failure of powder spreading step when the
paving roller is scratched by the rough surface [15,82].
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Fig. 6 Schematic of the different types of laser-based powder bed fusion surfaces according to their printing orientations [79].

Reproduced with permission from Ref. [79] from Elsevier.
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Fig. 7 Schematic of the crystallization solidification of molten pools during laser-based powder bed fusion process: (a) single molten
pool, (b) “layer—layer” molten pool boundaries (MPB), and (c) “track—track” MPB. The arrows represent the grain orientations [23].
Reproduced with permission from Ref. [23] from Elsevier.
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Balling effect can be influenced by many factors, such as
laser scanning speed, oxygen content, laser power, and
powder characteristics [82,83]. The oxygen content and
wetting ability between the melt and the pre-processed
layer is crucial for a successful deposition process. In
fact, the oxide on the surface of the melts and sintered
layers could impede the wettability of powders and cause
balling because contamination layers could attribute to
the radially inward Marangoni flow at higher dissolved
oxygen contents [7,22]. Therefore, conducting L-PBF
process in a protective atmosphere with inert gases is
mandatory. In terms of laser scanning speed, discontin-
uous sintering tracks and balling could be formed under
low energy input and poor wetting ability with higher
scanning speed [82]. The effect of oxygen content is
indicated in Fig. 9 [82], where an increase in oxygen
content aggravated the size and degree of balling.

Surface defects, such as cracks and pores [84], can also
occur if the fusion during the L-PBF is not controlled
well. A good combination of L-PBF parameters and inert
atmosphere are helpful in avoiding defects on the L-PBF
surfaces. In addition, the influences of edge effect,
gravity, overhanging surfaces, and heat transfer on
surface quality also need to be considered.

3.2 Surface features

Based on the working principle of L-PBF, spherical

Discontinuity
in step edge
due to balling

Particles stuck at
the step edges

300 um

protrusions and sintering tracks are evident morphologies
on various L-PBF surfaces. Due to the spherical shape of
raw powders, the spherical protrusions on the L-PBF
surface were normally referred to as adhered powders.
However, identifying the sintering degree of a powder by
simply observing its spherical morphology is impossible.
In practice, microstructure and property differences must
be considered to identify L-PBF surface features.

The characterization of L-PBF surfaces considering the
differences in microstructure and property has been paid
attention to and carried out by researchers. Figure 10 [85]
shows the surface microstructure of L-PBF AlSi7Mg
(Fig. 10(a)) and cross-section on side surface (Fig. 10(b)).
Notably, the adhered powder showed a microstructure
transition from the raw powder to the sintered area
throughout the spherical morphology, as can be seen in
Fig. 10(c) [85]. Shen et al. [86] reported the micro-
structure differences of un-sintered powders and sintered
area on top, face up, side, and face down surfaces of L-
PBF 316L stainless steel. As shown in Figs. 11 [86] and
12 [86], the irregular shape of the solidified molten pools
was retained on surfaces with different printing
inclinations. Except for the sintered zone left by molten
pools, the spherical morphologies on surfaces were
characterized as un-sintered powders and sintered area. In
terms of property, Nasab et al. [85] carried out the nano
hardness profiles of a partially melted powder, and a
transition zone between un-sintered powder and sintered

Partially melted
particles

Fig. 8 Scanning electron microcopy images of (a) 5° inclined surface [15] and (b) an inclined sample with staircase effect clearly visible

[16]. Reproduced with permissions from Refs. [15,16] from Elsevier.

500.0 um

Fig. 9 Scanning electron microcopy images of balling characteristics with different oxygen contents during laser-based powder bed
fusion: (a) 0.1%, (b) 2%, and (c) 10% [82]. Reproduced with permission from Ref. [82] from Springer Nature.
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50 pum - § 50 um

Fig. 10 Optical images of cross-sectional [85]: (a) bulk AlSi7Mg microstructure, (b) balling on the surface, and (c) partially melted
spatters with spherical morphology on the surface. The arrow in (a) shows the build direction. Reproduced with permission from Ref. [85]

from Elsevier.
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Molten pool

Fig. 11 Morphologies of etched cross-sections on raw laser-based powder bed fusion [86]: (a) top cross-section 1, (b) top cross-section 2,

(c) face up, (d) side, and (e) face down surfaces.

area was proposed according to the changes in hardness
values.

Given that the complexity of L-PBF surfaces and the
characterization of surface features would affect surface
evaluation and surface finish significantly studying the
morphology, microstructure, property, and location of
surface features in detail is therefore necessary and
essential. Moreover, the bonding state and strength of un-
sintered powders on L-PBF surface may vary on different
types of surfaces because of the complicated solidifica-
tion process. Thus, the sintering degree and bonding
conditions of surface features should be characterized and
identified precisely for further analysis.

3.3 Surface analysis of internal structures

The surface quality of L-PBF parts varies on different
types of surfaces. The roughness of L-PBF surfaces is

affected by building angles (Fig. 13 [87]), materials, and
printing parameters. Moreover, it is a widely held view
that the area ratios of sintered area and un-sintered
powders vary on the top, face up, side, and face down
surfaces considering the effects of staircase, heat
conduction, gravity, and overhang. Bai et al. [88] applied
L-PBF to fabricate the top and side surfaces of a 316L
stainless steel and found that top surfaces had less
adhered powders than side surfaces. Pakkanen et al. [47]
studied the internal channel surface roughness and
concluded that the surface roughness of L-PBF internal
channels depended on their printing angles. Compared
with other surfaces, the sintered area of face down
surfaces usually possesses the highest roughness because
heat conduction and gravity play more influential roles
for overhanging these surfaces [16,87].

Considering that different printing angles are usually
included in L-PBF internal structures and the L-PBF
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(c) Un-sintered powder

30.0 um 20.0 pm

Fig. 12 Morphologies of (a) polished, (b) etched cross-section, (c) high magnification of etched cross-section at position I; (d) polished,
(e) etched cross-section, and (f) high magnification of etched cross-section at position II in Fig. 11(d) [86].
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Fig. 13 Data graphs of face up and face down surface roughness of laser-based powder bed fusion Hastelloy X samples with different
printing inclinations (45° to 90°) [87]. Reproduced with permission from Ref. [87] from Elsevier.

surface quality is affected by various effects and printing types of surfaces on the cross-section of a straight
angles, the types of surfaces on the internal structures channel in Fig. 14(a) [71]. In terms of cellular structures,
must also be identified. Figure 14 [71,89] presents two face up and face down surfaces are observed on the unit
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cell of a body-centered cubic (BCC) lattice structure in
Fig. 14(b). Furthermore, on the top view of the BCC
lattice structure in Fig. 14(c) [89], the morphology of the
top surface is characterized at the connection points of the
struts. Thus, the L-PBF components with internal struc-
tures in Fig. 5 [74] contain different types of surfaces, and
the internal surfaces must be analyzed according to the
specific structure.

Given that the poor surface quality of L-PBF parts
hinders the engineering applications, appropriate post
treatments are required to improve surface quality for
L-PBF parts, especially for L-PBF components with
internal structures [87]. In addition, the complexity of
L-PBF internal surfaces and structures make it
challenging for post processing.

4 Polishing of L-PBF internal structures

The inferior surface quality of L-PBF components with
internal structures is an obstacle in applying this tech-
nique to real industry production [90]. Considering that
surface quality is critical for meeting specifications and
tolerances, researchers have studied different approaches
to improve the interior surface quality of L-PBF parts
[91,92]. The typical approach is to optimize the fabrica-
tion strategy, which includes the design of raw powders
[93], the optimization of L-PBF parameters [94-98], and

(a)

the use of laser re-melting during L-PBF and others, such
as the control of oxygen content in the atmosphere [99].
Although the optimized fabrication strategy is helpful in
reducing balling and other surface defects, the adhesion
of partially melted powders and rough sintered area are
difficult to avoid completely. Another approach is the
development of a hybrid process, in which L-PBF and a
subtractive process, such as milling, are integrated to
fabricate parts layer by layer [100—102]. Combining
L-PBF and subtractive machining into one process is
costly and limited to a few materials because the
distortion issues of components can easily occur because
of the absence of stress relief procedures during hybrid
processing. Compared with fabrication optimization and
hybrid processing technique, surface polishing methods
based on material removal mechanisms are more
economic and efficient for removing adhered powders
and smoothening sintered area. Unlike L-PBF outer
surfaces that could use various methods, such as blasting
and laser polishing for surface improvement [103], it is in
high demand and more challenging to polish interior
surfaces on L-PBF parts. In recent years, researchers have
developed different polishing techniques for L-PBF
internal structures. The existing polishing methods for
L-PBF internal structures can be categorized to three
aspects, namely, mechanical, chemical, and hybrid
methods, according to mechanisms [104,105].

Surface 2

(b)

Face down

Deposition
direction

Face up

Fig. 14 Different types of surfaces of (a) a laser-based powder bed fusion straight channel with its cross-sectional optical micrograph
[71], (b) a unit cell of BCC lattice structure, and (c) the top view of the laser-based powder bed fusion BCC lattice structures [89]. BCC:
body-centered cubic. Reproduced with permission from Ref. [71] from Elsevier.
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4.1 Mechanical methods

Mechanical polishing methods generally utilize power-
driven abrasive media as cutting tools to smooth L-PBF
interior surfaces. Nowadays, AFM, magnetic abrasive
finishing (MAF), AFP, and barrel finishing (BF) have
been applied to complete surface finish of L-PBF parts
with internal structures. Although there are some
common features, such as the independence of raw
surface quality among these mechanical polishing
processes, each technology has its specific polishing
characteristics and is suitable for different types of
interior structures. The working principles of some
mechanical polishing methods are shown in Fig. 15
[106,107].

AFM corresponds to a machining process that can be
used to deburr, polish, and remove recast layer. By using
two vertically opposed cylinders, the surface material on
the fixed workpiece can be removed when the pressurized
semi-solid laid with hard abrasive particles repeatedly
flows through a restricted passageway, as shown in
Fig. 15(a) [106]. Based on the working principles of
AFM, it is considered for finishing components with
complex geometries and internal structures. The use of
AFM parameters, such as extrusion pressure, number of
cycles, and media composition, need to be considered for
parts with different hardness, geometries, and initial
surface qualities [108]. Nowadays, AFM has been widely
used for the polishing of L-PBF straight and curve
channels. Han et al. [1,109] applied AFM to L-PBF
conformal cooling channels in mold industry and
indicated that AFM was more efficient in removing
protruding features than valleys on L-PBF surface [1]. In
terms of the residual stress and fatigue performance,
AFM was capable of improving the fatigue resistance of
L-PBF channel by increasing its compressive stress [109].
Apart from experiments, Ferchow et al. [110] proposed a
pressure—velocity-based model to simulate the roughness
and thickness reduction quantitatively during AFM for
L-PBF curve channels. Nevertheless, expanding AFM to

(2)

Upper media
cylinder
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=" Work
Workpiece — Normal surface
N force
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thin wall channels or cellular structures is difficult
because the use of high pressure easily damages these
structures. Moreover, the viscous media with high
pressure in AFM may remain or embed into L-PBF
surface and cause contamination. Furthermore, achieving
uniform material removal on L-PBF channels with varied
geometries is difficult for AFM to achieve.

MAF [107] applies magnetic abrasive particles to grind
workpiece surface. For L-PBF straight channels, the
magnetic abrasive media is generally pressed against the
surface by magnetic force. Meanwhile, the rotation of
workpiece and linear vibration of magnets induce relative
motion between the abrasive particles and the sample
surface, as can be seen in Fig. 15(b) [107]. Thus, the
abrasive particles acted as a flexible magnetic abrasive
brush and dragged along the internal surfaces to remove
materials. Guo et al. [107] investigated the MAF process
on a straight tube that was prepared by L-PBF Inconel
718 alloy. Polishing results indicated that MAF could
remove partially melted powders efficiently and decrease
the surface roughness Ra from 7 to less than 1 pm.
Although MAF is a promising polishing method for
L-PBF internal structures, its drawback lies in its limita-
tion on suitable materials for processing. For example, the
polishing effect of MAF is negligible on ferromagnetic
material, such as nickel and cobalt alloys. Furthermore,
MAF is more suitable for polishing internal features with
rotational symmetry rather than complicated features and
protrusions because magnetic abrasive particles cannot
navigate around these internal features [111].

AFP is a finishing process performed by combining
liquid impingement and abrasion from abrasive particles.
In the AFP process, the surface is polished when the fluid
with free abrasive grains passes through the workpiece.
AFP can polish surfaces with various initial conditions
because of its working mechanism. Due to the mechan-
ical removal mechanism, AFP could also be applied in
various L-PBF materials. Compared with traditional
AFM, which uses high pressure and an abrasive laden
media as tool, a lower pumping pressure and viscosity

(b)

N
Magnetlc/v Magnetic /
abraswes abraswes
Rotary N ”
motlon S Linear
vibration

Fig. 15 Schematic of (a) abrasive flow machining [106] and (b) magnetic abrasive finishing [107]. Reproduced with permissions from

Refs. [106,107] from Elsevier.
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fluid, as well as a higher flow velocity, are utilized in
AFP [112]. Moreover, unlike limitations, such as
contamination and abrasive agglomeration in AFM, AFP
is more suitable for polishing thin-walled and lattice
structures without damage and contamination [12]. Thus,
AFP is preferred for polishing L-PBF parts with various
internal structures in aerospace and mold industries [113].
To improve the poor surface quality of L-PBF parts,
researchers investigated the material removal mechanism
and various parameters of AFP in the polishing of L-PBF
internal structures. Furumoto et al. [8] developed an AFP
apparatus and found that the efficiency of AFP decreased
with the increase in polishing time. Nagalingam et al.
[12] investigated liquid impingement and absolute
abrasion. They found that liquid impingement and
particle abrasion were effective in removing loose
powders and partially melted particles on L-PBF straight
channels. The limitations of AFP, for instance, the long
polishing time and low processing efficiency, come from
the use of low pressure and solution viscosity. Besides,
the performance of AFP depends on the hardness and
wear property of materials. Thus, AFP is often applied to
alloys with low hardness, such as Al1Si10Mg.

BF, also known as tumble finishing, generally reduce
surface roughness by the mechanical rotation of a barrel
that contains a mixture of samples and grinding media
[103]. Because no part fixing is required, various
materials with L-PBF complex geometries can be
processed [14]. Boschetto et al. [114] applied ceramic
media with different sizes in BF and found that the
prominent reduction of surface roughness was achieved
after 20 h of BF on an L-PBF Ti-6Al-4V impeller.
Khorasani et al. [115] investigated the effects of various
BF parameters and confirmed that the roughness of
L-PBF various surfaces declined by more than 50% after
wet abrasive centrifugal BF process. Compared with
AFM, MAF, and AFP, BF is more applicable to
structures with large internal size because the media in
BF usually have a millimeter scale. In addition, BF needs
hours of polishing to reduce surface roughness, which
means the polishing efficiency of BF is lower than those
of other mechanical methods.

4.2 Chemical-based methods

Chemical treatment is mainly based on chemical reactions
that occur at the interface between surface and reactive
chemicals. Benefiting from the fluidity of the solution,
the polishing media of chemical polishing (CP) and EP
can contact with the inner surface, hence making them
suitable candidates for the surface improvement of L-PBF
internal structures [116].

In the CP process, the uneven areas on metal or alloy
surfaces are dissolved selectively by chemical etching to
achieve leveling effect. The equipment of CP is simple
and is capable of dealing with channels, cellular

structures, or combined complex internal structures. CP
could reduce the peak-to-valley spacing on L-PBF
Ti—6A1-4V surface and form a passivation film for the
improvement of surface corrosion resistance in the
meantime [117]. Generally, the CP process for L-PBF
titanium alloys utilizes etchants with hydrofluoric acid
and nitric acid. Lyczkowska et al. [116] used CP to
improve the surface quality of L-PBF Ti—6AI-7Nb
components with lattice structure. The removal of
adhered powders and reduction of surface roughness were
influenced mostly by chemical composition and
concentration. Despite the effectiveness of the process,
CP tends to erode material indiscriminately, hence
compromising the dimensional accuracy of L-PBF
components [118]. Although the addition of strong acid
with high concentration to chemical etchants could
accelerate chemical reactions, it is harmful to the
environment and may influence the performance of
medical products after CP [117,118].

EP is a finishing process for metals or alloys to achieve
smooth and bright surfaces based on anodic dissolution.
During EP, the material is dissolved ion by ion from a
workpiece due to the combination of electricity and
chemical reaction. Final EP results are influenced by
many factors, such as current density, temperature,
electrolyte type, and initial surface roughness [119]. In
general, EP is composed of anodic levelling (macro-
smoothening) and brightening (micro-smoothening)
[120]. Moreover, the surface quality of a part is improved
after EP because of the removal of the original layer and
the formation of a new, homogenous oxide film. Different
from traditional mechanical finishing techniques, such as
milling or grinding, EP is a non-contact and damage-free
process. Moreover, EP also has characteristics, such as
simplicity of device, flowability of electrolyte, designa-
bility of cathode tool, and high material removal rate,
thereby making it suitable to polish L-PBF channels and
cellular structures [121]. Chang et al. [9] proposed a
combination of overpotential and conventional EP
processes to remove adhered powders and smooth the
struts on L-PBF 316L stainless steel lattice structures.
Dong et al. [122] also investigated the effect of EP
parameters on L-PBF Ti—6Al4V lattice structures via
Taguchi method. Evidently, EP can polish L-PBF internal
surfaces, particularly, it can remove partially melted
powders and smoothen laser sintered tracks, as shown in
Fig. 16 [123]. The effects of EP on various L-PBF alloys
(e.g., Ti-based alloys [79], Al-based alloys [9], nickel-
based alloys [90], Fe-based alloys [9], and Co—Cr alloys
[124]) have also been studied in recent years.

Despite the advantages and wide applications of EP, the
use of this technology in the post-treatment of L-PBF
internal structures also have limitations and challenges.
Considering that the surface roughness of L-PBF
components usually varies from 10-20 um in Ra [125],
the rough initial surface will impede a fast and effective
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Fig. 16 Scanning electron microcopy images of interior channel morphology before and after electropolishing of horizontal channel and
vertical channel walls [123]. Reproduced with permission from Ref. [123] from Elsevier.

EP process [120]. In terms of L-PBF internal structures
with high complexity, EP experiences difficulty in
achieving a uniform surface finish because of the limited
accessibility of cathode tool [12]. Moreover, no available
theory explains EP mechanisms well because of the
complexity of current, chemical reactions, ion transport,
and diffusion at workpiece-electrolyte interface [120]. In
addition, environmentally friendly electrolytes, which
also consider EP efficiency, are expected because of
safety concerns. Thus, the in-depth study of EP and
development of innovative technologies based on EP are
strongly necessary to benefit from the production process
of L-PBF.

4.3 Hybrid methods

Hybrid polishing technologies are generally developed on
the basis of various single polishing processes to
overcome the weakness of one method or improve its
polishing performance. Notably, the hybrid methods
presented in this section refer to combining different
polishing processes into one polishing procedure. Current
hybrid polishing technologies are classified into AFP-
based and EP-based hybrid polishing processes for
L-PBF internal structures.

Recently, researchers developed various hybrid
polishing processes based on AFP to improve its
polishing efficiency [12]. Mohammadian et al. [10]
combined AFP and CP for the interior surface of L-PBF
Inconel 625 alloy. In polishing experiments, chemical
abrasive fluid is mixed and then pumped to pass through

the sample chamber to finish the polishing process.
Surface roughness data showed that chemical flow
polishing resulted in a higher reduction of surface
roughness compared with single CP process. Although
the efficiency of hybrid polishing is improved, it has
limitations similar to those of CP, such as the use of
strong acid. Unlike the use of hazard chemicals to
facilitate polishing efficiency, Nagalingam et al. [12]
applied hydrodynamic cavitation in AFP and proposed
hydrodynamic cavitation abrasive finishing (HCAF)
technique for L-PBF straight channels. Figure 17 [12]
displays that a cavitation inducer is placed upstream at the
inlet of the HCAF chamber to induce a hydrodynamic
cavitation stream in the fluid flow. The investigation
indicated that the synergistic effects showed higher
material removal rate on L-PBF straight channels than
single cavitation and abrasion process. Although the
development of AFP-based hybrid polishing methods
exhibit higher polishing efficiency for channels, the
mechanism and controllability of hybrid polishing based
on AFP are more complicated and worthy of further
study.

EP-based hybrid polishing techniques for various
L-PBF internal structures are attractive because they
possess the advantages of EP, such as high material
removal rate. Zhao et al. [11] proposed an electroche-
mical mechanical polishing (ECMP) process for L-PBF
internal holes by using a metallic wire as cathode and
nylon filaments as flexible abrasive. During ECMP, the
electrochemical reaction takes place while nylon
filaments that are fixed on the cathode could scratch the
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Fig. 17 Schematic of HCAF apparatus [12]. HCAF: hydrodynamic cavitation abrasive finishing. Reproduced with permission from

Ref. [12] from Elsevier.

internal surface mechanically following the movement of
the wire. However, extending this technique to complex
curve channels or lattice structures is difficult because of
the use of nylon filaments and rigid metallic wire. In
addition, the polishing effect and mechanism of dry
mechanical-electrochemical polishing [88] was also
studied, but the smallest internal features that can be
polished are limited to the size of the dry electrolyte
media particles.

4.4 Comparison of various methods

Based on the mechanism difference, various polishing
methods have their own polishing characteristics for L-
PBF internal structures. To compare the polishing effect
and efficiency of polishing methods, the materials,
polishing time, and surface roughness of L-PBF internal
structures before and after polishing are summarized in
Table 2 [1,8,9,11,107,127,128]. In general, EP and EP-
based hybrid polishing methods have higher material
removal rate than other methods due to the use of
electricity. In terms of internal structures, EP-based
methods are more suitable in facilitating the placement of
cathodes. Due to the use of high pressure, AFM is more
suitable for polishing L-PBF complex channels with a

certain wall thickness, whereas AFP-based methods could
be used to polish lattice structures and thin-walled
channels. In addition, the properties of the polishing
medium also affect the suitability of polishing techniques.
CP-based methods have been applied to polish various
internal structures because of the high fluidity and low
viscosity of the polishing solution. Compared with CP-
and EP-based polishing methods, AFP, MAF, and BF
could be applied to internal structures with different
internal dimensions considering the size of the abrasive
particles.

Due to the material removal process, the use of various
polishing methods could alter the topography of L-PBF
inner surfaces. Moreover, some polishing methods may
also affect the shape and size of internal structures, as
illustrated in Fig. 18 [9,110,128]. Ferchow et al. [110]
prepared straight channels with face up and face down
surfaces by L-PBF and measured the diameter and
roughness of the channel at different positions before and
after AFM. Figure 18(a) [110] illustrates that the removed
thickness changed at different positions of the channel
after AFM. The material removal rate at the inlet or
entrance of the channel was higher than that at the
intermediate region during AFM. As a result, the
diameter of the two ends of the channel increased.
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Table 2 List of polishing methods, materials, polishing time, and surface roughness before and after the polishing of L-PBF internal structures
[1,8,9,11,107,127,128]

L . Raw surface Polishing Polished surface
Polishing method Material Internal structure roughness/um time/min roughness/um
AFM [1] Maraging steel 300 @ 3 mm curve channel Sa=9.70 ~ 80.00 Sa=3.30
MAF [107] Inconel 718 @ 24 mm straight channel Ra=17.22 180.00 Ra=0.23
AFP [8] Alloy @ 5 mm straight channel Rz=110.00 133.00 Rz~20.00
CP [127] 316L stainless steel Straight channel Sa=13.80 45.00 Sa=5.22
EP [9] 316L stainless steel Lattice structure Ra =8.00 40.00 Ra=0.18
HCAF [128] AISi10Mg 3 mm x 5 mm straight channel Ra=18.00 180.00 Ra=4.00

with square cross-section
ECMP [11] 304 stainless steel @ 10 mm straight channel Sa=14.51 2.86 Sa=9.09

Notes: Ra: arithmetical mean deviation of line, Sa: arithmetical mean deviation of surface area, Rz: average of the vertical distances from the highest peak to the
lowest valley.
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Fig. 18 Part images of (a) quantitative results showing diameter removal differences at different positions of a laser-based powder bed
fusion channel after two-way AFM [110], (b) surface topography of laser-based powder bed fusion channel before and after HCAF
process [128], and (c) morphology comparison of laser-based powder bed fusion body-centered cubic lattice structures before and after
electrochemical polishing (ECP) and overpotential electrochemical polishing (OECP) [9]. AFM: abrasive flow machining, HCAF:
hydrodynamic cavitation abrasive finishing. Reproduced with permissions from Refs. [110,128] from Emerald Publishing Limited and
Elsevier, respectively.

Compared with AFM, the polishing pressure during the compared the internal surface topography of an L-PBF
HCAF process is much lower, and Fig. 18(b) [128] channel before and after HCAF. The results showed that
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HCAF could remove adhered powders and reduce surface
roughness effectively. Considering the high material
removal rate, poor EP parameters may affect dimensional
accuracy or even damage the internal structure with thin
strut in Fig. 18(c) [9]. To accurately evaluate the effect of
polishing on surface topography and dimension of L-PBF
internal structures, the topography, roughness, and size of
multiple identical locations must be measured before and
after polishing.

To facilitate the productization of the internal structure
of L-PBF, the medical industry generally adopts chemical
methods. Moreover, almost all polishing methods can be
used for various applications, such as AFP for conformal
cooling channels in the mold industry. Considering the
surface and structural complexity of L-PBF internal
structures, current polishing methods were investigated
for the polishing of simple or single-form internal
structures. Thus, the polishing technologies for L-PBF
internal structures still have a great room for development
and improvement to expand their applications.

5 Conclusions and perspective

This study mainly serves as a review of the process,
surface, and polishing methods for L-PBF internal
structures. The internal structures on metallic parts are
common for industrial use and academic study. However,
the poor surface quality of L-PBF products limits their
wide applications. Thus, various polishing methods have
been developed for the inner surface finish of L-PBF
components. The main conclusions can be drawn as
follows.

1) Based on the use of a high-power laser and complete
melting mechanism, raw powders experience rapid
melting, form molten pools, and then solidify rapidly
during L-PBF. Hence, this technology has been widely
used to fabricate various materials. The layer-by-layer
principle and rapid development of L-PBF have enabled
it to prepare parts with complex internal structures.
Channels and cellular structures are typical interior
structures that have been used on L-PBF metallic parts
because of their specific functionality. L-PBF compo-
nents with various internal structures show great potential
in practical applications. However, the inner structures of
L-PBF still face challenges, especially the inferior surface
quality for applications.

2) The poor surface quality of L-PBF products is
influenced by the behavior of molten pool and various
factors. In general, top, face up, side, and face down
surfaces are observed for L-PBF part according to
different printing angles. Based on the same deposition
principle, similar surface features, such as un-sintered
powders and sintered area, have been characterized on
various L-PBF surfaces considering morphology, micro-
structure, and property differences. Due to the complexity

of L-PBF surfaces and internal structures, the surface
types and characteristic of the specific structure need to
be investigated to analyze the surface quality of L-PBF
internal structures accurately and comprehensively.

3) Mechanical, chemical, and hybrid polishing methods
have been developed and utilized for the inner surface
finish of L-PBF parts. Due to mechanism difference, each
polishing technique is suitable for specific L-PBF internal
structures. Meanwhile, the polishing effect and efficiency
vary widely. In addition, the influences of surface finish
techniques on the topography and dimension of L-PBF
internal structures need to be considered. Although
polishing is an effective and economical way for
improving surfaces, the relationship between L-PBF
surface features and their corresponding material removal
mechanisms during polishing has not been established
well.

From the perspective of polishing of L-PBF internal
structures, future studies should focus on the following
aspects:

1) To accelerate the industrial application of L-PBF
internal structures, more efforts should be devoted to
establishing the connection among the design, materials,
deposition parameters, structure optimization, mechanical
performance, surface properties, and polishing. Given
that the polishing of L-PBF internal structures is
generally performed from the raw surfaces, the
characterization of L-PBF surface features and their
bonding conditions requires a detailed study that
considers differences, such as morphology, microstruc-
ture, and properties.

2) Although various polishing methods have been
applied in practical applications, the material removal
mechanism and main parameters of each method still
have aspects that have not been studied clearly. Thus,
comprehensive studies of surface characterization,
polishing process, numerical simulations, and surface
properties are essential considering their significant
impact on the selection of an appropriate surface finish
method for L-PBF internal structures. Considering the
complexity of surface and geometry of L-PBF internal
structures, breakthroughs and innovations in parameter
investigation, fixture design, and optimization are
required for current polishing methods to improve the
accuracy of surface finish.

3) With the increasing demand from the industry,
developing innovative polishing technologies with high
efficiency is of great significance. In addition, the surface
measurement and evaluation methods for L-PBF internal
structures need further development. Compared with
straight channel, conducting the surface roughness
measurement, geometry measurement, and topography
characterization of curve channels and lattice structures is
inconvenient. Considering the importance of surface
evaluation and the characteristics of specific internal
structures, effective measurement methods are expected
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to be developed to improve the accuracy and convenience
of measurement.

Nomenclature

3D Three-dimensional

AFM Abrasive flow machining

AFP Abrasive fluid polishing

AM Additive manufacturing

BCC Body-centered cubic

BF Barrel finishing

CAD Computer-aided design

Cp Chemical polishing

ECMP Electrochemical mechanical polishing

EP Electropolishing

HCAF Hydrodynamic cavitation abrasive finishing
LAM Laser additive manufacturing

LMD Laser melting deposition

L-PBF Laser-based powder bed fusion

LS Laser sintering

MAF Magnetic abrasive finishing
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