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Abstract 

This study aims at utilizing a self-developed hybrid polishing system to establish 

polishing capabilities of electropolishing (EP), abrasive fluid polishing (AFP), multiple 

polishing in different sequences and innovative hybrid polishing for the internal 

structures prepared by laser-based powder bed fusion (L-PBF). By studying polishing 

effects on various inner surfaces, the relationships between polishing processes and 

material removal mechanisms of L-PBF surface features are established considering 

microstructural differences of surface features. The thesis starts with a comprehensive 

introduction of the project and then a literature review outlining L-PBF process, 

application of typical L-PBF internal structures, surface characteristics, advantages 

and limitations of current polishing methods for L-PBF inner surfaces. Breakthroughs 

in the surface finish of L-PBF internal structures are required in order to improve 

surface quality to meet the specific requirements of product performance. It is notified 

that EP and AFP exhibit complementary advantages in the polishing of internal 

structures among various polishing technologies. In the chapter 3, different types of 

inner surfaces for fundamental investigation and typical internal structures for 

application development are designed, and prepared by L-PBF using 316L stainless 

steel and Ti6Al4V powders. Then, un-sintered powders and sintered area are 

characterized as common surface features on L-PBF top, face up, side and face down 

surfaces considering the differences of morphology and microstructure. Meanwhile, an 

innovative hybrid polishing system which could carry out EP, AFP, their multiple 

polishing and hybrid polishing is established for the surface improvement of the L-PBF 

inner surfaces and internal structures. In the chapter 4, a polishing mode consisting of 

two-step EP is developed by using different potentials and polishing time for L-PBF 

316L stainless steel and Ti6Al4V inner surfaces after parametric study in the developed 

polishing system. Based on material removal characteristics of surface features, the 

effectiveness and high efficiency of the two-step EP are demonstrated. Considering 

polishing characteristics of AFP, the inlet design of polishing chamber is improved and 

the material removal process of various L-PBF internal surfaces are discussed by 
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analyzing the evolution of surface morphology, roughness and microstructure on cross 

sections in the chapter 5. In the chapter 6, multiple polishing in different sequences 

and hybrid polishing based on EP and AFP are investigated for L-PBF inner surfaces. 

It is found that L-PBF inner surfaces after single polishing can be further improved by 

multiple polishing in different sequences because of the complementary characteristics 

of EP and AFP in removing L-PBF surface features. In addition, hybrid polishing can 

perform EP and AFP simultaneously without interfering with each other, showing great 

potential in improving polishing efficiency of L-PBF inner surfaces. In the chapter 7, 

different polishing processes are applied to three typical L-PBF internal structures. The 

superiority of multiple polishing in different sequences and hybrid polishing for L-PBF 

inner structures is verified. Overall, it is confirmed that the self-developed innovative 

hybrid polishing system is capable of polishing various L-PBF internal structures with 

reliable results. Fundamental research on material removal characteristics of L-PBF 

surface features during polishing provides a theoretical basis for the applications of 

multiple and hybrid polishing based on EP and AFP. High efficiency and cost-

effectiveness make the hybrid polishing system a strong candidate for industrial 

implementation in the surface finish of L-PBF internal structures. 
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Chapter 1 Introduction 

1.1 Background & motivation 

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, metallic parts with internal structures such as curve channels 

[1] and lattice structures [2] are in high demand due to their advantages such as light 

weight, high cooling efficiency and superior energy absorption property [3, 4]. However, 

it is difficult, time-consuming and costly to apply traditional subtractive technologies to 

the fabrication of complex interior structures [5, 6]. Since the technique of additive 

manufacturing (AM) became available in the late 1980s [7], AM processes based on 

material incremental approaches have experienced rapid development in the 

subsequent decades. Among various AM technologies, laser-based powder bed fusion 

(L-PBF), also known as selective laser melting, is a process in which a laser beam with 

high power is used to scan a powder bed. With the help of computer-aided design 

(CAD), desired models with intricate structures can be fabricated layer by layer until 

the entire component is finished. Due to its advantages such as geometric freedom 

and high material utilization ratio, L-PBF is widely utilized in the fabrication of various 

materials and more preferable for the preparation of customized parts that require 

complex internal structures. It is worth noting that a majority of research work has 

focused on L-PBF titanium alloys, steel and nickel-based alloys, and some of which 

material and process combinations have reached maturity for practical applications [7]. 

Among various alloys, 316L stainless steel has been widely studied due to its excellent 

ductility, weldability, corrosion and oxidation resistance, biocompatibility, relatively low 

cost and various applications in different industries [8], while Ti6Al4V is known as the 

most commonly used titanium alloy which has a unique combination of strength, 

toughness and corrosion resistance, low specific weight and biocompatibility [9]. Thus, 

316L stainless steel and Ti6Al4V have attracted a lot of attention and showed great 

application potential for their L-PBF internal structures [10-13]. Despite the advantages 
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of L-PBF, it still faces an apparent limitation in terms of poor surface quality which limits 

its applications in various industries. 

Surface quality of L-PBF parts is generally inferior due to the adhesion of partially 

melted powders and rough sintered area related to the behavior of molten pool. 

Meanwhile, various effects such as gravity and staircase effect 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 quality and features. 

Generally, surface roughness and morphology such as quantity of adhered powders 

could vary significantly with different deposition angles. Although the optimization of 

raw powders and process parameters could be helpful to reduce balling phenomena 

and surface defects, it is hard to eliminate the adhesion of powders and the 

unevenness of molten pools due to the use of powder bed and layer-by-layer principle 

of L-PBF. In fact, the characteristics of surface features are relevant to L-PBF process 

and require further characterization considering comprehensive differences in 

morphology, topography and microstructure. Furthermore, surface analysis of L-PBF 

internal structures also needs to consider the complexity of specific internal structure. 

Given that surface quality has significant influence on multiple functions, such as 

biological response, mechanical properties and fluid dynamics, it is crucial and in high 

demand to develop and apply appropriate polishing methods to improve the surface 

quality of L-PBF components with internal structures. 

Numerous polishing technologies has been utilized to improve internal surface 

quality of L-PBF parts in recent years. Compared to outer surfaces that could use 

techniques such as milling and blasting for surface finish, it is more challenging to apply 

proper polishing process to improve the quality of interior surfaces. Traditional abrasive 

flow machining (AFM) has generally used on L-PBF inner surfaces [1]. In the meantime, 

techniques such as abrasive fluid polishing (AFP) [14], electropolishing (EP) [15] and 

hybrid polishing technologies [16-18] are gradually applied to enhance L-PBF interior 

surface quality. It is worth noting that these polishing methods have their own 

advantages and limitations in the polishing of L-PBF internal structures. Although 

obsessive attention has been paid to the improvement of internal surface quality, the 
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material removal mechanism of L-PBF surfaces during polishing has not been studied 

in-depth. For example, Zhang et al. [19] investigated the cross section of attached 

powders on L-PBF Inconel 718 alloy surface during EP and their results identified 

disparate material removal mechanisms of attached powders and half melted powders. 

However, the characterization of mechanical polished cross section could only 

distinguish different types of adhered powders, without considering microstructural 

differences in powders and sintered area as well as their impact on the EP process. 

Thus, it is typically necessary to investigate and establish the relationship between L-

PBF surface features and their corresponding material removal mechanisms during 

polishing. In addition to surface features, the internal structures increase the difficulty 

of designing and establishing appropriate polishing equipment for L-PBF parts. More 

efforts should be devoted to the development of innovative polishing systems or 

machines in order to improve polishing efficiency and final surface quality of L-PBF 

internal structures. 

In this thesis, fundamental investigation on polishing of various L-PBF inner 

surfaces using an innovative self-developed hybrid polishing system is presented. After 

the literature review, it is notified that EP and AFP have complementary advantages 

and show great potential to combine with each other to develop a new hybrid polishing 

process for L-PBF internal structures. Considering L-PBF process and application 

requirements, inner surfaces and structures of L-PBF 316L stainless steel and Ti6Al4V 

have been prepared. To facilitate the study, a hybrid polishing system combining EP 

and AFP has been established. By developing and using different types of 

environmentally friendly polishing media, the hybrid polishing system is capable of 

conducting EP, AFP, multiple polishing in different sequences and hybrid polishing for 

L-PBF internal structures. Considering the surface complexity of inner structures, L-

PBF top, face up, side and face down inner surfaces with various deposition angels 

are designed and prepared for fundamental study. Surface features of L-PBF 316L 

stainless steel and Ti6Al4V are characterized considering the differences of 

morphology and microstructure. By using the developed hybrid polishing system, 

polishing process and material removal mechanism of EP and AFP on L-PBF internal 
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surfaces are investigated. Based on the analysis of EP and AFP, material removal 

process of L-PBF surface features during multiple polishing in different sequences and 

hybrid polishing are studied. Finally, typical L-PBF internal structures are polished for 

developing applications. The establishment of relationships between various L-PBF 

inner surfaces and polishing processes based on EP and AFP is crucial for the 

application of the developed polishing system in the polishing of internal structures 

such as lattice structures, thin-walled straight and conformal channels prepared by 

powder bed fused technologies. 

1.2 Thesis layout 

The thesis is accomplished in 8 chapters, including introduction, literature review, 

surface features and polishing system, fundamentals of EP, AFP, multiple and hybrid 

polishing respectively, application development and final conclusions. Following the 

present introductory chapter, the outline of the thesis is given as follows: 

• Chapter 2 provides a literature survey on advances in polishing of internal 

structures fabricated by L-PBF. Process, surface and polishing methods for 

L-PBF internal structures are comprehensively reviewed. The causes of 

poor surface quality and surface morphology of L-PBF inner structures are 

presented. Strength and weakness of various polishing technologies for L-

PBF inner surfaces and structures are compared, along with a discussion 

of challenges for the improvement of interior surface quality on L-PBF parts. 

• Chapter 3 presents characterization of internal surface features and a 

developed hybrid polishing system for L-PBF internal structures. Designed 

CAD models and printing parameters of 316L stainless steel and Ti6Al4V 

are provided. Then, surface features on L-PBF top, face up, side and face 

down surfaces are characterized in detail considering differences of 

morphology and microstructure. Corresponding to the designed samples, 

an innovative polishing system combining EP and AFP is established to 

study the polishing of L-PBF inner surfaces and internal structures. 
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• Chapter 4 studies EP process on various internal surfaces made by L-PBF 

316L stainless steel and Ti6Al4V. Before performing EP on the hybrid 

polishing system, EP effects on flat L-PBF 316L stainless steel surfaces are 

studied using a conventional in-beaker EP system. Then, parameter 

optimization and material removal mechanism of various internal surfaces 

on L-PBF 316L stainless steel and Ti6Al4V during EP are studied using the 

developed hybrid polishing system. 

• Chapter 5 investigates AFP process on various internal surfaces made by 

L-PBF 316L stainless steel and Ti6Al4V. AFP parameters are optimized 

firstly and then utilized to L-PBF inner surfaces. The design of the inlet of 

polishing chamber could achieve uniform material removal along the whole 

polishing area in AFP. Material removal characteristics of L-PBF internal 

surface features during AFP is studied and analyzed in detail. 

• Chapter 6 presents multiple polishing in different sequences and hybrid 

polishing of EP and AFP on various internal surfaces made by L-PBF 316L 

stainless steel and Ti6Al4V. Based on the study in chapter 3 and 4, the 

material removal processes of multiple polishing and hybrid polishing are 

investigated. In addition, characteristics of single polishing and hybrid 

polishing for L-PBF inner surfaces are discussed. 

• Chapter 7 applies different polishing process to L-PBF straight channels 

with small inner diameter, lattice structures and conformal channels using 

the hybrid polishing system. Considering materials, inner surfaces and 

specific internal structures, polishing capabilities of multiple and hybrid 

polishing for different L-PBF internal structures are demonstrated. 

• Chapter 8 summarizes scientific and technological deliverables, gives the 

final remarks and recommendations for further research. 

1.3 Original contribution 

The work presents the following defenses of scientific novelty as the original 

contribution of this thesis: 
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• Develop a hybrid polishing system that can perform EP, AFP, multiple polishing 

in different sequences and innovative hybrid polishing for L-PBF internal 

structures on the same system. 

• Characterize un-sintered powders and sintered area as common surface 

features for various L-PBF surfaces with different printing angles, providing 

analytical solutions for surface evaluation of L-PBF parts considering printing 

orientation and characteristic of specific structure. 

• Study EP parameters and effects on various L-PBF inner surfaces in the hybrid 

polishing system that enables high-speed circulation of electrolytes, extending 

the possibility and applicability of EP and EP-based hybrid polishing to complex 

internal structures. 

• Establish the relationships between material removal mechanism of L-PBF 

surface features and various polishing processes (EP, AFP, multiple and hybrid 

polishing), providing a theoretical basis for improving polishing efficiency and 

achieving flexible control of inner surface finish. 

• Investigate characteristics of the innovative hybrid polishing on L-PBF inner 

surfaces, demonstrating that it can combine the advantages of single polishing 

and perform EP and AFP simultaneously without interfering with each other. 

• Develop environmentally friendly electrolytes and polishing media for L-PBF 

316L stainless steel and Ti6Al4V in the established hybrid polishing system. 
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Chapter 2. Literature Review 

2.1 Introduction 

Internal structures of metallic products are crucially important in realizing functional 

applications in various industries. For example, conformal cooling channels could 

improve cooling efficiency by achieving more uniform heat transfer in mould industry, 

while the design of lattice structure could reduce the weight of parts in aerospace and 

medical industries. Compared with traditional manufacturing technologies [20, 21], L-

PBF is more attractive because of layer principle and no geometrical limitations in 

preparing parts with complex internal structures. Despite the advantages of L-PBF, it 

faces an apparent limitation in terms of poor surface quality. Considering that surface 

finish of products is important to real applications, it has high demand and is essential 

to achieve good surface finish of L-PBF internal structures in order to obtain 

satisfactory products with specific requirements. 

The objective of this literature review is to understand the surface characteristics 

of L-PBF metallic parts and progress on polishing of L-PBF internal structures, as well 

as the research challenges and prospects. It presents the state of the art of the 

development of interior surface finish for L-PBF parts. 

2.2 Process, internal structures and applications 

2.2.1 L-PBF process 

As a type of laser additive manufacturing (LAM) technology, L-PBF was developed 

from laser sintering (LS). Table 2.1 summarizes various LAM technologies according 

to their mechanisms. In general, materials are partially melted in LS due to 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 good 

combination of parameters and post-treatment such as hot isostatic pressure are 

essential to LS products [7, 22]. In comparison to LS, a more powerful laser is used in 

L-PBF, therefore L-PBF is capable of depositing fully dense parts with better 
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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 higher surface roughness than L-

PBF samples [7]. Thus, L-PBF is currently the preferred technology for manufacturing 

intricate components, especially those requiring complex internal geometries and good 

surface quality [5]. 

Table 2.1 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 

Different from conventional subtractive manufacturing techniques, L-PBF is based 

on a material incremental manufacturing strategy. There are several steps from the 

virtual model creation to the finish of the three-dimensional (3D) object. In the first step, 

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 can be fabricated 

layer by layer until the 3D component is completed. The schematic diagram of L-PBF 

apparatus is shown in Figure 2.1. A 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, 23]. Before the printing process, the substrate is leveled and 

fixed on the building platform firstly in the L-PBF machine. Then, the protective inert 

gas is fed into the building chamber to reduce oxidation during L-PBF. After a thin layer 

of powder is spread on the substrate, the laser beam would melt the powders 

selectively according to the CAD model. Due to the alternate repetition of powder 
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spreading and laser processing, powders on the top layer are fused onto the previously 

melted layer until the part is finished [24]. As the energy of 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 L-PBF surfaces after laser scanning. Generally, L-PBF 

parameters such as layer thickness, laser scanning speed and hatch spacing are 

adjusted for different printing materials [25]. In addition, the combination of various 

parameters is effective on the volumetric energy density of the laser-material 

interaction which is important for the microstructure and properties of final 3D products 

[26-29]. 

 

Figure 2.1 The schematic diagram of L-PBF apparatus. 

Based on the rapid melting and solidification mechanism, the printing process is 

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 forming of a molten 

pool. In general, the molten pool has a circular or segmental cylinder shape due to 

surface tension [30]. In order to reduce the surface energy, the molten area has the 

tendency to break up and therefore usually possesses an irregular geometry. Thus, 

process parameters and the properties of raw powders influence the behavior of 

molten pool significantly because molten region follows Plateau Rayleigh instability 

[31]. In addition, the shape of the molten area is also relevant to Marangoni convection 

[25]. Plateau Rayleigh instability suggests that liquid cylinders with high aspect ratio 

tend to fracture to reduce surface energy. It was found that the breakup time of metals 
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with a temperature above the melting temperature has a relationship with its geometry, 

surface tension, density and viscosity [31]. Apart from Plateau Rayleigh instability, 

Marangoni convection represents that the direction of a flow inside a molten pool 

depends on the gradient of fluid surface tension. If the flow is radially outward, a 

shallow and wide molten region can be formed while a deep and narrow molten area 

is generated when the flow is radially inward [32]. After laser scanning, molten pools 

generally experience rapid solidification and shrinkage with a cooling rate of 103 to 106 

K/s [5]. The rapid cooling process leads to the phase transition in a non-equilibrium 

state which greatly affects the microstructure, mechanical properties and surface 

morphology of final L-PBF parts. In this way, L-PBF components can be fabricated 

through the melting, overlapping and solidification of molten pools [33]. 

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 [34, 35], steel [36, 37], 

cobalt chrome [38], aluminum alloys [39-41], nickel based alloys [42, 43], hard alloys 

[44, 45], ceramics [46] and composites [47, 48]. 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]. 

2.2.2 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 [49], conformal cooling channels [1] and heat 

exchanger [50, 51] are currently prepared by L-PBF for various applications [13, 52, 

53]. Despite the complexity of the interior structures of these products, they are usually 

composed of multiple basic forms. In general, channels and cellular structures are the 

two basic forms of L-PBF internal structures. 



11 

 

L-PBF is capable of fabricating straight and curve channels with different sizes and 

shapes of cross-section [54, 55]. In terms of straight channels with different deposition 

angles, the inner diameter or size may change gradually (Figure 2.2a and c). 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 [56, 57]. In 

addition, L-PBF is suitable for the preparation of complex channels (Figure 2.2b and 

d). 

 
Figure 2.2 Various L-PBF tubes: (a) straight, (b) horizontal t-shape, (c) vertical t-shape, and (d) reduction 

of size [58]. 

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, 

59]. In general, cellular structure consists of stochastic foams and lattice structures. It 

should be noted that the porosity distribution is random in a stochastic foam. Apart from 

stochastic foams, L-PBF demonstrates unique superiority in fabricating periodic lattice 

structures [60] with various types of unit cells, such as face centered cubic [61]. 

Furthermore, lattice structures with uniform and graded densities have also been 

investigated, as can be seen in Figure 2.3. Currently, the combination of mechanical 

and functional properties of L-PBF cellular structures needs to be considered during 

the design and fabrication process [62-64]. 
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Figure 2.3 CAD models of uniform (left) and graded density (right) lattice structures [60]. 

Maconachie et al. [65] 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 

particularly prone to occur on L-PBF internal structures [66, 67]. 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 [68, 69]. Based on channels and cellular structures, L-PBF is 

used to manufacture components with various internal structures for applications. 

2.2.3 Applications of L-PBF internal structures 

L-PBF is becoming an effective process for manufacturing components with 

various internal structures for automotive, medical, and aerospace industries [70-74]. 

Given that straight channels are widely used, Romei et al. [50] analyzed the critical 

features of L-PBF heat exchanger and indicated that the control of feature size below 

200 μm was achieved on 316L stainless steel. As can be seen in Figure 2.4a, General 

Electric company has applied L-PBF to prepare engine fuel nozzles with complex 

internal channels [75]. For medical applications, Langi et al. [76] 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 μm were designed and prepared by L-PBF on drug-delivering implants to 



13 

 

reduce or avoid infection [77]. Apart from straight channels, curve channels that 

manufactured by L-PBF exhibit excellent cooling uniformity and efficiency in hydraulic 

[78] and mould [79] industries as illustrated in Figure 2.4b. The current focus of L-PBF 

manifolds with curve channels is to investigate the relationship between microstructure 

and mechanical properties [78]. In terms of cellular structures, Yan et al. [80] fabricated 

L-PBF Ti6Al4V 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. [81] designed three types of topology-optimized lattice structure as shown in Figure 

2.4c and tested their energy absorption efficiencies. Except for uniform lattice 

structures, Maskery et al. [60] also prepared and examined the mechanical behavior 

of graded L-PBF AlSi10Mg lattices in Figure 2.3. In addition, open cell foams with large 

surface area-to-volume ratios have exhibited superior performance in enhancing heat 

transfer efficiency. Ho et al. [51] researched the heat transfer performance of different 

types of L-PBF lattice structures and proposed Rhombi-Octet lattice structure for 

improving single-phase forced convection cooling. Moreover, Jafari et al. [74] reviewed 

the application of L-PBF technology on heat transfer devices and summarized the 

successful cell structures. In comparison to basic forms of internal structures, the 

combinations of different forms have also been designed and fabricated by L-PBF for 

practical applications as can be seen in Figure 2.5. 
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Figure 2.4 Three typical part structures (a) fuel nozzle with internal channel from General Electric 

company [75], (b) ejector side (orange) and injector side (blue) of mold with incorporated conformal 

cooling channels near to cavity [82] and (c) as built face centered cubic (FCC) structure, vertex cube 

(VC) and edge centre cube (ECC) structures [81] that prepared by L-PBF. 

 
Figure 2.5 L-PBF parts (top) and their CAD 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 [83]. 
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Although the working principle of L-PBF provides excellent flexibility for the 

manufacture of various internal structures, there are limitations for applying L-PBF 

interior structures to specific applications. The main problems are the high internal 

surface roughness, low dimensional accuracy and shape distortion since 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 [84]. 

2.3 Surfaces of L-PBF internal structures 

Given that surface quality has significant influence to various properties of products 

in practical applications [85-87], it is fundamental to learn the causes of poor surface 

quality and the characteristics of surface features on L-PBF parts in order to facilitate 

the surface improvement of its products. It should be noted that L-PBF outer and 

internal surfaces are formed based on the same mechanism and are affected by 

various effects such as staircase effect and balling [25]. As a result, outer and internal 

surfaces on L-PBF parts also have similar surface features. In order to systematically 

analyze the surface quality of L-PBF internal structures, it is necessary to consider the 

combination of different types of surfaces and the complexity of specific internal 

structures. 

2.3.1 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 Figure 2.6, L-PBF surfaces can be categorized 

into horizontal (top), up-facing (face up), vertical (side) and down-facing (face down) 

surfaces [88] according to the 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 L-PBF process because of surface tension, resulting in adhered powders 

on the surface. After laser scanning, molten pools also solidify rapidly and leave 

uneven sintering tracks on 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 
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heating of the top layer by the laser beam and its low heat conductivity, a steep 

temperature gradient develops between the melt and solidified part. As the free 

expansion of 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 towards the laser beam during the rapid solidification 

as illustrated in Figure 2.7 [89]. Thus, the topography of molten pools on top surfaces 

is usually uneven. Furthermore, the irregular shape of liquid molten pool is also 

retained on side, face up and face down surfaces after solidification. 

 
Figure 2.6 Schematic diagram of the different types of L-PBF surfaces according to their printing 

orientations [88]. 

 

Figure 2.7 Schematic diagrams of the crystallization and solidification of molten pools during L-PBF 

process: (a) single molten pool; (b) “layer–layer” molten pool boundaries (MPB); (c) “track–track” MPB. 

The arrows represent the grain orientations [33]. 

It should be noted that staircase effect is more pronounced on face down surfaces 

than other surfaces. Cabanettes et al. [25] built samples with different inclinations and 

showed the visible staircase on an inclined surface (Figure 2.8a). Strano et al. [24] 

studied L-PBF surface morphology and indicated that staircase effect was obvious at 
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intervals of about 230 μm (Figure 2.8b) on a 5º inclined surface. Despite the 

optimization of layer thickness and sloping angle can weaken staircase effect, these 

parameters are generally constrained by many other factors such as building 

orientation, residual stresses, CAD design and production rate. Thus, it is hard to 

change these parameters directly to reduce the impact of staircase effect.  

 

Figure 2.8 Scanning electron microcopy (SEM) images of (a) an inclined sample with staircase effect 

clearly visible [25] and (b) a 5º inclined surface [24]. 

Balling effect is the spheroidization phenomena of molten pool due to the instability 

of melts during L-PBF process. The occurrence of balling is related to Plateau Rayleigh 

instability and Marangoni convection [31]. During the first laser scanning, powder bed 

can absorb energy from laser beam, and form a thermal gradient between the molten 

material and 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 in order to reduce surface energy. Balling phenomenon could increase 

the surface roughness by forming surface protrusions which may cause discontinuous 

or coarse laser scanning tracks [90]. In addition, pores are easily formed between 

discontinuous metallic balls, resulting in the poor mechanical properties of L-PBF parts. 

It should be noted that severer balling may cause the failure of powder spreading step 

when the paving roller is scratched by the rough surface [24, 91]. Balling effect can be 

influenced by many factors such as laser scanning speed, oxygen content, laser power 

and powder characteristics [91, 92]. 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 melts and sintered layers could impede the wettability 
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of powders and cause balling because contamination layers could attribute to the 

radially inward Marangoni flow at higher dissolved oxygen contents [7, 31]. Thus, it is 

mandatory to conduct L-PBF process in a protective atmosphere with inert gases. In 

terms of laser scanning speed, discontinuous sintering tracks and balling could be 

formed in the condition of lower energy input and worse wetting ability with higher 

scanning speed [91]. The effect of oxygen content is indicated in Figure 2.9, where an 

increase in oxygen content aggravated the size and degree of balling.  

 

Figure 2.9 SEM images of balling characteristics with different oxygen contents during L-PBF: (a) 0.1%, 

(b) 2% and (c) 10% [91]. 

2.3.2 Surface features 

Because of surface tension, raw powders on the powder bed would be attracted 

by molten pools during L-PBF process, resulting in the adhesion of partially melted 

powders on L-PBF surfaces. It is a widely held view that the area ratios of adhered 

powders vary on top, face up, side and face down surfaces considering the effects of 

staircase, heat conduction, gravity and overhang. Bai et al [93]. applied L-PBF to 

fabricate top and side surfaces of 316L stainless steel, and found that the top surface 

had less adhered powders than the side surface. Due to the spherical shape of raw 

powders, the spherical protrusions on L-PBF surface were normally considered as 

adhered powders. However, it is impossible to identify the sintering degree of a powder 

by simply observing its spherical morphology on L-PBF surfaces. Figure 2.10 shows 

the surface microstructure of L-PBF AlSi7Mg (Figure 2.10a) on L-PBF side surface 

(Figure 2.10b) [94] and the adhered powder showed a microstructure transition from 

the raw powder to the sintered area throughout the spherical morphology (Figure 2.10c 

and d). Moreover, the bonding state and bonding strength of adhered powders on L-
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PBF surface may also vary due to the complicated solidification process. Thus, the 

sintering degree and bonding conditions of adhered powders should be precisely 

characterized and identified for further surface feature analysis. 

 

Figure 2.10 Optical images of cross-sectional (a) bulk AlSi7Mg microstructure, (b) balling on the surface, 

(c and d) partially melted spatters with spherical morphology on the surface. The arrow in (a) shows the 

build direction, T zone means transition zone [94]. 

After laser scanning, the molten material solidifies rapidly and then forms sintered 

area on L-PBF surfaces. Despite the existing of partially melted powders, the 

morphology of sintered area such as the melt track is still visible on various surfaces. 

Compared to top, face up and side surfaces, the sintered area of face down surfaces 

usually possesses the highest roughness since heat conduction and gravity play more 

influential roles for overhanging face down surfaces [25, 95]. Except for the sintered 

zone left by the solidification of molten pools, adhered powders may be partially 

sintered during L-PBF. Nasab et al. [94] carried out the nano hardness profiles of a 

partially melted powder, and a transition zone between un-sintered powder and 

sintered area was proposed according to the changes of hardness values. Given that 

the sintered area has strong effect on the surface quality and applications, more 

detailed research should be carried out for the investigation of this surface feature. 

Surface defects such as cracks and pores [96] can also occur if the fusion during 

L-PBF is not well controlled. A good combination of L-PBF parameters and inert 

atmosphere are helpful to avoid defects on L-PBF surfaces. In addition, the influences 

of edge effect, gravity, overhanging surfaces, heat transfer etc. on L-PBF surface 

quality also need to be considered. 
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2.3.3 Surface analysis of internal structures 

Surface quality of L-PBF parts varies on different types of surfaces. Notably, 

roughness of L-PBF surfaces can be affected by building angles (Figure 2.11), 

materials and printing parameters. Moreover, area ratios of sintered area and adhered 

powders are different on top, face up, side and face down surfaces. Pakkanen et al. 

[58] studied the internal channel surface roughness and concluded that the surface 

roughness of L-PBF internal channels depended on their printing angles. Compared 

to other surfaces, the sintered area of face down surfaces generally possesses the 

highest roughness [25, 95]. 

 
Figure 2.11 Data graphs of roughness on face up and face down surfaces of L-PBF Hastelloy X samples 

with different printing inclinations (45° to 90°) [95]. 

Since different printing angles are usually included in L-PBF internal structures, 

and L-PBF surface quality can be affected by various effects and printing angles, it is 

important to identify the types of surfaces on internal structures for comprehensive 

surface analysis. For example, there are two types of surfaces on the internal cross-

section of a straight channel in Figure 2.12a. In terms of cellular structures, face up 

and face down surfaces on the unit cell of a body-centered cubic (BCC) lattice structure 

can be clearly identified in Figure 2.12b. Not only the face up and face down surfaces, 

but also the morphology of top surface can be characterized at the connection points 

of the struts in Figure 2.12c. Based on the above views, when looking back on Figure 

2.12b, the four connection points of the struts on the four sides of the BCC lattice 
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structure should possess characteristics of L-PBF side surface. Therefore, L-PBF 

components with internal structures in Figure 2.4 and Figure 2.5 actually contain 

different types of surfaces. It should be noted that consideration of L-PBF specific 

structure is crucial for a comprehensive analysis of the internal and outer surface 

quality of L-PBF components. 

 
Figure 2.12 Different types of surfaces of (a) a L-PBF straight channel with its inner cross-sectional 

optical micrograph [78], (b) a unit cell of body-centered cubic (BCC) lattice structure and (c) the top view 

of a L-PBF BCC lattice structure [97]. 

Given that 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 [95]. In addition, the 

complexity of L-PBF internal surfaces and structures make it challenging for post 

processing. 

2.4 Polishing of L-PBF internal structures 

The inferior surface quality of L-PBF components with internal structures is an 

obstacle to apply this technique to real industry production [19]. Since surface quality 

is critical for meeting specifications and tolerances [98], researchers have studied 

different approaches to improve the interior surface quality of L-PBF parts [99, 100]. 

The typical approach is to optimize the fabrication strategy which includes the design 
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of raw powders [101], the optimization of L-PBF parameters [102-106], the use of laser 

re-melting during L-PBF and others such as the control of oxygen content in the 

atmosphere [107]. Although the optimized fabrication strategy is helpful to reduce 

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 [108-110]. However, combining L-PBF and 

subtractive machining into one process is costly and limited to a few materials because 

distortion issue of components can easily occur due to the absence of stress relief 

procedures during hybrid processing. Compared to fabrication optimization and hybrid 

processing technique, surface polishing methods based on material removal 

mechanisms are more economic and efficient to remove adhered powders and smooth 

sintered area. Unlike L-PBF outer surfaces that could use various methods such as 

blasting and laser polishing for surface improvement [111], 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 according to the mechanisms, including mechanical, 

chemical-based and hybrid methods [112, 113]. 

2.4.1 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 improve surface 

finish of L-PBF parts with internal structures. Despite 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. 

AFM is a machining process that can be used to deburr, polish and remove recast 

layer. By using two vertically opposed cylinders, surface material on the fixed 
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workpiece can be removed when the pressurized semi-solid laden with hard abrasive 

particles repeatedly flows through a restricted passageway (Figure 2.13a). 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, geometry and initial surface quality [114]. Nowadays, AFM has 

been widely used for the polishing of L-PBF straight and curve channels. Han et al. [1, 

115] applied AFM to L-PBF conformal cooling channels in mold industry and indicated 

that AFM was more efficient to remove protruding features than valleys on L-PBF 

surface [1]. In terms of the residual stress and fatigue performance, it is reported that 

AFM was capable of improving the fatigue resistance of L-PBF channel by increasing 

its compressive stress [115]. Apart from experiments, Ferchow et al. [116] proposed a 

pressure-velocity-based model to quantitatively simulate the roughness and thickness 

reduction during AFM for L-PBF curve channels. Nevertheless, it is hard to expand 

AFM to thin wall channels or cellular structures because the use of high pressure is 

easily to damage these structures. Moreover, the viscous media with high pressure in 

AFM may remain or embed into L-PBF surface and cause contamination. Furthermore, 

it is difficult for AFM to achieve uniform material removal on L-PBF channels with varied 

geometries. 

MAF [117] 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 sample surface as 

can be seen in Figure 2.13b. Thus, the abrasive particles are acted as a flexible 

magnetic abrasive brush and dragged along the internal surfaces to remove materials. 

Guo et al. [117] investigated MAF process on a straight tube that prepared by L-PBF 

Inconel 718 alloy. Polishing results indicated that MAF could remove partially melted 

powders efficiently and decrease the surface roughness from 7 μm to less than 1 μm 

in Ra. Although MAF is a promising polishing method for L-PBF internal structures, its 

drawback lies in the limitation on suitable materials for processing. For example, the 
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polishing effect of MAF is negligible on ferromagnetic material such as 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 [118]. 

 

Figure 2.13 Schematic diagrams of (a) AFM [119] and (b) MAF [117]. 

AFP is a finishing process by the combination of liquid impingement and abrasion 

from abrasive particles. In AFP process, the surface is polished when the fluid with free 

abrasive grains passes through the workpiece. Because of its working mechanism, 

AFP is capable of polishing surfaces with various initial conditions. Due to the 

mechanical removal mechanism, AFP could also be applied for various L-PBF 

materials. Compared with traditional AFM which uses high pressure and an abrasive 

laden media as the tool, a lower pumping pressure and viscosity fluid as well as a 

higher flow velocity are utilized in AFP [120]. Moreover, unlike the limitations such as 

contamination and abrasive agglomeration in AFM, AFP is more suitable for polishing 
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thin-walled and lattice structures without damage and contamination [18]. Thus, AFP 

is preferable for polishing L-PBF parts with various internal structures in aerospace 

and mould industries [121]. In order to improve the poor surface quality of L-PBF parts, 

researchers investigated material removal mechanism and various parameters of AFP 

in the polishing of L-PBF internal structures. Furumoto et al. [14] developed an AFP 

apparatus and found the efficiency of AFP decreased with an increase in polishing time. 

Naglingam et al. [18] investigated liquid impingement and absolute abrasion, 

respectively. 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 more applied to low hardness alloys such as AlSi10Mg currently. 

BF, also known as tumble finishing, generally reduce the surface roughness by the 

mechanical rotation of a barrel containing a mixture of samples and grinding media 

[111]. Because no part fixing is required, various materials with L-PBF complex 

geometries can be processed [23]. Boschetto et al. [122] applied different size of 

ceramic media in BF and found that the prominent reduction of surface roughness 

achieved after 20 hours of BF on a L-PBF Ti6Al4V impeller. Khorasani et al. [123] 

investigated the effects of various BF parameters and confirmed that the roughness of 

L-PBF various surfaces reduced by more than 50% after wet abrasive centrifugal BF 

process. Compared to AFM, MAF and AFP, BF is more applicable to structures with 

large internal size because the polishing media in BF usually have millimeter scale. In 

addition, BF needs hours of polishing to reduce surface roughness which means the 

polishing efficiency of BF is lower than other mechanical methods. 

2.4.2 Chemical-based methods 

Chemical treatment is mainly based on chemical reactions occurring at the 

interface between surface and reactive chemicals. Benefiting from the fluidity of the 

solution, polishing media of chemical polishing (CP) and EP can contact with the inner 
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surface, hence making them suitable candidates for surface improvement of L-PBF 

internal structures [124].  

In the process of CP, the uneven areas on metal or alloy surfaces are selectively 

dissolved by chemical etching in order to achieve leveling effect. The equipment of CP 

is simple and it is capable of dealing with channels, cellular structures or combined 

complex internal structures. It is reported that CP could reduce the peak-to-valley 

spacing on L-PBF Ti6Al4V surface, and form a passivation film for the improvement of 

surface corrosion resistance in the meantime [125]. Generally, the process of CP for 

L-PBF titanium alloys utilizes etchants with hydrofluoric acid and nitric acid. 

Lyczkowska et al. [124] used CP to improve surface quality of L-PBF Ti6Al7Nb 

components with lattice structure. It was found that the removal of adhered powders 

and reduction of surface roughness were influenced mostly by chemical composition 

and concentration. Despite the process is effective, CP tends to erode material 

indiscriminately hence compromising the dimensional accuracy of L-PBF components 

[126]. Although the addition of strong acid with high concentration to chemical etchants 

could accelerate chemical reactions, it is harmful to environment and may influence 

the performance of medical products after CP [125, 126]. 

EP is a finishing process for metals or alloys to get smooth and bright surfaces 

based on anodic dissolution. During EP, the material is dissolved ion by ion from 

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 [127]. In general, EP is composed of anodic levelling 

(macro-smoothening) and brightening (micro-smoothening) [128]. And the surface 

quality of part is improved after EP attributing to the removal of the original layer and 

the formation of a new homogenous oxide film. Different from traditional mechanical 

finishing techniques such as milling, EP is a non-contact and damage free process. 

Moreover, EP also has characteristics such as simplicity of device, flowability of 

electrolyte, designability of cathode tool and high material removal rate, making it 

suitable for polishing L-PBF channels and cellular structures [129]. Chang et al. [15] 

proposed a combination of overpotential and conventional EP processes to remove 
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adhered powders and smooth the struts on L-PBF 316L stainless steel lattice 

structures. Dong et al. [130] also investigated the effect of EP parameters on L-PBF 

Ti6Al4V lattice structures via Taguchi method. It is obvious that EP is capable of 

polishing L-PBF internal surfaces, particularly for removing partially melted powders 

and smoothing laser sintering tracks as shown in Figure 2.14. The effects of EP on 

various L-PBF alloys e.g. Ti-based alloys [88], Al-based alloys [15], nickel-based alloys 

[19], Fe-based alloys [15] and CoCr alloys [131] have also been studied in recent years. 

 
Figure 2.14 SEM images of interior surface morphology of a L-PBF horizontal channel and a L-PBF 

vertical channel before and after EP [132]. 

Despite the advantages and wide applications of EP, there are also limitations and 

challenges for this technology in the post-treatment of L-PBF internal structures. Since 

the surface roughness of L-PBF components usually varies from 10 to 20 μm in Ra 

[133], the rough initial surface will impede a fast and effective EP process[128]. In terms 

of L-PBF internal structures with high complexity, EP is hard to achieve uniform surface 

finish due to the limited accessibility of cathode tool [18]. Most EP experiments or 

applications are usually performed in open vessels with low flow rates or low stirring 

speeds. Moreover, there is still no available theory to explain EP mechanisms well due 

to the complexity of current, chemical reactions, ion transport and diffusion at 

workpiece-electrolyte interface [128]. In addition, environmentally friendly electrolytes 

which also take EP efficiency into account are expected due to safety concerns. Thus, 
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in-depth study of EP and development of innovative technologies based on EP are 

strongly necessary in order to benefit the production process of L-PBF. 

2.4.3 Hybrid methods 

Hybrid polishing technologies are generally developed on the basis of various 

single polishing process in order to overcome the weakness of one method or improve 

its polishing performance. It should be noted that 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. 

Researchers developed various hybrid polishing processes based on AFP to 

improve their polishing efficiency recently [18]. Neda et al. [16] combined AFP and CP 

for 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 

polishing process. Surface roughness data showed that chemical flow polishing 

resulted in a higher reduction of surface roughness compared to single CP process. 

Although the efficiency of hybrid polishing is improved, it has the similar limitations as 

CP, such as the use of strong acid. Unlike using hazard chemicals to facilitate polishing 

efficiency, Arun et al. [18] applied hydrodynamic cavitation in AFP and proposed 

hydrodynamic cavitation abrasive finishing (HCAF) technique for L-PBF straight 

channels. As can be seen in Figure 2.15, 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. 

Despite the development of AFP-based hybrid polishing methods exhibit higher 

polishing efficiency for channels, the mechanism and controllability of hybrid polishing 

based AFP are more complicated at the same time and worthy of further study. 
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Figure 2.15 Schematic diagram of HCAF apparatus [18]. 

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. [17] proposed an electrochemical mechanical polishing (ECMP) 

process for L-PBF internal holes to by using a metallic wire as cathode and nylon 

filaments as flexible abrasive. During ECMP, the electrochemical reaction takes place 

while nylon filaments that fixed on the cathode could mechanically scratch the internal 

surface following the movement of the wire. However, it is hard to extend this technique 

to complex curve channels or lattice structures due to the use of nylon filaments and 

rigid metallic wire. In addition, the polishing effect and mechanism of dry mechanical-

electrochemical polishing [93] was also studied, but the smallest internal features that 

can be polished are limited to the size of the dry electrolyte media particles. 

2.4.4 Comparison of various methods 

Based on the mechanism differences, various polishing methods have their own 

polishing characteristics for L-PBF internal structures. In order to compare the 

polishing effect and efficiency of different polishing techniques, the materials, polishing 

time, and surface roughness of L-PBF internal structures before and after polishing are 
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summarized in Table 2.2. In general, EP and EP based hybrid polishing methods have 

higher material removal rate than other methods due to the use of electricity. Moreover, 

EP based methods are more suitable for internal structures that facilitate the placement 

of cathodes. Due to the use of high pressure, AFM is more suitable to polish L-PBF 

complex channels with a certain wall thickness, while 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 

methods, AFP, MAF and BF could be applied to internal structures with different 

internal dimensions considering the size of abrasive particles. 

Due to the difference of material removal characteristics, the use of various 

polishing methods could alter the topography of L-PBF inner surfaces. Polishing 

methods may also affect the shape and size of internal structures. Ferchow et al. [116] 

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. As can been seen in Figure 2.16a, the removed thickness changed at 

different positions of the channel after AFM. It was found that the material removal rate 

at the inlet or entrance of the channel was higher than the intermediate region during 

AFM. As a result, the diameter of the two ends of the channel were enlarged. 

Compared with AFM, the polishing pressure during HCAF process is much lower and 

Figure 2.16b compared the internal surface topography of a L-PBF channel before and 

after HCAF. The results showed that HCAF could effectively remove adhered powders 

and reduce surface roughness. Considering the high material removal rate, poor EP 

parameters may affect dimensional accuracy or even damage the internal structure 

with thin strut (Figure 2.16c). To accurately evaluate the effect of polishing on surface 

topography and dimension of L-PBF internal structures, it is essential to measure the 

topography, roughness, and size of multiple identical locations before and after 

polishing. 
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In order to facilitate the productization process of L-PBF components with inner 

structures, 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 presented for 

the polishing of simple or single-form internal structures. Based on the above literature 

study, it is clear that the polishing technologies for L-PBF internal structures still have 

a lot of room for further development to expand the applications. 

Table 2.2 Polishing methods, materials, polishing time, surface roughness before and after polishing of 

L-PBF internal structures. 

Polishing 

method 

Materials Internal structures Raw surface 

roughness (μm) 

Polishing 

time 

(minutes) 

Polished surface 

roughness (μm) 

AFM [1] Maraging 

steel 300 

Φ 3mm Curve 

channel  

Sa= 9.70 ≈ 80 Sa =3.30 

MAF [117] Inconel 718 Φ 24 mm Straight 

channel 

Ra= 7.22 180 Ra= 0.23 

AFP [14] Alloy Φ 5 mm Straight 

channel  

Rz ≈ 110.00 133 Rz ≈ 20.00 

CP [134] 316L 

stainless 

steel 

Straight channel Sa= 13.80 45 Sa =5.22 

EP [15] 316L 

stainless 

steel 

Lattice structure Ra ≈ 8.00 40  Ra ≈ 0.18 

HCAF 

[135] 

AlSi10Mg 5mm*5mm 

Straight channel 

with square corss-

section 

Ra ≈ 18.00  180 Ra ≈ 4.00 

ECMP [17] 304 

stainless 

steel 

Φ 10 mm Straight 

channel 

Sa=14.51 2.86 Sa=9.09 

Notes: Ra: arithmetical mean deviation of line; Rz: average of the vertical distances from the highest 

peak to the lowest valley; Sa: arithmetical mean deviation of surface area. 

https://en.wikipedia.org/w/index.php?title=Arithmetical_mean_deviation&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Arithmetical_mean_deviation&action=edit&redlink=1


32 

 

 

Figure 2.16 Part images of (a) quantitative results showing diameter removal differences at different 

position of a L-PBF channel after two-way AFM [116], (b) inner surface topography of L-PBF channels 

before and after HCAF process [136], and (c) morphology comparison of L-PBF BCC lattice structures 

before and after electrochemical polishing (ECP) and overpotential electrochemical polishing (OECP) 

[15]. 

2.5 Objectives 

Based on the use of a high-power laser, complete melting mechanism and layer 

principle, L-PBF has been widely utilized to fabricate various materials with complex 

internal structures. Channels and cellular structures are typical interior structures that 

have been used on L-PBF metallic parts due to their specific functionality in practical 

applications. However, poor surface quality of L-PBF internal structures has seriously 

affected their applications in industry. Although polishing is an effective and economical 

way for internal surface improvement, current methods have their drawbacks in the 

polishing of L-PBF internal structures, especially for thin-walled inner structures. 

Moreover, the relationship between L-PBF surface features and their corresponding 
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material removal mechanisms during polishing has not been well established. Thus, it 

is of great significance to develop an innovative polishing system or technology with 

high polishing efficiency for L-PBF internal structures. Given the complexity of L-PBF 

surfaces and internal structures, different inner surface types are essential to be 

investigated in order to comprehensively analyze the surface characteristics of L-PBF 

internal structures. Furthermore, in-depth research on parameter optimization, material 

removal mechanism etc. is required for the polishing of L-PBF internal structures in 

order to improve the efficiency of surface finish. The objectives of this thesis are drawn 

as follows. 

(1) Comprehensive characterization of L-PBF surface features: to establish 

relationship between surface features and polishing process. 

(2) Develop an innovative polishing system which could combine EP and AFP for 

hybrid polishing for L-PBF internal structures: investigate EP, AFP, multiple 

polishing in different sequences and hybrid polishing, and demonstrate the 

possibility of combining EP and AFP for L-PBF internal structures. 

(3) Study on EP of various inner surfaces prepared by L-PBF 316L stainless steel 

and Ti6Al4V with environmentally friendly electrolytes: to investigate EP 

characteristics and its material removal mechanism for L-PBF internal surfaces. 

(4) Study on AFP of various inner surfaces prepared by L-PBF 316L stainless steel 

and Ti6Al4V with environmentally friendly polishing media: to investigate AFP 

characteristics and its material removal mechanism for L-PBF internal surfaces. 

(5) Investigation of multiple polishing with different sequences and hybrid polishing 

based on EP and AFP for L-PBF various inner surfaces using environmentally 

friendly polishing media: to investigate material removal characteristics of 

multiple polishing and hybrid polishing on L-PBF internal surfaces based on the 

study of single EP and AFP. 

(6) Polishing of typical internal structures fabricated by L-PBF 316L stainless steel 

and Ti6Al4V using the developed polishing system: to demonstrate the 

capability and high efficiency of combing EP and AFP in the polishing of L-PBF 

internal structures for application development.  
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Chapter 3. L-PBF Surface Features and 

Establishment of Polishing System 

3.1 Sample preparation 

3.1.1 CAD design 

In general, there are L-PBF top, face up, side and face down surfaces with different 

deposition angles. Moreover, internal and outer surfaces of L-PBF parts should have 

similar surface features considering the same deposition principle. In this study, L-PBF 

cuboid samples and 1/6 straight channels with top, face up, side and face down 

surfaces were prepared. The CAD models and their angles between the surface and 

the horizontal plane are summarized in Table 3.1. Cuboid samples have the same 

dimension of 5x2x10 mm and 1/6 straight channels possess an inner diameter of 5 mm 

with a length of 10 mm. It should be noted that internal surfaces of different 1/6 straight 

channels were used for the fundamental study of polishing for various L-PBF inner 

surfaces. Apart from the CAD models in Table 3.1, straight channels, lattice structures 

and conformal channels were designed and printed for application development of 

polishing for L-PBF internal structures in Chapter 7. The CAD models of straight 

channel, multiple BCC lattice structure, single BCC lattice structure and conformal 

channel with corresponding materials and dimensions for application development are 

illustrated in Table 3.2. Note that all samples were taken off from substrate through 

cutting supporters by a wire saw. 
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Table 3.1 Different L-PBF surface types and their corresponding angles between surface and horizontal 

plane. 

Surface 

type 

Angle θ with 

horizontal 

plane 

CAD models of cuboid 

samples 

CAD models of 1/6 straight 

channels with various internal 

surfaces marked in blue 

 

 

Top 

 

 

0° 

  

 

 

Face up 

 

 

30° 

 
 

 

 

Side 

 

 

90° 

 

 

 

 

Face down 

 

 

60° 
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Table 3.2 CAD models for chapter 7. 

Type CAD models Material 

 

 

 

 

Straight channel 

 

 

 

 

 

Ti6Al4V 

 

 

 

 

Multiple lattice structure 

 
 

 

 

 

 

 

316L stainless steel;  

Ti6Al4V 

 

 

Single lattice structure 

 
 

 

 

 

316L stainless steel 

 

 

 

 

Conformal channel 

 

 

 

 

 

316L stainless steel 
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3.1.2 316L stainless steel 

Generally, morphology, size and distribution of raw powders can affect powder 

flowability, laser energy absorption and the thermal conductivity of the powder bed 

[137]. Higher powder bed packing densities are preferred for L-PBF process due to 

lower internal stress, part distortion, porosity and surface roughness of printed parts. A 

wider powder size distribution enables a higher powder bed packing density because 

the gaps between larger powders can be filled in with smaller powders. Moreover, a 

spherical powder morphology improves the flowability of the powder to achieve a high 

packing density in the powder bed. Hence, gas-atomized powders with a spherical 

shape are widely used in L-PBF process [138]. To achieve optimum process, a balance 

between powder size and shape needs to be considered because large powders 

require more energy for proper melting. Considering the above analysis, most research 

on L-PBF steel, nickel-based and titanium-based alloys typically apply spherical 

powders with 10 to 45 μm in diameter [139]. 

SEM images and the composition of gas atomized 316L stainless steel powders 

(Sandvik, Sweden) which used for L-PBF process are shown in Figure 3.1 and Table 

3.3, respectively. Most of the powders have a near-spherical shape with particle 

distribution from 5 to 50 μm. 316L stainless steel specimens were fabricated using a 

laser powder bed fusion system (EOS GmbH, Germany). The selected deposition 

parameters were as 195 W in laser power, 20 μm in layer thickness, 1083 mm/s in 

scanning speed and 90 μm in hatch space. A stripe partition with S scanning tracks of 

laser in each layer and a scanning rotation of 45° between successive layers were 

used. In terms of contour scanning, a laser power of 110 W and a scanning speed of 

800 mm/s were applied during L-PBF. 
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Figure 3.1 Raw 316L stainless steel powders used for L-PBF process. 

Table 3.3 Alloy composition with mass percentage (wt%) of raw 316L stainless steel powders. 

Element Fe Cr Ni Mo Mn Si P C N S 

% Balance 16.76 10.65 2.36 1.05 0.72 0.022 0.017 0.074 0.0053 

3.1.3 Ti6Al4V 

SEM images and the composition of gas atomized Ti6Al4V powders (Peshing New 

Metal (Changzhou) Co., Ltd., China) which used for L-PBF process are shown in 

Figure 3.2 and Table 3.4,respectively. Most of the powders have a near-spherical 

shape with particle distribution from 10 to 50 μm. Ti6Al4V specimens were fabricated 

using the same laser powder bed fusion system (EOS GmbH, Germany) as 316L 

stainless steel. The selected deposition parameters were as 280 W in laser power, 30 

μm in layer thickness, 1200 mm/s in scanning speed and 140 μm in hatch space. A 

stripe partition with S scanning tracks of laser in each layer and a scanning rotation of 

45° between successive layers were used. In terms of contour scanning, a laser power 

of 150 W and a scanning speed of 1250 mm/s were applied during L-PBF. 
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Figure 3.2 Raw Ti6Al4V powders used for L-PBF process. 

Table 3.4 Alloy composition with mass percentage (wt%) of raw Ti6Al4V powders. 

Element Ti Al V Fe O N H C 

Mass (wt%) Balance 6.2234 4.4044 0.1574 0.0886 0.0038 0.0021 0.0043 

3.2 Surface features 

In this section, outer surfaces on flat cuboid samples and internal surfaces on 1/6 

straight channels were characterized considering the differences of morphology and 

microstructure. It should be noted that morphology of sample surfaces was 

characterized by using a confocal optical microscope (VHK-5000, Keyence, Japan), a 

white-light interferometer (Bruker NPFLEX, USA) and two scanning electron 

microscopes, one is TM4000Plus (Hitachi, Japan) and another one is Sigma 300 

(ZEISS, Germany). Phase identification was performed by a D500 X-ray diffractometer 

(Siemens, Germany) with Cu Kα radiation at 40 kV and 30 mA. The cross sections of 

L-PBF 316L stainless steel samples and some original 316L stainless steel powders 

were sequentially mounted, ground, polished and etched in a solution that consists of 

HCl (37 %), HNO3 (65 %) and Glycerin (99 %) with volume ratio of 3:1:1 before 

morphological characterization. The cross sections of L-PBF Ti6Al4V samples and 

some original Ti6Al4V powders were sequentially mounted, ground, polished and 

etched in a solution that consists of HF (48 %), HNO3 (65 %) and distilled water with 

volume ratio of 1:5:10 before morphological characterization. In terms of surface 

roughness, although white-light interferometer can be used to measure surface area 

roughness such as Sa, it is not suitable to use this equipment to measure rough surface 
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roughness because the information of the measured surface is difficult to be completely 

collected. Hence, L-PBF surface roughness values in this study were measured via a 

contact surface roughness tester (SJ210, Mitutoyo, Japan). Generally, SJ210 can 

measure various surface roughness such as Ra, Rq and Rz. Ra, which is widely 

accepted in industries, represents an average length between peaks and valleys and 

the deviation from the mean line on surface. Rq is the square root of the sum of the 

squares of the individual heights and depths from the mean line. Rz presents a vertical 

distance from the highest peaks to the lowest valleys. Considering that polishing 

process may show different effects on peaks and valleys on rough L-PBF surfaces, Ra 

and Rz are more suitable for this study. Thus, Ra and Rz values were measured on 

the same sample before and after polishing to study polishing effects. The measuring 

conditions are specified in ISO 1997 as follows: cut-off wavelength of shortwave filter 

is 2.5 μm and cut-off value is 0.8 mm. The evaluation length was 4 mm for each 

measurement and the values of Ra and Rz were calculated by averaging five 

measurements. 

3.2.1 Surface features of flat 316L stainless steel samples 

Raw flat surfaces on various cuboid samples of L-PBF 316L stainless steel are 

rough with various surface features according to the optical microscopy (OM) images 

in Table 3.5. Raw morphologies of different surfaces were further measured as 

presented in Figure 3.3. It is obvious that both adhesion of powders and sintered area 

can be found on various surfaces. The existence of laser scanning traces on top 

surface (Figure 3.3a) is due to its last deposition sequence while the adhered powders 

are caused by surface tension from molten pools [25]. What is noteworthy is that the 

area ratios of adhered powders and sintered area vary on different surfaces. To be 

more specific, area proportion of adhered powders and sintered areas are in the order 

as follows. The sintered area is most obvious on top surface, then becoming less and 

less on face up (Figure 3.3b) and side surfaces (Figure 3.3c), finally almost disappears 

on face down surface (Figure 3.3d). In terms of adhered powders, their area ratio 

shows an opposite trend. The top surface has the minimal adhesion of powders while 
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the face down surface has the maximum. The explanation for different ratios of 

adhered powders is that apart from the top surface, all the other surfaces are 

surrounded by powders during the whole printing process [93]. In addition, heat 

conduction and gravity droop have stronger effects on face down and side surfaces 

than face up surfaces [95]. Comparing with the top surface that powders exhibit single 

adhesion state (Figure 3.3a), powders tend to have multi-powders adhesion on the 

face up surface (Figure 3.3b). The multi-powders aggregation state might be caused 

by the staircase effect on an inclined surface. 

Table 3.5 Information and OM images of flat surfaces on L-PBF 316L stainless steel cuboid samples at 

200x magnification. 

Surface type Angle θ with horizontal plane OM images of raw surfaces 

 

Top 

 

          0° 

 

 

Face up 

 

         30° 

 

 

Side 

 

         90° 

 

 

Face down 

 

         60° 
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Figure 3.3 SEM images of raw flat (a) top, (b) face up, (c) side and (d) face down surfaces of L-PBF 

316L stainless steel. 

In order to identify the differences between adhered powders and sintered area, 

phase and microstructure characterization of original 316L stainless steel powders and 

raw L-PBF surfaces have been carried out. X-ray diffraction spectra of raw powders, 

flat top, face up, side and face down surfaces are shown in Figure 3.4. The patterns 

clearly show that both 316L stainless steel powders and L-PBF built surfaces are 

characterized by the only presence of FCC austenite phase. Figure 3.5 shows cross 

section morphology of the same 316L stainless steel powder after mechanical 

polishing and then etching. The mechanically polished powder shows a spherical 

morphology while the etched powder exhibits a coarser dendritic microstructure. The 

microstructure of raw powder is caused by its gas atomized preparation process. By 

investigating the cross sections of raw surfaces, morphologies of adhered powders 

and sintered areas are illustrated in Figure 3.6. Two cross sections with different 

lengths on top sample were selected to show surface features. The printing lengths of 

top cross section 1 and 2 are 10 mm and 5 mm, respectively (Table 3.1). As highlighted 

by black arrows, laser scanning traces are visible on cross section 1 (Figure 3.6a) while 

molten pools with clear curved edges could also be noticed on cross section 2 (Figure 

3.6b). Adhered powders with spherical morphology and sintered area consisting of the 
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edges of molten pools can be found on top (Figure 3.6b), face up (Figure 3.6c), side 

(Figure 3.6d) and face down (Figure 3.6e) surfaces. Furthermore, the staircase effect 

derived from layer principle of L-PBF is apparent on both face up and face down 

surfaces (Figure 3.6c and e). In terms of the microstructure of adhered powder and 

sintered area, it seems that the adhered powder has a coarser microstructure and 

different etching color comparing to the sintered area on various L-PBF surfaces. It 

should be noted that although the spherical adhesives at location Ⅰ and Ⅱ in Figure 

3.6d show similar morphology, their etched microstructures are different. 

 

Figure 3.4 X-ray diffraction patterns of raw 316L stainless steel powders, L-PBF flat top, face up, side 

and face down surfaces of 316L stainless steel. 

 

Figure 3.5 Cross-sectional morphologies of a mounted 316L stainless steel raw powder showing (a) OM 

image after mechanical polishing, (b) OM image of the powder in (a) after etching, and (c) SEM image 

of the etched powder in (b). 
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For clear morphology identification of L-PBF surface features, two spherical 

protrusions (Ⅰ and Ⅱ) in Figure 3.6d have been further characterized and shown in 

Figure 3.7. Their mechanically polished cross sections are illustrated in Figure 3.7a 

and d, respectively. It can be seen that Ⅰ (Figure 3.7a) and Ⅱ (Figure 3.7d) protrusions 

have similar spherical morphology after mechanical polishing. Then, the polished cross 

sections were etched as can be seen in Figure 3.7b and e, where some differences 

can be observed. With high magnification images from SEM in Figure 3.7c and f, it is 

clear that etched un-sintered part has the same coarser dendritic structure as raw 316L 

stainless steel powder while sintered area shows a fine cellular and dendritic 

microstructure. The finer microstructure of sintered area is believed to be caused by 

rapid melting and solidification during L-PBF [140]. It is also found that spherical 

protrusion Ⅰ (Figure 3.7c) is in fact consisted of partially melted powder and sintered 

area while Ⅱ (Figure 3.7f) is an un-sintered powder. Thus, it is inaccurate to tell whether 

it is an un-sintered powder or sintered area by simply observing the spherical 

morphology on L-PBF surfaces. The sintering degree and bonding state of surface 

features should be precisely identified through etched cross sections or other treatment 

methods.  

Based on the microstructural differences of un-sintered powders and sintered area, 

when looking back on Figure 3.6, it is clear that un-sintered powders and sintered areas 

on various L-PBF surfaces can be easily distinguished because they possess different 

etched microstructures. As can be seen in Figure 3.6a and b, there are minimal 

adhesion of un-sintered powders on the top surface. The asperity of sintered area is a 

result of fluctuations in the upper part of molten pools. On the face up surface (Figure 

3.6c), there are more adhered un-sintered powders than the top surface. Meanwhile, 

the partially overlapped edges of molten pools increase the asperity of sintered area. 

Although there are more un-sintered powders on side surface (Figure 3.6d), the 

roughness of sintered area is lower than the face up surface. This is due to that 

staircase effect on the face up surface causes higher roughness of sintered area when 

comparing with the side surface. In Figure 3.6e, there are plenty of un-sintered 
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powders which almost cover the whole face down surface, and the sintered area on 

the face down surface exhibits the maximum roughness. 

 
Figure 3.6 Morphologies of etched cross sections on raw L-PBF (a) top cross section 1, (b) top cross 

section 2, (c) face up, (d) side and (e) face down surfaces of L-PBF 316L stainless steel flat samples. 

 

Figure 3.7 Morphologies of (a) mechanically polished, (b) then etched cross section, (c) high 

magnification of the etched cross section at position Ⅰ and (d) mechanically polished, (e) then etched 

cross section, (f) high magnification of etched cross section at position Ⅱ in Figure 3.6d. 
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3.2.2 Surface features of 316L stainless steel 

Straight 1/6 channels with L-PBF internal top, face up, side and face down surfaces 

(Table 3.1) were prepared and the angles between inner surfaces and the horizontal 

plane are summarized in Table 3.6. According to the OM images in Table 3.6, it is 

obvious that a central region with a width of about 500 μm on the top inner surface 

maintains the same uniform morphology as the L-PBF flat top surface [141]. 

Table 3.6 Information and OM images of various inner surfaces on L-PBF 316L stainless steel 1/6 

straight channels with magnification of 200. 

Surface type 
Angle θ with horizontal 

plane 

OM images of raw inner surfaces marked as blue in 

Table 3.1 and their central regions  

Top            0° 

 

Face up            30° 

 

Side            90° 

 

Face down            60° 

 

Higher magnification of OM and SEM images for the inner central regions of as-built 

1/6 straight channels are shown in Figure 3.8 and Figure 3.9,respectively. Similar 

surface features such as adhered powders and sintered areas with different area 

proportions are presented on various L-PBF surfaces. The behavior of molten pools 

and deposition angles are related to the final surface quality of L-PBF parts. Because 

of the interaction of powder bed and laser, raw 316L stainless powders on the powder 

bed would be attracted by molten pools during printing process due to surface tension, 

resulting in the adhesion of powders [89]. After laser scanning, molten pools solidify 

rapidly and form sintered area. It is noted that laser scanning traces on top surface 
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(Figure 3.9a) are caused by laser scanning process since top surface is the last 

deposited layer [89, 94]. In terms of surface characteristics, adhered powders have the 

lowest area proportion and minimum quantity on top surface (Figure 3.9a), then 

becoming more and more on face up (Figure 3.9b) and side surfaces (Figure 3.9c), 

finally shows the maximum quantity on face down surface (Figure 3.9d). The area 

ratios of sintered area exhibit an opposite trend to adhered powders on L-PBF surfaces 

(Figure 3.8 and Figure 3.9) because of the influences of staircase effect, edge effect, 

gravity, overhanging effect etc. [25, 31, 95]. Furthermore, all inner surface areas of the 

side 1/6 straight channel possess uniform morphology based on the same printing 

angle. 

 

Figure 3.8 OM images of internal (a) top, (b) face up, (c) side and (d) face down surfaces on raw L-PBF 

316L stainless steel 1/6 straight channels. 

 
Figure 3.9 SEM images of the central region of internal (a) top, (b) face up, (c) side and (d) face down 

surfaces on raw L-PBF 316L stainless steel 1/6 channels. 
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Figure 3.10 and Figure 3.11 show surface features on etched cross sections of the 

central regions of as-printed various 1/6 straight channels. Consistent with the 

characterization results on various flat 316L stainless steel surfaces made by L-PBF in 

section 3.2.1 [141], there are un-sintered powders and sintered area on various internal 

surfaces [25]. It can be seen that the microstructure of un-sintered powders is different 

from the sintered area and exhibits varied etching color in optical images. Clear 

identification of morphology is shown in Figure 3.11, where un-sintered powders have 

a coarser dendritic microstructure, while sintered area on various 316L stainless steel 

inner surfaces shows a fine cellular and dendritic microstructure [140]. Un-sintered 

powders on L-PBF surfaces display the same microstructure as raw 316L stainless 

steel powders, which is caused by their gas atomized preparation process [141]. 

Compared with un-sintered powders, the microstructure of sintered area is a result of 

rapid melting and solidification during laser scanning [89]. Based on the microstructure 

differences of surface features, when looking back on Figure 3.8 and Figure 3.9, the 

face up and side surfaces have higher quantity of un-sintered powders than the top 

surface. And the maximum quantity of un-sintered powders is found on the face down 

surfaces. In comparison to un-sintered powders, the area ratios of sintered area exhibit 

an opposite trend on different L-PBF surfaces since the top surface shows the highest 

area proportion of sintered area while the face down surface has the lowest area ratio 

of sintered area. In addition, surface features with narrow connections occur more 

frequently on the face up surfaces compared to other surfaces. It should be noted that 

the central region of different 1/6 channels possess the same morphology and surface 

features as their corresponding flat and outer L-PBF surfaces [141]. Thus, the central 

region on inner surfaces of various L-PBF 316L stainless steel 1/6 channels will be 

characterized in chapter 4, 5 and 6 for fundamental study. 
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Figure 3.10 OM images of raw cross section on central regions of various L-PBF 316L stainless steel 

inner surfaces. 

 

Figure 3.11 SEM images of raw cross sections on central regions of various L-PBF 316L stainless steel 

inner surfaces. 
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3.2.3 Surface features of Ti6Al4V 

According to the surface characterization results in section 3.2.1 and 3.2.2, surface 

features and morphology of raw L-PBF flat or outer surfaces with specific deposition 

angles are identical to the corresponding inner surfaces. Surface morphology of L-PBF 

Ti6Al4V with various flat surfaces on cuboid samples and internal surfaces on 1/6 

straight channels are shown in Figure 3.12 and Figure 3.13, respectively. Notably, flat 

surfaces and internal surfaces with the same printing angles of L-PBF Ti6Al4V also 

possess similar surface morphology. Moreover, a central region with a width of about 

500 μm on the top inner surface of L-PBF Ti6Al4V 1/6 channel maintains the same 

morphology as the L-PBF flat top surface. It is obvious that there are adhered powders 

and sintered area on each type of L-PBF surfaces. Laser scanning traces on top 

surface (Figure 3.12a and Figure 3.13a) is formed because of its last deposition 

sequence while the adhered powders are caused by surface tension from molten pools 

[25]. In addition, area ratios of adhered powders and sintered area vary on different 

surfaces. In terms of area proportion of adhered powders and sintered areas, the 

sintered area is most obvious on the top surface, then becoming less and less on the 

face up (see Figure 3.12b and Figure 3.13b) and side surfaces (see Figure 3.12c and 

Figure 3.13c), finally have the lowest area proportion on the face down surface (see 

Figure 3.12d and Figure 3.13d).For adhered powders, their area ratio shows an 

opposite trend. The top surface has the minimal adhesion of powders while the face 

down surface has the maximum. Please note that adhered powders on the top surface 

exhibit single adhesion state, while other surfaces show multi-powders adhesion. 
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Figure 3.12 OM images of (a) top, (b) face up, (c) side and (d) face down surfaces of flat L-PBF Ti6Al4V 

cuboid samples in which laser scanning traces are marked by black arrows, adhered powders are 

marked by red circles and sintered areas are marked by yellow boxes. 

 

Figure 3.13 OM images of internal (a) top, (b) face up, (c) side and (d) face down surfaces on raw L-

PBF Ti6Al4V 1/6 straight channels. 
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To characterize surface features of L-PBF Ti6Al4V in detail, cross section 

microstructure of the central regions of various internal channels was analyzed as 

shown in Figure 3.14. It is worth noting that L-PBF Ti6Al4V surfaces with specific 

printing angles exhibit similar morphology to that corresponding L-PBF 316L stainless 

steel surfaces on cross sections. In addition, microstructure of un-sintered powders is 

slightly different from sintered area and exhibits varied etching color on the cross 

sections of various L-PBF Ti6Al4V surfaces as can be seen in Figure 3.14. Higher 

magnification of microstructure of raw Ti6Al4V powders and microstructure of a raw L-

PBF Ti6Al4V inner side surface are shown in Figure 3.15 and Figure 3.16, respectively. 

It can be seen that raw Ti6Al4V powders have lamellae α phase with a relatively coarse 

microstructure, while sintered area of L-PBF Ti6Al4V possesses acicular α phase [142]. 

Based on the contrast of secondary electron image and the same area with 

backscattered electron image in Figure 3.16, sintered area and un-sintered powders 

on L-PBF Ti6Al4V surface can be identified because un-sintered powders on surface 

have the same microstructure as raw Ti6Al4V powders. It should be noted that the 

central region of different 1/6 channels possess the same morphology and surface 

features as their corresponding flat and outer L-PBF surfaces. Thus, the central region 

on inner surfaces of various L-PBF Ti6Al4V 1/6 channels will be characterized in 

chapter 4, 5 and 6 for fundamental study. 
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Figure 3.14 Raw morphologies of etched cross sections of central regions on various L-PBF Ti6Al4V 

internal (a) top, (b) face up, (c) side and (d) face down surfaces. 

 
Figure 3.15 Cross-sectional morphologies of mounted Ti6Al4V raw powders (a) after etching under OM 

and (b) after etching under SEM. 
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Figure 3.16 Surface features of an etched cross section in (a) secondary electron image and the same 

area in (b) backscattered electron image on the inner central region of a raw L-PBF Ti6Al4V side 1/6 

channel. 

3.2.4 Raw surfaces of internal structures 

CAD models with various internal structures in Table 3.2 have been printed, as can 

be seen in Figure 3.17 for the application development of polishing in Chapter 7. 

Considering that single BCC lattice structure has the same surface features as multiple 

BCC lattice structure, only raw surfaces of multiple BCC lattice structures were 

characterized in this section to represent surface characteristics of L-PBF BCC lattice 

structure. Morphology of raw inner surfaces of multiple BCC lattice structures and 

channels has been characterized to analyze internal surfaces on these L-PBF 

structures. According to the complexity of internal structures and their printing 

orientations, there are one or mixed surface types on different L-PBF internal structures. 

 

Figure 3.17 Pictures of L-PBF (a) Ti6Al4V straight channel with inner diameter of 2 mm, (b) Ti6Al4V 

BCC lattice structure, (c) 316L stainless steel BCC lattice structure and (d) 316L stainless steel 

conformal channel based on the CAD models in Table 3.2. 
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Inner surface of straight Ti6Al4V channel shows a uniform surface along the whole 

channel (Figure 3.18a). It is clear that internal surface of the straight channel (Figure 

3.18b) have the same morphology as L-PBF Ti6Al4V side surface (Figure 3.12 and 

Figure 3.13) due to the same printing angle. 

 

Figure 3.18 OM images of inner surfaces of (a) a sectioned straight Ti6Al4V channel with inner diameter 

of 2 mm with magnification of 200 and (b) its morphology with magnification of 500. 

In terms of BCC lattice structures, schematic diagrams of different views and struts 

on side view are illustrated in Figure 3.19. Correspondingly, OM images of top, side 

and bottom views of L-PBF BCC lattice structures with different printing materials are 

shown in Figure 3.20 and Figure 3.21, respectively. For Ti6Al4V BCC lattice structure 

(Figure 3.20), connections of struts on the top view have the same morphology as L-

PBF Ti6Al4V top surfaces (Figure 3.12 and Figure 3.13), while struts showed similar 

surface morphology with L-PBF Ti6Al4V face up surfaces (Figure 3.12 and Figure 3.13). 

On the side view, connections of struts possess the same morphology with L-PBF 
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Ti6Al4V side surfaces (Figure 3.12 and Figure 3.13). Apart from connections, upper 

struts (Figure 3.20) have mixed morphology with L-PBF Ti6Al4V side and face down 

surfaces (Figure 3.12 and Figure 3.13), while lower struts (Figure 3.20) show similar 

morphology with L-PBF Ti6Al4V side and face up surfaces. Different from the top and 

side views, all area on the bottom view (Figure 3.20) has similar morphology with L-

PBF Ti6Al4V face down surfaces. As the same CAD models were used for printing, 

surface characteristics on different views of L-PBF 316L stainless steel BCC lattice 

structures also exhibit consistent combinations of various surface types (Table 3.6 and 

Figure 3.8) with Ti6Al4V BCC lattice structures as illustrated in Figure 3.21. 

 

Figure 3.19 Schematic diagrams of (a) top, side and bottom views of BCC lattice structures and (b) 

upper and lower struts on the side view. 



57 

 

 

Figure 3.20 Surface morphology of top, side and bottom views of L-PBF Ti6Al4V BCC lattice structures 

in which the OM images on the left side with a single cell in a red box are at magnification of 200, and 

the right images are morphology in the red box at a magnification of 500. 
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Figure 3.21 Surface morphology of top, side and bottom views of L-PBF 316L stainless steel BCC lattice 

structures in which the OM images on the left side with a single cell in a red box are at magnification of 

200, and the right images are morphology in the red box at a magnification of 500. 

OM images of the internal surface of a L-PBF 316L stainless steel conformal 

channel are shown in Figure 3.22. There are different types of surfaces on its inner 

surface considering the changes of deposition angles during L-PBF. Based on the 

surface characteristics of L-PBF 316L stainless steel face up, side and face down 
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surfaces (see Table 3.6 and Figure 3.1), different types of inner surfaces can be clearly 

distinguished on the conformal channel (see Figure 3.22). 

 

Figure 3.22 OM images of the inner surface of a half L-PBF 316L stainless steel conformal channel with 

magnification of 200, and the inner surface area marked with a black box with magnification of 500. 

3.3 The development of polishing system 

Given that the complexity of L-PBF surfaces would affect polishing process, as well 

as surface finish, the lack of appropriate polishing methods hinders the productization 

process of L-PBF internal structures. It is therefore essential to develop an efficient 

polishing system or method for L-PBF internal structures. Compared to single polishing 

process, hybrid methods usually exhibit superior polishing ability according to the 

literature review in Chapter 2. Although hybrid polishing methods show great potential 

to achieve good surface finish of L-PBF internal structures, the selection of appropriate 

single polishing method for the hybrid process is important, meanwhile, the 

development of an innovative polishing system or machine is also challenging. Based 

on the literature review, it can be understood that EP and AFP show great potential in 

developing an effective hybrid polishing process for L-PBF internal structures. In this 

section, the potential of combing EP and AFP for an innovative hybrid polishing process 

and the development of an innovative hybrid polishing system are analyzed and 

presented. 
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3.3.1 Combination of EP and AFP 

As reviewed in Chapter 2, EP and AFP both apply flowable media for polishing as 

seen in Figure 3.23. In EP, a sample (anode) and a cathode tool are immersed in an 

aqueous electrolyte. Moreover, the electrolyte is generally stirred or in a flow cycle that 

is driven by a pump. In terms of AFP, an external power such as a pump generally 

drives a mixture of abrasive particles and fluid passing through the sample surface to 

achieve material removal process. Therefore, the flowability of solution is the basic 

potential for combining these two methods for hybrid polishing. 

Apart from the polishing media, EP and AFP also have complementary polishing 

characteristics based on their working principles. The limitations of AFP such as 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 L-PBF materials. Although EP possesses a higher material removal 

rate than AFP attributing to the external power supply, a rough initial surface could 

impede a fast and effective EP process. In addition, EP is hard to achieve uniform 

surface finishing for workpieces with intricate geometries due to the limited accessibility 

of cathode tool. As summarized in Table 3.7, AFP is more suitable for polishing complex 

internal structures than EP since the placement of the cathode needs to be considered 

in EP. Although EP shows higher material removal rate than AFP, EP can be affected 

by much more factors such as electrolyte composition, temperature, initial surface 

roughness, inter-electrode gap and microstructure of workpiece. Despite the 

differences in polishing principle, the complementarity of single polishing process 

shows a promising combination of EP and AFP for L-PBF internal structures. 

 
Figure 3.23 Schematic diagrams of (a) EP [143] and (b) AFP [14]. 
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Table 3.7 Complementary polishing characteristics of EP and AFP. 

Polishing character EP AFP 

Suitability for polishing internal structures Medium level High level 

Material removal rate High level Low level 

Factor dependence High level Low level 

Given that the combination of EP and AFP shows great potential, there are still 

challenges of combining EP and AFP as a new hybrid polishing process for L-PBF 

internal structures. In order to conduct EP, AFP and hybrid polishing, a polishing 

system consisting of various components needs to be developed first. Moreover, 

different components in the polishing system should be well connected and matched 

with each other. 

3.3.2 Polishing system 

To achieve EP, AFP, multiple polishing in different sequences and hybrid polishing 

for L-PBF internal structures, a hybrid polishing system that composes of various 

components has been developed. The schematic diagram of the hybrid polishing 

system is shown in Figure 3.24. Abrasive fluid containing abrasive particles and 

environmental-friendly liquid will be stirred, mixed and heated to a specific temperature 

in a storage tank. A pump with a maximum flow capacity of 20 L/ min will drive abrasive 

fluid passing through a polishing chamber to complete polishing process. To combine 

EP and AFP on the same system, a closed polishing chamber and corresponding 

fixture have been designed and fabricated by using insulating material and conduction 

elements in order to make them suitable for fixing samples and connecting electricity 

with an external electrochemical workstation. A pressure valve is installed before the 

polishing chamber in order to monitor the pressure of abrasive fluid inside the polishing 

chamber. A flowmeter is installed in the system loop to monitor the flow rate and 

temperature of polishing media in real-time. 
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Figure 3.24 Schematic diagram of the developed hybrid polishing system. 

The schematic diagrams of the cooperation between polishing chamber, 

corresponding fixture, L-PBF parts and cathodes are illustrated in Figure 3.25 and 

Figure 3.26. The inside of the chamber is designed to place L-PBF parts, cathode and 

the fixture. It should be noted that the inner surface of a L-PBF 1/6 straight channel 

and a plastic fixture could be combined into a whole straight channel with an inner 

diameter of 5 mm as can be seen in Figure 3.25a. During various polishing processes, 

different L-PBF samples will be fixed inside the chamber. In terms of EP and hybrid 

polishing, the position of cathode needs to be considered. The relative positions of a 

straight channel and a rod titanium cathode is shown in Figure 3.25b for inner surface 

polishing of L-PBF 1/6 straight channels and the whole Ti6Al4V straight channel with 

an inner diameter of 2 mm (see Table 3.2). In terms of other L-PBF internal structures, 

a titanium cylindrical wall is made as the cathode for BCC lattice structures (see Figure 

3.25c), while a conformal cathode made of titanium wires is designed, fabricated and 

then used for conformal channels (see Figure 3.25d). For AFP and hybrid polishing, 

the direction of AFP and relative positions of L-PBF samples and fixture are indicated 

in Figure 3.26. 
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Figure 3.25 Schematic diagrams of the relative positions of (a) fixture and L-PBF 1/6 channels in the 

chamber, (b) cathode and straight channels, (c) BCC lattice structures and cathode and (d) conformal 

channels and cathode in the polishing of EP and hybrid polishing. 

 

Figure 3.26 Schematic diagrams of the relative position of (a) fixture and L-PBF 1/6 channels in the 

chamber, (b) AFP direction and straight channels, (c) BCC lattice structures and AFP direction and (d) 

conformal channels and inlet of AFP during the polishing of AFP and hybrid polishing. 
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3.3.3 Polishing processes 

By combining different types of liquid and abrasive particles in Table 3.8, the 

established hybrid polishing system can carry out EP, AFP and hybrid polishing, 

respectively. In this study, there are two ways for the combination of EP and AFP. The 

first one is multiple polishing in different sequences, which means that EP and AFP 

would be carried out in different sequences for L-PBF internal structures on the hybrid 

polishing system. The second is to combine EP and AFP into one polishing process, 

called hybrid polishing. 

Table 3.8 Different types of polishing on the developed hybrid polishing system. 

Solution Abrasive particles Polishing type 

Electrolyte No EP 

Water Yes AFP 

Electrolyte Yes Hybrid polishing 

3.4 Summary 

This chapter delivers preparation of L-PBF samples, characterization of L-PBF 

surface features and the establishment of the hybrid polishing system for L-PBF 

internal structures. Main conclusions are summarized as follows: 

(1) Despite the differences of printing parameters and materials, L-PBF 316L 

stainless steel and Ti6Al4V show similar surface morphology with specific 

printing angle. The central regions with a width of about 500 μm on various L-

PBF inner surfaces maintain the same morphology of corresponding flat 

surfaces, and are used to study polishing effects in chapter 4, 5 and 6 

respectively. 

(2) Un-sintered powders and sintered area are common surface features on L-PBF 

top, face up, side and face down surfaces. In addition, one or more different 

inner surfaces are present on L-PBF internal structures based on the variation 

of printing angles on specific inner structures. 

(3) The established hybrid polishing system can be employed to carry out EP, AFP, 

multiple polishing in different sequences and hybrid polishing based on EP and 

AFP. The designed L-PBF samples and corresponding fixtures can cooperate 

with each other in the polishing chamber during various polishing processes.  
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Chapter 4. EP of L-PBF Internal Surfaces 

4.1 EP of 316L stainless steel flat surfaces 

4.1.1 Experimental and simulation approaches 

EP experiments were conducted in a beaker with a three-electrode cell as 

illustrated in Figure 4.1. A CS310 electrochemical workstation (Wuhan CorrTest, China) 

was used to provide a potential of 2 V versus an Ag/ AgCl reference electrode (Fisher 

Scientific, Ireland). The counter electrode was made of titanium mesh in order to 

benefit the mixing of electrolyte. The electrolyte in this study mainly contained H3PO4 

(85 %), glycerol (99 %) and distilled water in which the proportion of distilled water was 

40 percent. The selected electrolyte does not contain strong acid which means it is 

environmentally friendly. A stable experiment temperature of 60℃ was controlled by 

using a hotplate stirrer, in which an optimized magnetic stirring speed of 480 RPM was 

applied. Different types of L-PBF flat surfaces on cuboid samples were facing the 

counter electrode with the same inter-electrode distance in all EP tests. Different types 

of L-PBF flat 316L stainless steel specimens in Table 3.1 were cleaned using distilled 

water in an ultrasonic agitation bath for 10 minutes and dried by air blowing before and 

after EP. 

 

Figure 4.1 Experimental setup for EP process in the beaker. 

To facilitate the analysis of material removal mechanism of L-PBF surfaces, a two-

dimensional model was established in Ansys (18-2 Version) Electric Analysis System 
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to simulate current distribution of L-PBF surface during EP, seen in Figure 4.2. Rough 

L-PBF surface was functioned as the anode boundary. In addition, corresponding 

cathode and electrolyte boundaries were set to be insulated. To simplify simulation 

operations without loss of generality, the following assumptions were made [141]. 

(1) Current distribution at electrodes depends entirely on Ohm’s law I= U/R, where 

I is current, U is the applied potential and R is the resistance of electrolyte. Noted that 

the electrodes are defined as equipotential surface. Therefore, the primary current 

distribution is simulated. 

(2) The electrolyte is considered to have the same conductivity, temperature and 

concentration everywhere. 

The resistivity of electrolyte was calculated by ρ=R·S/L, where R is the resistance 

of electrolyte, S is sectional area which is the surface area of workpiece, L is the 

distance between workpiece and cathode during EP. R was obtained from 

experimental results because the applied potential, the distance between workpiece 

and cathode, workpiece surface area and current density were set in EP system or 

measured by the electrochemical workstation. Based on settings and calculations, the 

potential difference between two electrodes was set as 2V and the isotropic resistivity 

of electrolyte was set as 0.08 ohm*m. 

 
Figure 4.2 The two-dimensional model of raw L-PBF surface with electrochemical effect. 

4.1.2 EP effects on various L-PBF flat surfaces 

EP effects on morphology of various flat L-PBF 316L stainless steel surfaces after 

different processing times are shown in Figure 4.3. It is clear that the spherical 

adherents on L-PBF surfaces dissolve after EP of 2.5 and 5 minutes, while sintered 

area on top and face up surface typically remains its original morphology in the first 5 

minutes. The results indicate that spherical adherents process a higher dissolution rate 
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than sintered area during EP. With the dissolution of spherical adherents, area 

proportion of exposed sintered area on face up, side and face down surfaces increases 

during this period. With an increase in EP time, laser sintering traces on the top surface 

are gradually blurred. Meanwhile, L-PBF surfaces become brighter after EP for 10 

minutes. With EP for 20 minutes, the side and face down surfaces are much brighter 

than that of 10 minutes. However, some etching traces are noticed on the top and face 

up surfaces, and hence affect their brightness. It is believed that the appearance of 

etching trace is a result of the high-water concentration in electrolyte. In addition, most 

of the sintered area on the top and face up surfaces are electropolished from the 

beginning of EP due to the higher ratio. Thus, comparing with the side and face down 

surfaces, the longer EP time of sintered area on the top and face up surface is more 

prone to surface etching. 

 

Figure 4.3 OM images of different flat surfaces of L-PBF 316L stainless steel before and after EP for 2.5, 

5, 10 and 20 minutes, respectively. 
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Figure 4.4 shows the topography evolution of different L-PBF surfaces over EP 

processing time. It can be seen that various surfaces are gradually levelled over time. 

The adhesion of single spherical protrusion is obvious on raw top surface, while 

adhesion of protrusion aggregation is apparent on face up surface. Compared with the 

top and face up surfaces, there are more spherical protrusions on raw side and face 

down surfaces. The reason for high area ratio of spherical protrusions is the large 

quantity of adhered powders on side and face down surfaces. In the first 2.5 and 5 

minutes, the size of most spherical protrusions on various surfaces get smaller 

gradually due to the dissolution by EP effect. The number of spherical protrusions on 

the top and face up surfaces is reduced significantly after EP for 10 minutes. 

Meanwhile, more uneven sintered area shows up on the side and face down surfaces. 

With an extension of EP time, various surfaces can be further levelled after 20 minutes. 

 

Figure 4.4 Topography of different flat surfaces of L-PBF 316L stainless steel before and after EP of 2.5, 

5, 10 and 20 minutes, respectively. 
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4.1.3 Material removal process 

Figure 4.5 shows morphologies of etched cross sections on various L-PBF flat 

surfaces after EP. According to the results in section 3.2.1, Figure 4.3 and Figure 4.4, 

it can be found that the un-sintered powders possess a different microstructure to the 

sintered area, un-sintered powders have different degrees of dissolution while sintered 

area almost keeps raw morphologies in the first 2.5 and 5 minutes of EP. After 10 

minutes of EP, some un-sintered powders still remain on face down surface due to the 

massive adhesion of un-sintered powders. In terms of top, face up and side surfaces, 

only sintered area can be observed. From 5 to 10 minutes, protruding sintered areas 

are electropolished gradually on the top, face up and side surface. Then, the remaining 

sintered area on these surfaces would be levelled after 20 minutes. Compared with 

other surfaces, EP progress of the face down surface is slower because of a large 

quantity of un-sintered powders and high roughness of sintered area. It is observed 

that most of the sintered area on the face down surface only shows up after 10 minutes 

of EP because of the removal of adhered powders. In the next stage, the protruding 

sintered area on the face down surface could be electropolished from 10 to 20 minutes 

of EP. 

High magnification images of un-sintered powders and sintered area after EP were 

characterized to further investigate material removal mechanisms. Figure 4.6 shows 

morphologies of typical un-sintered powders on various L-PBF surfaces after EP of 2.5 

and 5 minutes. During this period, some un-sintered powders have experienced 

partially or mostly dissolution on L-PBF surfaces. Note that the bonding area with 

narrow connections on L-PBF surfaces is also partly dissolved. In other words, un-

sintered powders with narrow connections with L-PBF surfaces show both dissolution 

of powder and bonding area in EP. To study the material removal process of sintered 

area during EP, morphologies of sintered area on L-PBF surfaces after EP of 5, 10 and 

20 minutes are shown in Figure 4.7. Protruding sintered area is observed on all 

surfaces after EP of 5 minutes. With 10 minutes of EP, the protruding sintered areas 

are levelled on top, face up and side surfaces. In terms of face down surface, partially 
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dissolved un-sintered powders can still be seen after 10 minutes and remaining 

sintered areas are further levelled on various surfaces after 20 minutes. It is found that 

protruding sintered areas would be removed first, followed by the remaining sintered 

area. Again, the observation proves the dominant role of microstructure on material 

removal mechanisms of EP. 

 

Figure 4.5 OM images of cross sections on L-PBF 316L stainless steel flat surfaces after different time 

of EP. The un-sintered powders are marked inside white circles while sintered area are marked by yellow 

boxes. 
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Figure 4.6 SEM images of dissolution of un-sintered powders on etched cross sections of L-PBF 316L 

stainless steel flat surfaces after EP of 2.5 and 5 minutes, respectively. 

 

Figure 4.7 SEM images of sintered area on etched cross sections of L-PBF 316L stainless steel flat 

surfaces after EP of (a-d) 5 minutes, (e-h) 10 minutes and (i-l) 20 minutes, respectively. 
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According to the evolution of L-PBF surface features during EP, the decrease of 

roughness on various surfaces in Figure 4.8 could be well explained. Raw roughness 

values of L-PBF surfaces mainly depend on the superimposed effect of un-sintered 

powders and sintered area. With an action of EP, the removal of un-sintered powders 

generates newly exposed sintered area, which influences the surface roughness. In 

the case of top surface polishing, the newly exposed sintered area has insignificant 

effect on its roughness because un-sintered powders are rarely existed on the raw top 

surface (Figure 4.3). After processing for 5 minutes, the prominent decrease of 

roughness on the top surface (Figure 4.8a) is attributed to the fast removal of un-

sintered powders. Then, the downward trend of Ra and Rz become insignificant due 

to a lower dissolution rate of sintered area. For face up surface, the newly exposed 

sintered area has limited effect on roughness during EP. The explanation is that 

sintered area has higher area ratio than un-sintered powders on face up surfaces (see 

Figure 4.3). A remarkable decrease of roughness on the face up surface is observed 

after 5 minutes of EP (see Figure 4.8b), attributing to the dissolution of most 

aggregated un-sintered powders (see Figure 4.4). Then, a reduction of Ra and Rz 

values shows up in the period of 5 to 20 minutes owing to the levelling of sintered area. 

Despite the area ratio of adhered powders on the side surface is higher than the face 

up surface (see Figure 4.3), raw surface roughness of side surfaces have lower values 

(Figure 4.8c) due to the combination of more evenly distributed powders and lower raw 

roughness of sintered area. After the dissolution of un-sintered powders in the first 5 

minutes of EP, the decreasing trend of roughness on the side surface becomes more 

gradual from 5 to 20 minutes because of the lower dissolution rate of sintered area 

(see Figure 4.5). Un-sintered powders have contributed significantly to raw roughness 

on face down surface resulting from a coverage status of powders as shown in Figure 

4.3. With the dissolution of most un-sintered powders after 10 minutes of EP (see 

Figure 4.5), sintered area shows a strong impact on its roughness values. Due to the 

highest degree of asperity of sintered area among various L-PBF surfaces, the face 

down surface has the highest Ra and Rz values after 10 minutes of EP. Then, the 

sintered area can be further levelled from 10 to 20 minutes as shown in Figure 4.8d. 
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Although there are different ratios of un-sintered powders and sintered area, raw 

roughness of face up and face down surfaces are influenced by the combination of un-

sintered powders and sintered area. As a result, original face up and face down 

surfaces were measured with similar surface roughness values as shown in Figure 

4.8b and d. With the extension of EP time, the asperity of sintered area plays a 

dominant role on Ra and Rz values. Because the sintered area of face down surfaces 

has higher asperity degree than face up surfaces, the face down surface shows higher 

Ra and Rz values than the face up surface after 20 minutes of EP in Figure 4.8. 

 
Figure 4.8 Ra and Rz values of flat (a) top, (b) face up, (c) side and (d) face down surfaces of L-PBF 

316L stainless steel before and after EP of 2.5, 5, 10 and 20 minutes, respectively. Note that the left 

vertical axis represents Ra and the right vertical axis represents Rz. 

4.1.4 Material removal mechanism 

To further study EP material removal mechanisms of L-PBF surface features, un-

sintered powders and sintered area for simulation are functioned as anode boundary 

shown in Figure 4.9a and b, respectively. The dimension, morphology, and location 

distribution of L-PBF surface features in the simulation are consistent with the surface 
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characterization results in Chapter 3. A ‘fine’ setting was used to generate the mesh of 

the built models as can be seen in Figure 4.9c and d, respectively. Current density 

simulations of typical un-sintered powders and sintered areas during EP are presented 

in Figure 4.9e and f [141], respectively. Based on the 2-dimensional models in Figure 

4.9a and b, it could be seen that protruding and recessed positions on L-PBF surfaces 

have different current density distribution during EP, which could lead to different 

polishing effects. Some un-sintered powders that located at protruding positions have 

higher current density distribution and therefore dissolve first during EP. As a result, 

un-sintered powders which possess recessed locations exhibit higher material removal 

resistance than other un-sintered powders in EP. It should be noticed that tip area on 

an un-sintered powder has higher current density and would dissolve faster than the 

other area of the powder. Moreover, if bonding area is the tip area, there would be 

higher current density distribution on the bonding area as simulated in Figure 4.9e. 

Therefore, the removal of some un-sintered powders that have narrow bonding 

connections with L-PBF surfaces includes both the dissolution of the powders and 

bonding area. The simulation of un-sintered powders in Figure 4.9e is consistent with 

experimental results in Figure 4.6. Simulated current density distribution for sintered 

area is shown in Figure 4.9f. It could be seen that protruding sintered area has higher 

current density distribution and would dissolve faster than other sintered area. The 

simulation analysis for sintered area has conformity with EP results in Figure 4.7. 

Despite the current mesh size is helpful to analyse the differences in current density 

distribution of L-PBF surface features, the structured mesh size can be further 

improved considering the mesh sensitivity. 
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Figure 4.9 A two-dimensional model of (a) un-sintered powders, and (b) sintered area, (c) mesh of the 

model of un-sintered powders, (d) mesh of the model of sintered area, (e) simulated current density 

distribution of the un-sintered powders in EP; and (f) current density distribution of the sintered area 

during EP [141]. 

The higher reduction degree of Rz than Ra on face up and face down surfaces 

from 10 to 20 minutes of EP could be interpreted with the simulation results. After 

dissolution of un-sintered powders, obvious current distribution differences could be 

generated on remained sintered area if there exists high roughness. As can be seen 

in Figure 4.9f, peaks on sintered area have higher current distribution than valleys. 

After removal of un-sintered powders during EP, the levelling process of sintered area 

is continued from 10 to 20 minutes on face up and face down surfaces. The high 

asperity of sintered area on the face up and face down surfaces causes significant 

current distribution differences on protruding and valley positions. Thus, EP leads to 

the decreased height difference of sintered area and causes a bigger impact on Rz 
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than Ra as can be seen in Figure 4.8b and d. It should be noted that decrease of Ra 

and Rz values on specific L-PBF surface during EP are caused by various reasons 

considering the location, proportion and asperity of different surface features. 

Based on experimental and simulation results, the material removal process of L-

PBF flat 316L stainless steel surfaces during EP is shown in Figure 4.10. Considering 

the microstructure and location differences, features on raw L-PBF surfaces are 

illustrated as un-sintered powders and sintered area in Figure 4.10a. During EP, area 

on L-PBF surfaces that contacts with electrolyte would be dissolved. Because of the 

different dissolution rates of un-sintered powders and sintered area, un-sintered 

powders are dissolved firstly and have different degree of dissolution at the initial stage 

of EP as shown in Figure 4.10b. As EP progressed, un-sintered powders are removed 

and protruding sintered area is continued to be electropolished (see Figure 4.10c). 

Then, remained un-sintered area can be further levelled owing to the current 

distribution differences during EP as shown in Figure 4.10d. 

 
Figure 4.10 Schematic diagram of (a) raw surface features and (b-d) material removal process on L-

PBF surfaces during EP. 

4.2 EP process optimization for 316L stainless steel internal 

surfaces 

Considering that EP is influenced by many factors, it is essential to study the 

polishing effects of EP parameters and optimize various parameters in the developed 
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polishing system. Given that only the internal surface of side 1/6 channels has uniform 

morphology, EP parameter optimization for 316L stainless steel surfaces was studied 

using L-PBF side inner surfaces. 

4.2.1 Length of cathode 

Considering the use of 1/6 straight channels, there are two selections of the length 

of cathode as illustrated in Figure 4.11. One is to use a long cathode (see Figure 4.11a) 

in which a cylindrical titanium cathode is located in the center of the chamber along the 

whole channel. The other one is to apply a short cathode (see Figure 4.11b), where 

the end of the cathode is placed at one end of the channel.  

By applying different lengths of cathodes, inner side surfaces of L-PBF 316L 

stainless steel were electropolished. The electrolyte contained H3PO4 (85 %) and 

glycerol (99 %) with a ratio of 2:1 and the temperature of electrolyte was 55 ℃ during 

EP. A flow rate of 0.180 L/s was used for electrolyte circulation. With these two types 

of cathodes, the internal surfaces of side channel after EP of 30 minutes by using a 

potential of 2V are shown in Figure 4.12. A uniform morphology with bright surface 

could be obtained by using the long cathode (see Figure 4.12a and b), while a gradient 

surface shows up with the short cathode as shown in Figure 4.12c. It should be noted 

that the farther the inner surface was from the cathode, the less effective of EP could 

be identified (see Figure 4.12d, e and f). This can be explained that the electrolyte 

resistance increased with the increase of inter-electrode gap, therefore, current density 

distribution during EP decreases as the inter-electrode gap increased [141, 143]. Thus, 

a long cathode is more suitable for EP, multiple and hybrid polishing in this study. 

 
Figure 4.11 Schematic diagrams of relative positions of a channel and a cathode by using (a) long 

cathode and (b) short cathode in EP. 



78 

 

 

Figure 4.12 OM images of L-PBF 316L stainless steel internal surfaces of (a) a whole side channel and 

(b) the morphology with high magnification of (a) using a long cathode, and (c) another whole side 

channel, (d), (e) and (f) the morphology at different positions of (c) with high magnification using a short 

cathode. 

4.2.2 Composition of electrolyte 

Because composition of electrolyte would influence the resistance of electrolyte, 

as well as the distribution of current density and final EP result, it is essential to optimize 

the composition of electrolyte for internal surfaces of L-PBF 316L stainless steel. Since 

the mixture of H3PO4 and glycerol have shown good polishing effects for 316L stainless 

steel [141, 144], three different ratios were tested. The volume ratios are 3:1:1, 3:1:0 

and 3:2:0 of H3PO4, glycerol and deionized water. The temperature of electrolyte was 

55 ℃ during EP. A flow rate of 0.180 L/s was used for electrolyte circulation and the 

internal surfaces of side channel were electropolished for 30 minutes using a potential 

of 2V. As seen in Figure 4.13, there are etching traces on Figure 4.13a and b, 

meanwhile, the polished surfaces are not bright. Compared with others, the electrolyte 

with the ratio of 3:2 of H3PO4 and glycerol could obtain a bright surface without etching 

traces (Figure 4.13c). Thus, the electrolyte for L-PBF 316L stainless steel surfaces is 

a mixture of H3PO4 and glycerol with a volume ratio of 3:2. 
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Figure 4.13 OM images of L-PBF 316L stainless steel side internal surfaces after EP using electrolytes 

containing H3PO4, glycerol and deionized water with volume ratios of (a) 3:1:1 (b) 3:1:0 and (c) 3:2:0, 

respectively. 

4.2.3 Temperature of EP 

Temperature of electrolyte during EP can affect final polishing result because it 

influences diffusion rate of ions, thickness of viscous layer, resistance of electrolyte etc. 

[144]. After testing, the electrolyte circulation temperature of the polishing system can 

be stabilized at a maximum of 55 ℃, therefore, a mixture of H3PO4 and glycerol with 

the ratio of 3:2 was heated to 40 and 55 ℃ respectively for EP. A flow rate of 0.180 L/s 

was used for electrolyte circulation and the morphologies of side internal surfaces after 

EP of 25 minutes by using a potential of 2V are shown in Figure 4.14. Compared with 

raw side surface (Figure 4.14a) and the polished surface at 55 ℃ (Figure 4.14c), EP 

25 minutes at 40 ℃ (Figure 4.14b) is inefficient polishing. Thus, 55 ℃ would be used 

for subsequent EP, multiple and hybrid polishing of L-PBF 316L stainless steel internal 

surfaces. 
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Figure 4.14 OM images of (a) a raw L-PBF 316L stainless steel side internal surface and side internal 

surfaces after EP at (b) 40 ℃ and (c) 55 ℃, respectively. 

4.2.4 Flow rate of electrolyte 

Given that polarization curve is a valuable tool in quantifying behaviors of metals 

and alloys in EP [145], raw side inner channels were selected to measure the 

polarization curves with different flow rates as seen in Figure 4.15. Note that the 

potentiodynamic polarization curves were measured by sweeping the potential from 

3.5 to 0.5 V (versus Ag/AgClsat) at a scan rate of -20 mV/ s. In general, polarization 

curve in a typical EP process is usually divided into four regions, the etching, 

passivating, limiting current density plateau region (LCPR), and gas evolution region 

with the increase of potential, as reported by Han et al. [143]. In the LCPR, the current 

is almost stable when changing the applied potential. Thus, normal EP is usually 

carried out in this region due to the better EP effect. Although different flow rates were 

tested in Figure 4.15, a distinct LCPR shows up in various polarization curves. Note 

that current density at LCPR also increases with an increase in the flow rate. Moreover, 

the LCPR is more stable in flowing electrolyte. In general, a viscous film layer would 

be formed on workpiece surfaces due to that dissolved metal ions need time to diffuse 

away from the workpiece surface. With an increase in the flow rate, the diffusion 
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process can be accelerated and resulted in a thinner viscous film. Thus, the decrease 

of inter-electrode gap resistance led to an increase in the current density [144]. 

Because of use of a peristaltic pump in the developed EP system, flow oscillations 

could easily occur at low flow rate and the degree of oscillation can be greatly 

weakened with the increase of the flow rate. Therefore, the polarization curve at 0.06 

L/s clearly oscillated. In order to obtain a stable LCPR for EP experiments and 

mechanism study, a flow rate of 0.18 L/s was selected for various L-PBF surfaces. 

Since the potential range of LCPR at 0.18L/s is between 1.95 and 2.15V in Figure 4.15, 

a potential of 2V along the LCPR is used in normal EP process for various L-PBF 316L 

stainless steel inner surfaces. 

 

Figure 4.15 Polarization curves of L-PBF 316L stainless steel side internal surfaces with flow rates of 0, 

0.06, 0.12, 0.15, 0.18 L/s at 55 ℃. 

4.3 EP of 316L stainless steel internal surfaces 

4.3.1 Experimental approaches 

EP of L-PBF 316L stainless steel internal surfaces was carried out using the 

developed polishing system as illustrated in Figure 3.24, Figure 3.25a and b. A 1/6 

straight channel and a cathode could be connected to a CS310 electrochemical 

workstation (Wuhan CorrTest, China). A three-electrode system was used in this study 
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with an Ag/ AgCl reference electrode (Fisher Scientific, Ireland) placed in the storage 

tank. It should be noted that the 1/6 straight channel of L-PBF 316L stainless steel and 

a plastic fixture could be combined into a whole straight channel with an inner diameter 

of 5mm. Electrochemical impedance was measured using the CS310 electrochemical 

workstation, and the measured impedance diagrams were fitted with the accessory 

software. Please note that the electrochemical impedance was measured at a constant 

applied potential along the LCPR. A potential amplitude of 10 mV was used with a 

frequency range of 100 kHz to 1 Hz. The electrolyte in this study only contained H3PO4 

(85 %) and glycerol (99 %) with volume ratio of 2:1. Different types of L-PBF inner 

surfaces were facing the long counter electrode in all EP tests. A stable flow rate of 

0.18 L/ s and a temperature of 55 ℃ were controlled during EP and impedance diagram 

measurements. L-PBF inner surfaces were cleaned using distilled water in an 

ultrasonic agitation bath for 10 minutes and dried by air blowing before and after EP. 

4.3.2 Normal EP 

Given that only the internal surface of side 1/6 channels has uniform surface 

morphology, polishing characteristics and material removal rate of normal EP on side 

inner surfaces were studied firstly. EP effects on morphology of a side internal surface 

after different processing times are shown in Figure 4.16. It is clear that adhered 

powders dissolve after EP of 2.5, 5 and 7.5 minutes. As a result, more sintered area 

shows up correspondingly. Compared with adhered powders, the sintered area 

typically remains its original morphology in the first 10 minutes. Consistent with our 

study of EP characteristics of L-PBF 316L stainless steel surface features in section 

4.1 [141], un-sintered powders would dissolve first since they process a higher 

dissolution rate than sintered area during EP because of the microstructure difference. 

As the EP time increases from 10 to 30 minutes, the sintered area continues to be 

polished and the side internal surface becomes smoother, indicating that normal EP is 

suitable for polishing the sintered area. 

Figure 4.17 shows changes of surface roughness values and material removal rate 

of the side inner surface measured in normal EP. It should be noted that both Ra and 
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Rz decrease by about 50% in the first 7.5 minutes of EP which mainly attribute to the 

removal of un-sintered powders. After the dissolution of un-sintered powders, the 

decrease of roughness values becomes slower from 10 to 20 minutes because 

sintered area with higher polishing resistance would be electropolished continuously. 

After polishing for 20 minutes, surface roughness remains basically stable. In terms of 

material removal rate, the early 7.5 minutes of EP achieves higher material removal 

rate. Then it decreases slowly with the prolongation of EP time. Since most of un-

sintered powders dissolve after 7.5 minutes, the higher material removal rate should 

be more attributable to the dissolution of un-sintered powders. Then, continuous EP of 

the sintered regions results in a lower material removal rate because the dissolution 

rate of sintered area is lower than un-sintered powders. In addition, the reduction of 

surface roughness values of sintered area can weaken EP effect, resulting in a gradual 

decrease in material removal rate with the extension of EP time. 

As seen from the experimental results above, although un-sintered powders 

possess a higher dissolution rate than sintered area during EP, it still takes about half 

the time to remove the un-sintered powders before the surface roughness of L-PBF 

side surface reaches a stable level. Moreover, the presence of un-sintered powders 

and high surface roughness may be risky for applications [112, 146] due to un-stable 

bonding or differences in microstructure from the host material [141]. Thus, it is 

significant to develop a process to rapidly remove the un-sintered powders on L-PBF 

surface to improve polishing efficiency of EP. 
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Figure 4.16 OM images of (a) raw morphology of a L-PBF 316L stainless steel side channel and the 

same area after (b) 2.5, (c) 5, (d) 7.5, (e) 10, (f) 15, (g) 20, (h) 25 and (i) 30 minutes of EP, respectively. 

 

Figure 4.17 Changes of surface roughness (a) Ra, (b) Rz and (c) material removal rate of the L-PBF 

316L stainless steel side inner surface in Figure 4.16 before and after different time of EP, respectively. 
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4.3.3 Optimization for removing un-sintered powders 

To improve the removal process of un-sintered powders, different potentials of EP 

were used as the first step EP for L-PBF side inner surfaces. Figure 4.18 shows the 

morphology of side inner surfaces before and after polishing at different voltages and 

Figure 4.19 demonstrates the changes of surface roughness. It can be seen that some 

spherical adhesions remain on the surface after 2V and 3V (see Figure 4.18b and c), 

while a morphology similar to Figure 4.16e could be obtained after 4, 5 and 6V, 

respectively as shown in Figure 4.18c, d and e. Therefore, EP for 5 minutes at 3V is 

difficult to remove most of un-sintered powders, which is consistent with the results 

shown in Figure 4.19 that the roughness reduction percentage at 2V and 3V are close 

to each other. Despite un-sintered powders are removed after EP 5 minutes at 4, 5 and 

6V, the highest reduction of Ra and Rz shows up at 4V. Then, the decrease in 

roughness is smaller at 5V and the lowest reduction percentage occurs at 6V. In 

general, when the potential is higher than LCPR, the current density increases with an 

increase of potential [143]. Because 4, 5 and 6V are higher than the LCPR in Figure 

4.15, the current at protrusions and valley positions on rough L-PBF surfaces at 5 and 

6V should be much higher than at 4V. Thus, the surface roughness changes in Figure 

4.19 can be explained that an excessive voltage could cause large amount of material 

removal at protruding and valley locations at the same time and worsen L-PBF surface 

roughness [141, 143]. As a result, 5 minutes of EP at 4V in this study can effectively 

dissolve most of un-sintered powders with a maximum reduction in surface roughness 

on L-PBF 316L stainless steel side inner surfaces. 
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Figure 4.18 OM images of L-PBF 316L stainless steel side inner surfaces (a) before and after EP of 5 

minutes at (b) 2V, (c) 3V, (d) 4V, (e) 5V and (f) 6V, respectively. 

 

Figure 4.19 Reduction percentages of (a) Ra and (b) Rz of L-PBF 316L stainless steel side inner 

surfaces after EP of 5 minutes at different voltages. 

The optimal parameter for removing un-sintered powders is also validated on other 

L-PBF 316L stainless steel inner surfaces as seen in Figure 4.20. Un-sintered powders 

on top, face up and face down surfaces of L-PBF internal channels are effectively 

removed after 5 minutes of EP at 4V. Thus, it is proposed to use this parameter as the 

first step EP for various internal surfaces prepared by L-PBF 316L stainless steel. 
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Figure 4.20 OM images of inner top, face up and face down surfaces on L-PBF 316L stainless steel 

channels after EP of 5 minutes at 4V. 

4.3.4 Two-step EP 

Considering the material removal characteristics of L-PBF surface features during 

EP, a two-step EP process is developed for the polishing of various L-PBF internal 

surfaces. The aim of the first step is to remove almost un-sintered powders by using a 

potential of 4V for 5 minutes of polishing, while the second step is to further level the 

remaining sintered area and obtain a smooth surface. Given that LCPR is generally 

used for better EP effect and shows good surface finish, a potential of 2V was applied 

in the step two. Please note that area on L-PBF surfaces that contact with electrolyte 

would be polished during the two-step EP. 

Morphologies of various L-PBF surfaces on the same sample before and after the 

two-step EP are illustrated in Figure 4.21. It is clear that most of spherical adhesions 

dissolve after the step 1 and sintered area gets smoother on different surfaces as 

shown in Figure 4.21. It could be seen that laser sintering traces on top surface are 

blurred after 5 minutes of EP in the step 1. However, some etching marks appear in 

the original sintered area on top surface during the second step of EP, which is a result 

of longer EP time for sintered area [141, 145]. In comparison with the top surface, the 

sintered area on face up, side and face down surfaces are much smoother after 10 

and 20 minutes of EP in the step 2. It should be noted that the morphologies of various 

surfaces change slightly during the second step of EP which demonstrates that most 

of un-sintered powders have been effectively removed in the first step of EP. 



88 

 

  

Figure 4.21 OM images of the same area on L-PBF 316L stainless steel various internal surfaces before 

and after different time of two-step EP. 

Figure 4.22 shows the topography evolution of surfaces over EP processing time. 

It can be seen that L-PBF surfaces are gradually levelled with the extension of time. 

After the step 1, some spherical adhesions on top surface are disappeared, while the 

topography of other surfaces changes greatly. From the perspective of vertical scale in 

Figure 4.22, the reduction of the vertical scale is obvious on top, face up and side 

surfaces after the step 1 of EP, while face down surface is basically unchanged. In the 

step 2 of EP, sintered areas on the face up, side and face down surfaces are further 

polished and their vertical scales significantly decrease with the extension of EP time. 

However, the vertical scale on the top surface almost remains at similar values. Both 

Ra and Rz values of original and polished surfaces were measured after the two-step 

of EP, as shown in Figure 4.23. The raw surface roughness values vary with different 

L-PBF internal surfaces due to the differences of un-sintered powders and roughness 



89 

 

of sintered area which is consistent with the analysis in section 4.1 [141]. After step 1 

of EP, Ra and Rz values on top, face up and side surfaces show markedly decrease 

due to the removal of un-sintered powders. Different from other surfaces, the values of 

surface roughness on the face down surface after step 1 is almost the same as before 

polishing. Then, the roughness of the face up, side and face down surfaces continues 

to decrease with increasing EP time in the step 2, but Ra and Rz values of the top 

surface remains almost unchanged. Please note that the changes in roughness values 

of different L-PBF inner surfaces during the two-step EP are consistent with the 

variation of vertical scales in Figure 4.22. 

 

Figure 4.22 Topography of the same area on different L-PBF 316L stainless steel internal surfaces 

before and after different time of two-step EP. 
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Figure 4.23 Ra and Rz values of L-PBF 316L stainless steel internal (a) top, (b) face up, (c) side and (d) 

face down surfaces before and after different time of two-step EP. Note that the left vertical axis 

represents Ra and the right vertical axis represents Rz. 

4.3.5 Material removal process 

To further study the material removal process, the etched cross sections of various 

L-PBF internal surfaces after two-step EP are shown in Figure 4.24 and Figure 4.25. 

After step 1, only a few un-sintered powders are residual on various L-PBF inner 

surfaces, which means step 1 has effectively removed most of the un-sintered powders. 

With step 2 of EP, all un-sintered powders are dissolved, and only sintered area 

appears on different inner surfaces after 10 minutes. Then, sintered area on face up, 

side and face down surfaces are noticeably levelled after 20 minutes, except for top 

surface. Based on the characterization of cross sections, the changes in roughness in 

Figure 4.23 could be well explained. Raw roughness values of different L-PBF surfaces 

mainly depend on the combined effect of un-sintered powders and sintered area [141]. 

With the action of the step 1 of EP, the removal of most un-sintered powders allows 

newly sintered areas appear on various surfaces which has a strong impact on their 

Ra and Rz values. Compared with other surfaces, sintered area on the face down 
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surface generally shows the maximum roughness since heat conduction and gravity 

have a greater effect on overhanging face down surfaces [25, 95]. Therefore, the face 

down surface exhibits similar roughness values to the original surface after the step 1 

(Figure 4.23). In terms of the polishing of sintered area in step 2, the varied levelling 

degrees of the top and other surfaces can be explained by the different dissolution 

rates of sintered area at the convex and concave positions. Since other surfaces have 

higher roughness of sintered area than the top surface, higher current distribution 

differences at the protruding and valley positions generates a stronger polishing effect 

on their surfaces during the step 2 of EP [143]. 

 

Figure 4.24 OM images of cross sections on L-PBF 316L stainless steel various internal surfaces after 

processing for different time of two-step EP. 
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Figure 4.25 SEM images of cross sections on L-PBF 316L stainless steel various internal surfaces after 

processing for different time of two-step EP. 

Based on above results and discussion, the material removal process of L-PBF 

316L stainless steel internal surfaces during the two-step EP is illustrated in Figure 

4.26. Considering that microstructure differences result in a higher dissolution rate of 

un-sintered powders than sintered area on various L-PBF surfaces (see Figure 4.26a), 

the step 1 of EP removes most of the un-sintered powders by using a higher potential 

than LCPR, while minimizing the roughness as shown in Figure 4.26b. In order to 

obtain a bright and smoother final surface, a potential along LCPR is applied in the 

second step of EP. Generally, the sintered area would be levelled gradually with the 

extension of EP time as shown in Figure 4.26c and d. Notably, the selection of EP 

parameters needs to be considered according to the differences of various L-PBF 

surfaces. For example, the polishing time in step 2 of EP needs to be controlled for top 

surfaces to avoid etching traces, but for face down surfaces, the time can be 

appropriately extended. 
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Figure 4.26 Schematic diagram of (a) raw surface and (b-d) material removal process of L-PBF internal 

surfaces during two-step EP. 

4.3.6 Impedance diagram analysis 

The mass transport limitations for anodic dissolution, such as salt film theory and 

adsorbate acceptor system, can be used to analyze EP mechanism by measuring 

electrochemical impedance spectroscopy [145, 147]. In general, the characteristic 

features of impedance diagrams could be used to identify its mechanism because the 

shapes of Nyquist plots for salt film and adsorbate acceptor theories are different. 

Figure 4.27a shows the impedance diagram at high frequency by using a side internal 

surface with a potential of 2V. The first and second arcs are visible and are significantly 

distinct at high frequency, which exhibits similar features to the diagram of absorbate 

acceptor model. Considering the impedance spectra, the left semi-circle at high 

frequencies is related to the charge transfer process, Figure 4.27b and c illustrate a 

schematic Nyquist diagram and an equivalent circuit of the impedance diagram at high 

frequency, respectively. Rp is the polarization resistance determined by the diameter of 

the circle, Rs is the electrolyte resistance, and Cdl is the double layer capacitance which 

is calculated by Cdl= 1/ (ω·Rp) where ω is the frequency at the top of the semi-circle. 

The calculated values of Rs, Cdl and Rp from measured impedance diagrams at high 

frequency with different potentials along the LCPR are shown in Figure 4.28a, b and c. 

It should be noted that the electrolyte resistance Rs hardly changed with different 

potentials which also proves that it should behave as an ohmic resistance rather than 

a porous film during EP. Not only the values of Rs, but the constant values of Cdl and 

Rp also suggest that the mass transport limitation mechanism in this study should be 

an adsorbate acceptor model [143, 145, 148]. In addition, the mass transport limitation 

species were water, water-related species or some other species require further study. 
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Figure 4.27 Images of (a) an impedance diagram of 2V at high frequency by using L-PBF 316L stainless 

steel side internal surfaces, (b) Nyquist plot of impedance diagram at high-frequency [145], and (c) 

equivalent circuit of impedance diagram at high frequency [145]. 

 

Figure 4.28 Calculated values of (a) Rs, (b) Cdl and (c) Rp from the high frequency part of the impedance 

diagrams at different voltages along the LCPR by using L-PBF 316L stainless steel side internal surfaces. 

4.4 EP of Ti6Al4V internal surfaces 

4.4.1 Experimental approaches 

EP of L-PBF Ti6Al4V internal surfaces on printed 1/6 channels was carried out 

using the developed polishing system in Figure 3.24, Figure 3.25a and b. A 1/6 straight 

channel and a cathode could be connected to the electrochemical workstation of 

IviumStat.XRe (ALVATEK LTD, UK). A three-electrode system was used in this study 

with an Ag/ AgCl reference electrode (Fisher Scientific, Ireland) placed in the storage 

tank. It should be noted that the 1/6 straight channel of L-PBF Ti6Al4V and a plastic 

fixture could be combined into a whole straight channel with an inner diameter of 5mm. 

The potentiodynamic polarization curves were measured by sweeping the potential 
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from 10 to 50 V (versus Ag/AgClsat) at a scan rate of 20 mV/ s. The electrolyte in this 

study is a mixture of NaCl powder (99 %) and ethylene glycol solution (99 %) without 

acid and the concentration of Cl- was 0.6 M. Different types of L-PBF surfaces were 

facing the long counter electrode in all EP tests. A stable flow rate of 0.18 L/ s and a 

temperature of 25 ℃ were applied during EP. L-PBF inner surfaces were cleaned using 

distilled water in an ultrasonic agitation bath for 10 minutes and dried by air blowing 

before and after EP. 

4.4.2 Process optimization 

EP behaviors of Ti6Al4V in chloride-containing ethylene glycol electrolyte were 

discussed by researchers [149, 150] considering its environmentally friendly character. 

Based on the use of this environmental-friendly electrolyte, EP parameters were 

optimized using side inner surfaces of L-PBF Ti6Al4V 1/6 channels.  

Figure 4.29 is the polarization curves from 10 to 50V at different flow rates and 

LCPR shows up from 44 to 50V at a flow rate of 0.18 L/s. Moreover, changes in flow 

rates have less effect on LCPR. Then, EP of a side inner surface at 44V was carried 

out and morphological evolution is shown in Figure 4.30. After 5 minutes of EP, some 

area has been polished to be smooth, while some raw sintered area still remains. Then, 

area ratio of smooth surface increases with prolongation of EP time. However, the 

polishing effect is not uniform after different EP times. Original morphology (marked 

with white circles in Figure 4.30) still shows up after 5 and 10 minutes. Insufficient 

polishing areas (marked with yellow boxes in Figure 4.30) are also obvious after 15 

minutes of EP. Nonuniform polishing phenomenon may be caused by excessive 

current density distribution at LCPR. Although the potential along LCPR could be used 

to obtain smooth and bright surface, combined effects of high current density at 44V, 

high surface roughness and complexity of raw L-PBF Ti6Al4V side surfaces could lead 

to nonuniform polishing. Moreover, continued prolongation of EP time at 44V may 

result in excessive material removal. Thus, the selection of potential for various L-PBF 

Ti6Al4V inner surfaces should be further investigated. 
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Figure 4.29 Polarization curves of L-PBF Ti6Al4V side internal surfaces with flow rates of 0.18 L/s and 

0.06 L/s at 25 ℃. 

 

Figure 4.30 OM images of L-PBF Ti6Al4V side internal surfaces after different time of EP at a potential 

of 44V. 

Based on the polarization curve in Figure 4.29, 20V and 32V were selected for EP 

of Ti6Al4V side inner surfaces. Morphology of side internal surfaces after 10 minutes 

of EP at different potentials are illustrated in Figure 4.31. It is obvious that nonuniform 

polishing phenomenon showed up at 32V, while a uniform morphology can be obtained 

at 20V. Therefore, 20V is selected as the potential for the first step of EP for L-PBF 

Ti6Al4V internal surfaces. 
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Figure 4.31 OM images of L-PBF Ti6Al4V side internal surfaces after 10 minutes of EP at potential of 

32V and 20V, respectively. 

4.4.3 Two-step EP 

Considering the differences of morphology and roughness of various L-PBF inner 

surfaces, EP potential of 20V which is lower than LCPR is found to obtain uniform 

morphology of L-PBF Ti6Al4V inner surfaces. EP effects on morphology of top, face 

up, side and face down inner surfaces of L-PBF Ti6Al4V are shown in Figure 4.32. It 

can be seen that most of spherical adhesions on L-PBF surfaces are removed after 

2.5 minutes. Meanwhile, the area ratio of raw morphology reduces gradually with an 

increase of EP time from 2.5 to 5 minutes and all areas are polished after 15 minutes 

of EP. Although some smooth and bright area shows up in the polished area, it is hard 

to obtain large bright area at 20V. Given that there are etching and passivation stages 

before LCPR [143], the material removal of EP at 20V is caused by etching based on 

the polarization curve (Figure 4.29) and morphological changes. 

Both Ra and Rz of original and polished surfaces were measured after EP at 20V, 

as shown in Figure 4.33. The raw surface roughness values vary with different L-PBF 

surfaces due to combined effects of staircase effect, heat conduction, gravity effect, 

etc. [95]. Notably, Ra and Rz values on top surface gradually increase in the first 15 

minutes of EP, but deteriorate substantially after 25 minutes of EP at 20V (Figure 4.33a). 

Different from the top surface, surface roughness of the face up and side surfaces 

reduce in the first 15 minutes. However, Ra and Rz values increase on the face up and 

side surfaces with 25 minutes of EP (Figure 4.33b and c). Only the roughness of the 
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face down surface shows a continuous decreasing trend with prolongation of EP time 

(Figure 4.33d). 

 

Figure 4.32 OM images of the same area on top, face up, side and face down inner surfaces of L-PBF 

Ti6Al4V internal channels after different time of EP at 20V. 
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Based on the changes of morphology and roughness values, it is found that EP at 

20V could remove raw morphology of L-PBF Ti6Al4V internal surfaces by etching. 

However, roughness of the top surface would increase which means the etching 

morphology have higher Ra and Rz values than raw top surface. In addition, EP time 

should be carefully considered, as over-etching could greatly deteriorate surface 

roughness. Considering the differences of various L-PBF internal surfaces, EP at 20V 

can obtain close surface roughness of various surfaces. Thus, 15 minutes of EP at 20V 

is considered as the first step of EP for various L-PBF Ti6Al4V inner surfaces. 

 

Figure 4.33 Ra and Rz values of L-PBF Ti6Al4V internal (a) top, (b) face up, (c) side and (d) face down 

surfaces before and after different time of EP at 20V. Note that the left vertical axis represents Ra and 

the right vertical axis represents Rz. 

After EP at a lower potential, a second step of EP has been carried out at 44V 

along LCPR. Morphologies and roughness of various L-PBF surfaces on the same 

sample after EP are illustrated in Figure 4.34 and Figure 4.35, respectively. It is clear 

that there are etching traces after the first step of EP. With the action of EP at 44V, 
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etching morphologies are still obvious in the first 90 seconds. With an increase of EP 

time to 210 seconds, etching traces are dissolved visibly. Based on the simulation in 

Figure 4.9, protruding areas have higher current distributions than valleys during EP. 

Then, a smooth surface is obtained on top surface, while a few sintered areas with 

dark colour that located at valley positions (Figure 4.36) are still remained on face up, 

side and face down surface after 300 seconds. With an increase of EP time at 44V, 

both Ra and Rz values remain consistent reducing trends across different surfaces as 

can be seen in Figure 4.35. Notably, roughness reducing efficiency gradually 

decreases with the prolongation of EP time in the second step of EP because lower 

roughness values can weaken the current distribution differences between protruding 

and valley positions.  

According to the above discussion, a two-step EP process is proposed for the 

polishing of various internal surfaces of L-PBF Ti6Al4V. The aim of the first step is to 

achieve close surface roughness values of various surfaces by applying a potential of 

20V for 15 minutes, while the second step is further level the surface at a potential of 

44V along LCPR in order to obtain smooth surfaces. 
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Figure 4.34 OM images of the same area on L-PBF Ti6Al4V various internal surfaces after different time 

of the two-step EP. Remained sintered areas were marked with white circles after 300 second of the 

second step of EP. 
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Figure 4.35 Ra and Rz values of L-PBF Ti6Al4V internal (a) top, (b) face up, (c) side and (d) face down 

surfaces before and after different time of the two-step EP. Note that the left vertical axis represents Ra 

and the right vertical axis represents Rz. 

 

Figure 4.36 OM image of a L-PBF Ti6Al4V side internal surface after the two-step EP (a) and its 

topography image (b). 

4.5 Summary 

This chapter investigates material removal process of L-PBF inner surfaces during 

EP. Based on the study of traditional EP in the beaker, current density distribution 

differences between protruding positions and valleys on L-PBF surfaces could 

influence material removal process during EP. EP of various inner surfaces on L-PBF 

316L stainless steel and Ti6Al4V is then performed. In order to improve polishing 
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efficiency, parameters such as flow rate, voltage, polishing time of EP are studied and 

optimized. Morphology, Ra and Rz values are evaluated to discuss EP effects on 

different surfaces. The cross sections of various L-PBF 316L stainless steel inner 

surfaces during the two-step EP are characterized to analyze its material removal 

process. The main conclusions are summarized as follows: 

(1) Surface features on various L-PBF 316L stainless steel flat surfaces have an 

effect on material removal characteristics of EP. Un-sintered powders dissolve 

faster than sintered area during EP due to microstructure difference. Moreover, 

protruding positions on L-PBF surfaces have superior dissolution rate because 

of their higher current density distribution than recessed positions. During EP, 

un-sintered powders would be firstly removed. Then, sintered areas would be 

continuously electropolished with the extension of EP time. Roughness of L-

PBF surfaces depends on the combined effect of un-sintered powder and 

sintered area. Ra and Rz values of polished surfaces show continuous 

declination from the beginning to 20 minutes of EP. The reduction degree of Rz 

is higher than Ra on face up and face down surfaces from 10 to 20 minutes of 

EP due to the high roughness of sintered area. 

(2) In the EP of L-PBF 316L stainless steel inner surfaces using the developed 

hybrid polishing system, although LCPR can be observed at different flow rates 

of electrolyte, flow oscillations occur at low flow rates, and the degree of 

oscillation decreases greatly with an increase of flow rate. Despite un-sintered 

powders possess higher dissolution rate than sintered area and would be 

removed firstly in normal EP, the removal efficiency of un-sintered powders still 

needs to be improved. EP parameters are optimized by using a potential 

appropriately higher than the LCPR to remove most of un-sintered powders. 

Therefore, a two-step EP has been optimized for various internal surfaces 

prepared by L-PBF 316L stainless steel in which the first step of EP is to 

dissolve almost un-sintered powders, while the second step is to further level 

the remaining sintered area and obtain a smooth surface by applying a potential 

along the LCPR.  
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(3) By using an environmentally friendly electrolyte, a two-step EP is investigated 

for various internal surfaces on L-PBF Ti6Al4V in which the first step of EP is 

to polish surfaces uniformly using a lower potential, while the second step is to 

obtain a smooth surface by applying a potential along the LCPR. 

(4) Through the analysis of EP effects on various internal surfaces of L-PBF 316L 

stainless steel and Ti6Al4V, it is found that EP is capable of polishing L-PBF 

internal surfaces with various printing angles and effectively reducing their 

surface roughness. In addition, the un-sintered powders would be firstly 

dissolved and then the sintered area could be further levelled during EP of L-

PBF internal surfaces. 

Despite the advantages of EP, it is necessary to balance the high material removal 

rate of EP and surface roughness reduction of L-PBF internal surfaces. For example, 

it is difficult to further reduce surface roughness of top, face up and side internal 

surfaces of 316L stainless steel by extending EP time after 25 minutes due to the 

irregular shape of molten pools on L-PBF surfaces. 

It is noted that the selection of electrolytes and optimization of EP parameters are 

related to the polishing process of specific material. In addition, EP parameters such 

as composition of electrolyte, EP potential and temperature have significant impacts 

on material removal process and final surface finish. Although normal EP generally 

carries out along LCPR, the optimized two-step EP for L-PBF 316L stainless steel and 

Ti6Al4V demonstrate better polishing effect and efficiency by combining different 

potentials. This study shows great potential to develop environmentally friendly 

electrolytes for various L-PBF alloys and then optimize their EP parameters to improve 

polishing efficiency. 
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Chapter 5. AFP of L-PBF Internal Surfaces 

5.1 AFP process optimization 

To optimize AFP process in the developed polishing system (Figure 3.24, Figure 

3.26a and b), AFP parameters such as pressure, volume percentage of abrasive 

particles, type and size of abrasives were optimized. Considering the flow rate in EP 

and hybrid polishing, a flow rate of 0.18 L/s was used for AFP optimization process. 

Given that only the internal surface of side 1/6 channels has uniform morphology, AFP 

parameter optimization was studied using L-PBF 316L stainless steel side inner 

surfaces. Meanwhile, optimized parameters were also verified on L-PBF Ti6Al4V side 

1/6 channels. 

5.1.1 Pressure and volume percentage of abrasive particles 

Preston equation R=KpPV [151, 152], where R is material removal, P is pressure 

acting on workpiece, V is the relative linear velocity, and Kp is Preston constant, 

indicates that pressure acting on the workpiece surface relates to the material removal 

rate of AFP. Therefore, the value of the pressure gauge (Figure 3.24) was used to 

reflect pressure in the polishing chamber during AFP. Given that volume percentage 

(vol %) of abrasive particles affects the pressure stability, pressure values were tested 

using different percentages of B4C with a particle size of 100 μm, as recorded in Table 

5.1. Notably, an excessively high proportion of 6 vol% would cause unstable pressure 

while 2 and 4 vol% could obtain stable pressure in AFP. In addition, Figure 5.1 indicates 

reduction percentages of surface roughness with different volumes of abrasive particle. 

It is noted that 2 vol% has lowest reduction of Ra and Rz, while 4 and 6 vol% show 

similar reduced proportion. It can be explained that a lower percentage of abrasive 

particles results in a lower proportion of effective scratching particles during AFP [153]. 

Given that 4 vol% of abrasive particles could obtain both stable pressure and higher 

reduction of surface roughness, 4 volume percent of abrasive particles is used in the 

following sections. 
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Table 5.1 Pressure conditions at different volumes of B4C with a particle size of 100 μm. 

Vol% of abrasive particles Pressure Pressure stability 

2 0.08 ± 0.01 Mpa Stable 

4 0.08 ± 0.01 Mpa Stable 

6 0 ～0.40 Mpa Unstable 

 

 
Figure 5.1 Images of surface roughness reduction percentage of (a) Ra and (b) Rz on L-PBF 316L 

stainless steel side inner surfaces after AFP with different volume percentages of B4C with a particle 

size of 100 μm. 

5.1.2 Types of abrasive particles 

Based on the literature review in Chapter 2, researchers have applied various 

types of ceramic abrasive particles in AFP [14, 16]. In this section, three types of 

commercial abrasive particles were tested to optimize the type of abrasive particles. 

SEM images of B4C, Al2O3 and SiC abrasive particles are shown in Figure 5.2. Various 

types of abrasive particles have irregular shape and the narrowest point of different 

types of particles is around 100 μm. 
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Figure 5.2 SEM images of (a) B4C, (b) Al2O3 and (c) SiC with particle size of 100 μm. 

As can be seen in Figure 5.3, some scratching area shows up after AFP with 

different types of abrasive particles and the area ratio of scratching area increases with 

the prolongation of AFP time. Moreover, under the same AFP time, the area ratios of 

scratching area using B4C, Al2O3 are higher than SiC. AFP effects of different abrasive 

particles can be further analyzed according to the reduction percentages of surface 

roughness in Figure 5.4. Consistent with the scratching area ratios in Figure 5.3, SiC 

shows the lowest reduction of surface roughness in comparison to others. With 50 

minutes of AFP, similar percentage reductions of surface roughness show up with the 

use of B4C and Al2O3. Then, B4C exhibits the highest reduction rate of Ra and Rz after 

100 minutes of AFP. This may be caused by a combined effect of hardness and density 

which results in a higher impact kinetic energy of B4C during AFP. Given that AFP 

generally performs hours of polishing on L-PBF inner surfaces, B4C has demonstrated 

superiority to Al2O3 and SiC in AFP. 
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Figure 5.3 OM images of the same area on internal surfaces of L-PBF 316L stainless steel channels 

with an increase of AFP time using different types of abrasive particles. 

 

Figure 5.4 Images of surface roughness reduction percentage of (a) Ra and (b) Rz on L-PBF 316L 

stainless steel side inner surfaces with an increase of AFP time using different types of abrasive particles. 

5.1.3 Size of abrasive particles 

In terms of the particle size of B4C, different sizes such as 50, 100 and 200 μm 

were optimized in order to obtain better AFP efficiency on L-PBF inner surfaces. 

Morphology analysis of B4C abrasive particles with various sizes shows the irregular 

shape in Figure 5.5. With an increase of AFP time, the proportions of scratching area 
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also increase as can be seen in Figure 5.6. Compared with the size of 50 and 200 μm, 

the size of 100 μm shows the highest percentage of scratching area. Consistent with 

scratching morphology, B4C with the size of 100 μm results in the largest reduction of 

Ra as shown in Figure 5.7. Because of the same density of B4C particles, the mass of 

abrasive particles increases with an increase of particle size. As a result, the kinetic 

energy of the abrasive particles impacting workpiece surface increases with the 

particle size during AFP. In addition, the size of particles could also influence sharp 

corners of abrasive particles and the impact pressure per unit area on the workpiece 

surface during polishing [154]. According to the combined effects of the kinetic energy, 

impact pressure and sharp corners of B4C with different sizes, B4C with the size of 100 

μm shows the best AFP efficiency and would be used in the following sections. 

 

Figure 5.5 SEM images of B4C with particle sizes of (a) 50, (b) 100 and (c) 200 μm. 
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Figure 5.6 OM images of the same area on internal surfaces of L-PBF 316L stainless steel channels 

with an increase of AFP time using different sizes of B4C. 

 
Figure 5.7 Surface roughness reduction percentages of Ra on L-PBF 316L stainless steel side inner 

surfaces with an increase of AFP time using different sizes of B4C. 
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5.1.4 Use time of abrasive particles 

The optimized parameters of abrasive particles in AFP are also applicable to L-

PBF Ti6Al4V inner surfaces. Surface roughness reduction percentages of L-PBF 

Ti6Al4V side inner surfaces with different conditions of abrasive particles are 

summarized in Table 5.2. Compared with other abrasive particles, 4 vol% of B4C with 

particle size of 100 μm also demonstrates the largest reduction in surface roughness. 

Table 5.2 Surface roughness reduction percentages of L-PBF Ti6Al4V side inner surfaces after AFP with 

different conditions of abrasive particles. 

Particle Size (μm) Vol% AFP time (minutes) Ra reduction (%) Rz reduction (%) 

B4C 100 2 50 39.5 38.9 

B4C 100 4 50 58.4 57.8 

B4C 100 6 50 55.3 51.2 

B4C 100 4 100 71.1 63.9 

Al2O3 100 4 100 68.3 61.2 

SiC 100 4 100 62.3 56.9 

B4C 50 4 50 42.8 41.9 

B4C 200 4 50 41.5 40.6 

Considering the wear of abrasive particles during AFP, morphology of raw B4C and 

particles after polishing for 5 hours is compared in Figure 5.8. Despite the existence of 

wear, the shape and cutting edges of B4C remains sharp before and after polishing for 

5 hours. Please note that B4C particles would be replaced after 5 hours of use in the 

following sections in order to ensure the consistency of AFP efficiency. 

 
Figure 5.8 SEM images of (a) raw B4C and (b) B4C after 5 hours use in AFP with 4 vol% and particle 

size of 100 μm. 
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5.2 AFP of 316L stainless steel internal surfaces 

5.2.1 Experimental approaches 

AFP of L-PBF 316L stainless steel internal surfaces was carried out using the 

developed polishing system as illustrated in Figure 3.24, Figure 3.26a and b. Based 

on the optimized parameters in section 5.1, B4C particles and water were mixed as 

polishing media with the volume percent of B4C particles is 4. A stable flow rate of 0.18 

L/s that measured from the flow meter and a stable pressure of 0.08 MPa which 

measured by the pressure gauge in the polishing system could be achieved during 

AFP. X-ray diffraction patterns of L-PBF side inner surface on the same sample were 

tested by a D500 X-ray diffractometer (Siemens, Germany) with Cu Kα radiation at 40 

kV and 30 mA before and after AFP. Considering that traditional AFP could enlarge 

channel entrance and cause non-uniform final surface finish [153], the inlet of the 

chamber was designed for AFP of L-PBF internal straight channels as illustrated in 

Figure 5.9. There is a gradient change from the large size diameter of pipe to the 

diameter of the internal channel (Φ 5 mm). Notably, fluid would pass a length of 14mm 

through the flow channel before reaching the inner surface of L-PBF straight channels. 

 

Figure 5.9 Dimension design of cross section of the inlet of polishing chamber in AFP. 

5.2.2 Polishing uniformity of AFP 

To demonstrate the design of the inlet during AFP, morphologies of a large-area on 

the inner surface of the same L-PBF Ti6Al4V side channel before and after 50, 100 

and 200 minutes of AFP were measured. Based on the uniform polishing morphologies 

with different AFP time in Figure 5.10, the design of the inlet during AFP in this study 
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could effectively weaken or even eliminate hole expansion effect and non-uniform 

polishing problems of traditional AFP. 

 

Figure 5.10 Inner surface morphology of the same inner side surface on a L-PBF Ti6Al4V channel after 

AFP for (a) 50, (b) 100 and (c) 300 minutes. 

5.2.3 AFP effects 

Both Ra and Rz values of various L-PBF 316L stainless steel internal surfaces 

before and after AFP were measured as shown in Figure 5.11. Although various inner 

surfaces have different initial surface roughness, Ra and Rz values on top (Figure 

5.11a), face up (Figure 5.11b) and side (Figure 5.11c) surfaces exhibit a similar 

decreasing trend with three distinct regions from original to 300 minutes of AFP. The 

first decreasing zone is the first 25 minutes which has the fastest decline rate in 

roughness. Then, the rate of roughness reduction gradually slows from 25 to 200 

minutes of AFP. In the third region, there is no significant decrease in Ra and Rz values 

from 200 to 300 minutes of AFP. Despite of the similar reduction trend, the reduction 

percentage of roughness on face up surface is obviously higher than top and side 

surfaces in the first 25 minutes. Different from other inner surfaces, multiple fluctuations 
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of changes in roughness appeared on the face down surface during AFP. For example, 

roughness values from 15 to 50 minutes of AFP first rises slightly and then continue to 

decrease as can be seen in Figure 5.11d. 

 
Figure 5.11 Ra and Rz values of L-PBF 316L stainless steel internal (a) top, (b) face up, (c) side and (d) 

face down surfaces before and after 5, 15, 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275 and 300 

minutes of AFP. Note that the left vertical axis represents Ra and the right vertical axis represents Rz. 

Figure 5.12 and Figure 5.13 indicate morphology evaluation of different L-PBF 

inner surfaces over AFP processing time. In the first 25 minutes of AFP (Figure 5.12), 

the total area ratio with scratching traces on different surfaces increases significantly 

with extension of AFP time. Meanwhile, the area ratio of scratching marks on specific 

surface features such as raw sintered area generally increases. However, some 

surface features with circular morphology (marked with red circles) could be removed 

directly without leaving scratching morphology after 5 minutes of AFP. Moreover, some 

area (marked with yellow boxes) with scratching marks could also be removed directly 

after AFP from 5 to 15 minutes. Then, morphological changes of AFP are still obvious 

from 50 to 200 minutes. During this period, AFP effectively removes some original 
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areas and leaves scratching traces (Figure 5.13). Despite that an increase of 

scratching area is not significant on the top, face up and side inner surfaces from 200 

to 300 minutes, the total scratching area still increases with extension of AFP time. 

Different from other surfaces, the increase of scratching area ratio on the face down 

surface is obvious from 200 to 300 minutes. In addition, raw areas could be observed 

on various L-PBF inner surfaces after AFP for 300 minutes as shown in Figure 5.13. 

 

Figure 5.12 OM images of the same area on inner top, face up, side and face down surfaces on L-PBF 

316L stainless steel channels after different time of AFP. 
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Figure 5.13 OM images of the same area on inner top, face up, side and face down surfaces on L-PBF 

316L stainless steel channels after 50, 100, 150, 200 and 300 minutes of AFP. 

Given that AFP is a mechanical polishing process, collision and scratching of 

abrasive particles with surface may cause external forces to act on L-PBF inner 

surfaces. As a result, there should be residual stress on inner surfaces after AFP. 

Residual stress is usually divided into micro stress and macro stress. The two types of 

stress behave differently in the X-ray diffraction spectrum. Micro stress refers to the 

residual stress inside grain, and its existence generally widens diffraction peaks. 

Different from micro stress, macro stress refers to stress that exists on multiple 

crystallographic scales and its performance on the X-ray diffraction spectrum is to shift 

the peak position. Austenite peaks of the inner surface on the same L-PBF 316L 

stainless steel side 1/6 channel before and after different AFP times are shown in 

Figure 5.14. Compared with the width of austenite peaks on raw surface, it is obvious 

that AFP could cause broadening of austenite peaks. However, it is difficult to 

determine the shifting degree of peaks since it is not significant. Thus, AFP could 

increase micro residual stress of L-PBF 316L stainless steel inner surfaces based on 

the qualitative analysis of X-ray diffraction results. 
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Figure 5.14 X-ray diffraction results with austenite peaks of an inner side surface on the same L-PBF 

316L stainless steel side channel before and after different time of AFP. 

5.2.4 Material removal mechanism 

Morphology with large-area and high magnification of etched cross sections on top 

internal surfaces of L-PBF 316L stainless steel is shown in Figure 5.15 and Figure 5.16, 

respectively. In the first 25 minutes of AFP, raw surface features such as protruding 

sintered area still remained on surface (Figure 5.15). Then, the whole surface was 

further levelled from 50 to 200 minutes of AFP (Figure 5.15). Correspondingly, 

protruding sintered area and un-sintered powder are observed after AFP for 5 and 25 

minutes (see Figure 5.16), respectively. Notably, obvious scratching marks appears on 

cross sections after 15 minutes of AFP which is consistent with morphology results in 

Figure 5.12 and Figure 5.13. Based on the lowest raw surface roughness among 

various L-PBF inner surfaces (Figure 5.11), most of surface area can be scratched to 

a relatively flat condition after 200 minutes of AFP. However, un-sintered powders at 

valley positions still exist after 200 minutes of AFP as illustrated in Figure 5.16. 
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Figure 5.15 OM images of etched cross sections on inner top surfaces of L-PBF 316L stainless steel 

after different time of AFP. 

 

Figure 5.16 SEM images of etched cross sections on inner top surface of L-PBF 316L stainless steel 

after different time of AFP. 

Morphology of etched cross sections on face up internal surfaces of L-PBF 316L 

stainless steel are illustrated in Figure 5.17, Figure 5.18 and Figure 5.19, respectively. 

From 5 to 25 minutes of AFP, the quantity of un-sintered powders that have necking or 

narrow connections with surface reduces significantly (Figure 5.17). Due to the 

existence of agglomeration adhesions and narrow connections between some surface 

features and face up surfaces, scratching marks with narrow necking morphology on 

cross sections are observed after AFP for 5, 15 and 25 minutes (Figure 5.18). It is 

worth noting that deformation of an un-sintered powder is observed after 25 minutes 
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of AFP, as shown in Figure 5.18, implying that some surface features would be 

deformed by collision with abrasive particles before being removed. The deformation 

of surface features demonstrates that the presence of forces acting on L-PBF inner 

surfaces during AFP, which is consistent with the X-ray diffraction results in Figure 5.14. 

Despite of the same AFP direction, scratching marks in Figure 5.18 exhibit different 

scratching angles on face up surfaces. Meanwhile, surface features at approximate 

surface heights show varied degree of removal. When the flow rate is low, the fluid 

flows in layers without mixing, which is called laminar flow. With a gradually increase 

of flow velocity, streamline of the fluid begins to appear wavy swing. The frequency 

and amplitude of the swing increase with an increase of the flow velocity and this flow 

condition is called transition flow. When the flow velocity increases greatly, the 

streamlines are not clearly discernible, meanwhile, there are many small eddies in the 

flow which means that the laminar flow is destroyed. Thus, there is not only sliding but 

also mixing between adjacent flow layers, resulting in turbulent flow [153]. Thus, the 

directional and height irregularity characteristic of AFP in removing L-PBF surface 

features (see Figure 5.18) is related to the fact that AFP in this study is a turbulence 

process. 

 
Figure 5.17 OM images of etched cross sections on inner face up surfaces of L-PBF 316L stainless 

steel after different time of AFP. 
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Figure 5.18 SEM images of etched cross sections on inner face up surfaces of L-PBF 316L stainless 

steel after 5, 15 and 25 minutes of AFP. 

With an increase of AFP time, surface features at protruding positions on face up 

surfaces exhibit a higher degree of scratching from AFP for 50 to 200 minutes than 

surface features at valley positions as shown in Figure 5.17 and Figure 5.19. This can 

be explained that time-cumulative effect of AFP could result in a higher material 

removal rate for surface features at protruding locations than valley locations on L-PBF 

inner surfaces. After AFP for 200 minutes, most surface area has been scratched and 

achieved a relatively flat condition. Similar to top surfaces, un-sintered powders at 

valley positions still remain on the face up surface as shown in Figure 5.19. 
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Figure 5.19 SEM images of etched cross sections on inner face up surfaces of L-PBF 316L stainless 

steel after 50, 100 and 200 minutes of AFP. 

Morphology of etched cross sections on side internal surfaces of L-PBF 316L 

stainless steel is shown in Figure 5.20, Figure 5.21 and Figure 5.22, respectively. With 

AFP for 5 to 25 minutes, some scratching marks with narrow necking morphology occur 

on cross sections because there are some necking connections between surface 

features and side surfaces (see Figure 5.21). The irregular movement of abrasive 

particles during AFP can also be observed based on that scratching marks in Figure 

5.21 located at different heights on side surfaces and showed various scratching 

angles. Consistent with face up surfaces, surface features at protruding positions on 

side inner surfaces exhibit a higher degree of scratching from AFP for 50 to 200 

minutes (see Figure 5.20 and Figure 5.22) compared to surface features at valley 

positions. 
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Figure 5.20 OM images of etched cross sections on inner side surfaces of L-PBF 316L stainless steel 

after different time of AFP. 

 

Figure 5.21 SEM images of etched cross sections on inner side surfaces of L-PBF 316L stainless steel 

after 5, 15 and 25 minutes of AFP. 
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Figure 5.22 SEM images of etched cross sections on inner side surfaces of L-PBF 316L stainless steel 

after AFP for 50, 100 and 200 minutes. 

Figure 5.23, Figure 5.24 and Figure 5.25 present morphology of etched cross 

sections on face down internal surfaces of L-PBF 316L stainless steel. As AFP time 

increased from 5 to 15 minutes, the quantity of un-sintered powders at protruding 

positions are reduced significantly as seen in Figure 5.23. Then, surface morphology 

changes slightly from 15 to 25 minutes of AFP because of the short time interval and 

rough face down surfaces (Figure 5.23 and Figure 5.24). Considering that surface 

roughness values measured in this study are based on the contact measurement 

principle, topographic changes of face down surfaces over AFP processing time may 

cause fluctuations in measured Ra and Rz values, which are due to the complexity of 

raw L-PBF inner face down surfaces as shown in Figure 5.11. The directional and 

height irregularity characteristic of AFP can also be observed in Figure 5.24 

considering the turbulence state of AFP. Consistent with face up and side inner 

surfaces, surface features at protruding positions exhibit a higher degree of scratching 

from 50 to 200 minutes of AFP (Figure 5.23) than surface features at valley positions 
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on face down surfaces. In addition, face down surfaces still rough after 200 minutes 

and can be further smoothed which is consistent with obvious morphology change from 

200 to 300 minutes of AFP in Figure 5.25. 

 

Figure 5.23 OM images of etched cross sections on inner face down surfaces of L-PBF 316L stainless 

steel after different time of AFP. 

 
Figure 5.24 SEM images of etched cross sections on inner face down surfaces of L-PBF 316L stainless 

steel after 5, 15 and 25 minutes of AFP. 
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Figure 5.25 SEM images of etched cross sections on inner face down surfaces of L-PBF 316L stainless 

steel after 50, 100 and 200 minutes of AFP. 

To further study the material removal mechanism, AFP effects on topography 

evolution are shown in Figure 5.26. Consistent with morphology changes of cross 

sections on L-PBF face up, side and face down surfaces, time-cumulative effect of AFP 

could result in a higher material removal rate for surface features at protruding 

locations than valleys on L-PBF internal surfaces despite the turbulence state of AFP. 

 

Figure 5.26 Topography evolution of the same location of side inner surface on a L-PBF 316L stainless 

steel side channel before and after different time of AFP. 

Based on the above discussions, when looking back on Figure 5.11, Figure 5.12 

and Figure 5.13, morphological evolution, reduction of surface roughness and material 
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removal mechanism over AFP processing time could be well explained. With a short 

time of AFP, collisions and scratching between abrasive particles and surface cause 

deformation and removal of surface features, which could effectively remove surface 

features that have narrow connection area with L-PBF surface. Therefore, direct 

removal of the surface features marked by red circles and yellow boxes could be 

observed in Figure 5.12 attributing to the turbulent nature of AFP. Correspondingly, the 

highest reduction of Ra and Rz shows up from 5 to 25 minutes on L-PBF 316L stainless 

steel inner top, face up and side surfaces (see Figure 5.11). Due to the higher quantity 

of surface features with necking connections and agglomeration adhesions than others, 

the reduction percentage of surface roughness of face up surfaces is higher than 

others in the first 25 minutes. Then, remaining surface features would be further 

scratched and the time-cumulative effect of AFP could result in a higher material 

removal rate at protruding locations than valley locations on L-PBF surfaces. With an 

increase of scratching area ratio, efficiency of AFP gradually decreases because more 

areas need to be removed until AFP could polish valley positions. Therefore, the 

reduction of Ra and Rz values also gradually reduce from 25 to 200 minutes of AFP 

surfaces (Figure 5.11). Moreover, it is difficult to further polish all areas of L-PBF inner 

surfaces by AFP when the area of scratched zone increases to a certain extent. Thus, 

raw morphology at valley positions still can be observed on various L-PBF surfaces 

after AFP for 300 minutes (see Figure 5.13). 

The material removal mechanism and process of inner surfaces of L-PBF 316L 

stainless steel during AFP is shown in Figure 5.27. Considering the connection and 

location differences of surface features, the surface features with narrow or unstable 

connections can be deformed or scratched, resulting in removal directly or leaving 

scratching marks with various scratching angles due to the irregular movement of 

abrasive particles in AFP (see Figure 5.27a and b). Then, AFP is more preferable to 

remove surface features that located at protruding positions than valley positions on L-

PBF surfaces with prolongation of AFP time (see Figure 5.27c and d). 
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Figure 5.27 Schematic diagram of (a) raw L-PBF inner surface and (b-d) material removal process 

during AFP. 

5.3 AFP of Ti6Al4V internal surfaces 

5.3.1 Experimental approaches 

AFP of L-PBF Ti6Al4V internal surfaces was carried out using the developed 

polishing system as illustrated in Figure 3.24, Figure 3.26a and b. Based on optimized 

parameters in section 5.1, B4C particles and water was mixed as polishing media for 

AFP process and the volume of B4C particles was 4%. A stable flow rate of 0.18 L/s 

and a stable pressure of 0.08 MPa that measured from the flow meter and pressure 

gauge could be achieved, respectively. In addition, X-ray diffraction patterns was 

performed by a D500 X-ray diffractometer (Siemens, Germany) with Cu Kα radiation 

at 40 kV and 30 mA on a side inner surface before and after AFP. 

Considering that AFP is a mechanical process with turbulent flow and L-PBF 

surfaces with the same printing orientation show similar morphology, material removal 

mechanism of AFP that analysed for different L-PBF 316L stainless steel inner surfaces 

in section 5.2.2 is also applicable to various L-PBF T6Al4V inner surfaces. Therefore, 

morphology evolution and roughness changes of L-PBF Ti6Al4V inner surfaces after 

different time of AFP are discussed considering characteristics of specific inner 

surfaces. 

5.3.2 Morphology evolution 

AFP effects on morphology evaluation of different L-PBF Ti6Al4V inner surfaces 

are shown in Figure 5.28 and Figure 5.29. As AFP time increased from 5 to 25 minutes 

(Figure 5.28), the total area ratio of scratching traces on different surfaces increases. 

Correspondingly, the area ratio of scratching traces on specific surface features such 
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as raw sintered area also increases. Consistent with L-PBF 316L stainless steel 

(Figure 5.12), some features with circular morphologies (marked with red circles) on 

various surfaces could be removed directly without leaving scratching marks after 5 

minutes of AFP. Moreover, some area (marked with yellow boxes) with scratching 

marks are also removed directly from 5 to 15 minutes. Then, morphological changes 

of AFP are obvious from 50 to 200 minutes which means that AFP could effectively 

remove some original areas and leave scratching traces during this period. Then, the 

increase of scratching area is insignificant on top, face up and side inner surfaces from 

200 to 300 minutes of AFP. Different from other inner surfaces, the increase of 

scratching area ratio on face down surface is obvious from 200 to 300 minutes. In 

addition, there are raw areas on various L-PBF inner surfaces after 300 minutes of AFP.  

 
Figure 5.28 OM images of the same area on inner top, face up, side and face down surfaces on L-PBF 

Ti6Al4V channels after different time of AFP. 
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Figure 5.29 OM images of the same area on inner top, face up, side and face down surfaces on L-PBF 

Ti6Al4V channels after AFP for 50, 100, 150, 200 and 300 minutes. 

5.3.3 Roughness and residual stress 

Roughness values of various L-PBF Ti6Al4V internal surfaces before and after 

different time of AFP were measured and shown in Figure 5.30. Similar to L-PBF 316L 

stainless steel (Figure 5.11), Ra and Rz values on, face up (Figure 5.30b) and side 

(Figure 5.30c) surfaces have a similar decreasing trend with three distinct regions from 

original to 300 minutes of AFP. The first decreasing zone of the face up and side 

surfaces is the first 25 minutes of AFP which has the fastest rate of decline in 

roughness. It should be noted that the first decreasing zone for top surface (Figure 

5.30a) is the first 5 minutes which differs from the face up and side surfaces. This could 

be explained that there are limited spherical adhesions on the top surface. Then, the 

reduction rate of roughness on the top, face up and side surfaces is gradually reduced 

until AFP reached 200 minutes. In the third region, there is no significant decrease in 

Ra and Rz values from 200 to 300 minutes. Despite of the similar reduction trend, the 
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reduction percentage of roughness on the face up surface is obviously higher than the 

top and side surfaces because AFP is capable of removing agglomerated spherical 

adhesions effectively on face up surfaces as analyzed in section 5.3.3. Different from 

other inner surfaces, multiple fluctuations appear on face down inner surface during 

AFP (Figure 5.30d) considering the largest amount of un-sintered powders and 

maximum roughness of sintered area on the raw face down surface. 

Considering that AFP is a mechanical polishing process, scratching and collision 

of abrasive particles with L-PBF inner surface could cause external forces to act on the 

inner surface. α-Ti peaks [142] of an inner surface on the same L-PBF Ti6Al4V side 

channel before and after 50 minutes of AFP are shown in Figure 5.31. Compared with 

the width of peaks on raw surface, it is obvious that AFP caused broadening of α-Ti 

peaks. Similar to Figure 5.14, it is also hard to determine the shifting degree of peaks. 

Thus, AFP could increase micro residual stress of L-PBF Ti6Al4V inner surfaces based 

on the qualitative analysis of X-ray diffraction results. 

 
Figure 5.30 Ra and Rz values of L-PBF Ti6Al4V internal (a) top, (b) face up, (c) side and (d) face down 

surfaces before and after different time of AFP. Note that the left vertical axis represents Ra and the right 

vertical axis represents Rz. 
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Figure 5.31 X-ray diffraction peaks of hexagonal close-packed (hcp) α-Ti of the inner surface on the 

same L-PBF Ti6Al4V side channel before and after 50 minutes of AFP. 

5.4 Comparison 

Considering the uniform inner morphology of L-PBF side 1/6 channels, roughness 

reduction percentages of side inner surfaces of L-PBF 316L stainless steel and Ti6Al4V 

before and after AFP for 25, 50, 100 and 200 minutes are shown in Figure 5.32. It could 

be seen that surface roughness reduction percentages of two alloys are close to each 

other in the first 25 minutes of AFP because surface features that have unstable 

connections with L-PBF side surfaces could be removed efficiently during this period. 

With the prolongation of AFP time, the degree of roughness reduction of AFP on the 

side internal surface of L-PBF 316L stainless steel is higher than that of Ti6Al4V due 

to the lower hardness of L-PBF 316L stainless steel than Ti6Al4V. Thus, the 

mechanical property of L-PBF alloys can affect AFP efficiency and needs to be 

considered. 

 

Figure 5.32 Images of (a) Ra and (b) Rz reduction percentages of inner side surfaces of L-PBF 316L 

stainless steel and Ti6Al4V before and after 25, 50, 100 and 200 minutes of AFP. 
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5.5 Summary 

This chapter investigates the material removal mechanism of AFP on top, face up, 

side and face down internal surfaces of L-PBF 316L stainless steel and Ti6Al4V 

considering the characteristics of L-PBF surface features. Morphology, Ra and Rz 

values are evaluated to study AFP effects on different inner surfaces. The cross 

sections of various internal surfaces of L-PBF 316L stainless steel after different AFP 

times are characterized to analyze its material removal mechanism. Given that AFP is 

a mechanical polishing process, the material removal mechanism and removal process 

of surface features show consistency on L-PBF 316L stainless steel and Ti6Al4V inner 

surfaces during AFP. The main conclusions can be drawn as follows: 

(1) By designing the inlet of the polishing chamber, a gradient change from the 

large size diameter of pipe to the diameter of the internal channel can be 

obtained to achieve uniform polishing of various L-PBF inner surfaces during 

AFP. 

(2) AFP is capable of polishing various L-PBF internal surfaces and leave 

scratching marks on polished area. Based on the turbulent state of polishing 

media during AFP, collision and scratching between irregular movement of 

abrasive particles and surfaces would cause deformation and removal of 

surface features. 

(3) Surface features with narrow or unstable connections would be firstly removed 

or partially scratched. Then, AFP is more efficient in removing protruding areas 

than valleys on L-PBF inner surfaces following the direction of height reduction. 

(4) AFP exhibits superiority in the polishing of L-PBF face up surfaces because 

face up surfaces possess higher quantity of surface features with necking 

connections and agglomeration adhesions than other raw surfaces. 
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Chapter 6. Combination of EP and AFP to Polish L-

PBF Internal Surfaces 

6.1 Multiple polishing in different sequences of 316L 

stainless steel 

6.1.1 Experimental approaches 

Optimized polishing parameters of EP and AFP in the developed polishing system 

for L-PBF 316L stainless steel inner surfaces are used for multiple polishing in different 

sequences. A mixture of H3PO4 and glycerol with the ratio of 3:2 was heated to 55 ℃. 

In addition, a two-step EP using a stable flow rate of 0.18 L/s was optimized in section 

4.3 for 316L stainless steel internal surfaces in which the first step of EP is to remove 

un-sintered powders using a potential of 4V for 5 minutes, while the second step is to 

further level the remaining sintered area and obtain a smooth surface by applying a 

potential of 2V along the LCPR for 20 minutes. Based on the optimized parameters in 

section 5.1, B4C particles and water was mixed as polishing media for AFP process 

and the volume of B4C particles was 4%. A stable flow rate of 0.18 L/s and a stable 

pressure of 0.08 MPa were achieved during AFP. There are two types of multiple 

polishing in different sequences for L-PBF 316L stainless steel inner surfaces in this 

study, the first is performing EP before AFP in section 6.1.2, while the second is 

conducting AFP before EP in section 6.1.3. 

6.1.2 EP and AFP in sequence 

Morphology evolution and topography of top, face up, side and face down inner 

surfaces of L-PBF 316L stainless steel after EP and then AFP are shown in Figure 6.1, 

Figure 6.2, Figure 6.3 and Figure 6.4, respectively. The morphology of different 

surfaces after two-step EP is consistent with OM images in Figure 4.21. Based on the 

analysis of the two-step EP in section 4.3, un-sintered powders are totally dissolved 

and uneven sintered areas are remained on various surfaces after 25 minutes of EP 

as shown in Figure 4.25. Then, morphological changes in the first 25 minutes of AFP 

are not obvious despite area ratios with scratching traces on various surfaces increase 
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with the prolongation of AFP time. Given that EP has effectively polished surface 

features at protruding area and reduced surface roughness, the effect of short-term 

AFP after EP is not significant. Therefore, a mixed morphology of scratching traces 

and electropolished smooth surface coexist on different L-PBF inner surfaces. From 

50 to 250 minutes of AFP, the scratching degree of protruding positions is higher than 

that of valleys on various surfaces due to time-cumulative effect of AFP. Because of 

the lowest roughness of the original surface among different surfaces, EP marks are 

almost removed by AFP after 250 minutes on the top surface. However, several laser 

scanning traces at valley positions (Figure 6.1) still remain on the top surface. Different 

from the top surface, EP morphology with smooth surface still could be observed at 

some valley positions after 250 minutes of AFP on the face up (Figure 6.2), side (Figure 

6.3) and face down (Figure 6.4) surfaces. 
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Figure 6.1 OM images and topography of the same area on a top inner surface of L-PBF 316L stainless 

steel before and after multiple polishing in different sequences of EP and then AFP. 
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Figure 6.2 OM images and topography of the same area on a face up inner surface of L-PBF 316L 

stainless steel before and after multiple polishing in different sequences of EP and then AFP. 
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Figure 6.3 OM images and topography of the same area on a side inner surface of L-PBF 316L stainless 

steel before and after multiple polishing in different sequences of EP and then AFP. 
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Figure 6.4 OM images and topography of the same area on a face down inner surface of L-PBF 316L 

stainless steel before and after multiple polishing in different sequences of EP and then AFP. 

Ra and Rz values of various inner surfaces of L-PBF 316L stainless steel after EP 

and then AFP were measured and presented in Figure 6.5. It appears that EP exhibits 

higher efficiency as the first step of multiple polishing in different sequences. However, 

the fact is that extending EP time after 25 minutes is difficult to continue to reduce 

surface roughness of top, face up and side surfaces as analysed in section 4.3 (see 

Figure 4.23). Notably, both Ra and Rz values of different inner surfaces show similar 
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continuous decreasing trend with the application of AFP after EP. Roughness reduction 

efficiency of AFP on the top, face up and side surfaces gradually decreases from 25 to 

175 minutes of multiple polishing and then roughness values hardly continue to 

decrease as can be seen in Figure 6.5a. With an increase of scratching area ratio, 

efficiency of AFP gradually decreases because more areas need to be removed until 

AFP could polish valley positions. Given that there are only sintered areas on different 

surfaces after EP, the application of AFP could effectively remove protruding sintered 

area on surfaces, resulting in lower Ra and Rz values. Different from other surfaces, 

there are small fluctuations in roughness reductions on the face down surface with 

prolonged AFP time after EP due to the rough sintered area after EP. In addition, the 

decreasing degree of Rz on the face up and side surfaces (Figure 6.5b and c) is higher 

than Ra during AFP attributing to the removal characteristic of AFP. 

 

Figure 6.5 Ra and Rz values of L-PBF 316L stainless steel internal (a) top, (b) face up, (c) side and (d) 

face down surfaces before and after EP and then AFP. Note that the left vertical axis represents Ra and 

the right vertical axis represents Rz. 
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Based on above analysis, material removal process of various surface features 

during EP and then AFP is illustrated in Figure 6.6. After EP, un-sintered powders are 

totally dissolved and uneven sintered area is levelled. Then, the applying of AFP 

causes scratching on the surface and AFP for long time would further smooth 

protruding sintered area on L-PBF surfaces. 

 

Figure 6.6 Schematic diagram of (a) raw L-PBF inner surfaces and (b-d) material removal process during 

multiple sequence polishing of EP and then AFP. 

6.1.3 AFP and EP in sequence 

Both Ra and Rz of original and polished inner surfaces of L-PBF 316L stainless 

steel were measured during multiple polishing in different sequences in which AFP was 

performed first, followed by EP. As can be seen in Figure 6.7, roughness values of 

various surfaces decrease significantly after 300 minutes of AFP which is consistent 

with the results in Figure 5.11. However, Ra and Rz values are not continued to reduce 

but increase with the action of the first 5 minutes of EP after AFP. Considering the 

changes of roughness vary among various internal surfaces, morphological evolution 

is characterized for further analysis. 
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Figure 6.7 Ra and Rz values of L-PBF 316L stainless steel internal (a) top, (b) face up, (c) side and (d) 

face down surfaces before and after AFP and then EP. Note that the left vertical axis represents Ra and 

the right vertical axis represents Rz. 

OM images of the same area on top, face up, side and face down inner surfaces 

of L-PBF 316L stainless steel before and after the multiple polishing in different 

sequences are shown in Figure 6.8, Figure 6.9, Figure 6.10, and Figure 6.11, 

respectively. According to the material removal characteristic of AFP, raw areas with 

valley positions are observed after 300 minutes of AFP. By applying the first step of EP 

after AFP, scratching and original areas are all electropolished. Despite raw areas are 

polished, their morphology still could be easily identified after the first and second step 

of EP. Considering the changes of roughness in Figure 6.7, both Ra and Rz values 

increase slightly on the top, face up and side inner surfaces after the first 5 minutes of 

EP, and then surface roughness decreases with the prolongation of EP time and 

reaches a stable level after the second step of EP. Notably, the first step of EP could 

remove almost un-sintered powders on inner top, face up and face down surfaces as 
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analysed in section 4.3 (Figure 4.25). Considering the existence of un-sintered 

powders at valley locations on top (Figure 5.16), face up (Figure 5.19) and side (Figure 

5.22) inner surfaces after AFP, the dissolution of the original morphology at valleys 

during the first 5 minutes of EP leads to slight increase of surface roughness. Based 

on the analysis in Figure 4.9, protruding area has higher current density distribution 

than valley positions during EP. Thus, surface roughness decreases with an extension 

of EP time from total 305 to 325 minutes as shown in Figure 6.7a, b and c. 

Different from other surfaces, roughness of the face down surfaces increases 

significantly after 5 minutes of EP and roughness values continue to rise after 15 

minutes of EP. Then, Ra and Rz values start to decrease as seen in Figure 6.7d. 

Roughness change trend of the face down surface during the multiple polishing in 

different sequences consisting of AFP and then EP is influenced by the largest amount 

of un-sintered powders and maximum roughness of sintered area on its raw surface. 

Based on the analysis in Figure 5.13, Figure 5.23, and Figure 5.25, rough sintered area 

and large quantity of un-sintered powders are remained on face down surfaces after 

AFP. Therefore, the remaining original morphology of the face down surface after AFP 

of 300 minutes is only partially dissolved after the action of EP for 5 minutes. In addition, 

significant morphological changes between the first and second step of EP in Figure 

6.11 also demonstrate that the partially dissolved original areas are further 

electropolished during the second step of EP. As a result, only sintered areas exist on 

the face down surface after 25 minutes of EP. Considering the high roughness of 

sintered area on the face down surface, the changes of roughness in Figure 6.7d are 

consistent with morphological evolution of the face down surface (Figure 6.11) during 

the multiple polishing of AFP and then EP. 
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Figure 6.8 OM images of the same area on a top inner surface of L-PBF 316L stainless steel before and 

after multiple polishing in different sequences of AFP and then EP. 

 

Figure 6.9 OM images of the same area on a face up inner surface of L-PBF 316L stainless steel before 

and after multiple polishing in different sequences of AFP and then EP. 
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Figure 6.10 OM images of the same area on a side inner surface of L-PBF 316L stainless steel before 

and after multiple polishing in different sequences of AFP and then EP. 

 

Figure 6.11 OM images of the same area on a face down inner surface of L-PBF 316L stainless steel 

before and after multiple polishing in different sequences of AFP and then EP. 
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Considering that the area ratio with scratching traces is higher than original area 

on various inner surfaces after AFP for 300 minutes, some etching traces that marked 

with white circles in Figure 6.8, Figure 6.9, Figure 6.10, and Figure 6.11 are found in 

previously scratched area after EP for 25 minutes. In addition, the reduction degree of 

roughness is limited on the top, face up and face down surfaces by applying EP after 

AFP as can be seen in Figure 6.7. Therefore, no further extension of the EP time is 

recommended in this multiple polishing. Based on above discussion, material removal 

process of AFP and then EP is shown in Figure 6.12. Protruding area has been 

effectively levelled after AFP. Then, un-sintered powders would be dissolved totally with 

the action of EP. With a prolongation of EP time, sintered area could be further levelled 

on L-PBF surfaces. 

 

Figure 6.12 Schematic diagram of (a) raw L-PBF inner surfaces and (b-d) material removal process 

during multiple sequence polishing of AFP and then EP. 

6.2 Multiple polishing in different sequences of Ti6Al4V 

6.2.1 Experimental approaches 

Optimized polishing parameters of EP and AFP for L-PBF Ti6Al4V inner surfaces 

were used in multiple polishing in different sequences, respectively. The electrolyte 

was a mixture of NaCl powder (99 %) and ethylene glycol solution (99 %) with 0.6 M 

Cl-. Moreover, the temperature of the electrolyte was 25 ℃ during EP. It is noted that a 

two-step EP using a stable flow rate of 0.18 L/s was optimized in section 4.4 for Ti6Al4V 

internal surfaces in which the first step of EP is to polish surfaces uniformly using a 

potential of 20 V for 15 minutes, while the second step is to obtain a smooth surface 

by applying a potential of 44V along the LCPR for 5 minutes. Based on the optimized 

parameters in section 5.1, B4C particles and water was mixed as polishing media for 
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AFP process and the volume of B4C particles was 4%. A stable flow rate of 0.18 L/s 

and a stable pressure of 0.08 MPa were achieved during AFP. 

There are two types of multiple polishing in different sequences for L-PBF Ti6Al4V 

inner surfaces in this study, the first is performing EP before AFP in section 6.2.2, while 

the second is conducting AFP before EP in section 6.2.3. For multiple polishing in 

different sequences consisting of EP and then AFP, the two-step EP was performed 

first considering the rough original surfaces. In terms of the polishing sequence of AFP 

and then EP, only the potential of 44V for 5 minutes was used for EP process because 

the potential of 20V could cause uneven etching on the scratched area after AFP. 

6.2.2 EP and AFP in sequence 

Morphology evolution of top, face up, side and face down inner surfaces of L-PBF 

Ti6Al4V after EP and then AFP are shown in Figure 6.13, Figure 6.14, Figure 6.15, and 

Figure 6.16, respectively. The morphology of different surfaces after the two-step EP 

is consistent with OM images in Figure 4.34. Based on the analysis of the two-step EP 

in section 4.4, some sintered areas at valley positions are remained on various 

surfaces after EP for 20 minutes (Figure 4.25). Then, morphological changes in the 

first 25 minutes of AFP are not obvious despite area ratios with scratching traces on 

various surfaces increase with the prolongation of AFP time. Given that EP has 

effectively polished surface features at protruding area and reduced surface roughness, 

the effect of short-term AFP is not significant. Therefore, a mixed morphology of 

scratching traces and electropolished surface topography coexist on different inner 

surfaces. From 50 to 200 minutes of AFP, sintered morphology at valley positions has 

been effectively scratched due to time-cumulative effect of AFP. Because of the lowest 

roughness of the original surface among various inner surfaces, EP marks are almost 

removed by AFP after 200 minutes on the top surface (Figure 6.13). Different from the 

top surface, several sintered areas at valley positions still can be observed after AFP 

for 200 minutes on the face up (Figure 6.14), side (Figure 6.15) and face down (Figure 

6.16) surfaces. 



147 

 

 
Figure 6.13 OM images of the same area on a top inner surface of L-PBF Ti6Al4V before and after 

multiple polishing in different sequences of EP and then AFP. 

 

Figure 6.14 OM images of the same area on a face up inner surface of L-PBF Ti6Al4V before and after 

multiple polishing in different sequences of EP and then AFP. 
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Figure 6.15 OM images of the same area on a side inner surface of L-PBF Ti6Al4V before and after 

multiple polishing in different sequences of EP and then AFP. 

 

Figure 6.16 OM images of the same area on a face down inner surface of L-PBF Ti6Al4V before and 

after multiple polishing in different sequences of EP and then AFP. 
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Ra and Rz values of various inner surfaces of L-PBF Ti6Al4V after EP and AFP 

are shown in Figure 6.17. It is obvious that EP exhibits higher efficiency as the first 

step of multiple polishing in different sequences. However, it is not suggested to 

extending EP time after 20 minutes considering its high material removal rate as 

analysed in section 4.4.3. It is noted that both Ra and Rz values of different inner 

surfaces show similar continuous decreasing trend with the application of AFP after EP. 

Roughness reduction efficiency of AFP on various surfaces gradually decreases from 

20 to 220 minutes of multiple polishing and then roughness values hardly continue to 

decrease as seen in Figure 6.17. It can be explained that with an increase of scratching 

area ratio, efficiency of AFP gradually decreases because more areas need to be 

removed before AFP could polish valley areas. 

 

Figure 6.17 Ra and Rz values of L-PBF Ti6Al4V internal (a) top, (b) face up, (c) side and (d) face down 

surfaces before and after EP and then AFP. Note that the left vertical axis represents Ra and the right 

vertical axis represents Rz. 
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6.2.3 AFP and EP in sequence 

Both Ra and Rz of original and polished inner surfaces of L-PBF Ti6Al4V were 

measured during multiple polishing in different sequences in which AFP was performed 

first, followed by EP. As can be seen in Figure 6.18, roughness of various surfaces 

decreases significantly after 300 minutes of AFP which is consistent with the results in 

Figure 5.30. However, Ra and Rz values have not continued to reduce but increased 

after the first 90 seconds of EP at 44V in the multiple polishing. Considering the 

changes of roughness vary among various internal surfaces, morphological evolution 

is characterized for further analysis. 

 

Figure 6.18 Ra and Rz values of L-PBF Ti6Al4V internal (a) top, (b) face up, (c) side and (d) face down 

surfaces before and after AFP and then EP. Note that the left vertical axis represents Ra and the right 

vertical axis represents Rz. 

OM images of the same area on various inner surfaces before and after the 

multiple polishing in different sequences are shown in Figure 6.19, Figure 6.20, Figure 
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6.21, Figure 6.22, respectively. According to the material removal characteristic of AFP, 

valley areas are observed after 300 minutes of AFP. By applying EP at 44V for 90 

seconds, scratching and original areas are partially electropolished and their 

morphologies still can be identified. With an extension of EP time, electropolished area 

ratio increases. However, new morphologies show up at previously scratched area 

after 90 seconds of EP on the face up surface as marked with white circles in Figure 

6.20. The same phenomenon also appears on the top, side and face down surfaces 

after 3 and 5 minutes of EP as marked with white circles in Figure 6.19, Figure 6.21 

and Figure 6.22, respectively. Given that there exists raw morphology on various 

surfaces after AFP, the applying of EP could further electropolish the remaining raw 

area at valley positions. Thus, there are fluctuations of roughness with prolongation of 

EP after AFP (Figure 6.18). Different from other surfaces, raw morphology still exists 

on the face down surface after the multiple polishing in different sequences which is 

caused by the largest amount of un-sintered powders and maximum roughness of 

sintered area on its raw surface. 

 

Figure 6.19 OM images of the same area on a top inner surface of L-PBF Ti6Al4V before and after 

multiple polishing in different sequences of AFP and then EP. 
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Figure 6.20 OM images of the same area on a face up inner surface of L-PBF Ti6Al4V before and after 

multiple polishing in different sequences of AFP and then EP. 

 
Figure 6.21 OM images of the same area on a side inner surface of L-PBF Ti6Al4V before and after 

multiple polishing in different sequences of AFP and then EP. 
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Figure 6.22 OM images of the same area on a face down inner surface of L-PBF Ti6Al4V before and 

after multiple polishing in different sequences of AFP and then EP. 

6.3 Hybrid polishing of L-PBF internal surfaces 

6.3.1 Experimental approaches 

During hybrid polishing based on EP and AFP, electrolyte and abrasive particles 

were mixed for the polishing of L-PBF inner surfaces. For L-PBF 316L stainless steel, 

a mixture of H3PO4 and glycerol with the ratio of 3:2 was heated to 55 ℃ first. Then, 

B4C particles and the electrolyte were mixed and stirred as polishing media for hybrid 

polishing. It is noted that the volume of B4C particles was 4% and the size of particles 

was 100 μm as optimized in section 5.1. During hybrid polishing of L-PBF 316L 

stainless steel, a stable flow rate of 0.18 L/s and a stable pressure of 0.18 MPa were 

employed. Hybrid polishing was carried out based on the two-step EP in section 4.3 in 

which the first step is to apply a potential of 4V for 5 minutes, and the second step is 

to utilize a potential of 2V for 20 minutes. In terms of L-PBF Ti6Al4V, electrolyte was a 

mixture of NaCl powder (99 %) and ethylene glycol solution (99 %) with 0.6 M Cl-. Then, 

B4C particles and the electrolyte are mixed and stirred as polishing media for Ti6Al4V 

at 25 ℃. During hybrid polishing of L-PBF Ti6Al4V inner surfaces, a stable flow rate of 

0.18 L/s and a stable pressure of 0.15 MPa were achieved. Hybrid polishing was 
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performed based on the two-step EP in section 4.4 in which the first step is to apply a 

potential of 20V for 15 minutes, and the second step is to utilize a potential of 44V for 

5 minutes. 

6.3.2 Hybrid polishing of 316L stainless steel 

Considering the uniform morphology of side inner surfaces, hybrid polishing of L-

PBF 316L stainless steel was conducted using L-PBF side internal surfaces first. 

Polarization curve was measured in hybrid polishing as shown in Figure 6.23. It is 

found that the curve shows a similar relationship between potential and current density 

to single EP (Figure 4.15). Thus, the optimized parameters in single EP can be applied 

in hybrid polishing. 

 

Figure 6.23 Polarization curve of L-PBF 316L stainless steel side internal surface with flow rates of 0.18 

L/s at 55 ℃ in hybrid polishing. 

Morphological and topographical evolutions of a side inner surface before after 

different time of hybrid polishing are shown in Figure 6.24 and Figure 6.25, respectively. 

It can be seen that a morphology similar to that of Figure 4.21 is achieved after 5 

minutes (Figure 6.24), which means that un-sintered powders are almost removed. 

Meanwhile, scratching traces show up at protruding positions on L-PBF side surface 

that have been marked with red circles and yellow boxes (see Figure 6.24 and Figure 

6.25). Then, smooth sintered area and scratching marks are observed after 15 minutes 

of hybrid polishing. It is worth noting that some scratched areas in the yellow box are 
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replaced by electropolished sintered areas after polishing from 5 to 15 minutes. With 

the prolongation of polishing time, the area ratio with scratching traces decreases 

continuously, and most of the surface is polished to smooth surface after 25 minutes. 

Based on the surface morphology after single polishing process, it is found that EP and 

AFP are carried out at the same time without interfering with each other during hybrid 

polishing of L-PBF 316L stainless steel inner surfaces. Thus, a mixed morphology of 

electropolished sintered areas and scratching traces are presented after different time 

of hybrid polishing. With the extension of polishing time, scratched area can be further 

electropolished and electropolished sintered area at protruding positions could also be 

scratched during hybrid polishing. Consist with above analysis, mixed morphologies of 

on top, face up and face down internal surfaces of L-PBF 316L stainless steel after 25 

minutes of hybrid polishing are also obtained as can be seen in Figure 6.26.  

Given that only side inner surfaces of L-PBF 1/6 straight channels have uniform 

surface morphology, Ra and Rz values of the side inner surface in Figure 6.24 before 

and after hybrid polishing were measured and compared with single polishing process 

as can be seen in Figure 6.27. During hybrid polishing, surface roughness continues 

to decrease with an increase of polishing time (see Figure 6.27a). Among different 

polishing processes, single AFP has the lowest polishing efficiency (Figure 6.27b). 

Hybrid polishing shows higher polishing efficiency in the first five minutes, then it has 

similar efficiency to EP. Due to a large difference of EP and AFP in polishing efficiency 

with the developed polishing system, hybrid polishing exhibits highest polishing 

efficiency in the first 5 minutes, and then the hybrid polishing process is dominated by 

EP. 
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Figure 6.24 OM images of the same area on a side internal surface of L-PBF 316L stainless steel before 

and after different time of hybrid polishing. 
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Figure 6.25 Topography images of the same area marked with red circles and yellow boxes in Figure 

6.24 (a) before and after (b) 5 minutes, (c) 15 minutes and (d) 25 minutes of hybrid polishing. 

 

Figure 6.26 OM images of inner top, face up and face down internal surfaces of L-PBF 316L stainless 

steel after 25 minutes of hybrid polishing, and scratching traces are marked in white circles. 
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Figure 6.27 Images of (a) surface roughness of a L-PBF side surface before and after different time of 

hybrid polishing, and (b) Ra reduction percent of EP, AFP and hybrid polishing of L-PBF side surfaces 

after different polishing time. Note that the left vertical axis represents Ra and the right vertical axis 

represents Rz in image (a). 

Based on above analysis, material removal process of hybrid polishing is illustrated 

in Figure 6.28. The dissolution of un-sintered powders and scratching of surfaces 

perform simultaneously in the initial stage of hybrid polishing. With an increase of 

polishing time, sintered area would be further levelled and protruding area could also 

be scratched at the same time in hybrid polishing. 
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Figure 6.28 Schematic diagram of (a) raw L-PBF inner surfaces, (b) and (c) material removal process 

with an increase of time during hybrid polishing. 

6.3.2 Hybrid polishing of Ti6Al4V 

Polarization curve of L-PBF Ti6Al4V inner side surface was measured during 

hybrid polishing based on EP and AFP as can be seen in Figure 6.29. It is found that 

the curve shows a similar relationship between potential and current density to single 

EP (see Figure 4.29). Thus, the optimized parameters in single EP for L-PBF Ti6Al4V 

internal surfaces can be applied in hybrid polishing. 

 
Figure 6.29 Polarization curve of L-PBF Ti6Al4V side internal surfaces with flow rates of 0.18 L/s at 25 ℃ 

during hybrid polishing. 

OM images and final topography of side inner surfaces of L-PBF Ti6Al4V before 

and after different time of hybrid polishing are shown in Figure 6.30. It can be seen that 

a morphology similar to that of Figure 4.32 is achieved after 5 minutes. It is worth noting 

that some areas are scratched as marked with white circles, while most of the surface 

possesses etching morphology as marked with yellow box. After 20 minutes of hybrid 

polishing, most of areas obtain a bright and smooth surface with few scratching traces. 
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In addition, there are some sintered areas at valley positions as shown in the 

topography image. The morphology difference of side inner surfaces after 20 minutes 

of hybrid polishing and single EP (Figure 4.34) is that there exist few scratching traces 

on surface after hybrid polishing. Thus, EP and AFP are carried out simultaneously 

without interfering with each other during hybrid polishing of L-PBF T6Al4V inner 

surfaces. As a result, a mixed morphology of electropolished surface and scratching 

traces is shown after different time of hybrid polishing. Consist with above analysis, 

mixed morphologies of top, face up and face down internal surfaces of L-PBF Ti6Al4V 

after 20 minutes of hybrid polishing are also obtained as can be seen in Figure 6.31. 

 
Figure 6.30 OM images and topography of side internal surfaces of L-PBF Ti6Al4V before and after 

different time of hybrid polishing. 

 

Figure 6.31 OM images of top, face up and face down internal surfaces of L-PBF Ti6Al4V after 20 

minutes of hybrid polishing. 
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Ra values of L-PBF Ti6Al4V side inner surfaces before and after hybrid polishing 

and EP are compared in Figure 6.32. It could be seen that hybrid polishing shows 

higher polishing efficiency in the first five minutes and then it has similar efficiency to 

EP after 20 minutes. Consistent with hybrid polishing of L-PBF 316L stainless steel 

inner surfaces, it is caused by the large difference of polishing efficiency of EP and 

AFP in the developed polishing system. 

 

Figure 6.32 Ra values of L-PBF Ti6Al4V side inner surfaces before and after different time of hybrid 

polishing and EP. 

6.4 Summary 

This chapter investigates multiple polishing in different sequences and hybrid 

polishing of EP and AFP on various inner surfaces of L-PBF 316L stainless steel and 

Ti6Al4V. Given that it is difficult or inappropriate to further polish L-PBF inner surfaces 

by single EP and AFP after a certain period of time as analyzed in chapter 4 and 

chapter 5, it is essential to study the material removal characteristics of multiple and 

hybrid polishing for L-PBF inner surfaces. Based on the comprehensive 

characterization of morphology, roughness and microstructure on cross sections, 

material removal characteristics of EP and AFP on L-PBF inner structures have been 

discussed in previous chapters. Therefore, evolutions of morphology and roughness 

are characterized to study multiple and hybrid polishing processes in this chapter. The 

main conclusions can be drawn as follows: 
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(1) Multiple polishing in different sequences of EP and then AFP would 

continuously reduce surface roughness on various L-PBF inner surfaces 

because AFP is capable of removing protruding area of inner surfaces after EP. 

Considering the relatively low surface roughness can be obtained after EP, a 

longer AFP time is required to achieve a flatter inner surface. 

(2) Multiple polishing in different sequences of AFP and then EP generally exhibits 

fluctuations of roughness on L-PBF inner surfaces during polishing process 

because original surface areas at valley positions are remained after AFP. 

(3) A mixed morphology of EP and AFP appears on L-PBF inner surfaces after 

hybrid polishing. During hybrid polishing, EP and AFP can be carried out 

simultaneously without interfering with each other. 

(4) Due to the large difference of EP and AFP in polishing efficiency using the 

developed polishing system, hybrid polishing of L-PBF internal surfaces shows 

superiority of removing surface features and reducing roughness effectively in 

a short period of time. Then, the reduction of surface roughness shows a similar 

level to that of EP in the developed hybrid polishing system.  
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Chapter 7. Application Development of Polishing for 

L-PBF Internal Structures 

7.1 Polishing of Ti6Al4V straight channels 

7.1.1 Experimental approach 

Polishing parameters of EP and AFP were tested and applied to Ti6Al4V straight 

channels. Considering that the inner diameter of the straight channel is 2 mm (Table 

3.2 and Figure 3.17), a cylindrical titanium rod was used as cathode as illustrated in 

Figure 3.25b. During EP, a stable flow rate of 0.03 L/s could be achieved due to the 

narrow space between the cathode and inner surface of whole channel. A two-step EP 

was optimized in section 4.4 for various internal surfaces prepared by L-PBF Ti6Al4V 

in which the first step of EP is to polish surfaces uniformly using a potential of 20V for 

15 minutes, while the second step is to obtain a bright and smooth surface by applying 

a potential of 44V along the LCPR for 5 minutes. Given that changes of flow rate have 

less effect on LCPR, the two-step EP for L-PBF Ti6Al4V internal surfaces was utilized 

to straight channels directly in this section. In terms of AFP (Figure 3.26b), optimized 

parameters of abrasive particles in section 5.1 were used and a stable flow rate of 0.06 

L/s can be employed. In addition, it is difficult to conduct hybrid polishing due to the 

limited remaining space between the cathode and the inner surface of the whole 

channels. Thus, EP, AFP and multiple polishing in different sequences were 

investigated for L-PBF Ti6Al4V whole straight channels with the inner diameter of 2 

mm. 

7.1.2 Polishing process 

The morphology and topography of a straight channel after the two-step EP are 

shown in Figure 7.1a and b, respectively. Consistent with the results in Figure 4.36, 

most inner surface area is polished to a smooth and bright surface, but there are some 

remained sintered areas without bright morphology at valley positions after EP. 
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Figure 7.1 Images of morphology (a) and topography (b) of inner surfaces of L-PBF Ti6Al4V straight 

channels with inner diameter of 2 mm after the two-step EP. 

Figure 7.2 shows the morphology of inner surfaces after different time of AFP. It 

can be seen that some raw area still exists after 25 minutes, while raw morphology is 

removed and only scratches traces are observed after 50 minutes of AFP. Therefore, 

single AFP time for the straight channel is optimized to 50 minutes. 

 
Figure 7.2 OM images of the inner surface of L-PBF Ti6Al4V straight channels with an inner diameter 

of 2 mm after 25 minutes (a) and 50 minutes (b) of AFP. 

In order to remove the remained sintered area after EP (Figure 7.1), different AFP 

time was applied for multiple polishing on inner surface of straight channels. As 

illustrated in Figure 7.3, most sintered areas can be removed after AFP for 5 and 15 

minutes (Figure 7.3a and b). With AFP time for 25 minutes, the sintered areas on the 

whole channel are totally removed and a uniform scratch morphology is obtained 

(Figure 7.3c). 
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Figure 7.3 OM images of the same area on the inner surface of a L-PBF Ti6Al4V straight channel with 

an inner diameter of 2 mm after EP and then different time of AFP. 

EP was carried out after AFP for 50 minutes for multiple polishing in different 

sequences and surface morphologies after different time of EP are shown in Figure 

7.4. Considering the scratching morphology on the inner surface after AFP (Figure 

7.2b), a potential of 44V was used for EP process. Despite the uniform morphology 

after AFP (Figure 7.2b), some sintered areas (Figure 7.4c) show up after EP of 90, 180 

and 300 seconds. Given that current density at 44V is relatively high and could cause 

high material removal rate, it is not advisable to further extend EP time. The topography 

of the inner surface after EP for 5 minutes was measured. Consistent with the results 

in section 4.4.3 (Figure 4.36), it is found that the remained sintered areas are at valley 

positions (Figure 7.4d). 
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Figure 7.4 Morphology of inner surfaces of L-PBF Ti6Al4V straight channels with an inner diameter of 2 

mm after AFP and then EP at 44V of (a) 90 seconds, (b) 180 seconds and (c) 300 seconds, and 

topography of an inner surface after (d) AFP and then EP for 300 seconds. 

7.1.3 Polishing of whole straight channel 

Whole straight channels before and after multiple polishing in different sequences 

are shown in Figure 7.5. Although smooth inner surfaces were both obtained after 

multiple polishing in different sequences, multiple polishing consisting of the two-step 

EP and then 25 minutes of AFP is more suitable for L-PBF Ti6Al4V whole straight 

channels with inner diameter of 2mm based on the analysis in section 7.1.2 (Figure 

7.3 and Figure 7.4). 

 
Figure 7.5 L-PBF Ti6Al4V straight channels with an inner diameter of 2mm before and after multiple 

polishing in different sequences. 
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7.2 Polishing of Ti6Al4V BCC lattice structures 

7.2.1 Experimental approach 

Polishing parameters of EP and AFP were optimized for Ti6Al4V BCC lattice 

structures, respectively. Considering the dimension of lattice structure (Table 3.2 and 

Figure 3.17), a cylindrical titanium cathode was used and located inside a fixture with 

an inner diameter of 18 mm as illustrated in Figure 3.25c. During EP, a stable flow rate 

of 0.03 L/s was used. A two-step EP was optimized in section 4.4.2 for various internal 

surfaces prepared by L-PBF Ti6Al4V in which the first step of EP is to polish surfaces 

uniformly using a potential of 20V for 15 minutes, while the second step is to obtain a 

smooth and bright surface by applying a potential of 44V along the LCPR for 5 minutes. 

Moreover, changes of flow rate have less effect on LCPR. Therefore, the two-step EP 

and the potential of 44V with different EP time were applied to lattice structures, 

respectively. In terms of AFP, the optimized parameter in section 5.1 was used and a 

stable flow rate of 0.18 L/s can be obtained (see Figure 3.26c) inside a fixture with an 

inner diameter of 10 mm. Considering the use of cathode and the large diameter of the 

fixture in EP, it is difficult to conduct hybrid polishing in the current polishing system 

due to the limited flow rate of the pump. Thus, EP, AFP and multiple polishing in 

different sequences were investigated for BCC lattice structures of L-PBF Ti6Al4V in 

this section. 

7.2.2 Polishing process 

Given that the two-step EP for various L-PBF Ti6Al4V internal surfaces in section 

4.4 has higher current density and relatively long polishing time, different combinations 

of potentials and polishing time were investigated for Ti6Al4V lattice structures 

considering the diameter of the strut is 0.45 mm in the designed model (Table 3.2 and 

Figure 3.17). Figure 7.6 shows the images of lattice structures at top view after different 

EP processes. As can be seen in Figure 7.6a, the two-step EP in section 4.4.2 was 

applied to BCC structures and a bright surface is obtained. However, some struts are 

partially dissolved after 20 minutes due to the high material removal rate. Then, 5 and 

10 minutes of EP at 44V were tested considering that 44V is along LCPR (Figure 7.6). 
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It should be noted that 10 minutes of EP at 44V could also partially dissolve struts 

(Figure 7.6b), while 5 minutes of EP is more appropriate since it achieves smooth and 

bright surface, and avoid damaging struts on BCC structures (Figure 7.6c). Different 

views of a BCC lattice structure after 5 minutes of EP at 44V are illustrated in Figure 

7.7. Most of adhered powders on top and side views are dissolved and smooth 

surfaces can be obtained. However, some raw areas remain on bottom view which is 

caused by the maximum quantity of un-sintered powders and highest roughness of un-

sintered area on raw surface. In addition, current density distribution in the region 

facing the cathode is generally higher than other regions on the BCC lattice structure. 

Thus, it is hard to achieve absolutely uniform polishing on BCC lattice structures by EP. 

 
Figure 7.6 OM images of top view of Ti6Al4V lattice structures after (a) the two-step EP, (b) 10 minutes 

of EP at 44V and (c) 5 minutes of EP at 44V. 

 
Figure 7.7 OM images of top, side and bottom views of a Ti6Al4V lattice structure after 5 minutes of EP 

at 44V. 
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Given that the strength of Ti6Al4V BCC lattice structures should be properly 

considered during AFP, different AFP times were optimized. Bottom view of Ti6Al4V 

lattice structures after 5, 15 and 25 minutes of AFP are shown in Figure 7.8. It is noted 

that morphologies on bottom view change significantly after AFP because of the setting 

of AFP direction (Figure 3.26c). Despite some adhered powders on struts are polished 

after 5 minutes by AFP, some raw areas still can be observed (Figure 7.8a). Moreover, 

obvious adhesions of un-sintered powders are remained at the center point of struts 

(Figure 7.8a). With an increase of AFP time, raw morphologies on struts and their 

center points are totally removed after 15 and 25 minutes (Figure 7.8b and c) because 

AFP is capable of removing un-sintered powders and levelling of sintered area. It 

should be noted that the diameter of struts reduces obviously after AFP of 25 minutes 

which may affect strength of the whole structure. Considering that excessive AFP time 

could continuously reduce the size of struts and result in reduced structural strength, 

15 minutes of AFP is optimized for L-PBF Ti6Al4V lattice structures. Compared with 

bottom area, some areas on top and side views (Figure 7.9) are also partially polished 

because of the turbulence flow characteristic of AFP process. 

 
Figure 7.8 OM images of bottom views of Ti6Al4V lattice structures after different time of AFP. 
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Figure 7.9 OM images of top and side views of Ti6Al4V lattice structure after 15 minutes of AFP. 

To further polish the bottom view after EP (Figure 7.7), 15 minutes of AFP was 

applied for Ti6Al4V lattice structures. Morphology of bottom view after multiple 

polishing is displayed in Figure 7.10. Un-sintered powders on bottom view are totally 

removed and sintered area is further levelled. However, deformation of some struts 

occurs. It can be explained that EP reduces the dimension of struts to a certain degree, 

then, AFP process continuously reduces the size of struts and causes deformation. 

 

Figure 7.10 Morphology of bottom view of Ti6Al4V lattice structure after EP and then 15 minutes of AFP. 
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EP was conducted after AFP of 15 minutes for multiple polishing in different 

sequences. Based on the morphology of that BCC lattice structure after 15 minutes of 

AFP in Figure 7.8 and Figure 7.9, adhered spherical morphologies are almost 

dissolved and bright surfaces can be obtained on the bottom view with the action of 5 

minutes of EP as can be seen in Figure 7.11. Meanwhile, this multiple polishing process 

keeps the entire structure from being damaged. 

 
Figure 7.11 Morphology of bottom view of Ti6Al4V lattice structure after AFP and then 5 minutes of EP. 

7.2.3 Polishing of lattice structures 

Images of L-PBF Ti6Al4V lattice structures before and after multiple polishing in 

different sequences of EP and AFP are shown in Figure 7.12. Multiple polishing in 

different sequences based on EP and AFP using the developed polishing system could 

effectively remove un-sintered powders and flatten sintered area on BCC lattice 

structures without damaging the structure. With the optimization of polishing 

parameters, it is more appropriate to apply 15 minutes of AFP first and then 5 minutes 

of EP at 44V for L-PBF Ti6Al4V BCC lattice structures. In addition, the dimension of 

struts and the strength of L-PBF specific lattice structure need to be considered for the 

optimization of polishing process. 

 

Figure 7.12 Images of L-PBF Ti6Al4V lattice structures before and after multiple polishing in different 

sequences. 
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7.3 Polishing of 316L stainless steel BCC lattice structures 

7.3.1 Experimental approach 

Given that there are two types of BCC lattice structures of L-PBF 316L stainless 

steel as illustrated in Table 3.2, EP, AFP and multiple polishing in different sequences 

were carried out on multiple BCC lattice structures, while EP, AFP and hybrid polishing 

were conducted on single BCC lattice structure. Meanwhile, fixtures and polishing 

conditions were also varied due to dimension differences of lattice structures. It is noted 

that a two-step EP was optimized in section 4.3 for various internal surfaces prepared 

by L-PBF 316L stainless steel in which the first step of EP is to remove almost un-

sintered powders using a potential of 4V for 5 minutes, while the second step is to 

further level the remaining sintered area and obtain a bright surface by applying a 

potential of 2V along the LCPR for 20 minutes. 

For multiple BCC lattice structures, flow rates and fixtures of EP and AFP are the 

same as Ti6Al4V lattice structures in section 7.2. During EP (Figure 3.25c), a stable 

flow rate of 0.03 L/s was used. Given that changes of flow rate have less effect on 

LCPR, the two-step EP in section 4.3 were applied to 316L stainless steel multiple 

lattice structures directly. In terms of AFP (Figure 3.26c), optimized parameters of 

abrasive particles in section 5.1 were used and a stable flow rate of 0.18 L/s could be 

obtained. Due to the use of cathode and the large diameter of the fixture during EP, it 

is also difficult to apply hybrid polishing to multiple BCC lattice structures. Thus, EP, 

AFP and multiple polishing in different sequences were investigated for multiple BCC 

lattice structures of L-PBF 316L stainless steel.  

In terms of single BCC lattice structure, a cylindrical fixture with an inner diameter 

of 7 mm was used for EP, AFP and hybrid polishing (Figure 3.25c and Figure 3.26c). 

Different from multiple lattice structures, a potential of 2V was used during EP and 

hybrid polishing. Meanwhile, a flow rate of 0.18 L/s was utilized for various polishing 

processes of single BCC lattice structure. 

7.3.2 Polishing process 

7.3.2.1 Polishing of multiple BCC lattice structures 
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OM images of multiple BCC lattice structures after the two-step EP are shown in 

Figure 7.13. It can be seen that un-sintered powders are totally electropolished and 

smooth surfaces with sintered area on top, side and bottom views could be obtained 

after EP. Therefore, the two-step for various L-PBF 316L stainless steel internal 

surfaces is also applicable to BCC lattice structures. In addition, sintered area on 

bottom view can be further improved considering its highest roughness of raw surface. 

 
Figure 7.13 Morphology of top, side and bottom views of 316L stainless steel lattice structure after the 

two-step EP. 

AFP time was optimized for multiple BCC structures and the bottom views after 15, 

25 and 50 minutes are illustrated in Figure 7.14. Despite adhered powders on struts 

are removed after 15 minutes, some raw areas can still be observed. Moreover, there 

are obvious adhesion of un-sintered powders at the center point of struts (Figure 7.14a). 

With an increase of AFP time, raw morphologies are totally removed on bottom view 

after 25 and 50 minutes (Figure 7.14b and c). It is noted that the diameter of struts 

reduces obviously after AFP of 50 minutes which may affect the strength of BCC 

structures. Thus, AFP for 25 minutes is optimized for L-PBF 316L stainless steel BCC 

lattice structures. Compared with bottom view, there are scratches on some area of 

top and side views due to the turbulence flow characteristic of AFP process as can be 

seen in Figure 7.15. 

 
Figure 7.14 OM images of bottom views of 316L stainless steel lattice structure after (a) 15, (b) 25 and 

(c) 50 minutes of AFP. 
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Figure 7.15 OM images of top and side views of 316L stainless steel lattice structure after 25 minutes 

of AFP. 

The rough sintered area on bottom view after EP (Figure 7.13) could be further 

levelled by applying AFP. Considering that EP had reduced the dimension of struts to 

a certain degree, 15 minutes of AFP was utilized to multiple BCC lattice structures after 

EP. The morphology of bottom view after EP and then AFP is shown in Figure 7.16. It 

can be seen that rough sintered areas after EP (Figure 7.13) on bottom view could be 

effectively levelled. Meanwhile, the diameter of struts is less affected with 15 minutes 

of AFP. Thus, multiple polishing consisting of the two-step EP and then 15 minutes of 

AFP is applicable for L-PBF 316L stainless steel multiple BCC lattice structures. 

 

Figure 7.16 Morphology of bottom view of 316L stainless steel multiple lattice structure after the two-

step EP and then 15 minutes of AFP. 
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Multiple polishing in different sequences of AFP and then EP was carried out for 

multiple lattice structures. Compared with surface morphology after AFP in Figure 7.14 

and Figure 7.15, un-sintered powders on the top and side views are dissolved and 

smooth surfaces can be obtained as can be seen in Figure 7.17. Meanwhile, this 

polishing process keeps the entire structure from being damaged. However, etching 

traces occur on the bottom view after the two-step EP due to that AFP has effectively 

polished surfaces on the bottom view (Figure 7.14b) and the use of 4V in the first step 

of EP with relatively long EP time cause etching which is consistent with the analysis 

in section 6.1. 

 
Figure 7.17 OM images of top, side and bottom views of 316L stainless steel lattice structure after 25 

minutes of AFP and then the two-step EP. 

7.3.2.2 Polishing of single BCC lattice structure 

To study the potential of hybrid polishing on L-PBF lattice structures, OM images 

of single BCC lattice structures after 30 minutes of EP, AFP and hybrid polishing are 

shown in Figure 7.18. After EP, un-sintered powders are removed, and uneven sintered 

areas with bright surface show up on bottom view (Figure 7.18a). Compared with EP, 

AFP can remove some un-sintered powders and level surfaces on bottom view to a 

certain degree by scratching. However, some raw morphologies with un-sintered 

powders and sintered area are remained after AFP (Figure 7.18b). Different from EP 

and AFP, hybrid polishing can effectively remove adhered powders and level the 
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sintered area simultaneously (Figure 7.18c) which is consistent with the analysis in 

section 6.3. 

 

Figure 7.18 OM images of bottom views of single BCC lattice structures prepared by L-PBF 316L 

stainless steel after 30 minutes of EP at 2V, AFP and hybrid polishing with the potential of 2V, 

respectively. 

7.3.3 Polishing of lattice structures 

Pictures of multiple L-PBF 316L stainless steel lattice structures before and after 

multiple polishing in different sequences based on EP and AFP are shown in Figure 

7.19. Multiple polishing in different sequences could effectively remove un-sintered 

powders and flatten sintered area on surfaces of L-PBF BCC lattice structures without 

damaging the structure. Based on the optimization of polishing parameters, it is more 

appropriate to apply the two-step EP first and then 15 minutes of AFP for multiple 316L 

stainless steel BCC lattice structures. It is noted that materials, design of unit cell, 

dimensions of struts, strength of L-PBF specific lattice structure, polishing effects of 

EP and AFP should be considered for the optimization of polishing process. In addition, 

hybrid polishing exhibits great potential for the polishing of L-PBF lattice structures. 

Moreover, the developed hybrid polishing system can be further optimized such as 

fixture optimization, polishing chamber optimization and using a pump with higher flow 

rate to improve the polishing capability of L-PBF internal structures. 
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Figure 7.19 Pictures of L-PBF 316L stainless steel multiple lattice structures before and after multiple 

polishing in different sequences. 

7.4 Polishing of 316L stainless steel conformal channels 

7.4.1 Experimental approach 

Polishing parameters of EP and AFP were optimized for L-PBF 316L stainless steel 

conformal channels. During EP, a conformal titanium cathode with flexibility was 

designed, fabricated by titanium wire, and then used as illustrated in Figure 3.25d. 

Meanwhile, a stable flow rate of 0.03 L/s could be achieved. It is noted that a two-step 

EP was optimized in section 4.3 for various internal surfaces prepared by L-PBF 316L 

stainless steel in which the first step of EP is to remove almost un-sintered powders 

using a potential of 4V for 5 minutes, while the second step is to further level the 

remaining sintered area and obtain a smooth surface by applying a potential of 2V 

along the LCPR for 20 minutes. Given that changes of flow rate have less effect on 

LCPR, the two-step EP for L-PBF 316L stainless steel internal surfaces in section 4.3 

was utilized to conformal channels directly. In terms of AFP (Figure 3.26d), optimized 

parameters of abrasive particles in section 5.1 were used and a stable flow rate of 0.15 

L/s could be obtained. In addition, it is difficult to conduct hybrid polishing to 316L 

stainless steel conformal channels due to the use of the conformal cathode. Therefore, 

EP, AFP and multiple polishing in different sequences were investigated for the inner 

surface polishing of conformal channels. 

7.4.2 Polishing process 

Morphology of the internal surface of a conformal channel after the two-step EP 

for L-PBF 316L stainless steel is shown in Figure 7.20. Despite that EP time is 25 

minutes, un-sintered powders are only partially dissolved and rough sintered area 
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shows up. The low efficiency of EP is a result of low current density caused by the 

limited size and surface area of the conformal cathode. 

 

Figure 7.20 Morphology of inner surface of a L-PBF 316L stainless steel conformal channel after EP. 

Different AFP times were utilized to conformal channels in order to optimize AFP 

process as can be seen in Figure 7.21. After AFP for 5 minutes, although face down 

areas would be polished efficiently (Figure 7.22), it is difficult to achieve uniform 

material removal process on inner surfaces of curve channels through AFP process 

[153]. Cumulative effect of non-uniform material removal could severely reduce the 

wall thickness at specific interior locations on the conformal channel after AFP for 15 

minutes. With an increase of AFP time, certain locations can be worn through after 25 

and 50 minutes and conformal channels are destroyed. Thus, AFP of 5 minutes is 

acceptable for L-PBF 316L stainless steel conformal channels in this section. 

 
Figure 7.21 Pictures of inner surfaces of half conformal channels prepared by L-PBF 316L stainless 

steel after different times of AFP. 
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Figure 7.22 OM image of inner surface of a conformal channel prepared by L-PBF 316L stainless steel 

after AFP for 5 minutes. 

Given that AFP in the current polishing system caused non-uniform polishing result 

for conformal channels and longer AFP time could destroy thin-walled conformal 

channels, only AFP and then EP was conducted as the multiple polishing in different 

sequences for 316L stainless steel conformal channels. Morphology of the internal 

surface on a conformal channel after multiple polishing is shown in Figure 7.23. It is 

obvious that most of un-sintered powders are removed. Meanwhile, all areas are 

effectively polished due to the combined effect of AFP and EP. 

 
Figure 7.23 Morphology of inner surface of a conformal channel prepared by L-PBF 316L stainless steel 

after AFP for 5 minutes and then the two-step EP. 

7.4.3 Polishing of whole conformal channels 

Images of L-PBF 316L stainless steel conformal channels before and after multiple 

polishing in different sequences consisting of AFP and then EP are shown in Figure 

7.24.Given that it is hard to show the polished condition of inner surface by directly 

observing a whole conformal channel as seen in Figure 7.24a, inner surfaces of half 

conformal channels before and after the multiple polishing of AFP and then EP are 
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presented in Figure 7.24b and c. It can be seen that AFP for 5 minutes and then the 

two-step of EP is capable of polishing the inner surface of L-PBF 316L stainless steel 

conformal channels. Considering the use of the conformal cathode, multiple polishing 

in different sequences is more appropriate for L-PBF curve channels. In addition, the 

optimization of flexible cathodes and simulation analysis of AFP for specific L-PBF 

inner structures should be further considered for the polishing optimization of L-PBF 

curve channels. It should be noted that designing or placing flexible cathodes in 

complex curve channels may be difficult to achieve in EP and hybrid polishing 

considering the complexity of the internal channels. 

 

Figure 7.24 Pictures of L-PBF 316L stainless steel (a) conformal channel after multiple polishing in 

different sequences and (b) raw inner surface of a conformal channel and (c) an inner surface of a half 

conformal channel after multiple polishing in different sequences consisting of AFP and then EP. 

7.5 Summary 

This chapter applies different polishing processes to straight channels with small 

inner diameter, lattice structures and conformal channels prepared by L-PBF for 

application development. The polishing capability of the developed hybrid polishing 

system for L-PBF internal structures is demonstrated. The main conclusions can be 

drawn as follows. 

(1) Multiple polishing of EP and AFP in different sequences shows better polishing 

ability than single polishing process on L-PBF lattice structures, straight and 

conformal channels. 
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(2) Hybrid polishing can effectively remove un-sintered powders and smooth 

sintered area at the same time in the polishing of L-PBF BCC lattice structures 

and exhibits higher polishing efficiency than single polishing process. 

(3) The selection of an appropriate polishing process should consider 

characteristics of specific L-PBF internal structures, such as the placement of 

cathode and the structure strength. 
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Chapter 8. Conclusions and Perspectives 

8.1 Conclusions 

The objective of this thesis is to develop an efficient polishing process for L-PBF 

internal structures and establish the relationship between polishing process and 

surface features of L-PBF various inner surfaces using environmentally friendly 

polishing media. Based on the characterization of surface features of L-PBF 316L 

stainless steel and Ti6Al4V, establishment of the innovative hybrid polishing system, 

fundamental study of EP, AFP, multiple polishing in different sequences and hybrid 

polishing effects on various L-PBF inner surfaces, this study provides a theoretical 

basis for the application of the hybrid polishing system in the polishing of various L-

PBF internal structures. The main conclusions of the study are summarized as follows: 

(1) There exists un-sintered powders and sintered area as common surface 

features on L-PBF top, face up, side and face down surfaces. One or different 

types of surfaces may present on L-PBF internal structures based on the 

variation of printing angles. 

(2) The developed hybrid polishing system can successfully perform EP, AFP, 

multiple polishing in different sequences and hybrid polishing based on EP and 

AFP to obtain reliable polishing results on L-PBF inner surfaces and internal 

structures. 

(3) The two-step EP using different potentials and polishing times can be more 

efficiently applied to polish all areas of L-PBF 316L stainless steel and Ti6Al4V 

inner surfaces with environmentally friendly electrolytes. Although a smooth 

surface can be obtained by first dissolving un-sintered powders, and then further 

levelling of sintered area, EP is more suitable to reduce surface roughness to a 

certain extent considering the uneven sintered area on L-PBF surfaces and high 

material removal rate of EP. 

(4) The gradient design of the polishing media inlet can realize uniform polishing of 

various L-PBF inner surfaces in the fundamental study of AFP. It is notified that 
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L-PBF surface features at protruding areas can be removed more effectively 

than valleys by collision and scratching in AFP. 

(5) Multiple polishing of EP and AFP in different sequences breaks the limitations 

of single polishing process, and is capable of reducing surface roughness of 

various L-PBF inner surfaces more effectively than single polishing method. 

Performing EP before AFP is shown to be more efficient in smoothing all areas 

of L-PBF inner surfaces. 

(6) The innovative hybrid polishing combines the advantages of EP and AFP, which 

can effectively polish all areas of L-PBF inner surfaces because EP and AFP 

can be performed simultaneously during the hybrid polishing without interfering 

with each other. Although polishing efficiencies of EP and AFP differ greatly in 

the developed polishing system, hybrid polishing exhibits higher efficiency than 

single polishing in a short period of time, which shows its research value and 

great potential in improving polishing efficiency of internal structures. 

(7) By using the developed hybrid polishing system, internal surfaces of L-PBF 

straight channels, lattice structures and conformal channels can be efficiently 

polished. Multiple polishing in different sequences and hybrid polishing based 

on EP and AFP is capable of polishing inner structures, and achieving flexible 

control of the final surface quality for various L-PBF internal structures. 

8.2 Perspectives 

Perspectives of this study can be summarized as follows: 

(1) Although various polishing processes for L-PBF inner surfaces using the same 

polishing system have been investigated, there is a further need for the 

comprehensive performance evaluation of polished surfaces. Considering the 

importance of surface quality in practical applications, it is recommended to test 

surface properties such as biocompatibility, corrosion resistance, friction and 

wear after polishing to provide positive feedback for polishing optimization of 

components for specific applications. 
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(2) The surface analysis and various polishing processes developed in this study 

can be extended to polish surfaces prepared by electron beam powder bed 

fusion and materials such as L-PBF CoCr alloy. In addition, environmentally 

friendly polishing media for different materials can be further developed. 

(3) The superiority of hybrid polishing based on EP and AFP has been 

demonstrated in this study. Further investigation of hybrid polishing is 

necessary by optimizing the polishing system because it is essential to reduce 

the efficiency gap between EP and AFP. In addition, the optimization of 

polishing chamber and fixtures can be further considered in order to improve 

the polishing efficiency for various inner structures. 

(4) Given that different polishing processes in this study are based on the material 

removal process, the impact of polishing on the dimension and shape of 

component surface needs to be further considered. 

(5) To accelerate the industrial application of L-PBF internal structures, the 

connection between CAD model design, optimization of L-PBF process, 

polishing process etc. should be strengthened. 

(6) Although this study focuses on the polishing of L-PBF inner surfaces and 

internal structures, further consideration can be given to applying the 

developed hybrid polishing system to the polishing of internal structures and 

external surfaces prepared by various fabrication techniques.  
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