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A B S T R A C T   

Additive manufacturing (AM) is characterised by several unique advantages, such as (freedom of) design, 
capability of fusing dissimilar materials, near-net-shape, and achieving a more sustainable production. While the 
increased precision of metal AM in recent years reduced the needed amount of post-processing to meet 
dimensional tolerance, the requirements for functional surfaces necessitate a well-understood post-processing, 
ranging from heat treatment to machining and finishing. The inherently rough initial (as-built) surface topog
raphy next to complex material microstructure affects the capability of post-processing/finishing operations to 
smooth the surface texture and obtain a favourable surface integrity. In this respect, a more fundamental un
derstanding of the effects of material properties on post-processing/finishing is needed. Therefore, this review 
paper aims to establish the relationship between the characteristics of different AM technologies, microstructural 
properties of materials in as-built and heat-treated conditions, and the physical properties influencing the 
response of additively manufactured materials during post-processing/finishing operations. In particular, 
emphasis is placed on the physics-based understanding of how the microstructural characteristics of 316L, 
Ti6Al4V and Alloy 718 produced using the two principal technologies, Powder Bed Fusion (PBF) and Direct 
Energy Deposition (DED), influence their mechanical properties like tensile strengths, hardness and ductility. 
These properties are among the key factors influencing the response of material during post-processing/finishing 
operations involving material removal by shear deformation. This review paper also discusses the role of post- 
processing/finishing on fatigue performance, tribological behaviour and corrosion resistance of investigated 
AM materials. The paper summarises the state-of the art of post-processing/finishing operations and future 
research trends are highlighted.   

1. Introduction 

Additive manufacturing (AM) is currently perceived as a disruptive 
technology in production engineering. In a non-technical context, AM is 
referred to as 3D printing since the fabrication generally involves 
deposition of a material using a print head, nozzle, or other technologies 
and builds parts as specified by 3D model data [1]. The process of 
fabricating products by depositing material layer-by-layer instead of by 
conventional material-conversion processes (e.g., forming and casting) 
and/or material-removal (subtractive) processes offers numerous ad
vantages in view of realizing new designs (e.g., lightweight engineered 
parts), and manufacturing with less tooling/assembly and with minimal 
material waste. Most of the established AM processes in use today were 
initially developed in the context of rapid prototyping (RP) over 30 years 
ago [2,3]. Since RP was historically the first commercialised application 

for AM it remains commonly used as a general term for this technology. 
The increased adoption of AM in recent years is to a large extent driven 
by fast-paced research and development in metal-additive 
manufacturing, featuring powder metals from steel aluminium and ti
tanium alloys to Ni-based superalloys for high temperature applications. 
Metallic materials are hence in focus, whereas AM of polymer, ceramic 
and composite materials is deemed out of the scope of this work. AM is 
an industrialised and mature (high TRL) technology, implemented in 
real production lines, for example in manufacturing and remanu
facturing of turbine parts (e.g., burners) in the energy and aerospace 
sectors. In other industries, such as the automotive industry, AM is 
primarily used for rapid tooling (i.e., using AM to produce tools and 
fixtures with short lead times), making spare parts and 
small-volume/near-net shape production [4]. This is a clear indicator 
that AM is currently more suited for high-value/small-volume 
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manufacturing where higher production costs are compensated by 
added value, e.g., capability of forming complex 3D parts by addition of 
material. Despite these advantages, there are still major challenges and 
barriers to be overcome prior to even wider adoption. These techno
logical challenges range from design (incl. materials design) to 
manufacturing. This review is clearly focused on the latter aspect, spe
cifically on the role of post-processing, i.e., finishing processes taken 
after the completion of an AM build cycle in order to achieve the desired 
quality/properties in the final parts (e.g., surface roughness). Other 
manufacturing-related shortcomings, such as limited production ca
pacity, high production costs, size limitations, and service/supply-chain 
issues are not specifically addressed in this review. 

The motivation for writing this review paper is to make a critical 
analysis and to strengthen the role of finish post-processing in the AM 
value chain. This aspect is often overlooked and not sufficiently 
addressed in a scientifically inquisitive manner. For example, the un
derstanding of the structure-property correlations in AM might be 
comprehensively addressed from the materials-science perspective [5]. 
Other perspectives in AM might focus on specific laser beam/sintering 
issues and carefully incorporate material aspects [6], but address 
post-processing to a limited extent. Then there are reviews available 
addressing post-processing effects on the surface integrity of materials 
produced by powder based fusion using a laser-based system (PBF-LB) 
[7]. However, these collective investigations do not provide a full un
derstanding of how the history of a material which has undergone 
different stages along the AM value-chain can affect the surface integrity 
of the part after finishing and thus their functional performance during 
the application. In terms of post-processing/finishing, a recent review by 
Lee et al. [8] provides a valuable discussion on the availability and 
relevance of ISO/ASTM standards, but does not specifically address 
surface integrity aspects (beyond surface roughness and surface defects), 
nor the related effects of surface integrity on functional performance. 

The incentive for this review is hence that the ability to use AM metallic 
parts in precision engineering application depends on 
post-processing/finishing determining achievable surface integrity [9] 
and functional performance [10]. Specifically, the major concern is 
post-processing that result in an improved surface integrity in a variety 
of applications with constraints on fatigue performance, wear or 
corrosion properties. Finish post-processing includes subtractive pro
cesses such as machining to abrasive fine-finishing processes and 
non-contact finishing processes, such as laser polishing. Practical 
post-processing aspects such as removal of support structures and fix
turing/clamping for machining are not considered, as they are more 
suited to other more specialised journals. Moreover, post-processes 
where the improvement of surface topography is not of major 
concern, such as in shot peening, are not discussed in great detail. The 
terminology used in this work is aligned as much as possible to ISO/
ASTM 52900:2021 standard [1], to ensure the general principled defi
nitions, terms and nomenclature are aligned to international norms. 

The objective of this review article is to shed the light on the complex 
material-process- performance interconnected relation along the value- 
chain as shown in Fig. 1. The illustrated value-chain comprises a 
sequence of operations necessary for the part to achieve desired prop
erties and functionality. The functionality of a part depends on a 
multitude of factors, ranging from geometry (e.g., dimensional toler
ances), surfaces (e.g., functional surfaces, surface roughness) and ma
terial properties (e.g., mechanical properties set by AM, thermal post- 
treatment, final finishing post-processing). Depending on the func
tional requirements, AM processes almost always require one or more 
post-processing operations, such as thermal post-treatment (e.g., Hot 
Isostatic Pressing – HIP) and post-processing/finishing operations 
(machining, abrasive processes, etc.) to obtain all the designed proper
ties in the final part. 

The paper is structured as follows. Section 2 explains the background 

Fig. 1. Typical stages along the additive manufacturing value-chain. Iterative forward and backward strategies to optimise the final functional performance of a 
lightweight component. The original model often needs to be re-designed to unleash the full potential of additive manufacturing. The designers need to consider 
different aspects of the value-chain during the design process, e.g., the support structures, fixturing and clamping for post machining process [11,12] and distortion 
control and microstructure development during thermal post treatments [13] to ensure the functional requirements are met. 
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of the different indicators to assess machinability/grindability, as well as 
other finishing processes that are at the core of the undertaken 
approach, to a large extent determining the structure/outline of the 
paper. Here, we briefly cover AM-specific considerations that influence 
the microstructure development of additively manufactured materials 
and their physical properties, which in turn affect the response of ma
terial during and after post-processing. Section 3 covers the response of 
the additively manufactured 316L, Ti6Al4V and Alloy 718 during metal 
cutting processes including turning, milling and micro-milling. The re
ported observations are critically reviewed in this section with reference 
to the machinability assessment framework described in Section 2. 
Section 4 discusses the critical analysis of the state of the art with respect 
to grinding, abrasive fine finishing, electropolishing and laser polishing. 
Section 5 discusses the specific performance and functionality aspects of 
post-processed materials mentioned above. The paper concludes with 
Section 6 in which the state-of-the-art post-processing/finishing 
methods are summarised and future research trends are highlighted. 

2. Background 

This section provides a background to assessing the performance of 
the most common post-processing/finishing operations for AM parts, 
which are numerous – from conventional machining to laser polishing 
and electropolishing. Near-net shape additively manufactured parts 
generally require a marginal material removal from the as-built surfaces 
to set the dimensional tolerances and to achieve desired surface prop
erties. Under conventional machining (metal cutting), the key processes 
are turning and milling. A careful selection of cutting conditions and tool 
geometries/material (e.g., wiper inserts or ball end mills with superior 
edge precision) can provide acceptable surface finish properties for most 
industrial applications. Higher quality in terms of form, accuracy and 
surface integrity can be achieved using other conventional and non- 
conventional finishing processes [14]. Compared to conventional 
metal cutting processes, finishing operations like grinding, abrasive 
fine-finishing and electropolishing typically remove a very small 
amount of material, on the scale of a few micrometres or less. Other 
methods like laser polishing do not remove but rather re-distribute the 
material on the as-built surfaces. In the context of this work, finishing 
processes are considered as post-processing following 
additive-manufacturing processes or heat treatment (including HIP). 

Important considerations when selecting post-processing operations 
are the surface finish properties and complexity of as-built parts. These 

determine which post-processing technology is the most feasible and 
cost-effective to be implemented. Table 1 gives an overview of process 
parameters, capabilities and resulting surface finish and mechanical 
properties commonly reported for PBF and DED technologies. PBF-LB is 
capable of building the most complicated parts with the highest reso
lution, while PBF-EB and DED-LB generally lead to rougher surfaces 
with lower geometrical precision. These characteristics define whether a 
given technology is favourable and cost-effective for post-processing a 
part manufactured using different AM methods. The specific angle of 
this review paper is to emphasise the workpiece material effects on 
subtractive post-processing operations, which involve material removal 
by mechanical action (i.e., shearing). These effects are especially com
plex for additively manufactured parts due to inherent lack of robustness 
in 3D printing at scale. Here, the machinability/grindability assessment 
framework is discussed to serve as the baseline for a more systematic, 
and material-science focused approach to evaluate the ease of post- 
processing that involve material removal by shearing, though in 
different scales. 

2.1. Machinability – definition and assessment methods 

“Machinability of an alloy is similar to the palatability of wine – 
easily appreciated but not readily measured in quantitative terms” – this 
is how machinability was caricatured by Edward M. Trent [19] after his 
lifelong research in the field of metal cutting. Such an expression reflects 
the complexity in defining and evaluating machinability, because there 
are many factors partly associated with the cutting process itself which 
may influence the machinability of an alloy, such as the cutting tool 
material, tool geometry and machining method, and partly related to the 
inherent properties of the workpiece material e.g., its strength and 
thermal conductivity. In practice, however, machinability is perceived 
as the ease with which an alloy can be machined under given process 
conditions. Often, one or more of the following criteria are used to 
evaluate the machinability of an alloy: 1) tool life (or tool wear rate), 2) 
cutting forces, 3) surface finish, 4) material removal rate, 5) chip shape 
and 6) environmental impacts [20]. Nevertheless, where machining of 
AM materials is concerned, tool life, cutting forces and surface finish 
characteristics are often regarded as the machinability indicators and 
compared with those of wrought or cast materials as the reference point. 
The motive here is that if the machinability of an alloy is known, the 
machining processes can be executed more efficiently. For example, if 
the machinability of a given alloy is known, the right tool geometry and 

Table 1 
A general comparison between PBF-LB, PBF-EB, and DED. Adapted from different sources [15–18].  

Parameter PBF-LB PBF-EB DED-LB 

Common markets Direct metal parts, medical, aero, dental, 
tooling and high-tech applications 

Direct metal parts, medical, aero, 
automotive, tooling and high-tech 
applications 

Energy, aerospace, medical device, automotive, 
tooling and defence 

Commercial materials Stainless steel, Ti alloys, CoCr, tool steel, Ni- 
based alloys, Al alloys 

Ti, Ti6Al4V, CoCr, Alloy 718 Tool steels, stainless steels, Ti alloys, Ni-based 
alloys 

Typical powder size (μm) 15–45 45–120 Varied, spherical 
Build envelop Limited Limited Large and flexible 
Build capability Complex geometries, cellular structure, 

building hollow channels 
Complex geometry, cellular structure, 
building hollow channels 

Relatively simpler geometry with less 
resolution 

Beam size (μm) 30–100 200–1100 300–3000 
Layer thickness (μm) 20–100 50–150 40–1000 
Min detail size (μm) <200 250 500 
Surface finish Ra (μm) <10 10–50 20-50, depends on beam size 
Residual stress High Minimal High 
Heat treatment Stress relief is required, HIP is preferred Stress relief is not required, HIP may or 

may not be performed 
Depends on the case 

Material properties Typically, equal or better yield strength as 
compared to conventional materials, but lower 
ductility 

Typically, within the same range as 
conventional 

Typically, equal or better yield strength as 
compared to conventional materials, but lower 
ductility  
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tool material can be selected, the cutting data can be adjusted for 
improved productivity, and scrap rates can be reduced. These are 
considered critical factors when machining AM materials, as pointed in 
Section 3. Following the above role of machinability, grindability can be 
also considered as the ease with which a material can be ground 
(machined with abrasives) under given conditions while evaluating the 
process outcomes under criteria such as [21]:  

• Mechanical – specific grinding energy (energy consumed per unit 
volume removed),  

• Tribological – wheel wear, and  
• Thermal – surface integrity (e.g., residual stresses, obtainable 

microstructure) 

Over the last few decades, many attempts have been made to develop 
standard experimental procedures to rank the machinability of the 
materials in terms of a given indicator, like tool life. Astakhov [22] 
summarises the common experimental methods used for evaluating 
machinability of materials – with a major focus on tool life – along with 
the strength and weakness of each method. These methods normally aim 
to rank the machinability of a given alloy with respect to a reference 
material, and thus to develop a “machinability index” system. Given a 
number of examples, the author reasoned that developing a machin
ability index ranking system using the common experimental proced
ures and standards is not of practical value. The complex interactions 
between the tool and workpiece materials would differ as a new system 
(here, a system refers to a given tool and workpiece material combina
tion) is investigated. Hence, the results of any machinability test will 
solely enable ranking the workpiece materials when machining using a 
specific tool material, tool geometry, cooling and lubrication condition 
and machining type and method. In addition, the variations in the 
microstructural properties of the workpiece materials would lead to 
large variations in their thermo-mechanical properties and thus in their 
machinability. These make it impractical to utilise the results of 
machinability indices developed solely based on machining experi
ments. In 1981, König and Messer [23] presented a similar attempt to 
account for all factors that influence a grinding process, and then 
addressed the grindability of a material. They highlighted the 
complexity of the system and that the grindability cannot be charac
terised by a single material characteristic alone. Instead, they mentioned 
the possibility of combining multiple process characteristics measured 
during grinding experiments, to form the so-called “grindability index”. 
The machinability and grindability indices were quickly forgotten and 
are not widely used. 

In parallel, many attempts have been made to relate the machin
ability of an alloy to its inherent thermo-mechanical and microstructural 

properties [20,24], for example, strain hardening, ductility, hardness, 
thermal conductivity and abrasiveness, and thus index its machinability 
with respect to a reference material using the concept of a polar diagram 
shown in Fig. 2. This approach is based on the notion that the 
thermo-mechanical loads on the tool surfaces and the tribological con
ditions controlling the tool wear in machining should in theory correlate 
closely with the physical properties of the workpiece material being 
machined. In polar diagrams, the mid-values for each axis (i.e., 0.5) are 
assigned to the properties of the reference material, which enables 
comparison of the machinability of different alloys with respect to the 
reference material in a qualitative manner. The potential of this 
approach for ranking the machinability of the materials in terms of tool 
life (tool wear) is demonstrated for machining of wrought Alloy 718 
(batch-to-batch variation effects) [25,26], brass alloys [27], steels and 
other metallic alloys [24,28]. This framework would also be suitable to 
assess grindability, as the material properties such as ductility and strain 
hardening directly correlate to specific grinding energy, material hard
ness and abrasiveness affect tool (wheel) wear, whereas thermal con
ductivity influences grinding temperature (thermal aspects). 
Grindability, however, is not as meticulously defined as machinability 
and rarely follows a systematic investigation. In view of abrasive 
post-processing of AM materials this raises a particular concern as the 
material effects when processing at a small (chip thickness) scale 
become more dominant due to the size effect [29,30]. Nevertheless, the 
machinability- and grindability-related material aspects are comparable 
and interchangeable in the context of this review paper. Hence, the 
expressions for machinability/grindability can be exchanged with each 
other without addressing small process differences. Moreover, this 
concept further encompasses (non-grinding) abrasive fine-finishing 
processes, discussed in Section 4. Such an extension adds a certain 
complexity due to less defined geometry and kinematics of, e.g., 
pressure-copying processes utilising free abrasives, hence resulting in 
difficulty in attributing a certain material/post-processing effect with a 
specific measurable process (input) parameter. In turn, the material ef
fects on abrasive fine-finishing processes are almost always ignored 
and/or insufficiently described. 

An example to illustrate the use of a polar diagram for ranking the 
machinability of materials in terms of tool life and tool wear is shown in 
Fig. 2. Here, material A, with larger strain hardening, ductility and 
abrasiveness, should result in lower machinability while material B, 
with lower strain hardening, ductility, abrasiveness and higher thermal 
conductivity, should lead to better machinability as compared with the 
reference material (with 0.5 taking all axes in the polar diagram). 

Larger strain hardening and ductility of the materials would infer a 
larger amount of heat generation during the cutting process and thus 
higher temperature. This is based on the fact that somewhere between 
75 and 90% of plastic work transforms to heat in shear zones in the 
vicinity of cutting edge. The plastic work in cutting can be estimated as 
[31]: 

W=

∫

σe : dεp (1) 

where σe and εp are the equivalent stress and plastic strain tensors, 
respectively. The amount of plastic work at the shear planes increases 
with increasing the material strain hardening and ductility. Under the 
simplified unidirectional deformation, strain hardening may be 
approximated by the ratio between the tensile strength (σUTS) and yield 
stress (σy), and ductility may simply be expressed as the elongation at 
failure (εf) [25]. It should be noted here that if the flow stress properties 
of the workpiece material are known at the range of temperature and 
strain rate encountered in cutting, Eq. (1) would provide a more accu
rate estimation of generated heat. In addition, higher strength also 
means larger normal and shear stresses acting on the tool surfaces and 
thus larger wear rates are expected when machining high strength ma
terials. Astakhov referred to this relation as the specific fracture energy 
(provided that Eq. (1) is integrated over the entire range of strain, up to 

Fig. 2. Machinability assessment using the so-called “polar diagrams”. In this 
approach, the machinability of Material A and B is compared with a reference 
material whose properties are given the mid-values (i.e., with 0.5 taking all axes 
of the polar diagram). Adapted from Ref. [20]. 

A. Malakizadi et al.                                                                                                                                                                                                                            



International Journal of Machine Tools and Manufacture 179 (2022) 103908

5

the material failure – εf) [22] and showed it can be used as a reliable 
indicator for indexing the machinability of alloys. Nevertheless, the 
amount of heat transfers to the tool depends on the thermal conductivity 
of the tool and workpiece materials. For a given tool material and under 
similar process conditions, the tool temperature depends on the amount 
of generated heat (plastic work and frictional stress combined) and also 
the thermal conductivity of the workpiece material. Hence, higher cut
ting temperatures and thus higher thermally activated tool wear are 
expected when machining materials with higher mechanical properties 
and lower thermal conductivity, like stainless steels, titanium, and 
Ni-based superalloys. These materials are often classified as 
difficult-to-cut materials. Excessive tool wear evolution worsens the 
surface integrity and dimensional tolerances and influences the process 
stability in metal cutting. In grinding and abrasive processes, excessive 
heat generation can lead to surface softening (tempering), changing the 
state of surface residual stresses from compressive to tensile, and in 
worst-case scenarios, it can induce microstructural changes (white-layer 
formation), referred to as re-hardening. Re-hardening and formation of 
the hard but brittle white-layer on the surface can drastically reduce the 
functionality of the ground surface (wear and rolling fatigue properties). 
The abrasiveness and (bulk) hardness determine the rate of mechani
cally induced wear mechanisms on tool surfaces during machining. The 
material abrasiveness depends on the type, amount and size of hard 
particles like carbides and nitrides or non-metallic inclusions like oxides. 
Materials with a large amount of large hard particles would show poor 
machinability and poor grindability. For example, high-speed steels 
containing large vanadium carbides can abrade (aluminium oxide) 
abrasives during grinding due to their high hardness [32]. Reducing the 
amount and size of hard inclusions can hence improve grindability, as 
the inclusions abrade the abrasive (tool) at a lower rate. This is analo
gous to the material effect observed in abrasive wear studies in metal 
cutting. Hence, the relative hardness and size of abrasive particles (i.e., 
micro-size carbides and nitrides in steels and superalloys) with respect to 
the tool material should be considered as a key machinability [33,34] 
and grindability indicator [32,35]. The behaviour of non-metallic oxide 
inclusions is rather complex. The presence of Al2O3 particles in steels is 
known to increase the tool wear by abrasion, whereas the modified 
Ca-rich aluminium oxide inclusions with lower hardness may smear out 
on the tool surfaces and form passive layers, protecting the tool from 
thermally-induced wear mechanisms like dissolution-diffusion and 
oxidation [36]. Chemical reactions between the coating and the oxide 
inclusions are also reported in some cases. These reactions are believed 
to increase the rate of tool wear [37,38]. These factors should be 
considered when comparing the influence of oxide inclusions on 
machinability of AM materials with their conventionally manufactured 
counterparts. This is of the utmost importance when comparing the 
machinability of AM 316L stainless steel with that of “inclusion engi
neered” wrought material, e.g., Ca-treated 316L stainless steel [39]. 
Nevertheless, application of this approach for evaluating machinability 
of materials faces a few shortcomings that must be taken into 
consideration:  

• The ductility and strain hardening behaviours of the workpiece 
materials are not readily available at the high strain rates and tem
peratures encountered in machining processes. Moreover, it is well 
known that the ductility of the material (elongation at fracture) de
pends on stress triaxiality [40,41]. Thus, the response of a material 
that is examined using conventional mechanical testing methods like 
tensile or compression tests could differ greatly from the material 
behaviour during machining processes.  

• The lack of a reliable gauge for the abrasiveness of materials. 
Although the hardness of abrasive particles like carbides and nitrides 
is widely available in the literature, a large range is observed for the 
reported values. The same applies for the hardness of coating ma
terials applied on the tool surfaces. As a result, there is much un
certainty in estimated abrasiveness calculated based on the relative 

hardness of abrasive particles and tool materials. In addition, a 
number of investigations have shown that the size [42,43] and 
amount [44] of those hard particles play a significant role in rate of 
tool wear by abrasion. This suggests that abrasiveness of the work
piece materials should be evaluated using a more elaborate relation, 
taking into account the relative hardness as well as the size and 
amount distributions of present abrasive particles. Currently, such a 
complex model is not available. 

• The relative impact and weight of each indicator on the machin
ability of an alloy is not clear in this approach. For instance, it is not 
possible to determine whether a 20% increase in strain hardening or 
hardness has the same effect as a 20% decrease in thermal conduc
tivity. This limits the application of this method to, at best, solely in a 
qualitative manner. 

• The properties of the tool material and chemical interactions be
tween tool material and workpiece are not included in this approach 
(or at least only partly included if the relative hardness of workpiece 
and tool is considered for abrasiveness). It is well known that the 
chemical affinity of the workpiece and tool material play a decisive 
role in wear rate during machining. Hence, one-sided evaluation of 
the machinability of the materials without considering the properties 
of the tool would not provide the full picture.  

• In grinding and abrasive processes, the material removal involves 
shear in an abrasive contact, whereas the magnitude of the shear 
fundamentally depends on process geometry and kinematics as well 
as specific energy. The latter is the main grindability characteristic, 
which captures the material effects, among others. However, there 
are no first-principle’s laws available to correlate material properties 
to specific energy. 

2.2. Machinability of AM materials – specific considerations 

The approach described in Section 2.1, despite its limitations, can 
provide a useful framework for evaluating the machinability of AM 
materials under specific considerations. For example, if the conven
tionally manufactured alloy is taken as the reference material, the role of 
cutting tool properties would be neglected. This is based on the 
assumption that the chemical affinity of the AM materials with the tool 
would not greatly differ from those of wrought and cast materials (if the 
chemical composition and phase contents remain within a relatively 
narrow range). Yet the significantly different microstructural charac
teristics of AM materials as compared to those of wrought and cast 
materials [16,45–47] can influence their thermo-mechanical properties 
and thus their machinability/grindability:  

• Very different grain size and shape distributions as well as strong 
preferred crystallographic orientation (texture) along the build di
rection would lead to anisotropic mechanical behaviour. This would, 
in turn, result in an anisotropic response during machining, 
depending on the material removal direction with respect to orien
tation of the densely distributed grains and the crystallographic 
texture on the cutting plane [46,48–51]. This phenomenon is well 
depicted in the comparative investigation on the influence of sample 
orientation with respect to the milling configuration (i.e., cutting 
plane direction with respect to the crystallographic texture) [48]. 
The authors reported directionality in measured cutting forces as 
shown in Fig. 3 (compare the colour codes in Fig. 3a and b). The 
lowest resultant force was observed when the cutting plane was 
perpendicular to the build direction. Highest cutting forces were 
achieved when the sample was oriented such that the {111} plane 
normal direction was parallel to the cutting plane. The influence of 
texture will be discussed further in Section 3.  

• As-built AM materials normally possess a small amount of porosity 
defects. Pore formation is inevitable in AM due to the complex melt 
pool dynamics and can be of different types (e.g., gas porosity or 
lack-of-fusion porosity, depending on additive manufacturing 
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method and printing strategies), although the common goal is to 
fabricate parts with a density of above 99.5%. Pores tend to act as 
stress concentration regions with the material, reducing its tensile 
strength and ductility [52]. This phenomenon is depicted in Fig. 4 for 
PBF-EB/Alloy 718, where a large density of superficial defects, 
including surface voids and notches and subsurface defects, after a 
shallow machining led to premature failure during the tensile test. 
The tensile properties significantly improved after changing the 
printing strategy [53] and removing superficial defects using a larger 
depth of cut during machining [54]. The density of defects can also 
be reduced by application of HIP post-treatment, improving the 
ductility of AM materials [55–57]. In addition, the thermal con
ductivity is shown to be dependent on porosity [58]. Although the 
effect of porosity on thermal conductivity would be of minor 
importance for most practical applications (only about 2% and 4% 
reduction in thermal conductivity for 1% and 2% porosity, respec
tively), it can have larger impacts on cutting temperature when 
machining the as-built surface layers where the density of pores and 
defects is generally larger than pore content within the fabricated 
parts (i.e., in the bulk). In two-phase materials like Ti6Al4V or 
duplex-steels, the thermal conductivity can also be influenced by the 
amount of different phases formed during the AM process and after 
thermal post-treatments [59,60]. In fact, the thermal conductivity 
would be influenced by lattice defects, grain boundaries, dislocation, 
segregation of elements and other imperfections in the atomic 
structure [61]. Experimental observations suggest that thermal 
conductivity of materials decreases as the intensity of lattice defects 
and imperfections increases [61]. Unfortunately, to the best of our 
knowledge, there is no comprehensive quantitative assessment to 
date on the influence of these parameters on thermal conductivity of 
metallic alloys. 

• The cellular structure and density of lattice defects such as disloca
tions have marked influences on the mechanical properties. Micro
scopic investigations showed clear differences in the dislocation 
density of materials fabricated using various manufacturing 
methods, e.g., PBF-LB, PBF-EB, DED-LB and wrought (recrystallised 
microstructure of hot rolled material) [46,62–64]. The larger density 
of dislocations leads to higher yield and tensile strengths, as larger 

forces are required to move the interacting tangled dislocations [65]. 
However, at the same time, larger dislocation density would lower 
the ductility of the materials, as the dislocation pile-up would 
potentially act as crack initiation sites during subsequent deforma
tion [65]. The dislocation density can be reduced by the subsequent 
thermal post-processes. The role of dislocation density on tensile 
properties of materials is discussed in detail for AM 316L, Ti6Al4V 
and Alloy 718 in several studies [46,66,67].  

• The amount, type and size of precipitates in as-built precipitation 
hardened alloys like Alloy 718 Ni-based superalloy would largely 
differ from those in conventionally manufactured parts of the same 
alloys due to very different thermal history and time scale [62,68]. 
This can lead to differences in precipitation hardening effects and 
thus the variations in tensile properties of as-built materials [46,69]. 
Similarly, the amount and morphology of phases in multi-phase al
loys, for example the dimensions of α-laths and β-ribs (β-rods), the 
volume fraction of α/β phases, and the dimensions and volume 
fractions of α-colonies and basketweave structure in additively 
manufactured Ti6Al4V can all influence its flow stress properties 
[67,70,71]. These microstructural characteristics would be adjusted 
during subsequent thermal and HIP post-treatments [66,72,73] 
when the associated parameters (temperature, soaking time and 
pressure) are carefully selected. 

The above distinctive characteristics are generally material-specific 
and depend on the fabrication technique, process parameters (e.g., 
scanning strategy, layer deposition thickness, energy density), metal 
powder properties (e.g., shape and distribution, atomisation method) 
and protecting gas flow and composition (or vacuum pressure in PBF- 
EB) and many other factors. Some of these key parameters are 
explored in Table 1 for PBF and DED methods, two of the most widely 
used AM metal technologies. A detailed summary of involved parame
ters can be found elsewhere [15,16,18,45]. Fig. 5 illustrates the relation 
between the major process parameters in laser-based additive 
manufacturing method (i.e., PBF-LB and DED-LB) and microstructural 
characteristics that can potentially influence the machinability of ma
terials with reference to the polar diagram shown in Fig. 2. 

Fig. 3. Exemplary study illustrating the effects of AM material (CoCrMo) anisotropic behaviour on cutting forces during machining process. Sample orientations 
relative to the milling configuration where cutting action takes place normal to build direction (BD) and directions 1, 2 and 12 (a) and the measured cutting forces for 
each case (b). Adapted from Ref. [48]. 
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3. Metal cutting processes 

Metal cutting processes like turning, (micro-) milling, and drilling 
are generally needed to set the dimensional tolerances and to generate 
functional surface in the additively manufactured parts. The design re
quirements on functionality and performance, e.g., improved fatigue 

life, wear, and corrosion properties, are tightly connected to surface 
integrity (e.g., state of residual stresses, roughness, sub-surface defor
mation and microstructural changes). The impact of metal cutting pro
cesses on functional performance will be discussed further in Section 5. 

Milling and micro-milling processes are often regarded as the most 
relevant conventional post-processing method due to their flexibility for 

Fig. 4. Process induced superficial defects affecting the tensile properties of as-built and machined PBF-EB/Alloy 718 (a), and comparison of tensile properties of as- 
built, shallow-machined, and deep-machined parts with the reference values according to ASTM F3055 (b). Adapted from Ref. [54]. 

Fig. 5. Relation between some of the key parameters of PBF-LB and DED-LB technologies, the microstructural characteristics of AM materials and their potential 
influence on properties with large impacts on machinability. 
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handling complex geometries of different size scales; however, the 
response of AM materials is also investigated in several studies during 
turning process. This section summarises the scientific reports on 
turning and (micro-) milling 316L, Ti6Al4V and Alloy 718 fabricated 
using different AM technologies, while in part we refer to other mate
rials and processes as well. The emphasis is on the impacts of AM- 
specific microstructural characteristics on tool wear, cutting forces 
and surface integrity of machined workpieces. However, the machin
ability of conventionally manufactured materials (cast or wrought) is 
regarded as the reference point for comparison and will be discussed 
first in each case. This will provide a more fundamental understanding 
of the parameters that can potentially improve (or worsen) the 
machinability of investigated AM materials. 

3.1. 316L stainless steel 

Numerous studies have addressed the machinability of convention
ally manufactured 316L stainless steels in terms of chip shape and its 
formation mechanisms [74,75], tool wear [39,74], surface integrity and 
cutting forces [76,77], using both experimental and computational ap
proaches. Its low thermal conductivity, high ductility and substantial 
work-hardening during cutting often make machining of this material a 
challenge. In addition, the non-metallic inclusions (NMIs) are shown to 
have great impacts on chip formation and tool life when machining this 
material, as pointed out in Section 2. Bletton et al. [74] observed that 
tool life and chip formation when machining (turning, drilling and 
threading) wrought 316L largely depend on the type of NMIs. The at
tempts to produce NMIs with specific chemical compositions during 
steelmaking are often referred to as “inclusion engineering”, as 
mentioned earlier in Section 2. For example, Ca-treatment is normally 
used to modify the properties of NMIs present in steels to improve their 
machinability. The efforts as such have (at least) a two-fold effect: 1) to 
reduce the hardness of Al2O3 inclusions present in the steels resulting in 
reduced abrasion wear, and 2) to improve their formability (mallea
bility) to form a protective film on tool surface. The latter effect often 
improves the lubricity and thus reduces friction (and interface temper
ature as a result). The oxide inclusions with relatively lower melting 
points (e.g., anorthite: CaAl2Si2O8 with about Tm = 1400 ◦C compared to 
Al2O3 with about Tm = 2000 ◦C) are found to form a protective transfer 
layer on the tool surfaces and thus reduce the impact of thermally 
activated wear mechanisms like dissolution-diffusion. The effect of these 
NMIs would differ for different tool materials and under different cutting 
conditions. The temperature and shear stresses on the surface should be 
sufficiently high to smear out the NMIs and thus form a stable protective 
film on the surface of the tools, but not too high to break away the 
excessively softened oxide film from the tool surface [39,74]. In 

addition, the more ductile and low strength NMIs can deform more 
easily along the primary shear plane, facilitating the chip breakability. 
This is because the tips of the elongated NMIs can act as the crack 
initiation sites and reduce the strain threshold for chip breakability. In 
view of these observations, additively manufactured 316L stainless 
steels produced using different technologies would exhibit very different 
responses during machining. The microstructural characteristics of 
additively manufactured 316L such as crystallographic texture, grain 
size and shape, total dislocation density stored in the material, the 
volume fraction and dimensions of nano-sized oxide inclusions, and the 
dimensions of cell structure depend largely on the utilised technology, 
implemented process parameters, metal powder properties, and 
shielding gas type and flow (or vacuum pressure in PBF-EB) – as also 
illustrated in Fig. 5 [47,64,66,69,78,79]. The variations in these 
microstructural characteristics, along with the density of defects, influ
ence the tensile properties like yield and tensile strength, ductility 
(elongation at fracture) and strain hardening [66] and thus a large 
scatter can be seen in the reported tensile properties. This scatter in 
collected data is observed not only when comparing the materials pro
duced using different technologies but also within the domain of a 
specific AM technology. In addition, the tensile properties may largely 
differ after a thermal post-treatment depending on the temperature and 
soaking times (and the applied pressure in case of HIP), as can be seen in 
Fig. 6. 

Besides the mechanical properties, the type, size and distribution of 
NMIs in additively manufactured 316L depend on process parameters 
such as VED, shielding gas composition and flow rate (or in case of PBF- 
EB, the vacuum pressure), and the composition of the metal powder [78, 
80,81]. The amount, size and distribution of NMIs can influence the 
machinability of additively manufactured material in different manners. 
While the uniform distribution of nano-sized oxide inclusions may 
provide some dispersion hardening effects [66,69,78], and thus increase 
the mechanical properties like ultimate tensile strength and hardness 
(see Fig. 7a), the micron-sized NMIs often act as crack initiation sites and 
lead to reduced fracture strain [82]. On the other hand, the micron-sized 
hard oxides like Al2O3 or SiO2 can act as abrasive particles and thus 
influence tool wear, while the softer and more malleable oxides (if 
present within the material) may form protective transfer layers on the 
tool surface and thus reduce the rate of thermally activated wear 
mechanisms. The grain size and morphology, density of dislocations in 
cellular structure and the material texture are the other important pa
rameters influencing the tensile properties and thus can potentially 
affect the machinability of AM materials. In particular, the material 
texture – the effect of which may be quantified using the Taylor or 
Schmid factor – and grain morphology (density of grain boundaries in 
specific directions) can result in an anisotropic behaviour in mechanical 

Fig. 6. Variations in the room temperature 
tensile properties of PBF-LB/, PBF-EB/and 
DED/316L reported in literature: as-built 
conditions (a) and post-treated materials 
(b). Plots include the supplementary data 
summarised in Tables A.1–A.5. The tensile 
properties reported for both vertical (longi
tudinal) and horizontal samples were 
included here. The colour code (colour bar) 
shows the reported fracture strains (elonga
tion at fracture) in %. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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properties. For example, Bahshwan et al. [83] attributed the differences 
in microhardness measurements on planes parallel and perpendicular to 
the build direction to their different Taylor factors and grain size dis
tributions, as depicted in Fig. 7b. This can in turn lead to an 
orientation-dependent machinability of additively manufactured mate
rials – as observed when machining other AM alloys [46,48,49]; see for 
example Fig. 3 in Section 2. 

Machinability of additively manufactured 316L is addressed in a few 
studies. Kaynak and Kitay [84] investigated the surface finish properties 
of PBF-LB/316L using different methods: finish turning under dry and 
cold air conditions vs. mass finishing (vibratory finishing, and drag 
finishing using ceramic abrasives). The authors observed higher surface 
hardness and lower or comparable roughness (Ra) after finish turning at 
40 m/min and 200 m/min compared to the utilised abrasive 
fine-finishing methods. However, the finish turning led to about 5 μm 
sub-layer deformation, supposedly with non-structured grains. This 
severely deformed layer with a nano-sized microstructure is often 
associated with tensile surface and sub-surface residual stresses and 
should be avoided because of its detrimental effects on functionality and 
performance (e.g., fatigue lifetime). Hence, the finish turning process is 
not recommended for load-carrying applications with high demands on 
fatigue and corrosion performance. In contrast, surface smoothing in 
mass finishing is achieved primarily via ploughing and sliding mecha
nisms, with a minimal fraction of cutting, resulting in high compressive 
residual stresses (e.g., − 1000 MPa). Mass-finishing processes are dis
cussed in more detail in Section 4.2. Alexeev et al. [85] studied the in
fluence of build direction on cutting forces when milling PBF-LB/316L 
under different cutting conditions. The authors observed up to 11.3% 
higher cutting forces when machining the sample fabricated in the 
horizontal direction compared to those that were manufactured verti
cally. This observation was attributed to the different grain morphol
ogies in vertically and horizontally manufactured samples, and thus 
different strain hardening behaviour of the material, depending on 
whether the plane of cut is parallel or perpendicular to build direction. 
As mentioned earlier, however, the material texture would play an 
additional role in the orientation-dependency of cutting forces observed 
in this investigation; see also Fig. 3 in Section 2. Gong and Li [86] 
studied the machinability of DED-LB/316L in terms of tool wear and 
surface finish. Relatively good surface finish was reported (Sa<1.6 μm); 
however, pits (or bumps) and burrs were observed on the machined 
surfaces and on the wall edges. The authors also reported better surface 

finish when using down-milling strategy and chipping and adhesion as 
the dominant wear mode and mechanism. 

To date, no detailed comparative investigation on the potential dif
ferences in the machinability of additively and conventionally manu
factured materials is available in literature. However, it is important to 
stress here again that the machinability of wrought 316L is also to a very 
large extent dependent on type, size and distribution of NMIs. Hence, the 
variability in the machinability of conventional materials can be as high 
as the variability in machinability of AM materials, although the un
derlying mechanisms would be different in practice. 

3.2. Ti6Al4V titanium alloy 

Machinability of cast and wrought Ti6Al4V is investigated in 
numerous studies. For example, chip formation mechanisms and chip 
shape [87–89], cutting forces and tool wear modes and mechanisms [90, 
91] and surface integrity [92] when machining wrought and cast ma
terials using different tool materials under a wide range of cutting 
conditions are examined and reviewed [93] in previous studies. Within 
the practical range of cutting conditions, saw-tooth chip formation is 
often observed during machining Ti6Al4V, which is normally charac
terised by crack initiation and propagation from the outer surface of the 
chip. However, thermally activated microstructural softening within the 
thin shear bands also plays a role and facilitates the propagation of 
cracks. A number of studies showed that chip formation mechanisms 
and thus chip shape when machining Ti6Al4V largely depend on the 
material microstructure. For instance, a clear transition from continuous 
to saw-tooth chip formation was reported when machining the small 
colony-sized cast Ti6Al4V with increasing feed rates [87]. On the other 
hand, machining of large colony-sized cast material showed both chip 
formation behaviours simultaneously for all attempted feed rates. This 
observation was attributed to anisotropic behaviour of the material with 
the coarse microstructure [87]. The material texture and strain hard
ening are also shown to have large impacts on chip formation when 
machining Ti6Al4V. For example, Palaniappan et al. [94] have recently 
reported a gradual transition from saw-tooth to continuous chip for
mation when machining Ti6Al4V with increasing deformation hard
ening. This transitional behaviour was believed to be largely due to the 
weakening of transverse texture and fading basal texture when 
increasing the deformation hardening during cold rolling (where the 
thickness of test pieces was reduced up to 45%). However, such severe 

Fig. 7. The cumulative effects of various strengthening mechanisms contributing to the hardness (and thus to the overall tensile properties) of wrought and PBF-LB/ 
316L (a) and calculated Taylor factor on SD-TD, TD-BD, and SD-BD planes under uniaxial loading normal to each plane (b). D is the average grain size, SD: scanning 
direction, TD: transverse direction, and BD: build direction. Adapted from Refs. [69,83]. 
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deformations should, in principle, result in a large increase in density of 
dislocations within the cold-rolled test pieces. A large density of dislo
cations can also influence the onset of crack initiation and the rate with 
which the cracks propagate, as mentioned in Section 2. The potential 
effects of this phenomenon on chip formation were not investigated and 
not sufficiently discussed by the authors. Nevertheless, some degree of 
microstructural dependency has also been observed in cutting forces and 
tool wear when machining wrought and cast Ti6Al4V. Thermally acti
vated mechanisms such as dissolution-diffusion as well as chemical re
action are believed to be dominant during machining this material [91, 
95]. A wide range of microstructure can be obtained in this material 
during the forming and casting processes and subsequent thermal 
post-treatments. The microstructure variations lead to a rather broad 
range of thermo-mechanical properties, which in turn result in varia
tions in the amount of generated heat and thus tool life during 
machining. Therefore, Ti6Al4V is often heat-treated to obtain a rela
tively soft and thus machinable microstructure. Table 2 summarises the 
recommended heat treatments for machinability improvement of 
wrought Ti6Al4V [96]. 

For the same reasons, the state of the material may greatly influence 
the machinability of additively manufactured Ti6Al4V. A wide range of 
microstructures can be obtained depending on utilised AM technology 
and the parameters used during fabrication and subsequent post- 
treatments [97–102]. This variation in microstructural features signifi
cantly influences the induced mechanical properties. Fig. 8 summarises 
the tensile properties of PBF-LB/, PBF-EB/and DED/Ti6Al4V reported in 
literature in as-built conditions and after post-treatments. 

As evident, the PBF-EB/Ti6Al4V has generally lower yield and ten
sile strengths than those of PBF-LB/Ti6Al4V. DED generally shows in
termediate tensile properties as compared with the other two 
manufacturing methods. On the other hand, the fracture strain (elon
gation at failure) is generally highest for PBF-EB/Ti6Al4V and lowest for 
PBF-LB/Ti6Al4V. The lower ductility/fracture strain of PBF-LB/Ti6Al4V 
is generally associated with its fine microstructure comprising of 
α′-martensite or mixed α/α′ with a large density of dislocations [103], 
provided that the density of defects is sufficiently small to play a major 
role in elongation at fracture. Following successive heat treatment, 
ductility generally improved at the expense of strength. This improve
ment seems to be more pronounced in HIPed samples as it results in 1) 
defect closure, and 2) microstructure modification: transformation of 
the non-equilibrium acicular α′-martensite into a near-equilibrium 
lamellar distribution of α/β phases. Nevertheless, these variations may 
give an indication of a significantly different machinability of additively 
manufactured Ti6Al4V, not only when different AM technologies are 
utilised for fabrication of the components, but also when a same AM 
technology is utilised but with different process parameters. It may be 
worth mentioning here that the collected tensile properties assessed in 
both transverse (horizontal) and longitudinal (vertical) directions 

indicate anisotropic behaviour [16]. However, no specific trend could be 
observed, for example, the tensile properties always being higher along 
the build direction than those of transverse direction, as also noted by 
Herzog et al. [16]. In either case, the anisotropic behaviour can manifest 
itself in intricate manners during machining and can thus influence tool 
wear, surface integrity, cutting forces and chip formation. These should 
be taken into account when comparing the results of different studies on 
machinability of Ti6Al4V in turning, (micro-) milling and drilling. 

It is also important to emphasise here again that higher yield and 
ultimate tensile strengths (neither the higher hardness) are not neces
sarily an indication of poorer machinability of a given material varia
tion. The work-hardening prior to fracture and the ductility of the 
materials (elongation at fracture) would in some cases give a better 
indication of the machinability of materials, as both are included in 
polar diagrams shown in Fig. 2. Yet the most reliable machinability in
dicator associated with the tensile properties of a given alloy is perhaps 
the amount of plastic work estimated using Eq. (1) (see Section 2), 
provided that the flow stress properties are available at ranges of tem
perature and strain rates encountered in cutting. In principle, a larger 
amount of plastic work is equivalent to higher cutting forces, higher heat 
generation and shorter tool life during the cutting process. In the 
absence of high temperature flow stress properties, one may use the 
room temperature data as a first approximation. The tensile properties 
presented in Fig. 8a would suggest higher cutting forces and shorter tool 
life when machining PBF-EB/Ti6–Al–4V (with lower tensile strengths 
but often with a significantly higher ductility) as compared with PBF- 
LB/and DED-LB/Ti6–Al–4V (with higher tensile strengths but often 
with a significantly lower ductility). Obviously, the microstructural 
characteristics and thus tensile properties change after thermal post- 
treatments (see Fig. 8b), and thus different behaviours would be 
observed during machining processes. 

3.2.1. Turning 
Machinability of additively manufactured Ti6Al4V in terms of sur

face integrity, cutting forces and tool wear is investigated in several 
studies. Shunmugavel et al. [104] conducted a comparative investiga
tion on the machinability of wrought and PBF-LB/Ti6Al4V. The inves
tigated AM material had higher yield and tensile strengths and hardness 
than those of wrought material; however, its ductility was almost 
one-third that of wrought material. Based on the provided micrographs, 
it seems the microstructure of additively manufactured material con
sisted of a mixture of acicular α/α’, typically reported for 
PBF-LB/Ti6Al4V in as-built condition [100,103]. Higher cutting forces 
were reported when machining AM material, whereas the surface finish 
(Ra) was generally better than that of wrought material. The lower 
ductility of AM material was believed to be the reason for better surface 
finish properties. Sartori et al. [60] compared the machinability of 
wrought, PBF-LB/and PBF-EB/Ti6Al4V under dry and LN2-cryogenic 
conditions. As mentioned earlier, the wear mechanisms in machining 
Ti6Al4V are dominantly thermally activated, and thus several studies 
demonstrated the potential of cryogenic cooling for prolonging the tool 
life by reducing the cutting temperature during cutting. Nevertheless, 
the highest crater wear depth was observed when machining the as-built 
PBF-LB/Ti6Al4V with the markedly higher yield and tensile strengths 
and hardness but with a lower ductility than those of wrought, 
heat-treated PBF-LB/and PBF-EB/Ti6Al4V. The authors also measured 
the thermal conductivity of the materials at various temperatures and 
reported the lowest and highest thermal conductivities for PBF-LB/and 
PBF-EB/Ti6Al4V, respectively. A combination of these 
thermo-mechanical properties led to a higher cutting temperature when 
machining PBF-LB and thus higher crater wear depths were observed 
under both dry and cryogenic conditions. The application of cryogenic 
cooling, however, reduced the depth of crater wear in all cases. Similar 
observations are reported in another investigation, comparing tool wear 
when machining PBF-EB/Ti6Al4Vand wrought alloys using LN2-cryo
genic cooling [105]. Besides tool life extension, cryogenic cooling was 

Table 2 
Recommended heat treatments for machinability improvement of Ti6Al4V and 
typical tensile properties resulting after different thermal cycles [96].  

Heat treatment Thermal cycle and typical resulting tensile properties 

Mill annealing Holding the material around 730 ◦C in the lower range of the 
α/β region for 4 h followed by furnace cooling to room 
temperature. This recipe leads to the following typical tensile 
properties: σy = 945 MPa, σUTS = 1069 MPa, εf = 10% 

Duplex annealing Holding the material at 955 ◦C for 10 min, followed by air 
cooling to room temperature. The material is then hold at 675 
◦C for 4 h, and air cooled to room temperature. This recipe 
leads to the following typical tensile properties: σy = 917 MPa, 
σUTS = 965 MPa, εf = 18% 

Solutionising & 
ageing 

Holding the material at 955 ◦C for 10 min, followed by water 
quenching to room temperature, then aged for 4 h at a 
temperature between 540 ◦C and 675 ◦C. It is then air cooled 
to 25 ◦C. This recipe leads to the following typical tensile 
properties: σy = 1103 MPa, σUTS = 1151 MPa, εf = 13%  
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generally found to improve the surface integrity in terms of residual 
stresses and surface finish properties when machining additively man
ufactured materials [105,106]. For example, higher (and deeper) 
compressive residual stresses were achieved on (and beneath) the 
machined surfaces when machining as-built and heat-treated 
PBF-LB/Ti6Al4V using cryogenic cooling. The surface finish response 
was rather complex and was dependent on the feed rate and cutting 
speed. Distinct improvements in surface finish (Ra) were observed for 
cryogenically-machined PBF-EB/Ti6Al4V at high feed rates because of a 
better control on tool wear evolution; however, the machined surfaces in 
general exhibited more waviness and were often characterised by jagged 
feed marks, as shown in Fig. 9. Bordin et al. [107] reported higher 
evolution rates of flank and crater wear when machining 
PBF-EB/Ti6Al4V as compared with those of wrought material under wet 
conditions. This was in contradiction to the results reported by Sartori 
et al. [60], who observed the lower crater depth when machining 

PBF-EB/Ti6Al4V as compared to other materials under both dry and 
cryogenic conditions. In these studies, machining tests were conducted 
using TiAlN PVD coated tools with a similar geometry, but the lead angle 
was different as the tools were mounted on different tool holders. This 
contradiction perhaps indicates the importance of microstructure vari
ation and the marked influence it may have on the tribological condi
tions influencing tool wear evolution when machining additively 
manufactured Ti6Al4V, as discussed earlier in this section. 

Mallipeddi et al. [108] studied the influence of printing strategies 
and HIP post-treatment on the surface integrity of machined 
PBF-EB/Ti6Al4V. The aim was to determine the machining allowance, 
depending on the melting strategy (contour setting) and the subsequent 
HIP post-treatment. These two have a large impact on surface finish 
properties as well as the density of subsurface defects in as-built com
ponents, but they also largely influence the overall manufacturing time 
and cost. The material with no contouring resulted in the roughest 

Fig. 8. Variations in the room temperature 
tensile properties of PBF-LB/, PBF-EB/and 
DED/Ti6Al4V reported in literature: as-built 
conditions (a) and post-treated materials 
(b). Plots include the supplementary data 
summarised in Tables A.6–A.10. The tensile 
properties reported for both vertical (longi
tudinal) and horizontal samples were 
included here. The colour code (colour bar) 
shows the reported fracture strains (elonga
tion at fracture) in %. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   

Fig. 9. Finish turning induced surface defects observed when machining PBF-EB/Ti6Al4V at two different feed rates using wet, dry, and cryogenic cooling strategies. 
This figure presents general observations on machined surfaces after 8 min of cut [105]. 
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surface as compared with three- and five-layer contouring strategies; 
however, printing without contouring gave up to 20% shorter 
build-cycle time. To obtain acceptable surface finish properties (Sa, Sv 
and S10z) at least 1 mm should be removed from the print surface for the 
sample with no contour setting, as shown in Fig. 10. As is evident, 0.5 
mm allowance was not sufficient to obtain a defect-free surface after 
machining. However, the machining allowance for the no-contour 
sample could be reduced by half (0.5 mm) if the material was HIPed 
before machining. This is because HIP post-treatment with optimised 
settings can effectively reduce the density of surface and subsurface 
defects. The machining allowance was reduced to 0.25 mm when three- 
and five-layer contour strategies were used, regardless of whether HIP 
post-treatment was utilised or not. In other words, HIP was found to 
have no significant impact on pore closure of the sample. The authors 
reported compressive residual stresses on the machined surfaces in all 
samples, except when machining a three-layer contoured sample after 
the third cutting pass (i.e., 1 mm depth). The authors claimed that this is 
because 1 mm machining depth coincided with the depth of heat affect 
zone, and thus the tensile residual stresses were generated because of 
some sort of microstructural inhomogeneity present at this depth. 

Machinability of DED-LB/Ti6Al4V has also been studied in as-built 
condition and after thermal post-treatment by Oyelola et al. [109]. 
This investigation showed a marked impact of microstructural charac
teristics resulted from two different annealing post-treatments on 
sub-layer deformation depth, cutting forces and surface finish proper
ties. To remove the rough skin, at least 0.25 mm machining depth should 
be used for cleaning while an additional 0.2 mm of cutting depth may be 
needed to achieve a defect-free surface after machining. Thus, an overall 
machining depth of about 0.45 mm was recommended for machining 
the DED sample. This recommended machining allowance is almost half 
the machining allowance reported by Mallipeddi et al. [108] to achieve 
acceptable surface finish properties (at least 1 mm to be removed for 
untreated sample with no contour setting; see Fig. 10). This machining 
allowance seems to be rather small, since parts produced by DED-LB and 
PBF-EB processes often show comparable surface and sub-surface 
properties in as-built condition (e.g., compare the roughness (Ra) of 
as-built surfaces presented in Table 1). Nevertheless, the authors 
generally reported better surface finish properties (Ra) for the 
heat-treated DED samples after machining at all cutting conditions. 
Lower cutting forces were also observed when machining heat-treated 
DED. The thermal post-treatments below β-transus temperature led to 
slightly coarser microstructure (i.e., slightly larger width of α-lath) than 
that of as-built material, whereas heat treatment above β-transus tem
perature resulted in significantly larger width of α-lath and fewer col
onies due to β-grain growth. These changes in the microstructure alter 
the mechanical properties and thus the shear resistance during the 

cutting process. The higher cutting forces induced larger sub-layer 
deformation in as-built material (up to 17 μm beneath the surface) 
compared to that of heat-treated samples (only within 5 μm below the 
surface) at low cutting speed (50 m/min). However, at higher cutting 
speeds (100–150 m/min), similar deformation depths were observed for 
both as-built and heat-treated AM materials. 

3.2.2. Milling and micro-milling 
Several studies were dedicated to assessing the machinability of 

additively manufactured materials during the milling process. The 
major emphasis was mainly on cutting forces and surface integrity; 
however, there were a few reports on tool wear behaviour. 

Veiga et al. [110] studied the cutting forces, torque and surface finish 
when milling Ti6Al4V fabricated using a wire arc additive 
manufacturing method. The authors analysed the chemical composition, 
microstructure, hardness, and tensile properties of additively manufac
tured materials prior to the machining tests. The evaluated key ele
ments, including Al, V, Fe, C and O, were within the range specified in 
AMS4928 standard for forged material certified for aeronautic applica
tions. The typical columnar growth of β-grains along the build direction 
was reported; however, no additional information about other key 
microstructural features, e.g., volume fraction, distribution and 
morphology of α-phase and/or α′-martensite, were provided. Yet pre
cipitation of α-phase at β-grain boundaries was evident in the micro
graphs, similar to those commonly reported in PBF-EB/Ti6Al4V 
microstructure [16,111]. The tensile properties, including yield 
strength, ultimate tensile strength and elongation at fracture, were all 
above the minimum requirements specified in AMS4928 standard, both 
in vertical and horizontal directions (i.e., parallel and perpendicular to 
build direction). Moreover, no significant gradient was observed in 
measured hardness values along the build direction. The measured 
torques along the build direction also showed no significant differences; 
however, the down-milling strategy led to slightly lower average torques 
than those measured for up-milling in almost all attempted table feeds, 
however, the difference was not statistically large due to large variations 
observed in measured values. A better surface quality (Ra) was reported 
during up-milling. The authors characterised this as the 
vibration-induced phenomenon caused by the slender dimensions of the 
manufactured workpiece. The Ra values reduced gradually from slightly 
above 1.5 μm–1 μm as the tool reached closer to the table. This was also 
attributed to the reduced vibrations with shorter distance from the 
clamp, although microstructure-induced variations in mechanical 
properties (e.g., ductility) along the build direction could also play a 
role. Woo et al. [112] studied the Laser Assisted Milling (LAM) of 
DED-LB/Ti6Al4V. Initially, the authors made some efforts to optimise 
AM parameters (laser power, scanning strategy, type of inert gas etc.) to 
obtain sound and representative workpieces. FE simulations were used 
to determine the maximum heat penetration depth during laser expo
sure. The results were then used to identify the depth beneath the sur
face that is subjected to sufficiently high temperatures to obtain desired 
thermal softening effects. The machining depth was selected accordingly 
to remove the heat affected zone ahead of the cutting edge. LAM resulted 
in 40% lower cutting forces and 30% better roughness values (Ra) than 
those measured when machining without laser preheating. The influ
ence of microstructural characteristics on the machinability of Ti6Al4V 
manufactured using different AM technologies has been explored in 
several studies. Milton et al. [113] studied the machinability of 
PBF-LB/and PBF-EB/Ti6Al4V. The authors observed up to 50% higher 
resultant cutting forces when machining PBF-EB/Ti6Al4V than those of 
PBF-LB/Ti6Al4V, depending on the feed rate (fz ranging between 0.05 
and 0.2 mm/tooth, while cutting speed and axial and radial depth of cut 
kept constant). The difference was highest when machining at larger 
feed rates, regardless of whether the material was in as-built condition 
or HIP post-treated. However, about 10–12% lower resultant forces 
were measured respectively for the PBF-LB and PBF-EB materials after 
HIP, indicating that the microstructural properties and mechanical 

Fig. 10. Surface and subsurface defects were still observed after removing 0.5 
mm from the surface of the PBF-EB/Ti6Al4V sample, where neither contouring 
nor HIP post-treatment was used [108]. 
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properties are altered after thermal post-treatment. The grain boundary 
α-layer, Widmanstätten α-colonies, and intergranular α-lath structure 
were reported in PBF-EB fabricated material, whereas the microstruc
ture of PBF-LB consisted of a uniform distribution of acicular α’/α with 
relatively fewer and thinner α-layers decorating the boundaries of prior 
β-grains elongated in the build direction. The authors reported no sig
nificant difference in measured cutting forces on surfaces perpendicular 
and parallel to the build directions when machining PBF-LB test pieces. 
However, the measured forces when machining PBF-EB test pieces 
depended on whether the plane of cut was parallel or perpendicular to 
the build direction. Up to 40% difference was reported between the 
measured resultant forces, indicating a rather significant influence of 
material microstructure on shear deformation during the cutting pro
cess. This was attributed to higher work-hardening in the investigated 
PBF-EB/Ti6Al4V material caused by thicker, more frequently observed 
α-grain boundary layers in this material as well as the presence of 
Widmanstätten α-colonies and intergranular α-lath structure. Milton 
et al. [114,115] also studied the machinability of PBF-EB/Ti6Al4V and 
PBF-LB/Ti6Al4V compared to that of wrought material (as the reference 
material) in two separate studies. Higher cutting forces and tempera
tures were reported when machining PBF-EB material compared to 
those measured when machining the wrought material, resulting in 50% 
shorter tool life when machining PBF-EB/Ti6Al4V under similar cutting 
conditions. Similarly, 22% higher axial forces were measured (on 
average) when machining PBF-LB/Ti6Al4V as compared with that of 
wrought material. In both studies, higher work-hardening behaviour of 
additively manufactured materials was believed to be the reason for the 
higher cutting forces as compared to the reference material. Although 
the authors did not present flow stress data to support their claims, they 
argued that the microstructure of the additively manufactured materials 
(e.g., finer distributions of Widmanstätten α-colonies, widths of inter
granular α-lath, and widths of α′-laths) would lead to greater 
work-hardening behaviour during shear deformation in cutting. Higher 
wear rate and larger cutting forces were also reported by Al-Rubaie et al. 
[116] when machining PBF-LB/Ti6Al4V (402 ± 6.22 HV0.5), as 
compared to those of conventionally manufactured material (327 ±
8.67 HV0.5). The cutting forces were about 50% lower when machining 
the wrought material, while the surface finish properties (Ra and Rt) 
were generally better when machining PBF-LB/Ti6Al4V. Interestingly, 
only a slightly higher flank wear rate was observed when machining 
PBF-LB/Ti6Al4V, despite about 23% higher hardness. No significant 
difference was observed in terms of chip shapes. Overall, the authors 
concluded that a similar range of cutting conditions and tool materials 
can be used for machining wrought and PBF-LB additively manufactured 
Ti6Al4V. 

Micro-machining of additively manufactured Ti6Al4V has been 
researched in several studies since this process is of great interest in 
medical applications. Lizzul et al. [50] studied the influence of aniso
tropic behaviour on tool wear during micro-milling PBF-LB/Ti6Al4V 
test pieces manufactured at four different orientations. Initially, all 
samples were heat-treated at 950 ◦C/30 min under controlled cooling 
and heating rates, resulting in a lamellar α/β microstructure. The 
machining tests were done under MQL condition using vegetable oils on 
the surfaces with 0◦, 36◦, 72◦ and 90◦ angles with respect to the build 
plate. Up to 40% difference in tool wear widths was noted when 
machining samples fabricated in different build orientations. The au
thors observed that columnar β-gains always grew parallel to the 
build-direction, independent of build orientation angles. However, the 
widths of columnar β-gains and α-lamellas after heat treatment depen
ded on build orientations. A weak correlation was observed between the 
investigated microstructural characteristics and micro-hardness values; 
however, no clear correlation between tool wear rate and hardness was 
noted. Interestingly, the lowest and highest wear rates were reported for 
the samples with 0◦ and 90◦ orientations, with only a slight difference in 
measured micro-hardness values (372 ± 20 and 376 ± 22 HV0.1 for 
0◦ and 90◦ samples, respectively). Other comparative investigation on 

machinability of wrought, DED-LB/, PBF-EB, and PBF-LB/Ti6Al4V 
showed that higher hardness of AM material does not necessarily lead 
to shorter tool life or higher cutting forces in micro-milling. For example, 
de Oliveira Campos et al. [117] observed about 9% lower cutting forces 
(on average) when machining PBF-LB/Ti6Al4V compared to that of 
wrought material, despite its ~16% higher hardness. Moreover, lower 
wear rates, lower burr formation sensitivity, and better surface finish 
(Ra) were reported in this investigation when machining PBF-LB ma
terial. The authors attributed the improved machinability of additively 
manufactured material to its relatively lower ductility and finer micro
structure. Hojati et al. [118] reported a marked shift in the machin
ability of PBF-EB/Ti6Al4V at different ranges of uncut chip thickness 
(he). Whereas the cutting forces were about 10–15% lower when 
machining PBF-EB material at low uncut chip thicknesses (he < 7.4 μm), 
similar cutting forces were observed when machining this material 
compared to the wrought (extruded) material. The surface roughness 
was generally better when machining PBF-EB material, whereas burr 
formation showed a rather complex behaviour. A different burr forma
tion response was observed depending on whether micro-milling is 
performed directly on the as-built surfaces or carried out after an initial 
clean cut, removing first the AM-induced surface defects. The burr for
mation was lower when machining as-built surfaces of PBF-EB material 
compared to that of wrought material. However, after removing the 
surface defects and irregularities, the burr formation when machining 
PBF-EB material became worse than that of wrought material. In gen
eral, the authors reported smoother edges (lower burr formation) with 
increasing uncut chip thickness for both materials. Conversely, Bonaiti 
et al. [119] observed higher burr formation than that of wrought ma
terial regardless of the uncut chip thickness (feed per tooth and axial 
depth of cut) when machining DED-LB/Ti6Al4V. In line with other 
studies, the surface finish (Ra) was better when machining additively 
manufactured material. However, in line with other investigations 
explored above, the cutting forces were lower when machining DED-LB 
materials despite the higher hardness compared to that of wrought 
material. These observations imply that material hardness is not the only 
parameter influencing tool wear, cutting forces and burr formation in 
micro-machining. In particular, microstructure induced “size-effect” and 
thus local micro-variations in material properties seem to be dominant 
in micro-machining. These micro-variations would not necessarily be 
reflected in simple micro-hardness tests. Khaliq et al. [120] investigated 
the micro-milling of PBF-LB/Ti6Al4V using a wide range of rotational 
speeds (ranging between 15000-35000 RPM) and table feeds (ranging 
between 30 and 90 mm/min) under both dry and MQL conditions. The 
authors claimed that the material grain size had a large impact on burr 
formation, surface finish and tool wear during micro-milling. Up to 28% 
improvement in tool flank wear was observed using MQL cooling, 
depending on the cutting speed and feed. Moreover, better responses 
were observed in terms of surface roughness when using MQL cooling; 
however, machining under dry condition led to reduced burr formation 
and higher compressive surface residual stresses. 

3.3. Alloy 718 

Machinability of conventionally manufactured Alloy 718 is 
researched in numerous studies. For example, chip formation mecha
nisms and chip shape [121,122], cutting forces and tool wear modes and 
mechanisms [34] and surface integrity [121,123] when machining 
wrought materials using different tool materials at a wide range of 
cutting conditions are well examined in previous studies. The chip for
mation mechanism and thus chip shape alter with cutting conditions 
(cutting speed and feed rate) and the material microstructure, e.g., grain 
size and amount of γ′ and γ’’ precipitates (i.e., solutionised vs. sol
utionised + aged). Xu et al. [121] and Razanica et al. [124] observed a 
transition from continuous to serrated chip formation with increased 
cutting speed. This transition seems to occur at temperatures above 60 
m/min when orthogonal cutting with 0.1 mm feed. The serrated chip 
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formation is generally associated with crack initiation and propagation 
facilitated by microstructural softening within the shear-localised zone 
at elevated temperatures [124,125]. However, serrated chip formation 
is also reported when machining Alloy 718 at cutting speeds below 60 
m/min [126,127], indicating the important role of microstructural 
characteristics influencing the chip formation and chip shape when 
machining this material. The microstructural dependency has also been 
observed in cutting forces and tool wear when machining convention
ally manufactured Alloy 718. For example, Hagberg and Malm [126] 
reported a marked difference in measured forces when machining the 
materials with small and large average grain sizes (~16 and ~127 μm, 
respectively). Olovsjö et al. [127] observed a significant increase in 
notch wear evolution on uncoated cemented carbide tools when 
machining the material with a larger average grain size. Interestingly, 
the variation in grain size (from ~16 to ~127 μm) had a significantly 
larger impact on notch wear evolution than that of heat treatment 
(solutionised vs. solutionised and aged). On the other hand, the average 
grain size had a minor influence on the rate of flank wear evolution. 
Nevertheless, both thermally- and mechanically-induced wear mecha
nisms such as dissolution-diffusion, oxidation, chemical reaction, 
adhesion and abrasion may play key roles [34,128,129]. Hence, those 
microstructural variations [25] that influence the tribological conditions 
on the tool surfaces (e.g., the distribution of temperature and stress) can, 
in principle, alter the rate of tool wear evolution when machining Alloy 
718, depending on the tool material, range of cutting conditions and 
cooling-lubrication strategy. In addition, the variation in size and 
amount (volume fraction) of abrasive MC carbides and Ti-rich nitrides 
present in wrought and cast materials was shown to have large impacts 
on the tool wear rate, for example, when machining Alloy 718 using 
coated and uncoated cemented carbides [34,130]. 

For the same reasons, machinability of additively manufactured 
Alloy 718 would largely depend on the microstructure of the material in 
as-built condition and after subsequent thermal post-treatments. The 
microstructural characteristics like the size and amount (volume frac
tion) of γ′ and γ’’ precipitates, grain size and shape distributions, density 
of dislocations as well as the density of defects (e.g., porosity and lack- 
of-fusion) influence the mechanical properties [18,46,68,131]. The 
variations in these microstructural characteristics result in the large 
scatter in tensile properties as shown in Fig. 11. Hence, a large variation 
in machinability of the additively manufactured Alloy 718 would be 
observed. For example, higher cutting temperatures (and contact 
stresses) would be expected for an AM material with high tensile 
strength and ductility, as inferred from Eq. (1) (see Section 2), resulting 
in higher wear rates during machining. 

However, no clear distinction between the machinability of Alloy 
718 fabricated using different technologies can be deduced from the 

data presented in Fig. 11, as the tensile properties of PBF-LB/, PBF-EB/, 
DED-LB/and DED-Arc/Alloy 718 largely overlap. Besides, although the 
tensile strengths of as-built PBF-EB/Alloy 718 are in some cases larger 
than those of PBF-LB/Alloy 718, their ductility seems to be lower or 
within a similar range. This makes it difficult to make a general state
ment on the machinability of additively manufactured Alloy 718 based 
solely on its tensile properties. Besides, the AM Alloy 718 would 
generally contain Al-rich oxide inclusions, MC carbides and Ti-rich ni
trides [46]. The variations in the amount and size of these hard particles 
can largely influence the rate of tool wear when machining AM Alloy 
718. Hence, the relative impacts of the thermally- and 
mechanically-induced tool wear mechanisms differ depending on the 
tensile properties of additively manufactured material on the one hand, 
and the amount, size and type of abrasive particles present within the 
material on the other hand. In addition, the variations in the grain size 
and morphology as well as the crystallographic texture along the build 
and transverse directions would lead to directionality of machinability, 
as discussed in Section 2. Nevertheless, the machinability of additively 
manufactured Alloy 718 (in terms of tool life) should, in principle, 
worsen after solutionising and ageing treatment, as their tensile prop
erties generally level up. This is evident from the data presented in 
Fig. 11, particularly for PBF-LB/Alloy 718. 

3.3.1. Turning 
Tool life, cutting forces and surface integrity of additively manu

factured Alloy 718 during finish turning are investigated in several 
studies. Kaynak and Tascioglu [132] investigated the influence of feed 
rate and cooling condition (dry vs. cold air) on surface and sub-surface 
properties when turning PBF-LB/Alloy 718. The cutting speed and depth 
of cut were kept constant in this investigation. The authors reported 
surface roughness (Ra) ranging from 0.4 to 2 μm, depending on the feed 
rate and cooling condition. Up to 16% increase is observed in micro
hardness measured close to the machined surfaces as compared with 
that of the bulk material. Higher feed rates induced larger surface de
formations and thus higher microhardness values were obtained with 
increasing feed rate. In a more recent investigation, Kaynak and Tas
cioglu [133] compared the influence of different 
post-processing/finishing operations including finish turning under dry 
and cold air conditions, drag finishing and vibratory finishing on surface 
and sub-surface properties of PBF-LB/Alloy 718. In order to obtain 
satisfactory surface finish properties, i.e., smooth and defect-free sur
faces, the as-built surface layer with a large density of defects must be 
removed. The thickness of this layer varied between 80 and 130 μm. The 
lowest surface roughness was obtained using finish turning (Vc: 60 
m/min, f: 0.12 mm/rev, and ap: 0.4 mm), followed by vibratory and 
drag finishing processes. The finish turning process led to the largest 

Fig. 11. Variations in the room temperature 
tensile properties of PBF-LB/, PBF-EB/and 
DED/Alloy 718 reported in literature: as- 
built conditions (a) and post-treated mate
rials (b). Plots include the supplementary 
data summarised in Tables A.11–A.15. The 
tensile properties reported for both vertical 
(longitudinal) and horizontal samples were 
included here. The colour code (colour bar) 
shows the reported fracture strains (elonga
tion at fracture) in %. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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surface and sub-surface deformations as compared with the other 
methods. Machinability of DED-LB/Alloy 718 is also investigated in a 
few studies. Chen et al. [134] investigated the tool wear evolution, 
cutting forces and chip formation when machining Alloy 718 deposited 
on 304 stainless steel bars (laser cladded), and the results were 
compared with the wrought material. The cladded and wrought mate
rials both underwent a similar solutionising and ageing treatment ac
cording to AMS 5662 standard. Machining tests were performed using 
coated and uncoated cemented carbides. In the case of the cladded 
material, the authors studied the material response during machining 
surface and sub-surface layers. Whereas the tool wear evolution was 
almost similar when machining wrought, surface and sub-surface layers 
of laser cladded Alloy 718 using uncoated cemented carbide, the authors 
observed a significant difference in tool wear behaviours when 
machining using coated tools. The highest wear rate was observed when 
machining wrought material. The lowest wear rate was reported when 
machining the sub-surface layer of laser cladded Alloy 718 (within a 
range 0.4–1.0 mm beneath the as-built surface). Interestingly, the 
machining of the surface layer (up to 0.4 mm below the as-built surface) 
led to higher tool wear rates as compared to the sub-surface layer. In 
addition, lower cutting temperature, cutting forces and machining vi
brations were reported when machining laser cladded Alloy 718 using 
coated tools as compared with those of wrought material. 

Careri et al. [135] investigated the machinability of DED-LB/Alloy 
718. The authors studied the influence of post-processing sequences 
(e.g., thermal post-treatment followed by machining vs. machining 
followed by thermal post-treatment) on surface roughness and surface 
and sub-surface hardness and residual stress. Three different scenarios 
were investigated: 1) machining the as-built specimens; 2) machining of 
heat-treated specimens undergoing the full homogenisation, solutio
nising and double ageing treatments according to AMS 5662 standard; 
and 3) as-built specimens that were machined first and then double-aged 

to level up their properties (without homogenisation or solutionising 
treatments). The authors observed 40–50% lower cutting forces when 
machining as-built material as compared to those of fully heat-treated 
material under similar cutting conditions. Hence, machinability of 
as-built material was better than that of the heat-treated sample. The 
sub-surface deformation and hardness increased with increasing feed 
rate and cutting speed. In addition, the best post-processing strategy was 
to machine the as-built material first, and then perform the 
double-ageing treatment to level up the tensile properties and to adjust 
the surface residual stresses induced by machining. This strategy led to 
compressive residual stresses and low surface roughness (Sa) on 
machined surfaces in most cases. 

Malakizadi et al. [46] compared the machinability of PBF-LB/, 
PBF-EB/and wrought Alloy 718 in as-built (or as-received) conditions 
and after standard solutionising and ageing treatment (AMS 5662) when 
machining using uncoated cemented carbide. The authors made an 
attempt to explain reasons behind the very different machinability of 
PBF-LB/and PBF-EB/Alloy 718 based on the underlying deformation 
mechanisms and tribological conditions on the tool surface. A 
physics-based (dislocation-based) approach was used to evaluate the 
influence of different microstructural characteristics on tensile proper
ties of PBF-LB/, PBF-EB/and wrought Alloy 718 in a qualitative manner. 
The authors reported markedly different microstructural characteristics 
in terms of 1) grain size distribution, 2) kernel average misorientation 
(KAM) as an indication of density of GNDs, and 3) preferred crystallo
graphic orientation (texture) in the investigated materials as shown in 
Fig. 12 for the as-built (or as-received) materials. In addition, the au
thors argued that the PBF-LB/Alloy 718 should contain limited amount 
of γ′ and γ’’ precipitates as compared to PBF-EB/Alloy 718. This is 
because the material is subjected to relatively short thermal cycles 
during PBF-LB process. Hence, the authors claimed that the tensile 
properties of as-built PBF-LB/Alloy 718 would perhaps depend 

Fig. 12. Grain distribution, texture and kernel average misorientation (KAM) of PBF-EB/(a and d), PBF-LB/(b and e) and wrought/Alloy 718 (c and f) in as-built or 
as-received conditions. Adapted from Ref. [46]. 
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exclusively on: 1) density of dislocations organised in cell structure [68], 
2) amount and distribution of Laves-phase predominantly precipitated 
at grain boundaries, 3) the grain size distribution (and density of LAGBs 
and twin boundaries) and 4) texture [136]. PBF-EB/Alloy 718 would 
however contain some amount of γ′ and γ’’ precipitates in as-built 
condition since the material is subjected to high processing tempera
tures during AM process (975 ± 25 ◦C). The amount of γ′ and γ’’ pre
cipitates was levelled up after the standard solutionising and 
double-ageing treatment (AMS 5662 standard), while the grain distri
bution, kernel average misorientation and texture remained mostly 
unchanged. 

The authors reported the highest wear rates and cutting forces when 
machining PBF-EB/Alloy 718, regardless of whether the material was in 
as-built condition or heat-treated. Machining of PBF-LB/Alloy 718 in as- 
built condition showed the lowest wear rate, despite higher hardness 
than that of wrought material in as-received condition. Interestingly, the 
cutting forces were also almost similar when machining PBF-LB/and 
wrought Alloy 718 in as-built and as-received conditions. Heat treat
ment did not have a significant impact on the cutting forces when 
machining wrought and PBF-LB/Alloy 718, and the measured values 
were in the same range as those of as-built and as-received materials. 
The flank wear evolution increased when machining PBF-LB/Alloy 718 
after heat treatment whereas a similar wear rate was noted when 
machining heat-treated wrought material. These suggest that the hard
ness is not the reliable indicator of machinability of the material in terms 
of cutting forces and tool life. In addition, no clear correlation between 
the tool wear rate and cutting forces was noted. For example, while the 
cutting forces were almost similar, significantly different flank wear 
evolution rates were observed when machining wrought and PBF-LB/ 
Alloy 718; see Fig. 13. 

The authors argued that the larger density of GNDs in as-built and 
heat-treated PBF-LB/Alloy 718 can lead to lower fracture strains as well 
as lower work-hardening during chip formation. This results in lower 
cutting temperatures when machining PBF-LB/Alloy 718. In addition, 
this material contained only a relatively small amount of oxide in
clusions. Conversely, the wrought material contained a large number of 
NbC and Ti-rich nitrides, while PBF-EB/Alloy 718 was comprised of 
oxide inclusions as well as NbC and Ti-rich nitrides, but in lesser 
amounts as compared with the wrought material. These can explain the 
reasons behind lower wear evolutions when machining PBF-LB/Alloy 
718. The strong 001 ‖ BD texture, larger work-hardening prior to chip 

separation and a relatively large amount of abrasive particles were 
believed to be the major reasons for higher wear rates observed when 
machining PBF-EB/Alloy 718. 

3.3.2. Milling and micro-milling 
Milling and micro-milling additively manufactured Alloy 718 is also 

investigated in several studies. Ostra et al. [137] compared the 
machinability of DED-LB/Alloy 718 with that of wrought (forged) ma
terial under similar cutting conditions. The authors observed shorter 
chips when machining DED-LB/Alloy 718 and attributed this to its 
almost 50% lower elongation at fracture compared to that of wrought 
material. The yield and tensile strengths of the DED-LB/Alloy 718 were 
comparable with those of wrought material. Calleja et al. [138] studied 
the machinability of laser cladded Alloy 718 and compared it with that 
of wrought material (i.e., base material used for cladding). The cutting 
forces were lower when machining laser cladded material in as-built 
condition as compared to the wrought base material. The solutionising 
and ageing treatment levelled up the tensile properties of cladded ma
terial and thus higher cutting forces were generally obtained when 
machining this layer after heat treatment. The surface roughness (Ra) 
was better when machining wrought material under similar cutting 
conditions. Periane et al. [139] investigated the influence of cooling 
media (dry, MQL and emulsion) on tool wear, surface roughness and 
specific cutting energy during milling PBF-LB/and wrought Alloy 718. 
Higher wear rates, specific cutting energies and surface roughness were 
observed when machining the wrought material under similar cutting 
conditions (i.e., cooling condition, feed rate and cutting speed). The 
energy consumption was the least when machining PBF-LB/Alloy 718 
under wet (emulsion) condition. Ducroux et al. [140] compared the 
machinability of PBF-LB/Alloy 718 with that of wrought material in 
terms of tool life. Both materials were solutionised and aged (AMS 5662) 
prior to machining tests. The authors also developed a mechanistic 
approach for cutting force prediction in side-milling incorporating the 
effects of flank wear land widths. The authors reported lower forces 
(cutting, feed and passive forces) and almost two times longer tool life 
when machining PBF-LB/Alloy 718. Abrasion and attrition were iden
tified as the dominant wear mechanisms controlling the rates of flank 
and notch wear evolution. 

In a more recent investigation, Pérez-Ruiz et al. [49] developed a 
microstructure-sensitive mechanistic model for cutting force prediction 
in peripheral milling incorporating the effects of crystallographic 

Fig. 13. Worn tools when machining PBF-EB/(a), PBF-LB/(b) and wrought/(c) Alloy 718 in as-built or as-received conditions, and when machining PBF-EB/(d), PBF- 
LB/(e) and wrought/(f) Alloy 718 after solutionising and double-ageing treatment (according to AMS 5662 standard). Adapted from Ref. [46]. 
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texture and grain morphologies. This model attempts to present a 
generic framework for prediction of cutting forces, as the microstruc
tural characteristics of the AM Alloy 718 vary with AM process param
eters, e.g., scanning strategy and VED. It was claimed that the cutting 
force in peripheral milling is essentially related to the shear strength of 
the material. As mentioned in Section 2, the shear strength of the ma
terial depends on the microstructural features like grain size distribution 
and the crystallographic texture. These microstructural characteristics 
largely account for the anisotropic behaviour of Alloy 718 and thus the 
directional-dependency of cutting forces [46,48]; see also Fig. 3. Hence, 
the authors presented a mathematical relation to obtain the shear 
strength as the tool configuration varies with respect to the material 
crystallographic texture; see Fig. 14 for six different scenarios where the 
Taylor factor (M) maps were presented as a function of relative tool 
engagement angles (θ) and the shear angle (Φc). As soon as these maps 
are generated, it is possible to obtain the shear strength of the material 
and thus the cutting forces for different tool-workpiece engagements, for 
example, G(0 0 0), G(0 45 0) and G(0 90 0) configurations shown in 
Fig. 14. Furthermore, the authors evaluated the effects of grain 
morphology (i.e., size and shape distributions and orientations with 
respect to tool engagement angle) on cutting forces using an in-depth 
microstructural analysis. A clear correlation between cutting forces 
and grain morphology was observed, particularly for the cases where 
effects of crystallographic texture were rather weak (i.e., for parts 
manufactured using low VED). 

Kim et al. [141,142] investigated the influence of build direction on 
tool wear during micro-milling PBF-LB/Alloy 718. The authors observed 
higher wear rates when machining wrought material despite its lower 
hardness compared to that of PBF-LB/Alloy 718. During machining 

PBF-LB/Alloy 718, the lowest wear rate was observed for the case where 
the plane of cut was perpendicular to the build direction, despite almost 
similar hardness on the surfaces parallel and perpendicular to the build 
direction. These observations show the important role of crystallo
graphic texture and grain morphologies influencing the material 
deformation during the cutting process and thus the machinability of 
AM Alloy 718. 

4. Finishing processes 

This section is concerned with finishing processes that are primarily 
intended to modify surface texture, but also tailor surface integrity/ 
material microstructure. The majority of concerned post-processes 
involve applications of finishing with abrasives, hence a mechanical 
post-processing. In addition, electro-chemical- and laser-polishing op
erations are analysed. The emphasis was placed on post-processing of 
additively manufactured 316L, Ti6Al4V and Alloy 718, while in part we 
refer to other materials like Alloy 625, 304 L and AlSi10Mg. 

4.1. Grinding processes 

Despite the importance of grinding as a finishing process, only a few 
research studies have been dedicated to grinding AM materials. Kirsch 
et al. [143] recently published a paper on surface grinding of 
PBF-LB/316L stainless steel using conventional aluminium oxide 
wheels. The objective of this work was to investigate the differences in 
grindability when grinding conventional steel (cast, rolled, solution 
annealed, and water quenched) vs. two AM materials having different 
defect sizes and densities resulting from low and high VEDs (33.3 J/mm3 

Fig. 14. The interaction between the tool and the microstructure (crystallographic orientation) of PBF-LB/Alloy 178. Taylor maps indicating the interaction between 
two laser scanning strategies (rotation by 67◦and 90◦) and three milling configurations (tool positions: G(0 0 0), G(0 45 0), G(0 90 0) for a helix angle of 30◦, tool 
engagement angles between 0◦ and 32◦ and shear angles ranging between 0◦ and 90◦). Adapted from Ref. [49]. 
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vs. 119 J/mm3). The grindability was assessed in terms of grinding 
forces and surface finish (roughness). For shallow-cut grinding with 5 
μm depth of cut (Qw = 1.25 mm2/s), the specific tangential force was 
around 40% higher in the case of dense AM material compared to con
ventional. The authors attributed this to about 30% lower hardness of 
conventional material. Interestingly, in creep-feed grinding experiments 
with 0.25 mm depth of cut, the observed forces were very similar. 
Hence, hardness alone cannot explain the differences observed in 
grindability of materials. For shallow-cut grinding, the impacts of 
microstructural characteristics like pores and defects, grain size shape 
and size, micro-constituents, and material texture would be amplified, a 
phenomenon known as “size-effect” [144]. The obtainable surface 
roughness (Rz) is similar for all materials. Grinding reduced the as-built 
surface roughness by about 90%, from Rz = 42–44 μm to Rz = 3–6 μm, 
depending on the grinding mode. The cracks and voids/indentations 
were still present on the ground surfaces of the AM material with higher 
density of large lack-of-fusion defects. In this respect, the achievable 
surface finish is determined by the (residual) porosity, which depends on 
the material density and is grinding independent. Similar observations 
are reported by Kadivar et al. [145], who studied the role of specific 
energy in micro-grinding of conventional/extruded (340 ± 5 HV) and 
PBF-EB/Ti6Al4V (345 ± 10 HV) materials. In terms of finished surface 
properties, comparable surface topographies were observed using the 
same grinding parameters, regardless of the material manufacturing 
method. The surface parameter, Sa, and roughness parameters, Ra and 
Rz, were all nearly of the same order. In all cases, some material debris 
could be observed on the ground surface. 

The specific energy is the energy expended to remove a unit volume 
of material, which is a fundamental grindability parameter that in
dicates the (cutting) efficiency of the process. The material microstruc
ture resulting from different manufacturing processes (wrought vs. PBF- 
EB) was found to have a considerable influence on the obtainable spe
cific energy, although the material hardness was the same. For example, 
20–30% higher specific energy was observed when grinding in parallel 
to the material-build direction in comparison to grinding perpendicu
larly to the build direction. The specific energy when grinding perpen
dicularly was comparable to micro-grinding of conventional material. 
The observed differences in specific energy were attributed to the 
chipping ratio and strain-hardening effects. However, at higher 
aggressiveness (chip thickness) values, almost the same specific energy 
was obtained for all materials. This is in contrast to observations in 
micro-milling of the same materials, using a 3-fluted cutter measuring 
1.8 mm in diameter [118]. Here, the size effect was distinct for chip 
thicknesses smaller than 7.4 μm, characterised by exponential growth in 
specific energy due to the dominant ploughing effect. In this range, the 
specific energies for conventional (extruded) material (350 HV) were 
about 5–15% higher compared to PBF-EB/Ti6Al4V (450 HV). This slight 
increase was attributed to higher ductility of conventional material. At 
higher values of chip thickness, cutting is predominant, resulting in 
similar values for specific energy, reaching a minimum at about 2.5 
J/mm3. These two studies also assert that measuring hardness alone is 
not sufficient to index grindability of additively manufactured materials 
with respect to their conventionally fabricated counterparts. 

A special grinding process featuring a semi-elastic grinding tool with 
abrasive pellets refers to shape-adaptive grinding (SAG), developed by 
Beaucamp et al. [146]. This process enables a ductile-mode grinding and 
is capable of achieving surface finishes, typically required for optical 
applications. The SAG-based finishing of PBF-EB/and PBF-LB/Ti6Al4V 
alloy demonstrated the ability to remove the semi-sintered particles on 
the (as-built) surface texture, thus achieving a surface roughness around 
10 nm Ra [147] andimproving the surface finish by about three orders of 
magnitude. The compliant nature of this process is especially suited for 
post-processing AM, due to its capability to machine free-form surfaces 
and to remove the workpiece irregularities resulting from the melting 
process more effectively. The precise control of the SAG process should 
now be available, thanks to the analytical models describing the process 

mechanics at multiple scales (macro- and micro-level) [148]. Moreover, 
the process can be further implemented on a dedicated (7-axis) polishing 
machine or a 5-axis machining centre [149]. The feasibility of using 
different machine types was demonstrated on SAG of PBF-LB/17-4 PH 
stainless steel. In addition to demonstrating the finishing capability, this 
work provides valuable insight into different modelling approaches to 
predict the process outcomes, ranging from empirical and 
semi-empirical to analytical methods. Finally, a novel analytical method 
is developed to model a compliant finishing process in a Folding Space, 
accounting for initial surface roughness, abrasive-grit distribution, 
compliant-tool deformation and process parameters. 

4.2. Abrasive fine-finishing processes 

Abrasive fine finishing is often applied as a final finishing process in 
the manufacture of precision components, and the selection of the right 
technology is crucial in obtaining the desired functional performance, 
such as fatigue life [150]. Most of the available studies are concerned 
with investigating the capability of abrasive fine-finishing to reduce the 
surface roughness of as-built AM components and are comparative in 
nature, i.e., when one or several finishing processes are compared with 
each other. Such observational studies have major shortcomings, as they 
fail to address the fundamental process aspects, such as discussion of 
material removal mechanisms and effects on surface integrity, and 
fundamental material effects on the process (e.g., effect of workpiece 
microstructure on specific energy). Very often, the experimental details 
are insufficient, for example, specifying the size of abrasives used [151]. 
Moreover, there are inconsistencies in terminology, e.g., 
magnetic-abrasive finishing (MAF) is used to refer to polishing [152] or 
linishing [153] is used in lieu of brushing [154]. 

The abrasive-fine finishing technologies that have been so far applied 
for finishing of AM-fabricated metallic components primarily include 
brushing, mass finishing (e.g., vibratory finishing, barrel tumbling and 
drag finishing), blasting, abrasive-flow machining (AFM) [155,156] and 
MAF. 

4.2.1. Magnetic-abrasive finishing (MAF) processes 
Guo et al. [152] investigated the feasibility of MAF of internal sur

faces, where the workpiece, a hollow tube, was PBF-LB/Alloy 718. In 
MAF, the magnetic abrasives are forced against the workpiece surface by 
a magnetic force. Process kinematics consists of workpiece rotation and 
axial, reciprocal movement of the magnets, as shown in Fig. 15. 

In the case of a hollow shaft, a cylindrical magnet is inserted into the 
workpiece bore, next to the two external magnets. The abrasive slurry 
consisted of stainless steel and SiC bound by a straight oil. Process 
modelling was founded on well-established Preston’s law – commonly 
employed in modelling of material removal in a variety of abrasive fine- 
finishing processes, such as vibratory finishing [157], (bonnet) polishing 
[158,159], and compliant grinding [160,161]. According to Preston 
[162], the material removal rate is proportional to the relative velocity 
between the abrasive and the workpiece surface, the applied pressure 
and processing time. This empirical relationship accounts for the “sys
tem” properties, e.g., process geometry, abrasives/slurry used, work
piece material properties, etc., via a constant, specific to the finishing 
operation. Guo et al. [152] investigated the feasibility of MAF of a 
hollow tube – built of PBF-LB/Alloy 718. Here, the experimental results 
showed that the surface roughness of both the OD surface of the inner 
tube and the ID surface of the outer tube was reduced from 7 μm Ra for 
as-built samples to 0.5 μm Ra [152]. The reported process is slow; 3 h per 
experiment, where the bulk of the finishing allowance (100–120 μm) 
was removed in 1 h. The MAF mode, i.e., rotation vs. vibration or a 
combination of both, had little to no effect on achievable surface 
roughness, which was determined by the composition of the abrasive 
slurry. As expected, higher material removal was achieved when 
employing larger SiC grits. The analysis of the cross-section of the 
as-built tubes revealed dissimilar microstructures: larger near-surface 
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cellular structure in the outer layers (30 μm thick) as compared to 
cellular structure within the core. This microstructural difference was 
attributed to differences in the cooling rate closer to the surfaces. The 
cell dimensions of the material near the printed surface were about 5 μm 
in diameter and thus lower hardness than that of the core material 
(underneath layers) was expected. The outer layer (30 μm thick) was 
removed by MAF, revealing a damage-free surface. Near-surface resid
ual stress measurements show release of compressive residual stress 
generated during the AM process in the normal direction (from about 
− 230 MPa to − 30 MPa), whereas the residual stresses in the shear di
rection remain similar (− 20 to − 30 MPa). Moreover, MAF caused a 
slight (5–10%) increase in nano-hardness (from 4.0 to 4.3 GPa). 

MAF may be also employed for abrasive fine finishing of internal 
surfaces (channels and cavities) for fluid-flow applications, such as 
turbine buckets with cooling channels or fuel-mixing components for a 
combustion stage of a turbine [165]. Here, the internal-MAF process is 
controlled by size, hardness (e.g., 20–60 HRC), magnetic and chemical 
properties of particles, as well as the strength/direction of the magnetic 
field employed. The magnetic properties of the particles depend on their 
composition, e.g., the amount of nickel or cobalt in the Ni–Co–Fe alloy. 
The material removal is controlled by the magnetic field affecting the 
aggressiveness between the magnetic particles and the surfaces being 
machined. The size and shape of the particles affect the material removal 
as well, which is known in both fixed-abrasive and free/loose-abrasive 
machining. The capability of this technology to improve surface 
topography is not fully revealed in the patent. Increasing material 
removal in MAF of internal surfaces was recently achieved by coating 
conventional abrasives on the magnetic tool with a defined geometry (e. 
g., sphere) [164], as shown in Fig. 15. This tooling solution can increase 
the magnetic force to achieve localised finishing at a material removal 
rate of 15 μm/min – reducing Ra by 80% in only 2 min, which out
performs the MAF with loosely-bonded tools [166]. Moreover, this work 
postulates a modelling framework to investigate material removal 
mechanism and predict the finished surface based on contact mechanics 
and Archard wear theory. For this, a sphere-to-arbitrary geometry 
contact model was established to calculate the contact pressure distri
bution. This MAF technology is also used for a deterministic finishing 
process by implementing the concept of computer-controlled optical 
surfacing [163]. The key challenge is to model a tool influence function 

(TIF) which can account for the time-varying material removal rate. 
Hence, a time-variant TIF model – based on a partial differential equa
tion – was developed and the corresponding dwell-time algorithm was 
proposed. These facilitate finishing of complex surfaces and compensate 
for a form-error, which is extremely challenging for conventional MAF 
methods. 

The MAF is also capable of fine-finishing outer surfaces. Wu and 
Yamaguchi investigated the effects of magnetic particle size and abra
sive type (magnetic/fixed vs. conventional/loose) on material-removal 
mechanisms in finishing PBF-LB/316L stainless steel [167]. Here, the 
magnetic abrasive refers to a composite abrasive (aluminium oxide fixed 
in the magnetic/iron matrix). In contrast, a simple mixture of aluminium 
oxide (Al2O3) abrasive and iron particles is also used. Since the Al2O3 
abrasive is “loose,” this mixture is termed conventional/loose type in 
this work. The authors observed that the as-built surfaces were too rough 
(Rz = 60–100 μm) for MAF using a magnetic abrasive featuring Al2O3 
grits measuring below 10 μm in diameter. This necessitated modification 
of the tool, i.e., using a larger diameter of magnetic particles (steel grits) 
mixed with Al2O3 magnetic abrasive and diamond abrasive (120 μm 
diameter). The analysis showed that material was removed primarily by 
the diamond, not Al2O3 abrasives. The achievable surface texture was 
measured using areal height parameters, including Sa or Sz, Ssk 
(skewness) and Sku (kurtosis). The use of conventional abrasive created 
higher negative skewness compared to magnetic abrasive and larger 
kurtosis, indicating a “sharper” texture in terms of peaks and valleys. 
MAF is further capable of shifting tensile residual stresses induced by 
laser sintering to compressive residual stresses, if the mixture of mag
netic particles and abrasive slurry is replaced by steel balls (with no 
diamond abrasive). This process modification refers to 
magnetic-assisted burnishing (MAB) [168], featuring a “stiffer” tool 
(still featuring abrasives) capable of modifying the surface topography 
(form and texture) by plastic deformation (without cutting/material 
removal). MAB is not to be confused with a conventional/non-abrasive 
(ball) burnishing process, which is also a viable post-processing tech
nology of AM materials [169], as it improves the microstructure (grain 
refinement) and surface topography, as well as induces compressive 
residual stresses. The surface roughness, however, can be only slightly 
reduced by MAB. The real benefit of this process is in imparting 
compressive residual stresses through a mechanical action. For example, 

Fig. 15. Working principle of magnetically driven internal finishing and its application; 3D schematic of the working principle (a), design of the magnetic polishing 
tool and its digital twin (b), simulated and experimental footprint (c and d), after polishing, the form-error compensation of magnetically driven internal finishing by 
using the dwell-time algorithm (e and f) [163,164]. 
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the residual stresses in laser-scanning direction can be shifted from 
tensile (about +200 MPa) to compressive (approximately − 80 MPa). 
The largest compressive residual stresses were observed parallel to the 
build direction (− 150 MPa), as the initial tensile stresses were lower 
(20–80 MPa). The types of abrasives used also determine the process 
capability, especially with respect to the workpiece material being 
finished. For example, it was shown that the Ni-coated diamond abrasive 
is less efficient in removing material than an uncoated diamond in MAF 
of Ni-based superalloys [170]. The reason for an inferior material 
removal rate is that the Ni-coated abrasive is more attracted to the 
magnet than the workpiece, resulting in non-uniform finishing and 
fewer diamonds cutting in the formed magnetic-particle brush. MAF was 
also used to finish PBF-LB/316L stainless steel plates printed with 
various slope angles [171], as shown in Fig. 16. These stainless-steel 
plates show significantly different surface roughness and topography, 
resulting from the defects such as ‘staircase effect’, balling effect, 
rippling effect and semi-sintered particles. However, post-processing 
with MAF using 500 μm steel grits removed these defects gradually. 
The MAFed surface roughness was reduced by 75% while the deviation 
of the surface roughness from the slope remained unchanged. 

4.2.2. Mass finishing processes 
Mass finishing is an abrasive fine-finishing technology used for 

simultaneous processing of multiple components in a container, usually 
with abrasive media and a compound solution. Here, a cyclic movement 
of the container causes media to vibrate and rotate against workpiece 
surfaces, or workpieces to rub against each other. This type of finishing 
is often used as a final step after the AM build cycle to achieve low 
surface roughness and reflective surfaces (characterised by smaller 

standard deviation of heights, Sq). Mass finishing can be classified into 5 
methods: vibratory finishing (using bowl or tub), rotary barrel finishing 
(tumbling), centrifugal barrel finishing, centrifugal disc finishing and 
drag (spindle) finishing [172]. The geometry and kinematics of the 
vibratory finishing are not well understood; however, Hashimoto et al. 
[173] modelled the material removal mechanism by deriving the rela
tive velocity vector and the impact angle in the contact. In this respect 
the geometry and kinematics of the abrasive interaction could also be 
derived from the theory of aggressiveness [174]. Hashimoto et al. 
determined the characteristic specific energy curve against equivalent 
chip thickness heq [150,173], which is difficult as one also needs to es
timate the depth of cut. As in other abrasive processes, the total specific 
energy is comprised of a chip-formation energy and the specific energy 
required for sliding and ploughing [173]. The dominant force in the 
contact occurs in a normal direction and depends on hydrostatic pres
sure (vibration); the cutting speed hence predominantly depends on the 
impact velocity of media. In a drag finishing process, a workpiece is 
clamped to a rotating carrier in a barrel and submerged into a mixture of 
abrasive media and liquid compound. Malkkora et al. [175] recently 
developed a model that enables a simulation of abrasive media flow, 
considered as a homogeneous and continuous media around a work
piece, as well as its interaction with a workpiece. The numerical 
modelling approach was based on the Arbitrary Lagrangian-Eulerian 
formulation, allowing calculation of process mechanics (e.g., sliding 
velocity, normal and shear stresses) and to correlate these fundamental 
parameters to surface roughness. Moreover, the authors also proposed a 
testing procedure, to identify the Drucker-Prager plasticity model, 
which has a demonstrated potential to investigate the effects of media 
(geometry, size, lubricant) on the rheological properties. The smoothing 

Fig. 16. Magnetic-abrasive finishing (MAF) of PBF-LB/316L stainless steel plates. As-built workpieces printed with various slope angles (a), schematic of the MAF 
setup (b), SEM images of workpiece surface before and after MAF (c), average surface roughness Ra vs. slope angle at different finishing time instants (d). Adapted 
from Ref. [171]. 
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capability of drag finishing can be further increased by integrating 
electrochemical effects [176]. Note that the specific aspects of electro
polishing are discussed in greater detail under Section 4.3. In this 
innovative process, a part being finished is attached to a workpiece 
holder (vertical rotating shaft), which has a function of a 
positively-charged anode. The holder/workpieces are immersed in, and 
moved through electrically-conductive and negatively-charged abrasive 
media. The barrel containing and vibrating the abrasive media here 
serves as a cathode. In this process, the material removal is primarily 
mechanical, e.g., caused by three-dimensional abrasion. Addition of a 
water-based electrolyte to the process (e.g., containing 1–10% hydro
fluoric acid) enhances the surface-smoothing process by tapping the 
electrochemical etching effects (ion transport). This technology proved 
capable of reducing the roughness of PBF-LB/316L stainless steel by 
over 90% in 1.5 h, using only a small amount of sulfuric acid [177]. 
Spherical abrasive particles here were polymeric, with a diameter of 
0.3–1.0 mm. The SEM analysis of the finished surface revealed a 
sequence of underlying material-removal mechanisms; 1) formation of 
an oxide layer; 2) cracking of an oxide layer; 3) fragmentation of an 
oxide layer; 4) shedding of oxide particles; and 5) formation of a new 
surface [177]. Electrical and chemical aspects of mass finishing are 
hence important to increase the capability of material removal. 

Addition of only a chemical agent to the container where the parts 
are simultaneously finished can improve material removal due to a 
mechano-chemical effect, resulting in an isotropic (non-directional) 
surface texture and a high material-ratio curve. Mechano-chemical 
vibratory finishing was developed for isotropic finishing of roller bear
ings and was patented in 1996 by Hashimoto et al. [178]. Nowadays, 
this technology is widely used and is commercialised as isotropic 
superfinishing (ISF) technology, which is slightly misleading as it creates 
confusion with a genuine superfinishing process using a stone (or tape) 
oscillating at high frequency to produce a cross-hatched surface finish. 
Isotropic finishing (IF) is a more appropriate general term, as the process 
renders workpiece surfaces isotropic. The original IF is typically carried 
out in two steps. First an acidic liquid chemical (e.g., with pH = 1.5) is 
added to the process, where it reacts with the workpiece and produces a 
film loosely attached to the work material. This film can be easily de
tached by the abrasive media in the compound, enhancing material 
removal. The material removal is limited to the higher peaks of the 
surface, whereas the valleys remain intact. It is, however, insufficiently 
investigated how the agitation within the chemical regenerates until the 
patterns in a typical PBF-LB/EB layer caused by laser/beam tracks 
diminish and the surface becomes isotropic. Once the surfaces become 
isotropic, the delivery of acid is stopped and replaced by an alkaline (e. 
g., with pH = 8.5) burnishing liquid in the second step to neutralise the 
previous chemical reaction. Here, in the absence of the acid, the film is 
removed, revealing a mirror-like surface [178]. 

PBF-LB fabricated aluminium alloy (AlSi10Mg) was mechano- 
chemically finished, using an IF vibratory finishing process with un
specified abrasive media [179]. The finishing operation was done in two 
steps, utilising different media and the concentration of the dilution. 
This work is thorough in terms of surface finish characterisation, as it 
appropriately employs a wide variety of areal texture parameters from 
the ISO 25178 standard. The results show that the employed 
post-processing could reduce the mean dispersion of height values by a 
factor of ten, to Sa = 4 μm. Moreover, the finishing increases the 
negative skewness (from − 0.21 to − 3.66) and increases the Smr of the 
areal material ratio curve by nearly 50%. Therefore, valleys prevail over 
peaks in the surface texture, achieving a targeted isotropic surface. It 
should be noted, however, that the material removal is very slow, as the 
process takes 2–3 days to complete, indicating that the initial surface 
roughness was too high. 

IF was also used for surface conditioning of PBF-LB/Ti6Al4V alloy 
intended for maxillofacial implants [180]. The as-built workpiece ma
terial was abrasive-blasted prior to finishing to remove the semi-sintered 
particles on the surface, reducing the initial surface roughness (Ra and 

Sa) by 25–30%. The vibratory-finishing parameters were not revealed, 
but the “tooling” was comprised of two types of abrasive media for 
roughing and finishing, i.e., pyramidal-shaped abrasive (density 2.5 
g/cm3, Mohs hardness of 8); and cylindrical-shaped abrasive (density 
2.91 g/cm3, Mohs hardness of 8.5), respectively. In addition, the 
chemical composition of the water-based fluid used was 2.5–5% sulfonic 
acids, C13-17-sec-alkane, sodium salts, 2.5–5% ethoxylated iso
tridecanol and 1–2.5% citric acid. The two finishing cycles took up to 20 
h for roughing +2 h per finishing to accomplish. The obtained average 
surface roughness values were Ra = 0.22 μm (Sa = 0.15 μm), but the 
isotropic surface finish without distinct features such as deformation/
scratch marks was not observed nor assessed by additional areal surface 
parameters (beyond Sa). This may imply that the full potential of 
mechano-chemical processing was not tapped, due to either improper 
process parameter selection or inadequate processing time. The vibra
tory finishing was further benchmarked against electro- and 
plasma-electrolytic polishing [181], which were not able to achieve as a 
fine surface finish as vibratory finishing. In view of the medical appli
cation in focus here, vibratory finishing has further advantages with 
respect to edge rounding, which is needed to avoid tissue irritation. 
Moreover, cell attachment depends on surface topography, which is 
determined by the wettability angle, hydrophobicity [182] and adhesion 
properties. On the negative side, however, abrasive processing might 
lead to undesired surface chemistry of the finished surfaces (e.g., 
increased alumina content). This can be modified by careful selection of 
the abrasive/chemical media to minimise the cytotoxic, poisonous to 
living cells effects and to therefore improve initial adhesion of cells. 
Similar findings were reported for (ceramic) joint implants, where a 
polished nanoscale roughness (Ra = 1 nm) significantly reduced the 
bacterial adhesion (by 98% compared to ground Ra = 0.2 μm surface), 
and the risk of implant-related infection [183]. In this application the 
joint bearing surface requires surfaces with fewer peaks to avoid 
concentrated loading, and a damage-free surface with minimal 
micro-scale features, such as scratches, pits and grooves. Post-process 
finishing operations here included surface grinding (#800 diamond 
wheel) and subsequent “wheel” polishing [184] using a slurry of 0.75 
μm diamond powder mixed in a 4 wt% concentration. The authors 
further showed that ground and (rough) polished surfaces generate 
hydrophobic surfaces (with larger wettability/contact angles) compared 
to fine polished, hydrophilic surfaces characterised by a smaller wetta
bility/contact angle below 67◦. In this way the surface wettability 
(hydrophilicity/hydrophobicity) is directly related to surface roughness 
and the employed abrasive fine-finishing process. 

4.2.3. Non-conventional abrasive fine finishing 
Ultrasonic cavitation abrasive finishing (UCAF) is a nonconventional 

Fig. 17. Ultrasonic cavitation abrasive finishing (UCAF) process utilising 
cavitation effect and micro-abrasive mechanisms simultaneously for improving 
the surface roughness of PBF-LB/Alloy 625. Adapted from Ref. [187]. 
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method specifically developed for abrasive fine finishing of 3D-printed 
materials and patented by Rolls-Royce [185]. The technology exploits 
the cavitation effect [186], caused by high-intensity sinusoidal ultra
sonics, in the frequency range of 20–40 kHz. Here, the ultrasonic waves 
propagate through a liquid media – inducing cavitation. UCAF exploits 
the collapse of the cavitation bubbles close to the workpiece surface, 
producing high-velocity jets that can remove the PBF-LB/EB rough 
upper layer consisting of partially sintered powder by (heterogeneous) 
cavitation Fig. 17 [187]. Material removal and surface finish here can be 
enhanced by adding abrasive grits (e.g., 400–1200 mesh SiC) to the 
process. The kinematics of the grits – enabled by the bubble collapse – 
induce abrasive ploughing and cutting mechanisms in the contact be
tween the grit and the workpiece. 

The PBF-LB/Alloy 625 as-built surfaces were finished by two distinct 
UCAF process modes (material removal mechanisms), resulting in 
distinct topographies of a finished surface, shown in Fig. 18. The 
cavitation-induced erosion removed larger partially melted powder, 
leaving a crater on the surface. The smaller (fully-melted) structures 
were subsequently flattened/removed by an abrasive interaction. In 
contrast to MAF and mass finishing, UCAF is rather fast – capable of 
significantly reducing the surface roughness in 10 min’ processing time. 
However, the reported Sa of 5.6 μm was obtained in 30 min; the final 
topography still features the initial surface form and texture (including 
discontinuities). 

The capability of UCAF was also demonstrated for finishing of simple 
internal channels (3 mm diameter, 20 mm length) [188]. Here, the Ra 
values were improved by 20%. The authors reported on reduced effi
ciency of cavitation-based material removal due to attenuation effects, 

but this was improved by adding abrasives to the process, which aided 
cavitation (bubble) formation, depending on grit size and concentration. 

Finishing of internal channels was further improved by controlling 
the upstream and downstream fluid pressure, resulting in an improved 
method, termed hydrodynamic cavitation abrasive finishing (HCAF) and 
patented by Rolls-Royce [189]. HCAF upgrades UCAF by closing the 
hydrodynamic loop, i.e., realizing a closed upstream and downstream 
hydrodynamic cavitation stream. Similar to UCAF, the material removal 
mechanism in HCAF consists of 1) erosion due to implosion of the 
cavitation bubbles (pure cavitation), 2) pure microparticle abrasion, and 
3) cavitation-assisted microparticle abrasion [190], as shown in Fig. 19. 
The material-removal through cavitation seems to dominate over 
abrasive action; the latter, however, primarily erodes the larger 
semi-sintered particles on the surface [191]. In case of HCAF of 
PBF-LB/AlSi10Mg, the as-built surface of the internal channels (Sa = 34 
μm) was smoothened to Sa = 10 μm, meaning a 70% improvement in 
surface finish [192]. 

Recently, the capabilities of HCAF were improved further by incor
porating a multi-jet nozzle design [192]. The upgraded technology is 
termed Multi-jet Hydrodynamic Cavitation Abrasive Finishing 
(MJ-HCAF) and features high-pressure cavitation (up to 35 MPa) at the 
core, surrounded by low-pressure slurry (up to 5 MPa). The synergistic 
effect stemming from this cavitation bubble-particle interaction accel
erates the abrasives to intricate zones in a complex channel and finishes 
the surface. 

Improvements in the range of 60–90% (Sa <1 μm and Sz < 20 μm) 
were observed in MJ-HCAF of PBF-LB/Alloy 625 using an abrasive 
concentration of ≤1% weight with a processing time of up to 15 min, 

Fig. 18. The surface characteristics of PBF-LB/Alloy 625 after ultrasonic cavitation abrasive finishing (UCAF): removal of partially melted powders by cavitation- 
based erosion (mechanism I) (a), and surface peaks removal by abrasive impacts (mechanism II) (b). Adapted from Ref. [187]. 
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Fig. 19. Illustration of synergistic material removal mechanisms of hydrodynamic cavitation abrasive finishing (HCAF) of internal channels (PBF-LB/AlSi10Mg): 
overview of mechanisms in HCAF process (a); pure-cavitation finishing (b); pure-abrasive finishing (c); and synergistic effect of combined cavitation and abrasion 
processes (d) [190]. 
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depending on the geometry of the channels [192]. The use of extremely 
low abrasive concentration provides the advantage of surface finishing 
while preserving the geometric accuracy of the channels (with diameter 
1 mm, length 100 mm). The MJ-HCAF process has also been applied to 
finish complex channels in fuel injection/spray nozzles with multiple 
branches, as shown in Fig. 20 [193]. The authors reported substantial 
peak smoothing (75% improvement) with a staircase effect in the 
entrance zones, while observing a uniform finish across all branches of 
the nozzle with Ra < 2 μm and Rz < 20 μm (~80% reduction). 

4.3. Electropolishing processes 

Electropolishing (EP) removes a small but finite amount of metal 
from metallic surfaces that, in addition to smoothing and brightening, 
produces damage-free surface integrity (e.g., without crystallographic 
and grain-boundary alterations). EP is a batch-finishing process, where 
the parts are immersed in an electrolyte, and by applying electrical 
current, the material on the workpiece is removed. In comparison to 
previously discussed finishing processes, EP is capable of finishing 
complex, irregular or asymmetrical (including internal) surfaces. EP 
falls under the umbrella of electrochemical machining (ECM), which 
involves non-contact material removal by means of anodic electro
chemical dissolution [194]. Here anodic refers to the anode-acting 
workpiece, which is electrochemically dissolved. The EP process was 
patented in 1930 by Jacquet [195], who also first reported on its 
capability to obtain a polished-like surface electrolytically by using a 

workpiece as the anode in an aqueous acidic solution while applying a 
certain current density. He proposed any metallic plate to serve as a 
cathode. Jacquet [196] later also introduced the current density-voltage 
curve to analyse the dissolution process. EP is typically carried out in the 
limiting-current plateau portion of the current density-voltage curve, 
where the voltages are higher than required by etching and passivating. 
Electrolytes used for EP are traditionally based on concentrated acids, 
such as phosphoric, sulfuric, etc. [197]. A typical electropolishing so
lution consists of an equal volume mixture of 96% mass fraction sulfuric 
acid and 85% orthophosphoric acid [198]. Electrolytes specially 
developed for EP of AM parts feature at least one phosphonic acid [199] 
and at least one polyalcohol to act as a complexing-/wetting-agent and 
viscosity modifier. 

According to ISO 15730:2000 [198], EP is defined as the process of 
smoothing and brightening a metal surface by making it anodic in an 
appropriate solution. Here, smoothing refers to the elimination of sur
face roughness >1 μm, whereas brightening refers to the removal of 
surface roughness <1 μm. Such a distinction based on obtainable surface 
roughness is a simplification. From the fundamental material removal 
perspective, surface-roughness reduction on a macro scale is caused by 
the current concentration on most exposed peaks of a surface roughness 
profile, where a localised (ionic) dissolution rate is the highest. Bright
ening, however, is the outcome of eliminated surface defects. Conse
quently, a fundamental understanding of the process entails knowledge 
of atom removal from the crystal lattice, surface kinetics and passivation 
behaviour [197]. These theoretical aspects were recently reviewed by 

Fig. 20. Improvements in the topography of divergent fuel spray nozzle surfaces (PBF-LB/Alloy 625) at different locations after Multi-jet Hydrodynamic Cavitation 
Abrasive Finishing (MJ-HCAF): in as-built condition (a), after hydrodynamic abrasive finishing (HAF) (b), after hydrodynamic cavitation-assisted abrasive finishing 
(HCAF) (c) [193]. 

A. Malakizadi et al.                                                                                                                                                                                                                            



International Journal of Machine Tools and Manufacture 179 (2022) 103908

25

Han and Fang [196]. The understanding of essential mechanisms of EP, 
however, is still not complete, despite years of research. This is evident 
by the prevailing experimental, trial-and-error approaches to design and 
optimise EP, according to the examined research papers and patents. 

Metal parts are always passivated as a result of the electropolishing 
process. Passivation decrees the chemical reactivity of a metallic sur
face, by forming a thin (e.g., 2–4 nm) surface-oxide film [200]. In 
stainless steel, the passive films formed on surfaces exposed to acids 
consist of an inner oxide layer and an outer hydroxide layer (i.e., the 
passive film mainly consists of Fe and Cr oxides and hydroxides). While 
the thickness of such a passive film increases linearly with applied 
cathodic potential (mV), its stability depends on the compositions of the 
alloy, the temperature (of the electrolyte), and the processing time. In EP 
of PBF-LB/Ti6Al4V, the finished surface contained a passive film 
composed of TiOx, Al2O3 and VOx oxides [201]. In addition to improved 
passivation and consequent corrosion resistance of parts, EP is capable 
of providing surface-stress relief and removal of surface carbon and 
oxides. The indication of hydrogen embrittlement is not observed during 
EP. Since the metallic surface becomes passivated once submerged into 
an electrolyte with strong oxidizing properties, the passivation layer can 
be broken down in a controlled manner. Such a process, featuring ma
terial removal by passivated layer breakdown, is termed isotropic elec
trochemical etching (IEP) [202]. This process uses highly dissolved 
electrolytes at low temperatures. The shape of the etching holes is 
hemispherical, and they grow larger and overlap with the process 
duration. Such random formation, growth and merging of etching sites 
constitutes a main material-removal mechanism. The process was 
proven capable of finishing inner surfaces/bores and a maximum ma
terial removal rate of 15 μm/min. 

The AM materials under EP consideration here include, but are not 
limited to, aluminium alloys, titanium alloys, and stainless steels. Rotty 
et al. [203] studied the effect of the material microstructure on EP. Here 
a conventional 316L stainless steel with a homogenous austenitic 
microstructure was compared to PBF-LB/316L, featuring melted clusters 
with cellular dendritic microstructure. These two crystallographic 
structures and surface morphologies are obviously different despite the 
same material compositions. It should be further noted that the hardness 
of PBF-LB/316L alloy was 25% lower compared to conventional mate
rial (i.e., 280 vs. 208 HV). To compare the material effects, the EP 
conditions were the same for both samples. These were immersed in a 
mix of sulfuric and phosphoric electrolytes. Different potentials and 
electrolyte temperatures were tested. It was observed that the EP out
comes in terms of obtainable surface topography were not the same, 
which means that the process is sensitive to the incoming microstruc
ture. This poses a significant challenge as the surface smoothing/
brightening cannot be a priori predicted. The experiments revealed, 
however, that the optimal operating window (current density vs. 
voltage) is at the end of the limiting-current plateau. 

EP can be further used to machine internal surfaces. A recent study 
by Zhao et al. [204] was concerned with ECM of internal holes of 
PBF-LB/304 L stainless steel, where the electrolyte was a 10 wt% NaNO3 
salt solution. The material-removal mechanisms responsible for 
removing semi-sintered particles/powder from the internal surface of 
the hole are shown in Fig. 21. The microscopy here reveals that the 
adhered powders and the band protrusions were dissolved simulta
neously, where the most protruded surface irregularities – where the 
current density is localised and highest – were broken first to form 
half-spheres/craters and basin shapes, according to known smoothing 
mechanisms. In this case, the surface roughness was reduced by 55% 
from Sa = 14.151 μm to Sa = 6.287 μm. Further reduction of surface 
roughness, could be possibly achieved by optimising the EP system pa
rameters, including the selection of the electrolyte. 

ECM processes are widely established and have been used in the 
aerospace and medical sectors for more than 30 years [194]. An early 
example of ECM industrial application was Rolls-Royce’s production of 
compressor blades for jet turbines, where ECM implementation was 

driven by the possibility of producing blades in smaller batch sizes and 
the process capability to machine complex geometry while achieving 
damage-free surface integrity, as the parts are not subjected to me
chanical or thermal stresses. Similarly, ECM is also a long-established 
process in the production of artificial hip joints made of Ti and CoCr 
alloys. The ECM application areas are gaining a new momentum with 
the advent of AM, making EP a capable finishing technology for 
post-processing AM parts. For example, EP of PBF-LB/Ti6Al4V was able 
to uniformly smooth the highly scattered initial roughness values (Ra =
4–25 μm) due to different build-orientation angles down to Ra = 1–3 μm 
[205]. This result suggests that EP is capable of finishing parts with 
different (initial) levels of surface roughness, and that the amount of 
dissolved material is largest on the workpiece surface with the highest 
surface roughness (with the largest quantity of semi-sintered particles on 
the surface). The reported surface-thickness reduction time here was 
between 5 and 8 μm/min. Furthermore, 20 min of processing were 
required to achieve Ra<4 μm target, while removing 0.12 μm from the 
0◦-oriented surface and 0.28 μm from the 135◦-oriented surface. This 
necessitates careful tolerancing of dimensional allowances for the 
as-built parts. Build angle also affected the achievable Rsk values. These 
were either positive or negative, indicating different levels of final sur
face isotropy (and level of the contact area). 

The recent wider adoption of EP for post-processing AM metal parts 
is further driven by the availability of the commercially available 
turnkey post-processing solutions, such as the trademarked “Hirtisation” 
technology package developed by RENA Technologies Austria. “Hirti
sation” is hence not a commercial name for electropolishing, but a three- 
step electrochemical post-processing spanning, (a) electrochemical jet 
machining (hydrodynamic electrochemistry) capable of removing sup
port structures as well as powder cake, (b) EP smoothing (e.g., levelling 
the surface to Ra = 2 μm), and (c) EP brightening (e.g., achieving Ra =
0.5 μm). Other machine-integrated auxiliary operations include clean
ing and a vacuum-drying process. Their patented EP [206] combines a 1) 
steadily-increased/ramped DC current with a 2) pulsed current – in a 
single-anodic pulse. The process, however, is controlled by the whole 
(input) pulse sequence, i.e., both anodic and cathodic pulse. In general, 
the anodic pulses have a wide current-density range, between 0.5 and 30 
A/dm2. In practice, the process is voltage controlled and the voltage 
increase of the ramp pulse depends on the initial surface roughness. The 
number, amplitude and frequency of the pulsed currents that follow the 
ramp pulse are material dependent. Examples of EP process design are 
illustrated in Table 3. 

The illustrated case studies imply that control of the EP is complex 
and requires a careful selection of the current density (voltage signal) as 
well as pulse lengths, slopes and pauses – which are dependent on both 
workpiece material and initial surface roughness. The need to appro
priately select a corresponding electrolyte (different acids, other solu
tions and mixtures) and its temperature further adds to this complexity. 
The exemplified “Hirtisation” of PBF-LB/316L above further implies 
that in certain cases – where the initial surface roughness is very high – a 
pre-treatment is needed to remove powder. In this industrial solution, 
such pre-treatment is done using electrochemical jet machining (EJM). 
This technique can achieve jetted material removal with an anodic 
workpiece [207]. EJM has been recently used to post-process EBF-LB/
Ti6Al4V parts, achieving an 87% surface roughness reduction from Sq =
18.6 μm (as-built) to Sq = 2.4 μm [208]. The underlying 
material-removal mechanism here was influenced by erosive 
loose-powder removal from the impinging jet flow and anodic dissolu
tion (electrochemical removal). Smoothing was therefore achieved by 1) 
electrochemically and erosively removing semi-sintered particles from 
the surface, and 2) electrochemical surface etching and levelling. ECM 
can be also used for removing supporting structures of AM parts [209]. 
Here higher voltages are applied and the electrolyte preferably contains 
a stronger acid to achieve a targeted duration of the treatment between 
30 and 60 min. 

Despite all its advantages, EP also presents some challenges. First, 
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Fig. 21. Topography of electro chemical machined (ECM) internal surface with 5 A/cm2 current density at different processing instants: 5s (a); 15s (b); 30s (c); 
schematic illustration of material removal mechanisms (d) [204]. 
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there is a need to investigate the complex relationship between the 
electrical process parameters and the chemical aspects of an electrolyte, 
as well as their individual and synergistic effects on the capability of EP 
to smooth and brighten AM surfaces. The majority of reported results are 
purely experimental, with some exceptions that attempted to model and 
simulate the current density distribution on the AM surface [204] or the 
evolution of material removal/surface smoothing [202]. Such efforts are 
needed to reduce the time-consuming experimental effort and/or de
pendency on commercial turnkey solutions. Moreover, there are 
certainly sustainability concerns associated with EP/ECM. Sustainable 
manufacturing should conserve energy and material with waste pre
vention and environment protection as integral parts of production 
[210]. As demonstrated here, there are attempts to use less aggressive 
and harmful acids, e.g., by using more environmentally-friendly salt 
solvents [204]. They might not be as effective in reducing surface 
roughness, but there is a space to develop more sustainable solutions 
that are safer to handle, and which could still be effective if combined 
with proper process parameters. Last but not least, non-conventional 
and hybrid EP processes, such as magneto-EP, EP with ionic fluids and 
plasma-electrolytic polishing are not discussed here, as they were 
recently included in the EP-focused review [196]. 

4.4. Laser polishing processes 

As a non-contact method, laser polishing utilises highly intense laser 
beams as an energy source to smooth the surface of various materials 
[211–214]. It should be noted that surface finishing can be also achieved 
by non-laser energy sources, such as electron and plasma beam [215]. 
However, laser-beam irradiation is the focus of this review paper. 

Laser polishing can also feature/combine several laser sources in a 
single finishing setup. For example, Liu et al. [216] combined pulsed 
laser and continuous wave laser (WL) to post-process DED-LB/Alloy 
718. The finishing capability of such hybrid laser polishing (HLP) can be 
measured in terms of obtained surface roughness levels. Here, the initial 
surface roughness of the as-built workpiece (Ra = 15.75 μm) was first 
reduced to Ra = 6.14 μm by single-pulsed laser polishing (SPLP) and 
finally to Ra = 0.23 μm by the additional use of a continuous wave (CW) 
laser (Fig. 22). Here the CW laser has 8 times higher output energy 
compared with the pulsed laser in SPLP, which leads to enhanced 
re-melting of the surface, a surge in the depth and size of the molten pool 
and extended solidification time, which all lead to an improved surface 
finish. 

The crystal growth in a smaller molten pool (i.e., in SPLP) is faster, 
which restricts the element diffusion and secondary phase precipitation. 

Table 3 
Examples of EP pulse-sequence design and finishing effects [206].   

PBF-LB/Ti6Al4V PBF-LB/316L 

Initial surface roughness Ra = 14 μm Ra = 50 μm 
Pre-treatment/support removal None Electrochemical jet machining 
Anodic pulse  • Ramp voltage: 0–3 V  

• Pulses: 3–12 V (5 Hz)  
• Pulse sequence: 10x  
• Cathodic pulse: 15 V  

• Ramp voltage: 0–6 V  
• Pulses: 2.5–6 V (10 Hz)  
• Pulse sequence: 5x  
• Cathodic pulse: 0 V 

Electrolyte solution (% by vol.)  • 25% sulfuric acid  
• 15% hydrofluoric acid  
• 60% glacial acetic acid  

• 70% phosphoric acid  
• 20% sulfuric acid  
• 8% polyethylene glycol  
• 2% water 

Operating temperature N/A 45–55 ◦C 
Final surface roughness Ra = 0.5–0.8 μm (17x reduction) Ra = 1 μm (50x reduction)  

Fig. 22. Schematic illustration of the induced microstructure changes and crystal growth in DED-LB/Alloy 718 processed by hybrid laser polishing (HLP). HLP 
includes continuous wave (CW) laser polishing after single-pulsed laser polishing (SPLP) to further improve the surface properties [216]. 
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During the cooling of the molten pool, the bulge is formed when the 
surface tension gradient in the molten pool is positive. Such wavy un
derlying shape of a part (i.e., protruded surface with characteristic 
height, depth, and width) formed in the centre of the polished track is 
not a phenomenon limited to AM-fabricated materials. For example, it 
was shown that bulges were introduced to the surface topography when 
laser polishing conventional 316L while the surface roughness (Ra) was 
reduced by 35%. This implies that it is possible to reduce surface 
roughness even if bulges are formed [217]. Therefore, the SPLP first 
yields a bulged/wavy surface form, whereas the final surface texture is 
determined by the CW laser processing. Moreover, the different lasers 
used in HLP have dissimilar effects on surface integrity. The SPLP largely 
refines the grains and secondary phases in the re-melted region, 
resulting in a cellular structure. The HLP also refines the grain and 
secondary phase, but the secondary phases still display array distribu
tion. Moreover, the tangled dislocations organise along the interface of 
secondary phases. The SPLP reduces the microhardness, whereas the 
HLP increases the microhardness of the treated surfaces [216]. 

To overcome such conflicting effects on surface integrity, it seems 
necessary to gain a more fundamental understanding of the complex re- 
melting and its effects on mechanisms determining final surface integ
rity. The physics of the melt-flow/re-melting [218] in laser polishing are 
in principle similar to that of PBF-LB itself. This similarity should pave 
the way for more fundamental investigations to tackle materials/surface 
integrity challenges pertinent to laser polishing of AM materials. 

Many studies are available covering a wide spectrum of different AM 
materials and different types of laser beams, from finishing planar to 
complex geometries [219–221]. One of the first papers on laser polish
ing of PBF-LB/stainless steel was published 15 years ago [222]. This 
particular application is still widely researched. The work of Chen et al. 
[223] was concerned with laser polishing PBF-LB/316L, where a fibre 
laser (1070 nm) could reduce surface roughness by over 92% (from 4.75 
μm to 0.49 μm Sa) while also incorporating partially melted powders 
originally on the as-built surface layer. The XRD analysis revealed no 
substantial phase change after finishing and it was observed the process 
refined the columnar structure within the as-built sample into a fine 
cellular structure. Additionally, the sub-surface microhardness of the 
laser re-melted layer increased from 1.82 GPa to 2.89 GPa. Such an 
improvement of surface texture, combined with grain refinement, can 
improve corrosion resistance according to the authors. This was further 
elaborated in a dedicated material characterisation study, which 
revealed that laser polishing refined the grains of the re-melted region 
and that the areal fraction of grains with sizes smaller than 10 μm 
increased from 16.4% to 23.2% [224]. Compared with the as-built part, 
the proportion of cellular sub-structures increased after laser polishing. 
The dislocation wall and dislocation tangles occurred at the 
sub-structure boundaries and within some sub-structures and appeared 
to be more pronounced after finishing. The aspect ratio of the grains 
slightly increased from 2.36 to 2.49 after laser polishing. Obeidi et al. 
[225] also investigated the laser polishing of PBF-LB/316L using CW 
laser beam irradiation (CO2 laser). The effects of various process pa
rameters including the laser beam power, the rotational speed of the 
cylindrical samples, the number of laser scanning passes, the laser beam 
focal position, and the overlaps between successive laser scanning 
passes were studied. The authors reported a marked reduction in Ra 
surface roughness from 10.4 μm to 2.7 μm. However, the inconsistencies 
in the surface topography of AM sample posed a major challenge to 
unleash the full potential of laser polishing. This is because the surface 
inconsistencies of as-built materials, i.e., the local surface topography 
variations, make it difficult to determine the optimised laser polishing 
parameters for the entire surface. 

Marimuthu et al. [226] laser polished PBF-EB/Ti6Al4V using a CW 
fibre laser at 1070–1090 nm wavelength, with a maximum power output 
of 200 W. The authors reported that excessive thermal energy input 
during the process can result in surface oxidation and carbonisation. 
Experimental results showed a reduction of Ra surface roughness from 

10.2 μm to 2.4 μm when restricting the melt pool convection to a min
imum. Similar application by Tian et al. [227] achieved comparable 
surface finish, but reported several surface integrity issues. For example, 
the re-melted layer underwent a change in texture and grain structure, 
and a martensitic transformation. In addition, a high level of 
near-surface tensile residual stresses was generated by laser polishing. 
Yung et al. [228] utilised laser polishing to improve the surface rough
ness of PBF-LB/CoCr alloys by using a strategy to adaptively adjust the 
laser defocusing distance according to the parts’ geometry. Recent ad
vances in controlling laser polishing refer to partitioning a 3D/freeform 
surface into triangular laser processing fields to maximize process effi
ciency [229]. During the demonstration of this method, the Sa/Sq sur
face roughness of PBF-LB/Ti6Al4V alloy was reduced by up to 96% using 
a nanosecond laser source. Laser polishing further proved feasible for 
finishing binder jetted stainless steel, BJT/316L [230]. Here, a nano
second laser source with a maximum average power of 50 W and 
wavelength of 1064 nm was used to achieve over 94% reduction in 
surface roughness (from 3.8 to 0.2 μm Sa). All laser-polished surfaces 
were free of the build marks, pits, holes, lumps and irregularities that 
were observed on the as-received samples. 

In addition to laser polishing, laser peening or laser shot peening 
(LSP) can be also used for post-process finishing of AM parts. In this 
process short, intensive laser pulses create a plasma in a confined ge
ometry and thereby generate pressure pulses that create local plastic 
deformation normal to a workpiece surface [231], resulting in high 
compressive stresses in the surface and consequently an improved fa
tigue life. LSP generates a small amount of cold work (e.g., 3–5%), 
typically leaving the phase, hardness, and yield strength of the finished 
material unchanged. In this consideration, LSP is not intended to 
improve surface roughness, but to refine microstructure, impart deep 
compressive residual stress, and delay crack propagation in a nar
row/limited area. As the scope of this review paper is limited to 
post-process finishing operations that primarily improve surface 
topography, a wide range of peening processes (LSP [232], shot-peening 
[233], waterjet-peening [234]) are not discussed in further detail 
despite their capability to improve material microstructure and improve 
functional performance of AM parts. 

5. Functional performance 

Functional performance of post-processed, AM-fabricated products, 
such as fatigue life, friction, wear, corrosion, etc., depend on product 
design, manufacturing methods, and material. Applications including 
high-fatigue load-bearing components in aerospace, internal passages 
for fluid-flow applications, and corrosion-susceptible medical implants 
require specific design considerations, determining manufacturing 
methods and material selection. In view of manufacturing methods, AM- 
processing (e.g., PBF-LB) to a large extent pre-determines the achievable 
surface integrity, whereas post-processing primarily determines 
dimensional and geometrical form (e.g., roundness, flatness) accuracy, 
as well surface topography (surface form and texture). For example, 
Blinn et al. showed that the AM process overrules the influence of post- 
processing (milling and grinding) on fatigue life due to pronounced ef
fects of AM-induced defects [235]. Functional performance hence 
obviously depends on material as well, i.e., 1) its constitutive properties 
and 2) material-processing properties (AM-induced surface integrity, e. 
g., internal porosity, bond failures, residual stresses and cracks). 

A post-processed, AM-fabricated product might need to satisfy mul
tiple demands on functional performance at the same time, like high- 
cycle and low-cycle fatigue of turbine components. Sometimes a prod
uct might be required to meet only one, such as aesthetic appearance (e. 
g., mirror-like surface achieved by polishing) or fluid flow property (e.g., 
laminar liquid flow for cooling). The investigations of post-processing 
effects on functional performance of AM-fabricated products generally 
focus on three aspects, i.e.: 1) high cycle and low cycle fatigue life (HCF 
and LCF), 2) friction/wear, and 3) corrosion. These are briefly reviewed 
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in the following subsections for 316L, Ti6Al4V and Alloy 718. 

5.1. Impact on fatigue performance 

5.1.1. 316L 
Shrestha et al. [236] reported on the effects of layer orientation and 

surface roughness on the mechanical properties and fatigue life of 
PBF-LB/316L round specimens. Quasi-static tensile and uniaxial fatigue 
tests were carried out on specimens fabricated in vertical and diagonal 
directions (as-built surface condition) and in horizontal, vertical, and 
diagonal directions after a subsequent machining process. It was 
observed that in the machined condition, horizontally built specimens 
displayed higher fatigue resistance, followed by vertically built speci
mens, and the lowest fatigue performance was observed for diagonal 
specimens. This was also observed in the as-built condition where ver
tical specimens demonstrated better fatigue performance when 
compared to diagonal specimens. Further, despite the important 
reduction of surface roughness in the machined LB-PBF specimens, the 
impact on fatigue performance was only marginal, suggesting that the 
presence of larger internal lack-of-fusion defects had a dominating effect 
on initiation of fatigue cracks in PBF-LB/316L. Elangeswaran et al. 
[237] compared the fatigue performance of the as-built and 
stress-relieved PBF-LB/316L prior to and after machining with that of 
wrought material as the reference point. The authors observed a sig
nificant improvement in fatigue performance (HCF) after machining, 
comparable with that of wrought material. This improvement was 
attributed to the much better surface finish properties of the machined 
samples: The initial surface roughness (Ra) was reduced from 7.2 ± 1.3 
μm to 0.5 ± 0.06 μm. The results also showed stress relieving did not 
have a major impact on HCF of PBF-LB/316L, and the influence of 
surface roughness was more pronounced. Removal of the surface and 
sub-surface defects using an appropriate machining process (within 
finishing range) was necessary to obtain reasonable fatigue performance 
for high-end applications where the parts are subjected to high alter
nating loads. Blinn et al. [235] compared the HCF performance of 
PBF-LB/316L in as-built condition and after machining (milling and 
grinding) with that of continuously cast material subjected to similar 
finishing processes. In addition, two different printing strategies were 
examined to reveal the role of surface and sub-surface defects on the 
HCF before and after finishing processes. The authors reported a sig
nificant improvement in surface finish properties of AM material, which 
was even better than those of cast material in some cases. Interestingly, a 
better surface roughness (Sa and Sz) was obtained after milling as 
compared with pendulum grinding. Fatigue lifetime of PBF-LB/316L 
depended mainly on the density of defects inherited from the AM pro
cess itself, and improved surface finish had a minor impact on HCF 
performance of additively manufactured material. It was then concluded 
that an optimal selection of process parameters to reduce the density of 
defects (e.g., gas porosity and Lack-of-fusion) is of greater importance 
than the subsequent post-processing. In other words, it is not possible to 
improve the fatigue performance of the AM parts unless the density of 
defects is kept minimal. This can be achieved by optimising the AM 
process parameters and application of HIP post-treatments. 

5.1.2. Ti6Al4V 
Products manufactured by AM processes are characterised by sig

nificant surface roughness and surface-integrity related (internal) de
fects, which are detrimental for aerospace applications subject to highly 
stressed and cyclical loads. An early work from Airbus was concerned 
with investigating the effects of milling, (Al2O3) blasting, vibratory 
finishing, and mechano-chemical finishing of PBF-LB/Ti6Al4V [151]. 
Here the details of abrasive fine finishing are to a large extent missing, 
except that both processes took 48–50 h. The authors showed that 
milling achieved minimum surface roughness and the most improved 
fatigue performance due to ample material removal. This may imply a 
too-rough initial surface texture, which could not be improved using the 

selected finishing processes. In general, abrasive fine-finishing processes 
– characterised by very low specific energy (and low aggressivenes
s/chip thickness) – should yield reduced surface roughness compared to 
metal-cutting processes [150]. The authors further claim there is no 
direct correlation between (a specific) roughness value and fatigue life, 
which implies the necessity of investigating wider surface integrity ef
fects, such as subsurface defects and microstructure. This was addressed 
by Witkin et al. [238], who observed that surface roughness improve
ment in abrasive fine finishing does not necessarily enhance fatigue 
performance if only geometrical irregularities are removed from the 
surface, while the roots of surface defects, where fatigue cracks initiate, 
are left intact. Kahlin et al. [153] published a similar investigation of 
post-processing effects on fatigue strength. The workpiece material here 
was both PBF-LB/and PBF-EB/Ti6Al4V, post-processed by shot peening, 
laser shock peening, centrifugal barrel finishing, laser polishing and 
brushing (linishing). In contrast to the results of Bagehorn et al. [151], 
centrifugal barrel (mass) finishing gave the best results in terms of fa
tigue strength, i.e., +125% for PBF-LB and +100% for PBF-EB material, 
respectively. This is due to a combination of low surface roughness, large 
compressive residual stresses (about − 550 MPa), and absence of mate
rial defects. The performance of a finished AM product is hence com
parable to wrought and machined Ti6Al4V. Centrifugal barrel (mass) 
finishing in this case was carried out in three stages: 1) 120 min of 
roughing with ceramic 10 × 10 mm triangular media and 50 ml acidic 
compound for descaling, 2) 90 min of smoothing with 
lower-concentration ceramic media (6 × 10 mm triangular shape) and 
50 ml concentrated lubricant, and 3) dry finishing for 60 min with 
plastic media without a liquid compound. The main conclusion of this 
work confirms the necessity of addressing both surface topography and 
surface integrity in evaluating functional performance of post-processed 
AM products, as the fatigue strength depends on a combination of sur
face roughness, residual stresses, microstructure and sub-surface defects 
[153]. 

Another illustration of this can be found in the recent work of 
Childerhouse et al. [239], who investigated the implications of 
machining stock allowance on the surface integrity of PBF-EB/Ti6Al4V, 
subsequently followed by finish machining (face milling). Low cycle 
fatigue testing using a four-point bend test method was conducted on the 
machined PBF-EB specimens to assess the effect of the exposed surface 
defects on the fatigue performance of the material; see Fig. 23. Their 
results indicated that the PBF-EB specimens subsequently machined to a 
depth of 1.00 mm performed significantly better than those which were 
not subjected to machining or had been machined to a depth of only 
0.50 mm, as evident from the data shown in Table 4. 

In a subsequent and more comprehensive investigation following a 
similar testing protocol [240], the same authors reported on the influ
ence of finish machining depth and hot isostatic pressing on defect 
distribution and fatigue performance of PBF-EB/Ti6Al4V specimens. 
Their results again confirmed that when employing a sufficient material 
removal depth during finish machining, a significant improvement in 
fatigue performance could be achieved, and this was attributed to the 
removal of a material zone rich in lack-of-fusion defects that were 
concentrated in the subsurface, as shown in Fig. 24. The application of 
HIP post-treatment was found to improve the fatigue performance to a 
smaller degree, as the treatment was only effective at reducing the 
volume of gas porosity but ineffective at healing the near-surface 
defects. 

5.1.3. Alloy 718 
The microstructure and basic mechanical properties (e.g., yield 

strength, ultimate tensile strength) of Alloy 718 produced by different 
AM methods have been extensively studied in recent years, as indicated 
by the recent review of Kok et al. [241] on this subject. Numerous 
studies showed that through an adequate post-processing heat treat
ment, the quasi-static properties of additively manufactured Alloy 718 
could be comparable to or even outperform those of wrought material 
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[242]. The fatigue properties are, however, found to be more affected by 
the surface condition (topography, roughness) of the AM Alloy 718 
material [243] – as generally expected. Balachandramurthi et al. [244] 
investigated the influence of defects and as-built surface roughness on 
fatigue properties of PBF-LB/and PBF-EB/Alloy 718 using a four-point 
bending fatigue test setup. The AM materials were subjected to two 
different post-treatments, HIPing and machining. It was found that both 

HIPing and machining resulted in an improvement of the fatigue per
formance when compared to the as-built condition; see Fig. 25. Ac
cording to the authors, the higher number of crack initiations from the 
as-built surface could be attributed to the valley-like features in the 
surface causing stress concentration and acting as micro-notches. The 
machined surface had a relatively lower number of crack initiating sites, 
thus explaining the better fatigue performance of the machined speci
mens. Witkin et al. [245] reported on the high-cycle fatigue performance 
of PBF-LB/Alloy 718 specimens tested using round uniform-gauge or 
hourglass specimens for various specimen orientations, stress ratios and 
surface conditions (as-built and machined). Only surface conditions, 
specifically near-surface process defects were shown to influence the 
fatigue properties where machined specimens consistently displayed a 
higher fatigue endurance limit than the as-built specimens. 

Lee et al. [246] investigated the effect of various surface treatments, 
including sand-blasting, drag-finishing, turning, grinding, and grinding 

Fig. 23. Four-point bending test method used to obtain fatigue performance of the specimens. Schematic representation of the test method with superimposed 
predicted stress distribution (a) and the four-point bending test-rig (b). Adapted from Ref. [239]. 

Table 4 
Summary of four-point bend fatigue test results at SMax = 750 MPa [239].  

Specimen condition Mean Cycles to failure, Nf Standard deviation (%) 

As-built 1351 29.7 
machined-0.5 mm 1705 17.7 
machined-1.00 mm 3446 4.8  

Fig. 24. S–N data for HIPed and non-HIPed PBF-EB specimens tested compared to those specimens machined from conventional wrought (UD rolled) material (a) 
and normalised cycles to failure data for HIPed and non-HIPed PBF-EB specimens machined at each stock allowance condition (b). *** indicates a significant dif
ference p < 0.001, **p < 0.01. The error bars represent ±1 standard deviation. Adapted from Ref. [240]. 
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+ drag-finishing, on surface roughness and fatigue properties of 
PBF-LB/Alloy 718. All the surface treatments resulted in improvement 
in surface roughness and fatigue performance with sandblasting and 
drag-finishing showing the least performance while grinding + drag-
finishing displayed the highest. It was also found that only the cracks of 
grinding + drag-finished specimens initiated from crystallographic 
facets while those in other conditions were surface initiated. 

Wan et al. [247] investigated the effects of surface roughness and 
build thickness on the high temperature (650 ◦C) fatigue properties of 
PBF-LB/Alloy 718. The authors reported that fatigue strength could be 
improved by ~50% after surface machining and polishing where the 
surface roughness Ra was reduced from ~14 μm to ~110 nm. The 
thinner un-machined specimens exhibited a longer fatigue lifetime than 
the thicker ones, while the opposite trend was observed in the machined 
specimens (see Fig. 26). 

5.2. Impact on tribological performance 

Many applications have distinct bearing-surface requirements, 
determining tribological behaviour in a sliding contact. These re
quirements are commonly set by specific surface-texture parameter 

targets, from the most used Ra (and areal Sa) to parameters related to 
material ratio curve. It was shown that even manually-removed material 
using coated abrasives (220–1200 mesh), combined with short-time 
polishing using a diamond slurry, can reduce as-built surface texture 
of PBF-LB/X40CrMoV5-1 tool steel to mirror-like finish at Sa = 0.15 μm 
[248]. The as-built layer (30 μm thick) here could not be removed by 
polishing alone, but the combined abrasive post-processing lowered the 
friction coefficient by about one order of magnitude (i.e., from 0.1 for 
as-built to 0.01 of finished sample). The abrasively finished surface 
furthermore showed a hydrodynamic lubrication for all tested sliding 
speeds, which was not the case for a laser-textured surface. Wear 
mechanisms in dry sliding of polished PBF-LB/316L stainless steel were 
studied by Bahshwan et al. [83]. Microstructural effects of 
AM-fabricated material (grain morphology and crystal texture) on wear 
are compared to annealed wire-drawn reference workpiece. Special 
attention is given to porosity-induced fracture, which not only affects 
fatigue life but also accelerates wear rate. The observed surface fractures 
are attributed to the pre-existing porosity, e.g., resulting from insuffi
cient fusion of pores below the sliding surface (Lack-of-fusion defects), 
as shown in Fig. 27. The density and distribution of porosity depends on 
PBF-LB build orientation and scanning strategy and cannot be removed 

Fig. 25. S–N curves for PBF-EB and PBF-LB/Alloy 718 specimens in as-built and machined conditions. Adapted from Ref. [244].  

Fig. 26. Comparison of fatigue strength of G1 (thin, 1.3 mm) and G2 (thick, 3.3 mm) PBF-LB/Alloy 718 specimens before and after machining (a), and fatigue 
lifetime of the G1 and G2 specimens under the same surface state (un-machined state at σa = 265.5 MPa or machined state at σa = 405 MPa) [247]. 
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by polishing, which is only able to remove material at nanometre-level 
depth of cut. Under load, stress concentrations induced by sharp corners 
of pores lead to large fracture chips. The authors argue that wear 
mechanisms can be controlled based on surface microstructure, and that 
wear resistance of a PBF-LB workpiece is not better or worse compared 
to conventional material. With this in mind, it is necessary to advance 
the understanding of abrasive fine-finishing processes on surface 
integrity and take work-hardening effects into consideration as well. 

5.3. Impact on corrosion resistance 

The influence of post-processing on corrosion properties of addi
tively manufactured materials is also investigated in a few studies. For 
example, Melia et al. [249] studied the impact of build angle and 
post-processing on the susceptibility of PBF-LB/316L stainless steel to 
localised corrosion. The authors investigated five different surface finish 
treatments: 1) chemical passivation of as-built surface according to 
ASTM A967/A967M-1; 2) in-process surface re-melting by contouring 
implemented during the building process; 3) vibratory finishing (tumble 
polishing); 4) electropolishing and 5) grinding. The susceptibility of 
surface treated and as-built PBF-LB/316L was then compared with that 

of wrought material in ground condition. It was observed that a decrease 
in surface roughness (Sa) generally leads to an increase in breakdown 
potential (Eb), suggesting a reduced susceptibility to the initiation of 
localised corrosion for smoother surfaces. In this respect, material 
removal using coated abrasives (grinding) and electropolishing was 
viable option for smoothing the surface roughness and reducing the 
susceptibility to pit initiation (at increased Eb). Other finishing methods 
demonstrated mixed results. For example, vibratory finishing featuring a 
multitude of ceramic media could not completely remove distinct 
as-built surface features (e.g., highest asperities) after 3 h of processing. 
This might be improved by reducing the incoming roughness and/or 
optimising the abrasive media/compound used. The other important 
observation was that the roughness and topography of the as-built sur
faces varied on top plane normal to BD and side walls, as shown in 
Fig. 28. This leads to directionality in corrosion properties of AM parts 
both in as-built condition and after post-treatment, since the process 
fingerprint may remain on the post-treated surfaces, as evident in this 
figure. Similar observations are generally made for other AM materials 
and processes. However, it is worth stressing here that the corrosion 
behaviour of the materials also largely depends on other factors such as 
the microstructural characteristics like cell and melt pool boundaries, 

Fig. 27. Micrographs showing the fractures caused by presence of Lack-of-fusion pores inside the wear track of PBF-LB/316L (a) and evidence of Lack-of-fusion pores 
on unworn surface (b) [83]. T3 in the micrograph represents sliding surface parallel to reference TD-BD plane (the plane containing transverse and build direction 
vectors, see Fig. 7b). 

Fig. 28. The changes in surface topography of PBF-LB/316L samples induced by different post-processing methods. SEM images of finished surfaces for the top (a–d) 
and side orientations (e–h) with distinct surface topographies; as-built (a, e), electropolished (b, f), vibratory finished (c, g), contour scan/re-melting (d, h). Adapted 
from Ref. [249]. 
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nano- and micro-scale inclusions, micro-segregation of elements, texture 
and grain, and the density and size of surface defects [7,249]. This 
means the enhanced corrosion properties can be achieved only when the 
AM process itself and subsequent thermal and finishing post-treatments 
are optimised. 

6. Summary and outlook  

• The accelerated adoption of metal AM parts in a number of industrial 
sectors will to a large extent depend on the success of post-processing 
operations (process steps) taken after the completion of an AM build 
cycle in order to achieve the required properties in the final product. 
The surface roughness of as-built AM parts does not meet the pre
cision requirements in the industry, so post-processing is unavoid
able in most cases. Next to surface roughness, the lack of robustness 

in as-built and post-processed surface integrity – characterised by 
variations in material microstructure, residual stresses, defects, etc. – 
further impedes wider industrialisation of AM. A fundamental un
derstanding of the surface integrity resulting from both additive 
manufacturing and post-processing is needed to properly design the 
interlinked manufacturing routes and to improve the resultant per
formance and functionality of AM parts.  

• The surface properties and microstructural characteristics of the 
additively manufactured parts depend largely on the AM technology 
and the applied process parameters. In addition, the surface topog
raphy and roughness properties are not consistent in as-built parts 
and vary, for example, with the build angle and the position of the 
parts on the build plate. The numerous material, design and process 
variables involved in fabrication of AM components pose a major 
challenge in predicting the precursor microstructural characteristics. 

Fig. 29. Integrated Computational Materials Engineering (ICME) framework for superposition of the material and process history along the value-chain to develop 
generic physics-based platforms for prediction of material response during post-processes involving shear deformation, e.g., cutting and abrasive finishing [4,46,49, 
68,257–266]. 
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Even so with the optimised process parameters, it is still challenging 
to generate the same characteristic features for a given alloy if the 
production equipment is replaced. For example, PBF-LB machines 
generally possess different characteristics (e.g., beam control sys
tems and chamber designs). Furthermore, the machine manufac
turers often provide certified process recipes and powder 
characteristics for a given metallic alloy to be used for fabrication of 
the parts. Hence, different surface integrity characteristics would be 
observed in parts manufactured using the same technology, but on a 
different machine. These factors showcase the complexity involved 
within the process itself. 

• Today, a generic understanding regarding achievable surface prop
erties and microstructural characteristics is limited to only a few 
alloys. The microstructural characteristics of additively manufac
tured materials are generally different from those of their conven
tionally manufactured counterparts, and thus very different 
responses would be observed during material removal processes by 
shear deformation (e.g., when machining and abrasive fine- 
finishing). This is partly because the distinct microstructural char
acteristics of AM materials, e.g., crystallographic texture and cellular 
structure, as well as the shape and distribution of grains and phases, 
would lead to very different flow stress behaviours during material 
deformation as compared with those of cast or wrought alloys. The 
process-induced microstructure variations lead to a large spread in 
flow stress properties (e.g., ductility and work-hardening) and thus a 
very different response would be observed during post-processing 
(finishing), even within the domain of a specific AM technology. 
The readily available mechanical properties like hardness, yield 
strength and ultimate tensile strength do not necessarily provide 
reliable metrics for prediction of the material response during fin
ishing operations like machining (i.e., for machinability assessment). 
A physics-based understanding [46,49,67,250–254] of how 
process-induced microstructure variations influence the flow stress 
properties can provide a more generic view on machinability 
assessment of additively manufactured materials. This fundamental 
approach can be used to explain the reasons behind the contradictory 
observations reported in literature regarding the material response 
during different post-processing operations. Further research on 
developing physics-based and microstructure-sensitive modelling 
platforms – in line with the Integrated Computational Materials 
Engineering (ICME) paradigm [255,256] – is deemed essential for 
machinability assessment in view of a large spread in achievable 
microstructural characteristics and physical properties of AM mate
rials. Fig. 29 shows an example of the ICME approach integrating the 
material and process history data along the value-chain to simulate 
the response of AM materials during post-processes that involve 
shear deformation, e.g., cutting and abrasive finishing. In principle, 
such ICME frameworks can also be developed for non-contact 
post-processing/finishing operations such as electrochemical 
machining and laser polishing, provided that the underlying mech
anisms are understood.  

• In order to meet the quality requirements in terms of form, accuracy 
and surface integrity, AM parts must have their as-built surface 
texture reduced via machining and/or finishing. Surface improve
ment is a challenging post-processing task, especially when the 
required surface roughness is below Ra = 0.1 μm. This is because the 
process-induced variations in surface and microstructural charac
teristics do not allow standardisation of surface finish post- 
treatments for a given material. Surface refinement typically re
quires multi-stage post-processing. For example, removal of semi- 
sintered particles on the as-built surface can be first achieved by 
abrasive blasting, followed by a two-step isotropic (mass) finishing. 
The majority of available research on the finishing of AM parts is 
incomplete. A number of studies claim the superior capability of a 
concerned process and a significant result, but their findings cannot 
be reproduced because 1) the process itself is not clearly identified or 

uses erroneous terminology; 2) important process data, such as use of 
abrasives, are not revealed; 3) of poor experimental design. With 
respect to the latter, it was observed that a number of experimental 
studies were poorly designed, due to lack of fundamental knowledge 
in finishing technology. For example, vibratory-finishing technolo
gies are efficient if the “incoming” surface roughness is in the range 
of Ra = 0.2–0.3 μm. Many researchers attempt to quickly tap the 
benefits of abrasive fine finishing by directly finishing as-built AM 
surfaces with high initial roughness values, e.g., Ra = 10–50 μm. This 
type of manufacturing shortcutting results in notoriously time- 
consuming finishing, lasting for days instead of the 2–3 h typical 
for abrasive fine-finishing of ground parts. Moreover, such excessive 
finishing distorts the size and geometrical accuracy. In this consid
eration it is important to carry out finishing in multiple steps, with 
each process carefully designed according to its optimal incoming 
surface roughness. Such a finishing plan documenting process se
quences relevant to the finishing of an AM part, including specified 
“roughness acceptance” criteria at each step is challenging in view of 
the lack of standards and a large number of available post processes. 
To overcome these overarching challenges, it is recommended to use 
an established (manufacturing technology) terminology to clearly 
identify the reference finishing processes, thoroughly describe the 
experimental methods/work, put more effort into properly designing 
experiments, and share research data underlining published results 
and conclusions.  

• AM finishing with abrasives to a large extent depends on a number of 
abrasive fine-finishing technologies, as these utilise unbonded 
abrasives and a pressure-copying material-removal principle capable 
of smoothing freeform surfaces. Grinding, in contrast, uses bonded 
abrasives in a motion-copying process, replicating the datum surface 
of the tool to the workpiece. As such, conventional grinding is not 
capable of finishing complex surface geometries, characteristic for 
AM-build parts. This might be the reason for a very limited number of 
research papers on grinding and grindability of AM materials. Shape- 
adaptive grinding (SAG) is a notable exception, in view of its capa
bility to finish freeform surfaces. The process, however, is unfortu
nately still not widely used in the industry, even though it can be 
implemented on a 5-axis machining centre if corrective polishing 
software is integrated. The implementation is rather complex and 
still requires experimentally determining the Preston’s law coeffi
cient for a specific workpiece material-tool pair.  

• The very limited body of literature on grinding of AM clearly shows 
that specific attention is needed to address the grindability, espe
cially in view of the material-microstructural effects on the process 
(e.g., specific grinding energy). Whereas fundamental material- 
removal mechanisms in grinding are relatively well understood, 
this is not the case for abrasive fine-finishing processes. Here, the 
material removal rate is typically governed by Preston’s law, which 
requires tedious experimental effort and identification of the process 
kinematics. Fundamental process parameters, such as dimensionless 
aggressiveness number [174], are not used in modelling of abrasive 
fine finishing. There is only one paper available systematically 
investigating and mapping specific energy and equivalent 
chip-thickness values [150]. Similarly, there is a need to carefully 
address fundamental laws governing laser-based processes, for 
example used in laser polishing. These time-dependent and 
non-linear processes also involve a number of interrelated control 
parameters (e.g., power/energy, exposure/dwell time, geometry of 
the laser spot) affecting the outcome of material/surface modifica
tion (e.g., re-melting). The optimisation of such processes is typically 
time-consuming, especially if based on complex multi-physics 
models. To circumvent this problem, Axinte and Billingham [267] 
postulated an inverse problem-solving approach, where the input is a 
targeted surface to be created (e.g., laser polished), and the outputs 
are control parameters needed to achieve this surface. The extent to 
which the inverse-problem approach is adopted by researchers in the 
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field is still limited, as the majority of beam modelling/optimisation 
approaches continue to be trial-and-error. This optimisation issue, of 
course, also applies to material-consolidation processes in additive 
manufacturing. The thermal aspects determining the melting pro
cess, can be fundamentally characterised by two dimensionless pa
rameters, as demonstrated by Rubenchik et al. [268]. The proposed 
scaling law captures the underlying physical law behind a phenom
enon and offers a useful tool to optimise laser-beam process pa
rameters used during a build cycle for an arbitrary material and AM 
machine. 

• The available literature on the influence of post-processing on fa
tigue, tribological and corrosion properties is limited to certain al
loys and processes. Fatigue, corrosion and tribological properties like 
wear resistance largely depend on microstructural properties like cell 
and melt pool boundaries, nano- and micro-scale inclusions, micro- 
segregation of elements, texture and grain morphology [7,83,249]. 
This makes it difficult to present a general assessment on the influ
ence of post-processing on the functional performance of AM mate
rials. Yet available investigations suggest that surface finish 
treatments can improve the fatigue performance of AM materials, 
provided that the density of process-induced defects is minimal. This 
shows the importance of AM process optimisation and subsequent 
thermal post-treatments (HIP) to achieve desired properties after 
subtractive (or surface modification) post-processing. In principle, a 
similar argument holds for corrosion and tribological properties. 
Further research is deemed necessary to reveal the relative role of the 
microstructural characteristics for a given alloy before and after 
surface finish processing. 
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Lacalle, Stiffening near-net-shape functional parts of Inconel 718 LPBF 
considering material anisotropy and subsequent machining issues, Mech. Syst. 
Signal Process. 168 (2022), 108675. 

[13] T.P. Moran, P.E. Carrion, S. Lee, N. Shamsaei, N. Phan, D.H. Warner, Hot isostatic 
pressing for fatigue critical additively manufactured Ti-6Al-4V, Materials 15 (6) 
(2022) 2051. 

[14] P. Krajnik, F. Hashimoto, Finishing, in: CIRP Encyclopedia of Production 
Engineering, P. The International Academy for, Springer Berlin Heidelberg, 
Berlin, Heidelberg, 2018, pp. 1–9. 

[15] D. Sarker, E. Toyserkani, O.O. Ibhadode, F. Liravi, P. Russo, K. Taherkhani, Metal 
Additive Manufacturing, 2021. 

[16] D. Herzog, V. Seyda, E. Wycisk, C. Emmelmann, Additive manufacturing of 
metals, Acta Mater. 117 (2016) 371–392. 

[17] A. Agapovichev, A. Sotov, V. Kokareva, V. Smelov, Possibilities and limitations of 
titanium alloy additive manufacturing, MATEC Web Conf 224 (2018), 01064. 

[18] E. Hosseini, V.A. Popovich, A review of mechanical properties of additively 
manufactured Inconel 718, Addit. Manuf. 30 (2019), 100877. 

[19] E.M. Trent, P.K. Wright, Metal Cutting, Butterworth-Heinemann, Boston, 2000. 
[20] J.-E. Ståhl, Metal Cutting-Theories and Models Lund, Lund University Press, 

Sweden, 2012. 
[21] P. Hoier, et al., Influence of batch-to-batch material variations on grindability of a 

medium-carbon steel, J. Manuf. Process. 73 (2022) 463–470. 
[22] V.P. Astakhov, Machinability: existing and advanced concepts, in: Machinability 

of Advanced Materials, 2014, pp. 1–56. 
[23] W. König, J. Messer, Influence of the composition and structure of steels on 

grinding process, CIRP Ann. 30 (2) (1981) 547–552. 
[24] J.-E. Ståhl, M. Andersson, Polar machinability diagrams-a model to predict the 

machinability of a work material, in: Swedish Production Symposium, 2007. 
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[138] A. Calleja, G. Urbikain, H. González, I. Cerrillo, R. Polvorosa, A. Lamikiz, 
Inconel® 718 superalloy machinability evaluation after laser cladding additive 
manufacturing process, Int. J. Adv. Manuf. Technol. 97 (5) (2018) 2873–2885. 

[139] S. Periane, et al., Selection of machining condition on surface integrity of additive 
and conventional Inconel 718, Proc. CIRP 87 (2020) 333–338. 

[140] E. Ducroux, G. Fromentin, F. Viprey, D. Prat, A. D’Acunto, New mechanistic 
cutting force model for milling additive manufactured Inconel 718 considering 
effects of tool wear evolution and actual tool geometry, J. Manuf. Process. 64 
(2021) 67–80. 

[141] D.M. Kim, E. Park, N. Kim, H.W. Park, Experimental investigation on tool wear 
during the milling processes for the post-processing of selective laser melted 
Inconel 718 alloys, in: International Manufacturing Science and Engineering 
Conference, vol. 51357, American Society of Mechanical Engineers, 2018. 
V001T01A011. 

[142] E. Park, D.M. Kim, H.W. Park, Y.-B. Park, N. Kim, Evaluation of tool life in the dry 
machining of inconel 718 parts from additive manufacturing (AM), Int. J. Precis. 
Eng. Manuf. 21 (1) (2020) 57–65. 

[143] B. Kirsch, H. Hotz, J. Hartig, S. Greco, M. Zimmermann, J.C. Aurich, Pendulum 
and creep feed grinding of additively manufactured AISI 316L, Proc. CIRP 101 
(2021) 166–169. 

[144] C. Keller, E. Hug, X. Feaugas, Microstructural size effects on mechanical 
properties of high purity nickel, Int. J. Plast. 27 (4) (2011) 635–654. 

[145] M. Kadivar, B. Azarhoushang, U. Klement, P. Krajnik, The role of specific energy 
in micro-grinding of titanium alloy, Precis. Eng. 72 (2021) 172–183. 

[146] A. Beaucamp, Y. Namba, P. Charlton, Process mechanism in shape adaptive 
grinding (SAG), CIRP Ann. 64 (1) (2015) 305–308. 

[147] A.T. Beaucamp, Y. Namba, P. Charlton, S. Jain, A.A. Graziano, Finishing of 
additively manufactured titanium alloy by shape adaptive grinding (SAG), Surf. 
Topogr. Metrol. Prop. 3 (2) (2015), 024001. 

[148] W.-L. Zhu, Y. Yang, H.N. Li, D. Axinte, A. Beaucamp, Theoretical and 
experimental investigation of material removal mechanism in compliant shape 
adaptive grinding process, Int. J. Mach. Tool Manufact. 142 (2019) 76–97. 

[149] J. Chaves-Jacob, A. Beaucamp, W. Zhu, D. Kono, J.-M. Linares, Towards an 
understanding of surface finishing with compliant tools using a fast and accurate 
simulation method, Int. J. Mach. Tool Manufact. 163 (2021), 103704. 

[150] F. Hashimoto, et al., Abrasive fine-finishing technology, CIRP Ann. 65 (2) (2016) 
597–620. 

[151] S. Bagehorn, J. Wehr, H.J. Maier, Application of mechanical surface finishing 
processes for roughness reduction and fatigue improvement of additively 
manufactured Ti-6Al-4V parts, Int. J. Fatig. 102 (2017) 135–142. 

[152] J. Guo, et al., Novel rotating-vibrating magnetic abrasive polishing method for 
double-layered internal surface finishing, J. Mater. Process. Technol. 264 (2019) 
422–437. 

[153] M. Kahlin, et al., Improved fatigue strength of additively manufactured Ti6Al4V 
by surface post processing, Int. J. Fatig. 134 (2020), 105497. 

[154] R.W. Overholser, R.J. Stango, R.A. Fournelle, Morphology of metal surface 
generated by nylon/abrasive filament brush, Int. J. Mach. Tool Manufact. 43 (2) 
(2003) 193–202. 

[155] C. Peng, Y. Fu, H. Wei, S. Li, X. Wang, H. Gao, Study on improvement of surface 
roughness and induced residual stress for additively manufactured metal parts by 
abrasive flow machining, Proc. CIRP 71 (2018) 386–389. 

A. Malakizadi et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S0890-6955(22)00059-1/sref99
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref99
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref99
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref100
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref100
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref100
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref100
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref101
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref101
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref102
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref102
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref102
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref103
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref103
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref103
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref104
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref104
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref104
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref104
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref105
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref105
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref105
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref105
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref106
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref106
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref106
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref107
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref107
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref107
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref108
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref108
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref108
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref109
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref109
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref110
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref110
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref110
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref111
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref111
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref112
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref112
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref112
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref113
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref113
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref113
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref114
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref114
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref114
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref115
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref115
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref115
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref116
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref116
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref116
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref117
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref117
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref117
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref117
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref118
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref118
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref118
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref119
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref119
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref120
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref120
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref120
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref121
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref121
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref121
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref122
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref122
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref122
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref123
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref123
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref125
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref125
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref125
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref126
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref126
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref127
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref127
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref127
https://doi.org/10.1016/j.cirp.2021.04.008
https://doi.org/10.1016/j.cirp.2021.04.008
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref129
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref129
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref129
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref129
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref130
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref130
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref130
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref130
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref131
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref131
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref131
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref131
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref132
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref132
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref132
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref133
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref133
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref133
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref134
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref134
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref134
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref135
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref135
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref135
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref136
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref136
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref136
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref137
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref137
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref137
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref138
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref138
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref138
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref139
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref139
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref140
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref140
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref140
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref140
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref141
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref141
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref141
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref141
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref141
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref142
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref142
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref142
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref143
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref143
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref143
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref144
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref144
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref145
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref145
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref146
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref146
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref147
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref147
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref147
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref148
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref148
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref148
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref149
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref149
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref149
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref150
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref150
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref151
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref151
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref151
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref152
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref152
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref152
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref153
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref153
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref154
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref154
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref154
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref155
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref155
http://refhub.elsevier.com/S0890-6955(22)00059-1/sref155


International Journal of Machine Tools and Manufacture 179 (2022) 103908

38

[156] T. Furumoto, T. Ueda, T. Amino, A. Hosokawa, A study of internal face finishing 
of the cooling channel in injection mold with free abrasive grains, J. Mater. 
Process. Technol. 211 (11) (2011) 1742–1748. 

[157] Y. Makiuchi, F. Hashimoto, A. Beaucamp, Model of material removal in vibratory 
finishing, based on Preston’s law and discrete element method, CIRP Ann. 68 (1) 
(2019) 365–368. 

[158] M. Ihara, A. Matsubara, A. Beaucamp, Study on removal mechanism at the tool 
rotational center in bonnet polishing of glass, Wear 454–455 (2020), 203321, 
2020/08/15/. 

[159] W.-L. Zhu, A. Beaucamp, Non-Newtonian fluid based contactless sub-aperture 
polishing, CIRP Ann. 69 (1) (2020) 293–296. 

[160] W.-L. Zhu, A. Beaucamp, Compliant grinding and polishing: a review, Int. J. 
Mach. Tool Manufact. 158 (2020), 103634. 

[161] Y. Yang, H. Li, Z. Liao, D. Axinte, W. Zhu, A. Beaucamp, Controlling of compliant 
grinding for low-rigidity components, Int. J. Mach. Tool Manufact. 152 (2020), 
103543. 

[162] F. Preston, The theory and design of plate glass polishing machines, J. Glass 
Technol. 11 (44) (1927) 214–256. 

[163] J. Zhang, H. Wang, Generic model of time-variant tool influence function and 
dwell-time algorithm for deterministic polishing, Int. J. Mech. Sci. 211 (2021), 
106795. 

[164] J. Zhang, H. Wang, A. Senthil Kumar, M. Jin, Experimental and theoretical study 
of internal finishing by a novel magnetically driven polishing tool, Int. J. Mach. 
Tool Manufact. 153 (2020), 103552. 

[165] Y. Cui, S.C. Kottilingam, B.L. Tollison, D. Lin, D.E. Schick, Component Surface 
Finishing Systems and Methods, Google Patents, 2015. 

[166] J. Zhang, J. Hu, H. Wang, A.S. Kumar, A. Chaudhari, A novel magnetically driven 
polishing technique for internal surface finishing, Precis. Eng. 54 (2018) 
222–232. 

[167] P.-Y. Wu, H. Yamaguchi, Material removal mechanism of additively 
manufactured components finished using magnetic abrasive finishing, Proc. 
Manuf. 26 (2018) 394–402. 

[168] H. Yamaguchi, O. Fergani, P.-Y. Wu, Modification using magnetic field-assisted 
finishing of the surface roughness and residual stress of additively manufactured 
components, CIRP Ann. 66 (1) (2017) 305–308. 

[169] A. Teramachi, J. Yan, Improving the surface integrity of additive-manufactured 
metal parts by ultrasonic vibration-assisted burnishing, J. Micro Nano-Manuf. 7 
(2) (2019). 

[170] J. Ratay, P.-Y. Wu, A. Feirvezers, H. Yamaguchi, Characteristics of diamond 
abrasive used in magnetic abrasive finishing of nickel-based superalloys, J. Micro 
Nano-Manuf. 8 (3) (2020). 

[171] J. Zhang, A. Chaudhari, H. Wang, Surface quality and material removal in 
magnetic abrasive finishing of selective laser melted 316L stainless steel, 
J. Manuf. Process. 45 (2019) 710–719. 

[172] F. Hashimoto, S.P. Johnson, Modeling of vibratory finishing machines, CIRP Ann. 
64 (1) (2015) 345–348. 

[173] F. Hashimoto, S.P. Johnson, R.G. Chaudhari, Modeling of material removal 
mechanism in vibratory finishing process, CIRP Ann. 65 (1) (2016) 325–328. 
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