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Abstract Additive manufacturing (AM) presents a very different set of design
challenges to traditional manufacturing. Layer-wise building brings about issues
with residual stresses and support requirements which lead to failures during pro-
cessing of poorly-designed parts. Additionally, there is a need for post-processing
due to poor part quality, which adds another process to the chain with its own
unique design limitations. This paper discusses the issues surrounding designing for
AM and the subsequent post-processing. A future vision is proposed for the
selection of post-processes and the relative design adjustments to accommodate the
chosen techniques. A decision tree is presented as a framework for process selection
based on part requirements. Although at present, the data necessary to realize this
vision is incomplete, with further research into the capabilities and design con-
straints of different post-processes, this approach could provide a systematic method
for integrating design for post-processing with AM design.
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1 Introduction

1.1 Benefits and Uses of Additive Manufacturing

The geometrical freedom provided by additive manufacturing (AM) makes it an
attractive technology to a number of industries. In many cases, layer-wise building
significantly reduces waste material, part weight, and number of parts which can
improve functionality [1]. The two main types of metal AM process are powder bed
fusion (PBF) and directed energy deposition (DED). In PBF, parts are created by
powder distributed across a bed in layers which is subsequently melted by a heat
source such as a laser or electron beam to produce the geometry. In DED tech-
niques, the material, which can be either wire or powder, is melted and deposited
simultaneously. PBF is more suitable for producing fine features with greater
geometrical accuracy, while DED processes have faster build speeds [1], making
the choice of technique very application-specific.

AM comes with its own complexities and challenges which differ from those of
traditional manufacturing processes [2]. Due to the relative infancy of the tech-
nology, design rules and methods for AM are still being discussed and developed.
The quality of as-built parts is inappropriate for many applications, and often
post-processing is required [3]. AM can be used as the primary manufacturing
process or as part of a chain of processes, as shown in Fig. 1. Although several
definitions of hybrid manufacturing exist [4], this is one way of differentiating
between AM with post processing, sequential manufacturing and hybrid manu-
facturing. In the context of this paper, subtractive manufacturing is the addition or
removal of features, whereas post processing is used to modify existing features.
Sequential manufacturing involves all three stages of manufacturing, but has no
capability to return to a previous stage. Hybrid manufacturing has the capability of
alternating between additive and subtractive manufacturing any number of times
prior to post-processing. The focus of this paper is design for AM with a
post-processing phase.

Additive Subtractive Post-processing

Hybrid manufacturing

Sequential manufacturing

Additive manufacturing with post processing

Fig. 1 Diagram identifying
the focus of the paper in the
context of the research area
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2 Challenges in Additive Manufacturing

2.1 Part Quality

Due to the complex thermal interactions that occur in AM processes, a number of
challenges arise which require technology-appropriate designing and process-
planning. The AM technology employed, specific processing parameters and part
orientation all influence the residual stresses, microstructural formation and surface
quality.

Residual stresses are caused by the thermal gradients experienced during build
and can cause part deformation and even failure [5]. The poor surface quality
produced by AM is partly caused by the stair-step effect, which is a result of the
zeroth order approximation of geometry in layer-wise building. Additionally,
wire-fed processes tend to produce parts with a high surface waviness [6], and
powder-based processes lead to high surface roughness due to balling and the
partial melting of powder particles [1]. The latter is most evident in PBF processes
where powder in the surrounding bed is fused to the part by residual heat, partic-
ularly at steep angles where step edges are close together. Figure 2 illustrates the
effect of partially melted powder on as-built surfaces. The roughness parameter, Ra,
of an AM part can vary between approximately 7–25 µm depending on the AM
process used, the processing parameters and the part geometry [1]. The surface
roughness influences several functional properties including fatigue resistance,
frictional properties, and heat transfer, as well as introducing the risk of powder
becoming loose, for example, in the human body [7]. Consequently, until there is a
significant step-change in the resolution of AM technology, post-processing will be
a necessary step in the additive process.

(a) (b)

Fig. 2 Partially melted powder as a Diagram at step between layers adapted from [8] and
b Micrograph of an AM part
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2.2 Designing for Additive Manufacturing

In AM design, there is a requirement to support overhanging surfaces at less than
approximately 45° from the horizontal plane to prevent deformation due to gravity
and residual stresses. Part re-orientation, sacrificial supports and self-supporting
structures can help to achieve this. Some AM technologies also have feature size
limitations such as particularly thin walls which can be subject to deformation
under the re-coater force and small bore holes which can become clogged by
adhered powder [9].

At present, design for AM often involves re-designing parts which were origi-
nally designed for a conventional method such as machining. The re-design usually
involves a topological optimization approach, allowing the designer to maximize
stiffness or loading capabilities of a component whilst reducing weight [10]. This
system produces an organic or freeform structure which is then adjusted using AM
design rules. Therefore, post-processing is often an afterthought. As industry moves
away from the re-design approach towards standardized design methods for AM,
post-processing needs to become a more integrated consideration at an earlier phase
of design. Although some researchers mention the need for designing with a
post-processing perspective, very little information is provided as to how this might
be achieved beyond removing support structures and allowing for loose powder
removal by designing in, for example, escapement holes. Each post-process has its
own unique challenges for component design. It is important to consider firstly
which post-processing techniques are appropriate for a part’s function, and then to
identify the impact of that choice on the design.

3 Post Processing in Additive Manufacturing

Depending on the application of a part, a number of different post-processes may
need to be undertaken following the AM build process. Figure 3 shows the typical
order of post-processes for an AM component. Each post-processing phase has
different options for the technique employed and different design considerations.

Removal of 
loose powder Heat treatment

Removal of 
build plate and 

supports

Surface 
modification

As-built 
part

Finished 
part

Fig. 3 Diagram of post processing stages for AM parts
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3.1 Removal of Loose Powder

Loose powder removal in PBF processes is usually a manual process with the
complexity being dependent on the part geometry. However, sometimes it can be
necessary to use a more controlled or aggressive method such as shockwave
cleaning or dry-ice blasting to remove this powder [11]. It is important that parts
and support structures are built to allow the removal of loose powder from any
internal cavities.

3.2 Heat Treatment

The specific heat treatment procedure is application and material specific, however,
in general, a low temperature heat treatment is used to relieve stresses to avoid
deformation upon removal from the build plate. A high temperature process is used
to achieve more appropriate microstructures for the required mechanical properties
[5], and hot isostatic pressing (HIP) is used to heal pores and improve ductility and
fatigue resistance [1].

3.3 Removal of Build Plate and Supports

Build platform removal can involve a manual process, wire-EDM or a band saw
depending on the geometry, material and support structure [1]. The removal of the
part from the build platform should be considered at an early stage of design. The
support structure also needs to be designed appropriately to support the geometry
whilst remaining accessible and breakable by the chosen removal technique.
Self-supporting structures can be used to reduce waste material and post-processing
but can also increase part weight unnecessarily. Having sacrificial supports can
create support witnesses upon removal. If the presence of support witnesses would
detrimentally impact part functionality, these also require removal either as a
separate manual stage or by using an appropriate surface modification technique.

3.4 Surface Modification

Surface modification and feature finishing is used to achieve the required surface
quality and can consist of one or multiple techniques. This is a developing field
because of the part quality requirements of industries and the desire to fully exploit
the benefits of AM. The geometrical freedom offered by AM means that no
one-size-fits-all solution exists. Table 1 gives details about individual surface
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Table 1 Surface modification processes reported as being used on AM parts

Post process Application Benefits Complexities References

Mechanical

Machining (M) To achieve
specific
geometrical
tolerances and fits
beyond the ability
of AM e.g. mating
faces

Reduces Ra
(0.4 µm) and
increases fatigue
life. Can improve
dimensional
accuracy and
achieve specified
tolerances

Can involve
complex
programming,
requires
line-of-sight,
fixturing and
metrology
considerations

[12]

Grinding (G) Finishing of flat,
sloped or slightly
curved surfaces

Can achieve very
low Ra values
(0.34 µm) and
remove partially
melted powder

Unable to finish
complex, highly
curved or
inaccessible
features

[13]

Shape adaptive
grinding (SAG)

Removal of
partially-bonded
powder particles
and reduction of
Ra on complex,
freeform, external
surfaces

Different grit sizes
can achieve a
range of Ra values
down to as smooth
as 3 nm

Can involve
complex
programming,
requires
line-of-sight,
fixturing and
metrology
considerations

[14]

Grit/bead
blasting
(GB/BB)

Regularly used for
cleaning/finishing
of AM parts for
non-critical
applications. Can
be a manual or
controlled process

Can remove
unsintered powder
and reduce Ra to
3.87 µm

Can produce
uneven finish if
manually
controlled,
requires
line-of-sight and
can result in
embedded
finishing media

[13]

Waterjetting
(WJ)

Can be used as
finishing process
to reduce waviness
of wire-fed AM
parts

No embedded
media as with
sand/grit blasting

Requires
line-of-sight and
may increase
roughness by
creating small
fractures and
surface cavities

[6]

Abrasive flow
machining
(AFM)

Used to reduce
roughness inside
cavities and
channels by
forcing abrasive
media through the
workpiece

Can achieve high
surface quality in
complex internal
channels
(Ra = 0.1 µm)

Embedding of
abrasive media can
occur, and edges
and corners can be
rounded, fixturing
can be complex to
avoid media
leakage

[15, 16]

(continued)
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modification processes which have been reported in literature for the finishing
of AM parts. Each finishing process has limitations and complexities which impact
on design. By considering the implication of finishing process selection on part
design, further design iterations are triggered to accommodate these additional
requirements.

Table 1 (continued)

Post process Application Benefits Complexities References

Thermal

Laser polishing
(LP)

Potential to create
smooth surfaces
within an AM
machine following
build by
selectively
re-melting surface
material

Can achieve low
Ra (<2 µm) with
high selectivity on
flat, sloped and
curved surfaces

Difficulty in
achieving uniform
intensity profile on
sloped/curved
features can lead
to deviation from
designed geometry

[17]

Electron beam
irradiation (EBI)

Used for large-area
thermal finishing
of simple,
complex or
textured
line-of-sight
surfaces

Can produce
uniformly smooth
surfaces
(Rz = 0.7 µm) and
heal surface cracks
and pores

Requires
line-of-sight, is
non-selective, and
impacts surface
microstructure

[6, 18]

Chemical

Hydrofluoric
Acid etching
(HF)

Used for
non-selective
finishing of entire
freeform surfaces,
lattices and
internal features

Fast etch rate
compared with
alternative
chemicals, capable
of
non-line-of-sight.
finishing

Extreme health
and safety
concerns,
effectiveness
limited by
oxidation

[3, 19]

Electrochemical

Electrochemical
polishing (ECP)

Used as
non-selective
finishing technique
on freeform
structures

Can achieve
smooth surface
morphology when
adhered particles
are pre-removed

Electric field is
limited inside deep
cavities and
therefore internal
finishing may not
be uniform

[13, 19]

Plasma
polishing (PP)

Used as
non-selective
finishing technique
on freeform
structures

Less volatile
chemicals and
more aggressive
finishing than ECP

Electric field is
limited inside deep
cavities and
therefore internal
finishing may not
be uniform

[13]
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Currently, the main post-processing considerations at the design stage include
loose powder and support removal, but surface modification is often an after-
thought. This is most likely because it has the greatest range of processes and the
decision is very dependent on part application and geometry. It is, however, for this
same reason that it is important to consider it as early as possible in the design
phase. There is currently no standard selection process for surface modification
techniques or guideline for designing with them in mind. The next section of the
paper proposes a vision for the selection of processes and adjustment of part design
to accommodate the selected techniques.

4 Vision for the Future of Design for Additive
Manufacturing

The proposed medium-term vision for AM design involves considering
post-processing and its impact at the early design stage. The first phase is a decision
making process which is driven by a database of the available post-processes and
their capabilities. The desired geometry and part requirements are used to answer
questions which lead to candidate solutions for surface modification of a particular
part or feature. The second phase consists of adjusting the part design to accom-
modate for the selected post-processes or to modify the part such that different
processes become candidates.

Figure 4 outlines a proposed decision tree for selecting suitable candidate surface
modification techniques for an AM part. Although this decision tree is incomplete,
it gives the basic framework which could be populated with further information and
more detailed questions. Where the questions lead to an ‘n’, it is expected that this
would begin a line of more detailed questions about specific part requirements.
However, in order for the decision tree to be completed, more detailed information
is required about the techniques to compare their appropriateness for different
applications. Further questioning would consider surface roughness parameters,
tolerance requirements and any preferential treatment which occurs during the
processes. Other considerations would include part material, the selectivity and
predictability of finishing required and any mechanical properties which may be
influenced during processing.

The decision tree, once populated with further data, could be used as the frame-
work of a process selection software. Instead of directly interacting with the decision
tree, the user would be presented with a series of yes/no questions in the order
dictated by the decision tree. The answers to the questions would cause the exclusion
of any inappropriate processes. This would eventually lead them to an interactive
screen highlighting the candidate solutions to the physical problem. However, there
are many additional important considerations which could then be explored at this
stage including economic factors, the speed of processing, integration of the pro-
cesses with existing processes in the AM chain and any environmental factors
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AFM – Abrasive Flow Machining

EBI – Electron Bean Irradiation

ECP – Electrochemical Polishing

G – Grinding

GB/BB – Grit Blasting/Bead Blasting

HF – Hydrofluoric Acid Etching

LP – Laser Polishing

M – Machining

PP – Plasma Polishing

SAG – Shape Adaptive Grinding

WJ – Waterjetting

1 Is the as-built part fit for the application?

2
Does the part require tolerances tighter than what is 
achieveable by the AM process?

3
Is contamination from embedded finishing media a 
concern for the application of the part?

4 Does the entire part require surface finishing?

5
Is it detrimental to the part function to finish the entire 
part?

6
Are there any features which would be sensitive to 
non-selective finishing e.g. high aspect ratio features?

7
Are there any non-line-of-sight features requiring 
finishing?

n
Continue with more specific questions about part 
requirements.

YN

YN

Y N

Y N

Y
NY N

Y N

Y N
Y N

Y N

Y N

Y N

Y N

N Y

N Y

Y N

Y

2

USE HYBRID 
PROCESS

NO FINISHING 
REQURIED

3

4 AFM
GB/BB

4

N

5

HF
ECP
PP

6

5 n

HF
ECP
PP

6

7

7

HF
ECP
PP

7

7

HF
ECP
PP

7

7

n

n

EBI
G

GB/BB
LP
M

SAG
WJ

EBI
G

GB/BB
LP
M

SAG
WJ

1

EBI
G

GB/BB
LP
M

SAG
WJ

n

7

7

EBI
G

GB/BB
LP
M

SAG
WJ

EBI
G

GB/BB
LP
M

SAG
WJ

n
n

EBI
G

GB/BB
LP
M

SAG
WJ

n

EBI
G

GB/BB
LP
M

SAG
WJ

n

EBI
G

GB/BB
LP
M

SAG
WJ

START

?

HF
ECP
PP

AFM
AFM

HF
ECP
PP

HF
ECP
PP

?

HF
ECP
PP

Fig. 4 Decision tree of surface modification techniques for AM parts
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including consumables, power and health and safety implications. The selection of
surface modification techniques would then allow identification of any design
modifications required to accommodate them to ensure that the final part meets its
requirements. These may include the addition of stock material both globally and
locally to allow for uniform or preferential material removal, fixturing and location
requirements, and any improvements to accessibility.

It can be observed that there are some combinations of answers to the questions
which lead to no known surface modification techniques, marked by a question mark.
This is where there are gaps in the capabilities of existing processes. At present, if this
is the result from following the decision tree, a part would need to undergo funda-
mental design changes to make it appropriate for an existing technique.

5 Discussion

At present, making informed selections of candidate techniques following a specific
combination of answers is difficult due to the limited data available about existing
techniques. Directly comparable experimental analysis of the processes on different
geometries and materials would help to populate a database. If the decision tree
were developed further with more detailed questions about surface requirements,
this would provide a powerful tool to improve the design process. It would help
identify requirements which cannot be met by existing processes, allowing any
needs for significant re-design to be highlighted without wasting material. One
example of this may include non-line-of-sight features. Many companies wish to
avoid the use of HF due to its extreme health and safety implications, however, at
present it is the most versatile non-line-of-sight process. ECP and PP are possible
solutions but may suffer from loss of effectiveness due to limitations of the electric
field. Hence, in some cases, the use of HF is unavoidable without significant part
re-design. The decision-making process should, however, be future-proofed for any
newly developed process to be included without changing of the format. Selective
finishing processes are more complex to compare due to the greater range of control
and surface modification mechanisms. Selective processes are more likely to be
feature-specific rather than part-specific, requiring decisions to be made for indi-
vidual features. This decision tree therefore requires adaptation as it evolves to
accommodate feature-based finishing, using real parts as case studies.

The ability to identify design considerations following process selection would
allowdesign for post-processing to bemore integratedwith the design forAMprocess.
However this also requires more detailed analysis of the surface modification tech-
niques. At present, HF is one of the most researched processes, and it has been shown
that with a specific set of process parameters (such as concentration and treatment
time) the material removal can be predicted allowing the design to be adjusted
to achieve the desired geometry and surface roughness in a lattice structure [3].
This research is critical in relation to designing from a post-processing perspective,
and needs to be mirrored for other processes if the vision is to become a reality.

432 E.R. Gordon et al.



6 Conclusions and Future Work

AM design methods currently have limited acknowledgement of the design
implications of surface modification techniques, even though it is crucial for many
critical applications, and will be for the foreseeable future. This paper proposes a
vision for the future of design for AM, involving a surface modification decision
tree which helps to identify candidate solutions and provides information about
design considerations for the chosen processes. However, in order to make this a
reality, there are areas of research requiring significant development.

To fill some of these knowledge gaps, there is a requirement for more detailed
quantitative analysis of the physical capabilities and the economic and environ-
mental implications of surface modification techniques. Additionally, the devel-
opment of new surface modification techniques is required to meet geometrical and
surface roughness requirements which are currently not possible.

Future work in this area will involve further developing the decision tree,
enabling it to identify suitable candidate techniques for parts with specific,
feature-based or global requirements. Multiple case studies will be used to create a
robust line of questioning which could be used as the framework for a process
selection software.
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