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own work and experience. The author has worked on over 250 unique metal ALM components, led
the post-processing technical side of over 50 New-Product Introduction projects, created a company-wide pFMEA, created or updated over 60 production processes, innovated a
new finishing process and successfully completed four six-sigma green-belt level projects, all within metal ALM post-processing.
1Greece (-15% deficit of GDP, 8.5% manufacturing base), Spain (-9% deficit of GDP, 13% manufacturing base), Ireland (-7% deficit of GDP, 20% manufacturing base), Lithuania
(-13% deficit of GDP, 16% manufacturing base). Data from [5] [6] [7].

‘value at stake’ [10]. The UK has world class ALM machine manufacturing capability, a well established national centre and is among the
world leaders in research and innovation within high-performance
applications (e.g. medical, aerospace). However, the UK is seeing
significantly slower adoption and use of ALM than Germany, China,
USA, South Korea and Italy. UK manufacturing companies view ALM
as a somewhat immature technology which has benefits for prototyping but too many barriers to entry for full-scale production
[10].
2.1. Metal ALM Challenge Areas
2.1.1. Cost The majority of machine sales in metal ALM have used a
form of Powder Bed Fusion (PBF) technology where a laser or electron beam is used to melt layers of metal powder. New technologies
from Desktop Metal, ExOne and XJET have yet to make an impact on
market share [14]. This is unlikely to change in the next 10 years as
aerospace, automotive, defence and medical companies have spent
millions of pounds qualifying PBF machines and parts for production
use in the coming years.
Figure 1 displays an overview of the Metal ALM process chain and
highlights the recent shift in the balance of costs from the build process to post-processing. This is caused by a number of technological
advancements in the build process and raw material bringing down
associated costs. Depending on part complexity and quality requirements, post-processing can account for up to 65% of the parts cost†
[15]. 40% of businesses are not considering adopting ALM for enduse production because of the cost [16] and to be financially viable
in automotive applications, a cost reduction by a factor of ten is
required† .
2.1.2. Design→Build→Process→Test†
Design The ALM journey starts with design. End-user requirements
help determine which ALM materials to use and the product design
specifications. To fully benefit from ALM, clean-sheet designs on a
system-level must consider ALM from the outset. Once the physical
parts are designed, pre-processing is required to define build layout,
orientation, density and supports. The ALM machine parameters are
selected, such as laser power, scan speed and scan strategy.
Build The core part of metal ALM is build. This entails data transfer
to the ALM machine, before machine preparation and set-up such
as cleaning, sieving, levelling, demagnetisation and pre-heating are
carried out. The build process itself entails atmospheric control,
laser scanning, powder recoating, z-axis control (layer thickness) and
particulate filtering.
Process Post-Processing can encompass just three processes or
more than 10 separate processes. Figure 2 displays the most common processes.
Test The ALM journey finishes with testing, validation and certification. There are currently no standards for metal ALM so this can
be just 1 process and at other times, more than 10 separate processes (e.g. 3D scanning, X-Ray, dye pen, wall thickness, flow/leak
test, hardness, porosity).
2.1.3. Input Variables The complexity of metal ALM is often overlooked, even by those with experience of metal ALM. There are over
65 Key Process Input Variable(s) (KPIVs) which interact and affect
the parts final Key Process Output Variable(s) (KPOVs) (quality, cost,
time, safety).
The main effects and interactions of these KPIVs on the KPOVs are
still not fully understood and therefore process optimisation is an
iterative, time consuming and costly process. The difference, however, between an optimised and non-optimised process has benefits in terms of cost (hundreds of pounds cheaper per part), lead
time (days shorter), dimensional tolerance (±0.05mm instead of
±0.5mm), surface finish (0.2 Ra instead of 5 Ra) and defect rate
(6210 Defective Parts Per Million (DPPM) instead of 187,670 DPPM).

These numbers have been generated as part of the authors work and
experience† (see footnote on title page).

2.1.4. Process Design Many processes used in design, post-process
and testing have been taken from conventional manufacturing (e.g.
CAD packages, EDM (electro-discharge machining), dye penetrant
testing) and therefore optimisation is limited. Rather, what is
needed, are processes designed for ALM which offer functionality
to control the KPIVs and optimise the KPOVs.

3. Solutions to Solve ALM Challenges
Full-scale production in Metal ALM has been demonstrated by a select number of large multi-national companies that can afford the
costs and manage the challenges associated, particularly those companies within the aerospace and automotive industries. However,
for wide-scale adoption across the supply chain, especially SMEs,
there are a substantial number of challenges within the areas described in Section 2.1. Table 1 will present the reader with an upto-date list of some of the most important challenges within metal
ALM right now. To stimulate further investigation by the reader, a
selection of the leading research papers and commercial products,
related to each challenge, will be referenced.
An analysis of Table 1 is provided in the “Impact” (the positive effects
and consequences of solving or reducing some of the negative aspects of the challenge) and “Interaction” (the extent of a challenges
interactions and inter-dependencies across all four value streams)
columns. A critical review of the solutions/research is provided in
the “Gap?” column; where if a gap is highlighted, it is the authors
opinion that the current solutions/research activities are not sufficient or timely and new activities are required. The author stresses
that Table 1 is designed to provoke and stimulate further investigation by the reader in their area of expertise.

4. Conclusion
Manufacturing is an industry which generates wealth and economic
security. In the following decades, metal ALM will be a key growth
area within manufacturing. Some challenges are preventing the
adoption of metal ALM for full-scale production. The author highlights three core areas and two unique challenges within each area
that require accelerated development or a shift in research strategy
to successfully solve the challenges:
(1) Hardware
(a) Automated removal of supports
(b) Powder removal and surface finishing of internal channels
(2) Software
(a) In-situ build monitoring and closed-loop feedback of
melt-pool and layer defects
(b) Optimisation of post-processing strategy (incl.
tures) at design stage

fix-

(3) Standardisation
(a) Robust and reliable support strategies
(b) Parameter sets by build requirement (quality, build
time, material, geometry)
The author recommends that readers use Table 1 as a resource to
provoke further research in targeted areas. The author and corresponding research lab have used Table 1 to commence their own
work, using robotics, in solving one of the aforementioned challenges.
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•

Automated surface finishing of selective surfaces.

Develop methods for non-destructive testing of AM parts5
Standardise certification of AM parts.

Control

4e.g. gas supply purity, filter age, laser power health, galvanometer scanner accuracy, z-axis accuracy
5e.g. wall thickness, cracks, sub-surface porosity, internal channels

3D (design), B (build), P (process), T (test)

•

•

Automated removal of supports.

Optimisation of post-processing strategy (incl. fixtures) at design stage.

•

Develop a technique for effective powder removal within internal channels.

Develop effective surface finishing of internal channels.

•

Recycling/rejuvenation and in-process testing for conformance of powder.

Secure transfer of design data from office to AM machines via encryption.

•

•

•

•

•

•

In-situ build monitoring & feedback (i.e. melt-pool and defects).

Build verification by checking input data against approved reference.

•

Requirements for Total Productive Maintenance of AM machines4

•

•

•

•

•

•

•

•

•

•

•

•

•

Accessible database of full-sets of material properties

•
•

•

Parameter sets by build requirement (quality, time, material, geometry).

•

•

•

•

•

Q

Enhanced properties of AM-exclusive materials.

•

Robust and reliable support strategies.
•

•

Topology optimisation / advanced supports (e.g. lattice structures).

•
•

•

Design for metal ALM (automated software).

•

t
H

•

•

•

•

•

Impact2

Analyse design with FEA software to predict the build behaviour.

•

£

Optimisation of build layout, orientation & density.

Challenge

1. A list of key challenges in metal ALM
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1Physical (e.g. hardware), Digital (e.g. software), Control (e.g. standardisation), Material (e.g. powder)
2£ (cost), t (time), Q (quality), H (health), S (skills)
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