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PREFACE

This book is a result of cross-disciplinary teamwork around a common
theme, Manufacturing 4.0 and the technical, economic, and social issues
that go with it. In vein with the original idea of Industry 4.0, put forth as
a vision of a new kind of future for the industry that encompasses also the
many societal and economic changes that come with technological change,
this book studies the technological change in manufacturing and its
possible transformative power on the society.

Most importantly the message in the book is that Manufacturing 4.0 is
not only a technical change, nor is it a purely technically driven change,
butitis a societal change that has the potential to disrupt the way societies
are constructed in both in the positive and in the negative.

We hope this book both reinforces the understanding of the phenom-
enon that is Manufacturing 4.0 and opens the readers” eyes on what more
it could be.

Lappeenranta, Finland Mikael Collan
Karl-Erik Michelsen
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Industry 4.0 in Retrospect and in Context

Karl-Erik Michelsen

1 CoMING TO TERMS WITH THE CONCEPT
OF INDUSTRIAL REVOLUTION

What is an industrial revolution? Does the concept take us back to the
history or does it carry us to the future of industrial manufacturing? Quick
Google search gives us both perspectives. Industrial revolution connects
the past, the present, and the future.

It is widely agreed that the Internet, artificial intelligence, Internet of
things, automated robots, sensors, augmented reality, Big Data and sev-
eral other groundbreaking innovations will configure global industrial
landscape. Industrial companies can collect, analyze and process data and
use the Internet and advanced ICT for the manufacturing of high quality
industrial goods.

Current changes in manufacturing systems are significant, but not
exceptional in history. Many radical and even more frequent incremental
changes in manufacturing systems have taken place during the two centu-
ries that sophisticated machines have been used in manufacturing pro-
cesses. Sometimes radical changes disrupt the evolutionary path and the

K.-E. Michelsen (<)
School of Business and Management, LUT University, Lappeenranta, Finland
e-mail: karl-erik.michelsen@lut.fi

© The Author(s) 2020 1
M. Collan, K.-E. Michelsen (eds.), Technical, Economic and Societal

Effects of Manufacturing 4.0,

https://doi.org,/10.1007 /978-3-030-46103-4_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46103-4_1&domain=pdf
https://doi.org/10.1007/978-3-030-46103-4_1#DOI
mailto:karl-erik.michelsen@lut.fi

2  K-E. MICHELSEN

reigning manufacturing paradigm breaks down—a new type of manufac-
turing system is established and the new era is typically coined as another
“Industrial Revolution”. Although several paradigm changes have taken
place since the late eighteenth century, it is still unknown, what mecha-
nisms drive these changes. As Peter Temin (1997) and other scholars have
claimed, the term “industrial revolution” is itself either too vague to be of
any use at all, or it produces false connotations of abrupt changes [1].

Although the mechanisms of change that drive industrial development
are still unknown, the concept of industrial revolution is widely used in
popular literature, textbooks, and in policy documents. The human mind
likes to bring structure in to the chaotic past and the evolution of indus-
trial manufacturing is commonly divided in three or four chapters:

The First Industrinl Revolution started in Britain during the latter part
of the eighteenth century. The steam engines were invented and con-
nected to textile looms. As a result, the manufacturing of consumer goods
changed from the individual and domesticated setting into the factory.
Steam engines were gradually applied to other sectors of production, then
to transportation, and finally to production of energy. The rate of change
was slow and it took decades before the new manufacturing system resulted
in radical changes in the society. The first industrial revolution was a local
phenomenon that spread from the Great Britain to Western Europe, and
to the United States.

The Second Industrial Revolution started approximately hundred years
later in the United States. The discoveries of electricity, the combusting
engine, the telephone, and innovations in chemical and material technolo-
gies sparked “The Great Leap Forward”. A technological torrent flushed
over industrialized nations and the manufacturing systems expanded rap-
idly, both vertically and horizontally. Large scale factories were built and
connected via transmission lines to the centralized power and heat pro-
ducing plants and started exchanging information through telecommuni-
cation networks. Henry Ford developed a non-stop manufacturing system
and applied it to his automobile factories in Detroit. Mass production
system of manufacturing changed the division of labor within factory
walls. Semi-skilled workers operated along the assembly line, which poured
out highly standardized industrial goods. The Second Industrial Revolution
spread across the Atlantic Ocean, developed further in Western Europe
and Scandinavia, and entered into the Soviet Union.

Less than hundred years later, traditional industries based on oil and
fossil-fuels and on mass production could no longer be considered a
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complete solution to the economic or the social problems. A cluster of
radical innovations in communication- and energy-technologies merged
into a new economic era. A powerful new infrastructure was created for
manufacturing industries. What is the Third Industrial Revolution is still
an ongoing process, but visible changes are already taking place in
advanced industrial economies. Centralized production systems and
energy production networks are challenged by de-centralized systems that
engage hundreds of millions of people to produce their own green energy
in their homes, offices, and factories and to share information online [2].

Although the Third Industrial Revolution is still in its infancy, the
Fourth Industrial Revolution is already knocking at the door. Advanced
ICT applications, Big Data, industrial robotics, and automated produc-
tion systems will merge into Cyber-Physical (CPS) systems, which provide
new platforms and infrastructure for manufacturing industries. The con-
cept of Industry 4.0, or the Fourth Industrial Revolution, is recognized in
national and international forums and the change-process is included in
the major policy documents and development programs [3].

Although, it is widely recognized that the classification of industrial
development into three or four “industrial revolutions” is inadequate and
even misleading, the concept is still used to demonstrate, how the manu-
facturing industry has changed over time. The concept of “Industrial
Revolution” is also used for propaganda purposes to promote technologi-
cal enthusiasm and radical changes in the industrial landscape.

What drives industrial change? This question is widely debated among
economists, historians, and social scientists. For engineers, the problem is
less difficult to answer. From the engineering point of view, the evolution
of industrial production can be viewed through the lens of technology.
Technological change drives social changes and the accumulation of radi-
cal innovations cause disruptions in manufacturing systems. This type of
argumentation defines technology as an autonomous phenomenon in
society—technology accumulates according to the deterministic laws,
which are dictated by scientific knowledge.

Classification of manufacturing systems is shaped by technological
determinism. As Boyd and Holton [4] conclude, the changes in manufac-
turing systems are generated by the changes in technology. Technological
determinism narrows down the argumentation into technical details and
technological solutions. Technological determinism bypasses social issues,
which are hidden conditions of existence of and for the new
technologies.
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Technological determinism is challenged by social constructivists, who
argue that technology is (also) shaped by social forces, ideologies, and
values. Although technology has the ability to change social structures and
human behavior, the effect is never a one-way-street. Same technological
applications are used and shaped differently depending on social, cultural
and political environments. According to David Noble [5] manufacturing
systems are more than technological artifacts. They are social processes
that reflect social structures, values, and ideologies. Manufacturing sys-
tems are designed to shape societies, change power structures, and to ben-
efit particular economic and ideological goals. The interaction between
technology and society is a systemic process, where social forces shape the
systems and the systems shape social forces.

Hence, in order to understand what is meant by Industry 4.0, or the
Fourth Industrial Revolution, the phenomenon must be placed in the his-
torical context. Manufacturing systems are complex large technological
systems, which are managed by highly trained professionals. As Thomas
Hughes [6] points out, large manufacturing systems contain messy, com-
plex, problem-solving components, which are physical artifacts, but they
also contain organizations and immaterial components. Manufacturing
systems are socially constructed and adapted in the society in order to
function effectively. They use natural resources, but also social, political
and cultural resources, such as knowledge, legislation, regulation, and ide-
ology. Manufacturing systems contribute to the development of modern
industrial societies, but while doing this, they become depended and inti-
mate parts of modern industrial and post-industrial societies.

2 UNDE VENIS INDUSTRY 4.0?

“Industry 4.0” was introduced at a press conference at the Hannover Fair,
in 2011. Three German engineers, Henning Kagermann (SAP), Wolfgan
Wahlster (Professor of artificial intelligence), and Wolf-Dieter Lucas
(Senior officer at the German Ministry of Education and Research) intro-
duced a vision of the future manufacturing system, “The Industry 4.0”.
The idea was received with enthusiasm in Germany and the concept spread
rapidly to other European countries. Five years later, it had already gained
international recognition and The World Economic Forum in Davos orga-
nized a thematic session titled “Mastering the Fourth Industrial
Revolution”.
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The first strategic paper drafted by Henning Kagermann and others [7]
defined the goals of Industry 4.0 as follows: “It will address and solve
some of the challenges facing the world today such as resource and energy
efficiency, urban production, and demographic change. It enables continuons
resource productivity and efficiency gains to be delivered across the entire
value network. It allows work to be organized in n way that takes demo-
graphic change and social factors into account. Smart assistance systems
release workers from having to perform routine tasks, enabling them to focus
on creative, value-added activities. In view of the impending shortage of
skilled workers, this will allow older workers to extend their working lives and
remain productive for longer. Flexible work organization will enable workers
to combine their work, private lives, and continuing professional development
more effectively, promoting a better work-life balance”.

As Kagermann and others’ [7] strategic paper demonstrated, Industry
4.0 is not only a technological platform for manufacturing industry. It is a
social program, which targets major social, economic, and political chal-
lenges in the twenty-first century. The concept reflects also political and
economic discourses, which have taken place in Germany, Europe, and
North America since the international financial crises in 2008. The col-
lapse of the global financial systems drove Western countries into an eco-
nomic and political chaos, which had long lasting consequences. Global
economy, free and almost unregulated flows of goods, capital and knowl-
edge divided the world into winners and losers.

Western industrial countries had gone through a rapid de-
industrialization process, when large swathes of manufacturing industries
moved to China, India, and to other developing countries. The transfor-
mation was regarded as a positive and a progressive turn in the develop-
ment of Western economies, which focused on the information technology,
services, innovations, and on the creation of useful knowledge. Mass pro-
duction of industrial goods was no longer viewed as a necessary part of the
economy. Instead, the ‘chimney industries’ polluted the environment and
offered monotonous and unattractive jobs for low salary workers.
However, as Joseph Heathcott and Jefferson Cowie [8] have concluded,
de-industrialization was a much broader and fundamental transformation
than anybody had anticipated. It turned out to be a socially complicated,
historically deep, geographically diverse, and a politically perplexing phe-
nomenon [9].

When factories were closed and abandoned in the Western world, new
production facilities and manufacturing systems were rapidly erected in
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China. The growth of industrial production in China alone was spectacu-
lar and in less than 40 years, China had become the factory of the world.
Chinese factories produced about 50% of the world’s major industrial
goods. This reflected to the GDP, which grew more than 10% annually.

Meanwhile, Western economies struggled to cope with the
unprecedented consequences of globalization and de-industrialization.
After financial crises, the unemployment rates stayed high, economic
growth was slow and deficits climbed to alarmingly high numbers. The
political climate that had hailed the destruction of walls and barriers, open
borders, and economic liberalization was suddenly challenged by neo-
nationalism which tried to put a stop to global flows and restore the
nation-state as the sovereign political and economic actor in society [10].

Reflecting the robust economic growth in China and in other Asian
countries, the European Union and its member states tried to find ways to
restructure the economic landscape. It was understood that the post-
industrial information society did not alone provide a stable base for eco-
nomic growth. Emerging industrial economies in Asia threatened to take
over global markets and with the accumulation of capital to develop the
next generation of technologies and industry, which would undermine the
competitiveness of European corporations. These concerns were reflected
in the ambitious research and development projects, which were initiated,
organized and funded by the European Union under the Horizon 2020
umbrella. Europe was looking for a new momentum that would reverse
the uneven growth and sluggish job recovery that resulted from the finan-
cial crises. The long term structural change called for an industrial recov-
ery that would be based on smart, sustainable and technologically advanced
manufacturing systems [11].

The strategy paper written by the advocates of the Industry 4.0
answered to this call. The attractive idea did not die after the Davos con-
ference, but instead it spread out to the business community in Germany.
The concept of Industry 4.0 and The Fourth Industrial Revolution was
appealing to the managers and CEOs who sought to find ways to improve
productivity and to increase production of high technology goods. Soon
after, the political actors at the European Union and at the national level
got engaged in the process and pushed it forward to the policy programs.
Large corporations sensed the opportunity and adopted the narrative of
the Industry 4.0 and the Fourth Industrial Revolution into their own
strategy papers [12].



INDUSTRY 4.0 IN RETROSPECT AND IN CONTEXT 7

Hence, the basis for the concepts of Industry 4.0 is not a concrete and
realistic analysis of the transformation that has taken place in the manufac-
turing industry—but instead, the Industry 4.0 is an effort to control the
future, which is full of uncertainties and discontinuities [ 12]. The concept
is not a concrete platform, but rather a vision used in the future-making
process. Industry 4.0 tells the audience, how the future industries are
organized to fulfill global strategic goals. This takes place in the globally
connected and almost autonomously functioning manufacturing units.
This future vision is competitive and it will overpower traditional mass
production systems, which are neither ecologically nor socially sustainable.
When the Industry 4.0 is applied globally, it will tame the future by reor-
ganizing the production of industrial goods with new roles of and for
human labor.

By now, Industry 4.0 has gained momentum beyond Germany. United
States government has organized a series of discussions on the Advanced
Manufacturing Partnership (AMP). German government passed in 2012
the High-Tech Strategy that targeted billions of euro to the development
of cutting-edge technologies. The following year the French Government
initiated “La Nouvelle France Industrielle” program and the UK
Government followed the lead with the long-term program “Future of
Manufacturing”. The European Commission launched the new contrac-
tual Public-Private Partnership on “Factories of the Future” program in
2014. South Korean government joined the process in 2014 by announc-
ing “Innovation in Manufacturing 3.0” program. The Chinese govern-
ment followed the year after with the “Made in China 2025 strategy and
the “Internet Plus” programs. The Japanese Government adopted the
“5th Science and Technology Basic Plan”, which included the “Super
Smart Society” program. The following year the Singapore government
invested $19 billion to the Resecarch, Innovation, and Enterprise (RIE)
plan. In addition, the American high technology corporations AT&T,
Cisco, General Electric, IBM, and Intel established “The Industrial
Internet Consortium”. Similar collaboration was established between
German, Japanese, and American high technology companies.

When we look back in the history of industrial manufacturing, the
concept of Industry 4.0 does not fit in the typical pattern. It took more
than hundred years before the term “First Industrial Revolution” was
coined and the Second Industrial Revolution was defined approximately
half a century after the take-oft. Both revolutions had matured and gained
momentum and both negative and positive consequences of the
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transformation could be observed and analyzed. The economic
consequences of the first industrial revolution were significant, but it took
several decades before changes in productivity and the GDP could be
measured. Social consequences of the first industrial revolution were harsh
and they were thoroughly analyzed by Karl Marx and Friedrich Engels
among others already in the middle of the nineteenth century.

The second industrial revolution was monitored closer from the very
beginning by the modern news media, which brought the radical innova-
tions and heroic innovators to the international limelight. Economists and
social scientists documented changes in national economies and social
conditions. Future scenarios were painted, and for the first time, industrial
production, manufacturing systems, and supporting infrastructure were
included in the policy documents. Positive effects of the Second Industrial
Revolution were contrasted to the negative effects of mass production,
centralization of production and distribution, and the massive consump-
tion of natural resources. These two contradictory pictures were embod-
ied in the modern industrial society, which replaced slowly and gradually
the traditional agricultural societies.

If compared to the first two industrial revolutions, the situation today
is very different. Third and Fourth Industrial Revolutions provide very
little concrete evidence for the economic and social analyses. Both con-
cepts promise radical changes in the manufacturing systems and major
changes in the organization of work and of everyday life. The positive
scenarios promise rapid increases in productivity, sustainable production,
and higher standards of living. Negative scenarios predict massive elimina-
tion of work and many of the current professions, which have formed the
foundation of modern societies. How fast these changes will take place? If
we draw conclusions from the past experience, the change will be slow and
gradual. As Brynjolfsson and others [13] have demonstrated, transforma-
tion from one technological system into another was long delayed and far
from automatic business.

In fact, we know very little about Industry 4.0 and the Fourth Industrial
Revolution. What we know is more about the vision for the future than
about actual analysis of the current situation. Conclusions about the future
are drawn from the past experience and for this purpose the “Industrial
Revolution” is a credible concept. However, it is worth remembering that
originally the concept was used, when trying to understand the multiple
consequences of industrial production. Today, the advocates of the
Industry 4.0 and the Fourth Industrial Revolution try to harness the



INDUSTRY 4.0 IN RETROSPECT AND IN CONTEXT 9

future, which is unpredictable and chaotic. If the concept of Industry 4.0
is placed in this context, it becomes more of a political and an ideological
concept, than a blueprint of the technological future.

3 IMprLICATIONS OF INDUSTRY 4.0 BEYOND TECHNOLOGY

What are the social implications of the Industry 4.0.? If this question is
viewed from the historical point of view, the answer is less than certain.
Industrial revolutions from the late eighteenth century to today have
caused massive and mostly unpredictable social changes. Industrial pro-
duction is based on the interaction between machines and humans, which
takes place in the factory. It is a carefully designed space for productive
manufacturing of industrial goods. Factory is an artificial environment,
which reflects the functions of machines. Manufacturing systems, on the
other hand, are both abstract and concrete blueprints, which describe how
the flows of raw materials and energy are turned into products. Human
labor collaborates with the work of the machines. Machines are able to
work without breaks almost 24 /7, but human labor must be scheduled
differently. How this is done, and who has the power to decide about the
division of labor within the factory walls has been, and still is, one of the
most heated political, social, and ideological issues [14].

The interplay between machines and human labor started slowly, but
escalated during the Second Industrial Revolution. According to von
Tunzelman [15], the Second Industrial Revolution integrated useful sci-
entific knowledge into technological developments and brought the
results from the collaboration into the factory. Radical innovations in
energy technology allowed long distance transfer of electricity to factories.
Consumption traditions changed and standardized and inexpensive indus-
trial goods replaced uniquely crafted hand-made products. Factories were
organized to follow the philosophies of economies of scale and through-
put. The best example of this was the mass production system, which is
based on the American System of Manufacturing. Continuous moving
belts moved interchangeable parts on the belt, where they were assembled
into standardized industrial goods. This production system integrated the
human work and the machine work into a seamless web. Production sys-
tems required a great deal of coordination and understanding on how
human physiology and psychology could be optimized to serve the manu-
facturing system.
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The use of human labor in the manufacturing system has been a
permanent challenge since the beginning of the industrial era. Human
skills are important and skilled workers are needed to supervise the
production and to manage complicated issues. However, human labor is
the irrational part of the manufacturing system. Every worker is different
and the capacity of workers changes from day to day and from year to year.
On the other hand, machine work can be standardized and if managed
properly, machines operate without disruptions. Hence, the manufacturing
systems have tried to minimize and even eliminate human labor from the
system. Fredrik W. Taylor introduced scientific management into factories
in order to standardize work and to find the “right man for the right
work”. During latter part of the twentieth century, automated machines
and robots started to take over human work. Information technology and
advanced ICT applications have escalated this development and many
factories are currently operating almost without human assistance [16].

The Industry 4.0 promises to make even more radical changes in the
human-machine collaboration. It is not so far in the past, when the auto-
mobile factories employed more human workers than machines. Now the
balance has shifted and less and less human labor is needed in the shop-
floor level. The technologies of Industry 4.0 have the potential to erase
the labor issue by substituting human workforce with an army of robots,
automated systems, and algorithms. This applies equally to the semi-
skilled and qualified workers, who must compete against intelligent
machines and smart systems.

Industry 4.0 will also change the future of professional work. According
to Richard and Daniel Susskind [17]: “In relation to our current profes-
sions, we argue that the professions will undergo two parallel sets of changes.
The first will be dominated by automation. Traditional ways of working will
be streamlined and optimized through the application of technology. The sec-
ond will be dominated by innovation. Increasingly capable systems will trans-
Sform the work of professionals, giving birth to new ways of shaving practical
expertise. In the long run this second future will prevail, and our professions
will be dismantled incrementally.”

What happens to the social structures and social cohesion, if the
Industry 4.0 fulfills its promises? Most European countries have adopted
the welfare state model, which builds on high employment, high taxation,
and active public participation in social, political, and economic life. In
order to sustain the welfare state, industrial societies must maintain eco-
nomic growth and high employment rates in both public and private
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sectors. In addition, modern professions are the foundation of modern
societies. They foster social mobility and hold the middle-class in place. If
modern professions collapse or disappear, the social structures will also
collapse. There are already signs of political and social unrest which reflect
the fears and frustrations of the middle-class [18].

The link between manufacturing systems and social systems is intimate
and historically constructed. Changes in manufacturing systems have
always generated social problems, which influence the political discourse.
Daniel Buhr points to Elvis Hozdic and observes that the development of
Industry 4.0 cannot be isolated from the social and cultural development
of industrial societies. Internet, wireless networks, and the uninterrupted
flow of information have already diluted borders and created a new social
order, where the needs of individual citizens and customers are met by
smart factories and flexible production methods. Individualization and the
changing prospects of work put new challenges on the welfare state.
According to the definition, a welfare state is supposed to counteract
inequalities by redistribution and protecting against a set of risks. Industry
4.0 will produce new risks, which will penetrate in the very core of the
welfare state. The welfare state is also based on social stratification, which
more or less makes gainful employment a privilege. Again, the Industry
4.0 and digitalization puts this principal in jeopardy [19].

Hence, there are two ways to read the current visions of the future of
manufacturing. Technological enthusiasm gets the most out of the tech-
nological promises that will bring a completely new concept to the indus-
trial production. The Fourth Industrial revolution will bring a set of
globally networked economic actors, who will reorganize and restructure
the way work is conducted in post-industrial factories. The concept is
simultaneously local, national, and transnational. Digital technologies and
expanded Internet will allow companies to utilize global value chains and
produce digitally manufactured goods to the global markets. Industrial
structures are locally based, but they are designed to operate without local
connections or regional expertise or labor market regulations. This model
will create a globally standardized, networked production and service
structures [12].

The other way to approach the Industry 4.0 is to place the concept in
the historical context. This takes a relativist stand on the technological
enthusiasm and puts light on the complex environment, where the new
concept should operate. All industrial revolutions have promised dramatic
changes and radical improvements in productivity. None of these visions
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have materialized, at least in the short period of time. As economic histo-
rians, based on the empirical evidence, have demonstrated, technological
advances improve economic growth, but the improvements in productiv-
ity only come after long delay.

According to Paul David [20], the main cause to the productivity
paradox be found in the manufacturing system itself. Factory owners and
managers optimize production and they are reluctant to accept radical
innovations, which will disrupt organization and working conditions. The
other reason is found in the knowledge capacity, which is built into manu-
facturing systems over a long period of time. Skilled workers, managers
and corporate leaders are unwilling to have to learn and adopt new knowl-
edge and new methods—there is a lock-in to what is already known [21].
Hence, the diffusion of new knowledge and innovations slows down.

There is a rich literature explaining why innovations and new
manufacturing systems don’t break through the old systems. Without
going deeper into the discussion, it is worth reminding that manufacturing
systems are organic systems, which are managed by people. Although
automated systems, robots, and digitalization will take over much of the
routine tasks, the foundation of the systems will remain in the hands of
skilled managers. Historical examples demonstrate that the change from
old to new is always difficult and it involves a complex set of social and
cultural factors. It is certain, that Industry 4.0 and the Fourth Industrial
Revolution is coming. However, if the development follows historical
examples, it is unlikely that Industry 4.0 will fulfill its strategic goals.
Technological innovations will affect society, but society will affect
technology. What comes out of this interplay is still an open question.

In vein with the above, this book is a collection of articles in the original
spirit of the term “Industry 4.0”, focused on manufacturing and present-
ing a holistic view of modern manufacturing. “Manufacturing 4.0 is pre-
sented, discussed, and analyzed in light of the technical, the economic,
and the societal through visiting the past, the status quo, and imagining
the future.
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Additive Manufacturing—Past, Present,
and the Future

Markus Korpela, Niko Ritkonen, Heidi Piili,
Antti Salminen, and Olli Nyrhili

1 INTRODUCTION

Additive manufacturing (AM) is a relatively new manufacturing method
that compiles different techniques to join materials together material on
top of existing structure in order to make parts from 3D-model
data—typically layer by layer. Additive manufacturing is a combination of
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different technologies such as CAD (computer-aided design), CAM
(computer-aided manufacturing), laser and electron energy beam technol-
ogy, CNC (computer numerical control) machining, and laser scanning.
Some of these technologies existed already in the 1950s, but only in the
1980s the maturity of the different technologies enabled the creation of
additive manufacturing [1]. The term additive manufacturing substitutes
historical terms, such as solid freeform fabrication, freeform fabrication,
and rapid prototyping and it is also commonly called 3D-printing in non-
technical contexts and in colloquial language [2, 3].

Additive manufacturing was originally developed around polymers,
waxes, and paper laminates and used predominantly for prototyping pur-
poses, as the term “rapid prototyping” indicates [ 3]. First commercial sys-
tems were available already in the 1990s [4]. Nowadays, most additively
manufactured parts are functional and many of them are made of more
advanced materials such as ceramics, composites, or metals [3, 5, 6]. AM
techniques have developed rapidly, enabling AM parts to be used even in
the most highly regulated application areas, such as in aviation. The
increase of interest on AM has risen due to the speedy development of the
technologies involved and due to digitalization. The initial fast advances in
technology were followed by a hype, when the expectations about the
capabilities of the technology were drummed-up through the social media
and through various non-technical evangelists.

The first three industrial revolutions changed the world permanently
and were the result of findings by inventors such as James Watt and
Thomas Edison. Figure 2 shows how number of equipment connected to
internet has been growing during various industrial revolutions. Additive
manufacturing has often been connected to the 4th Industrial Revolution
(IR4), which is claimed to have started after the year 2000. IR4 is merely
about the digitalization and the networking of various technologies. The
IR4 is a result of various technologies being mature for new tasks around
the same time and the fact that high speed data-transfer and enormous
(compared to previous times) computer capacity is available. The major
technologies involved in IR4, like augmented reality, additive manufactur-
ing, and artificial intelligence are studied by various companies ranging
from retail to manufacturing and from transportation to banking [7].
European Patent Office made a study about patents and IR4 and found
that the number of patents filed related to the IR4 increased with 54 per-
cent in the past three years [8]. The number of patents in additive manu-
facturing has grown from few applications in 1991 to a “five hundred per
year”-level in 2015, the growth in the number of patents is approximately
150 per year. Interestingly, only a fraction (3.5%) of the filed patents were
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Fig. 1 The past and current industrial revolutions from the 1st to the 4th, and
the number of devices connected to the Internet [10-12]

directly connected to IR4 main constituents—digitization and networking
[1]. The IR4 and so-called smart factories are considered to be crucial
game changers for the survival of US and European industries because
they have the ability to reset the labor productivity back on the growth-
path again [9]. The past and current industrial revolutions from the 1st to
the 4th, and the number of devices connected to the Internet is presented
in Fig. 1.

Main advantages of AM are connected to the ability to manufacture
complex geometries [13], lighter structures, and the ability to allow cus-
tomization. In subtractive manufacturing processes, an increase to the vol-
ume of material removed from the billet or an increase in the geometric
complexity of the design cause the manufacturing time to be longer and
the manufacturing costs to be higher. This often leads to components hav-
ing excess material that cannot be cost-effectively removed [14]. Often
the majority of removed material in conventional manufacturing ends up
as waste [ 15], of which most can be recycled, but the value of this waste is
typically just a fraction of the value of the original material. In additive
manufacturing processes, complexity itself does not add costs in the same
way and the material is added primarily only to where it is needed—thus
parts are lighter by default. As an automated manufacturing process, AM
shares similarities with CNC machining. It cannot currently add material
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faster than high-speed CNC machining can remove it, but it can manufac-
ture more complex parts in a single-step process within a certain frame-
work [3]. As a limitation, AM suffers from surface integrity on specific
surfaces and of a degraded dimensional control [16], which often leads to
the need of post-processing, especially in metal additive manufacturing.
Attempts to solve this problem have been made via using hybrid systems
that combine AM and CNC machining, but utilization level of these sys-
tems is typically very low in the industry (Fig. 2).

The field of additive manufacturing is suffering from a lack of standard-
ization, because most already existing standards cannot be utilized in AM
[3, 4], furthermore the technologies are developing so rapidly that stan-
dardization cannot keep up. The already existing non-AM standards rest
on known homogeneous microstructures of standard bulk materials. This
does not apply to AM, in which the microstructure, created during the
process can vary within a part and depends on the used process parameter

Fig. 2 Macro images
of'an additively
manufactured (L-PBF),
10 x 10 x 10 mm?,
tool-steel cube (a)
showing geometrical
inaccuracy, and (b)
showing height
differences on the
surface and distortion in
the left upper corner of
the side of the cube

urement name 3
| 10,006mm
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values. Tens, or possibly more than a hundred, different national and
international AM standards have been approved, but additive manufactur-
ing as a manufacturing method consists of thousands of different materials
from polymers to metallic shape-memory alloys. As a reference, it took
about 20 years to publish main European standards related to only alumi-
num in the context of conventional manufacturing [17].

2 ADDITIVE MANUFACTURING MATERIALS
AND PROCESSES

It was estimated in 2004 [18] that exist 40 000 to 80 000 engineering
materials, and at least a thousand different processing methods for them.
Just to point out, more than 20 000 different steel alloys are available
[19]. The range of materials available for AM is only a fraction of the total
range [20] despite the high speed of material development. The develop-
ment of a new material is feasible, if an application or the potential for a
new material has been recognized and evaluated such that it covers the
material development cost. In AM, and especially in metal AM, absolute
material costs are low due to low production volumes and therefore sav-
ings in material costs play a relatively minor role. This slows down materi-
als development, but the narrow material-repertoire is caused also by the
short history of AM. Most of the research so far has been concentrating
on the manufacturing of existing and approved materials with the idea to
make them also suitable for manufacturing with AM [21]. The basic mate-
rial development in AM usually means that the process is defined such that
reliable production with a material can be guaranteed. The current devel-
opment of AM materials is typically based on the use of conventional
alloys that (already) exist for traditional manufacturing [22]. About 2800
different commercial AM materials are available today [51]. It is notable
that commercial materials include “multiples of the same materials” with
a different names or brands by different manufacturers. For example, there
are multiple choices for stainless steel AISI 316L as each manufacturer has
their own name for it.

The materials development in AM can be seen in light of two different
approaches—in the first approach an AM process for a traditional engi-
neering material is developed such that the AM material properties cor-
respond to traditional material properties as closely as possible—in the
second approach the characteristics of an AM process are utilized to
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produce such materials that are only available for AM. For example, there
is a possibility to create new characteristics for engineering materials, such
as an optimized micro-structure for metal materials in a powder-bed fusion
(PBF) process [10, 22-24]. The development of AM specific alloys shows
the interesting potential of AM for the future. The aluminum-alloy
“Scalmalloy” is an example of such a developed alloy for which the
mechanical properties are enhanced to fit the typical thermal cycle of laser
based powder bed fusion (L-PBF) [25, 26].

Systematic knowledge about the properties of metal AM parts is miss-
ing and the repertoire of available materials is still limited [23, 27, 28]
mainly to different stainless- and tool-steels, aluminum- and titanium-
alloys, nickel-based superalloys, and cobalt-chromium alloys, consisting of
about 30 different materials in total [29]. A study of Herzog et al., [21]
covered 159 references of metal additive manufacturing with PBF and
directed energy deposition (DED) processes. Their comprehensive analy-
sis resulted that static and fatigue strength together with other mechanical
properties of AM materials are alike to their conventional counterparts and
that AM metals and alloys can be evaluated by known concepts of fracture-
mechanics [21]. Copper and some copper alloys have already become
available, but are unfortunately not on the same maturity-level as the
above-mentioned materials, due to their material property related issues
such as low absorption of current laser beam wavelengths and especially
high thermal conductivity, [30]. As non-engineering materials, some pre-
cious metals, such as gold and silver, are available as well. Similar material-
databases that are available for conventional materials do not exist for
additively manufactured materials, and the properties of the printed mate-
rials are neither discussed deeply in recently published books in the field of
metal additive manufacturing [3, 27, 31, 32]. AM materials from the
material research point of view are discussed deeper elsewhere in this book.

Tens or even hundreds of different AM-techniques exist, but EN, ISO,
and ASTM approved standards categorize them into seven different
process-categories. The process categories are listed in Table 1.

In metal AM, directed energy deposition (DED), powder bed fusion
(PBF), and sheet lamination are single-step processes in which basic mate-
rial properties, such as density of more than 90%, are achieved in a single
operation step. Material extrusion and binder jetting of metal parts are
multi-step processes in which the parts require consolidation by a second-
ary process such as sintering in an oven, in order to result density greater
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Table 1 Process categories of additive manufacturing, with definitions according
to EN ISO/ASTM 52900 [2]

Process category Definition:

“An additive manufacturing process in which ...”

Material extrusion ... material is selectively dispensed through a nozzle or ovifice”

Powder-bed fusion ... thermal energy selectively fuses regions of a powder bed”

Binder jetting “... a liguid bonding agent is selectively deposited to join powder
materials”

Vat photopolymerization  “... liquid photopolymer in a vat is selectively cured by light
activated polymerization”

Material jetting ... dvoplets of build material ave selectively deposited”

Directed energy ... focused thermal energy is used to fuse materials by melting ns
deposition they ave being deposited”

Sheet lamination ... sheets of material arve bonded to form n part”

than 90%. Material jetting of metal parts is a rare production method, but
at least one system manufacturer has established a machine for that pur-
pose. According to the manufacturer, their process is a single-step pro-
cess[33]. Different kinds of applications of different additive manufacturing
processes can be seen in Fig. 3 [2, 27].

Out of these seven process categories, powder-bed fusion has shown
the highest potential in additive manufacturing of metal parts, and in more
detail, the PBF process that utilizes laser beam as a heat source [32]. It is
also the most studied AM technique [16].

3 METAL ADDITIVE MANUFACTURING

Metal additive manufacturing is a over 30 years old manufacturing method
[34] which has now grown to a point, where it is a potential method of
manufacturing for real-world applications. Parts manufactured with the
most common and widely applied metal additive manufacturing processes
are only semi-finished, but in some cases, they can be used directly as end-
products [32, 35, 36]. Metal AM enables building of geometries that con-
ventional subtractive manufacturing is not capable of [53].

Metal AM is still a niche market in manufacturing, but it is growing at
a fast pace. Current systems of metal additive manufacturing are not some-
thing to completely revolutionize way of manufacturing, or to completely
replace traditional manufacturing methods. AM is an addition to the rep-
ertoire of manufacturing methods and more likely will replace other
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THE BOD

First 3D printed bullding
in Europe

Fig. 3 Examples of additively manufactured objects with different AM processes;
(a) human head- and brain-model made with material jetting, made out of poly-
mers; (b) glue nozzles with complex geometry and inner structure, made with
laser-based powder-bed fusion out of an aluminum-alloy, (¢) exterior walls of what
is claimed to be the first additively manufactured building in Europe—created with
material extrusion out of concrete

manufacturing methods or manufacturing steps for certain applications.
Despite the hype around additive manufacturing and its possibilities, metal
AM has many restrictions that make it the most convenient choice of man-
ufacturing for only a limited number of applications. This is due to the
rather high costs (often >1000 €/kg for end-usable AM steel part)
incurred by the required post-processing and the slow manufacturing
speed of the rather expensive systems that need to be used. The applica-
tions that are economically viable to create by metal AM are typically (but
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not limited to) the size a human fist and geometrically (very) complex and
if conventionally manufactured would require multi-step manufacturing
processes such as machining, assembling, or joining. On the other hand,
utilizing AM is beneficial for parts that have a geometry that typically
requires casting, but for which the production volumes are low and would
thus lead to rather high mold costs divided per unit—AM can be used to
manufacture parts so complex that several casted parts would have to be
joined to otherwise create them.

The layer-by-layer manufacturing method is not a new method for cre-
ating metal parts. It has been possible to cut holes to metal sheets and join
them together via welding or by using fasteners for decades. This enables
the same advantages as AM, such as possibilities to create complex geom-
etries inside of a part. However, these kinds of sheet laminated applica-
tions have been very rarely utilized despite the opportunities they offer.

Despite the limitations and high expenses, utilization level of additive
manufacturing is presumable lower than it could be. Certain parts, origi-
nally designed to be manufactured with subtractive manufacturing meth-
ods, could be more cost-effectively manufactured with AM, especially
after redesigning these parts for AM—often such parts are still manufac-
tured with conventional methods, lack of AM-knowledge might be one
reason for the non adoption. Identifying parts suitable for AM requires lot
of knowledge about the advantages and the disadvantages of metal addi-
tive manufacturing and experience about how to apply AM into industrial
cases. This knowledge is not part of current engineering curricula so most
engineers in the industry are not aware of it. Therefore, some companies
have no knowledge about additive manufacturing, whilst some use it daily.

4  Powbper BeD Fusion

This article deals mainly with laser based powder bed fusion, because it is
the most common, widely applied, and possibly the most evolved metal
additive manufacturing technology available [27, 32]. It is also the most
used metal AM technology for production of engineering compo-
nents [27].

Powder bed fusion is based on melting metal powder to form parts
layer-by-layer. The melting is based on melting of powder with electro-
magnetic radiation that is photons from a laser, or with electrons from an
electron beam (EB). The laser beam is absorbed via Fresnell absorption, or
plasma absorption, by the material both being relevant in the PBF process,
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whereas in electron beam melting EBM the kinetic energy of electrons is
transferred into heat during the interaction with the powder material.
Both can be used for manufacturing high precision parts. However, elec-
tron beam-based systems are rare and therefore not thoroughly intro-
duced here.

The laser beam is focused and guided on the surface of a metal-powder-
bed, which is inside of a building (manufacturing) chamber, filled with
inert gas (L-PBF), N or Ar, or a vacuum (EB-PBF/some L-PBF systems).
Once the predefined areas of the powder-bed are melted, a machine-
integrated recoater, or roller, will automatically spread another thin, typi-
cally 20-90 pm, powder layer on top of the previous one and the building
platform goes down (is lowered) by as layer thickness and the process is
repeated. The energy density of the laser beam must be high enough for
sufficient melting and making the melt pool deep enough to reach the
previously melted layer (solid). Some part of the beam reflects away from
the powder bed, whilst a large part of it is absorbed by the material and
melts it. The absorption of the powder is significantly higher on the pow-
der bed than on a flat surface of solid metal, due to multiple reflections of
the beam and large specific surface area of the powder material [23, 32].
When the beam moves on the bed, molten material is solidifying “behind”
the beam and cooling down. Since the thermal cycle is very fast, also the
solidification and cooling rates are high [ 37, 38]. High cooling rate applies
to L-PBF and causes a significantly different microstructure from the con-
ventionally manufactured counterparts to form [23]. Imperfections, such
as undesired microstructures, high residual stresses, and porosity can occur
in powder-bed fusion [28]. During the process, at any particular time of
melting, some parts of the work-piece are contracting during cooling,
while others are expanding when heated. Cyclic heat delivery is inherent
in L-PBF and it induces residual stresses to the parts, because of subse-
quent thermal expansions and contractions. These residual stresses can rise
so high that eventually they can lead to bending and distortions within the
part [32, 39].

Many system producers use their own commercial names for PBF such
as selective laser sintering (SLS), direct metal laser sintering (DMLS),
selective laser melting (SLM), laser cusing, or electron beam melting
(EBM). Despite the word “sintering” in the names of some systems or
processes, the current metal PBEF systems completely melt the particles
instead of sintering them [32], whereas in the PBF of polymers, the par-
ticles are either fused or sintered [40]. The number of different PBF
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system-producers is more than thirty. The system-producers and their
machine base prices are published in an annual report by Wohlers Associates
[24]. The average prices for these systems are presented in Table 2.
However, total investment costs for a state-of-the-art mid-size L-PBF sys-
tem and the required auxiliary equipment is closer to one million, than
half a million euro.

L-PBF has developed a lot during the last twenty years. In the early
2000’s, the machines started to be equipped with new, at the time just
matured, fiber lasers. The efficiency of a fiber laser is much higher than
that of the previously used CO, lasers, which increased resolution and
accuracy of the process remarkably. This was a major improvement, based
on the improvement of beam quality, availability of cheaper and higher
quality optics, simpler arrangement of the optical path, and the improved
absorptivity of the laser beam to the metallic material, all enabled by utili-
zation of fiber laser. In the late 2000’s, the power of the lasers in L-PBEF
systems was increased to some hundreds of watts, and in the early 2010’s,
multi-laser systems were introduced. The number of lasers used and their
power have both increased since then. Most of the models of different
system-producers operate with one to four lasers in within the 100-1000
watt power-range. The cost of an additional laser in a system is typically
less than the benefit achieved by improvement of productivity. According
to the web-pages of four large L-PBF system producers, the production-
speeds of their flagship models are between 100-171 ¢cm? per hour. The
machines are equipped with two or four 400, 500, or 700 W lasers
[41-44]. Parameters guaranteeing the highest production-speeds are not
disclosed and therefore it might be that these values do not correlate with
normal manufacturing speeds or with best achievable accuracies. For
example, increasing layer thickness has a major positive effect on building
time and negative effect on accuracy. Therefore, an unambiguous value for

Table 2 Calculated average maximum build volume and average prices for
L-PBF systems, based on data available in annual report by Wohlers Associates [24 |

L-PBF system Build volume (liters) Average build volume (liters) Average price (K€)

Average system 20 - ~500
Small system <10 1.5 ~200
Medium system 10-30 20 ~400

Large system >30 70 ~1000
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the volume rate, or the cost per kilogram cannot be stated due to “prob-
lem complexity”—the same applies for machining. However, a rough idea
of the costs can be introduced. Volume-rate of one of the most common
statc-of-the-art mid-size AM system is approximately 15.2 c¢m?® per
hour for one of the most common steel materials [45]. Diegel et al. [46]
estimates that a 650,000 USD investment on an AM system leads to an
hourly running cost of 48.69 USD. According to these numbers, a hourly
machine running cost of constructing a theoretical one liter of solid steel
would alone be ~3200 USD via L-PBF AM. This result to about 400
USD /kg, but it needs to be noted that this cost excludes, for example, the
margin of the manufacturer, the labor, and the materials-related costs.

As mentioned, PBF is possibly the most evolved AM technology, but
the production speed is still slow and the production is expensive com-
pared to conventional manufacturing—furthermore the parts are usually
semi-finished products that require post-processing [ 32, 35, 36 ]. However,
the systems are developed constantly and new system-integrators are
appearing on the market. The traditional system vendors are also coming
to the additive manufacturing markets with new concepts. The competi-
tion is getting tougher since these traditional vendors have a consistent
existing customer-base among the manufacturing companies.

5  OtTHER METAL ADDITIVE
MANUFACTURING TECHNOLOGIES

Directed energy deposition (DED) is another important method for metal
additive manufacturing. The principle of the method is totally different
from powder-bed fusion. The method is based on dynamically feeding
material into the molten pool created with a heat source. The material can
be in form of powder or wire, whereas the heat source to melt material is
a laser beam, an electron beam, or an electric arc. The processes have their
own descriptive names under the category of DED by ASTM. The laser-
based process is typically called Laser Metal Deposition (LMD), electron
beam-based Electron Beam Melting (EBM), and arc source-based Wire
Arc Additive Manufacturing (WAAM).

The major differences between DED processes and the PBF are accu-
racy, building speed and build volume. Accuracy being better in case of
PBF, whereas the building speed and the build volume are major advan-
tages of the DED processes. DED processes are also typically capable of
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handling much higher heating power than PBE. DED processes can utilize
high power with high building speed; typical laser power used is
1-4 kW. The major difference of DED compared with PBF is the size of
the part, which in case of PBF is restricted by the size of building chamber
(typical sizes are reported above). Building volume can be several meters
in each direction in case of DED, depending on the dimensions of the
working area of the robotic system used. The accuracy on the other hand
is typically around 0.1 mm for robotic systems and especially in the case of
WAAM the accuracy is considerably lower.

The surface quality of DED parts is of a lower standard than that of the
PBF process. This is typically, because of larger molten pool volumes and
the dynamically fed material. In case of WAAM there is typically a lot of
spattering leaving spatters on top of previously build parts. In case of pow-
der LMD some of the powder is hitting the solidifying surface of melt
pool and sticking there and melting only partially. In order to reach typi-
cally accepted part surface quality levels, all visible surfaces must be
machined prior to further use. The utilization of DED is increasing at a
considerable speed among manufacturers of larger components, where
they have some specific areas of application, for example, in building
shapes on top of a sheet structure to reach some of the advantages in
design with reasonable pricing. Similar case is especially true with WAAM
technology, which has appeared only during the last 2-3 years, even
though the technology has been available for tens of years. WAAM techol-
ogy is predicted to make only some percentages of the metallic printing
market, but many conventional companies are interested in it, because
they are already familiar with the technology from the perspective of
welding.

Other metal AM methods exist, but they are relatively new processes,
without many existing system-producers and without a significant number
of scientific results published about them. Material extrusion of metals has
expanded a lot during the last couple of years, but cannot produce as high-
quality parts as powder-bed fusion is capable of producing. The same
applies to binder jetting of metal parts. Parts made with these processes
have a remarkable lack in density, which leads to worse mechanical proper-
ties. On the other hand, total investment costs of both methods are lower
than in the case of powder bed fusion.
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6  TrecHNOLOGY READINESS LEVEL

The entrance of a new technology to an existing technical environment is
typically difficult. In practice, the new technology should be better and
cheaper than existing technologies that have proven their position in the
market. This is typically true within manufacturing, where there are often
tight requirements in respect of mechanical properties and performance
for part manufacture. The entrance of a new manufacturing technology is
often very difficult because of this. Thus, there have not been real new-
comer technologies, unless of the laser-based AM technologies are
counted. The validation of a new technology is typically based on the
existing technologies. A typical way to evaluate the state-of-the-art and
capability of technology is assessment of so-called Technology Readiness
Level (TRL). This evaluation scale is originally developed by NASA and is
currently spreading to new applications. TRL scale is nine steps from
introduction of technology to final accepted level where full utilization of
technology can be carried out [1, 48]:

Basic manufacturing implications identified.
Manufacturing concept identified.

Manufacturing proof of concept developed.

Technology validated in laboratory environment.

Basic capabilities shown (near production environment).
System produced (near production environment).
Production in production environment demonstrated.
Pilot line capability demonstrated.

Low rate production.

Full rate production.

OO PN T W

—

Because of the constant development-work carried out in technology
and application level, various AM technologies and applications are in dif-
ferent TRL-levels. Some of the applications are already in TRL level 10,
this includes applications within the aviation industry. An example of how
a TRL-process goes forward is heat exchangers developed for NASA using
Ultrasonic Additive Manufacturing 3D metal printing and elevated
Ultrasonic Additive Manufacturing (UAM), a sheet lamination process.
The company “Fabrisonic” reached TRL level 3 (proof of concept) and
then TRL level 6 (prototype demonstrated in relevant environment) in
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2018. The company has successfully completed all tests required by NASA
JPL for flight qualification [49].

7 ON THE NEW PossiBILITIES AM OFFERS

Additive manufacturing enables multiple benefits in manufacturing parts
compared to traditional manufacturing methods. Due to the layer-per-
layer manufacturing process, AM allows the placement of material only to
the areas required, which saves material and results in lighter parts [ 3, 31].
By using advanced design and modeling software this freedom can be
highly utilized due to the possibility to design complex AM parts that are
as strong as, or even stronger than traditionally manufactured parts
[24,27].

In engineering, parts are often joined to form a larger assembly. AM
reduces the need to join parts, as the joints can be integrated into the part.
This means that complex piping can be built in a single piece without the
need of making separate pipes and joining them together later by, for
example, welding or mechanically by bolts. However, AM does not neces-
sarily remove the need to join parts, because of the limited building vol-
umes available.

AM opens new possibilities to tailor products for users. In general, AM
is a single-step manufacturing process in which the part is built layer-by-
layer typically on an empty platform with one machine, and thus the effort
put in the manufacturing process itself is minimal compared to multi-step
manufacturing methods such as casting and multi-round machining [24].
Due to the single-step process, small batches or single parts can be made
more effectively than with conventional manufacturing methods. Also, the
higher degree of freedom in AM compared to conventional manufactur-
ing methods enables more unique shapes and products to be made [24,
31,47].

AM is well-suited to allow the optimization of flow and heat character-
istics of parts. Enhanced gas or fluid flow properties can be achieved, for
example, with the possibility to manufacture smooth cavities with no sharp
turns or corners. Enhanced heat-flow properties can be achieved by mak-
ing large surface areas to, for example, heat exchangers [24, 31].

AM provides an opportunity to reduce the number of agents in a logis-
tic chain, because a part can be printed with one machine without the
need of molding or tooling. This is beneficial especially in the cases, where
the part is printed in a single-step AM process and does not require further
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processing. AM also makes it possible to manufacture spare-parts for
which the original tooling, molds, or production machines no longer exist
[24,27,47].

The future of AM materials is predicted to experience a noteworthy
change. In case of metals, the process is totally different from the conven-
tional steel making and features like local metallurgy are going to provide
completely new alloys [22]. The current selection of available materials
reflects the needs of current optimized metal manufacturing processes and
there is a lot of potential for new commercial materials specific to AM. One
possibility, which is currently studied in various locations, is that the small
molten pool size typical for the PBF process enables much wider use of
alloying elements than traditional manufacturing [10]. This can lead to an
era of totally new materials with new sets of properties. AM differs from
conventional manufacturing in the way that it does not utilize bulk mate-
rial of which he geometry is modified, but also enables the modification of
the microstructure. This means that microstructure is basically created
during the printing process and AM equipment and systems do it differ-
ently [24]. For example, AM process-parameters and location of a part in
building platform have a huge effect on cooling rates for any geometry. In
conventional manufacturing, microstructures of parts are not changed
during machining, but they can be controlled and modified by different
standardized heat treatments performed after the processing. In AM, dif-
ferent heat treatments are part of the manufacturing process itself, but also
separate heat treatments are applied to parts afterwards. One possibility of
future of AM is the ability to control the heat treatments during the pro-
cess to produce desired microstructure on demand [24].

8  CHALLENGES FOR AM

Additive manufacturing has been said to completely revolutionize manu-
facturing or even being the fourth industrial revolution. The said manu-
facturing revolution of AM would unfortunately require that any
components in any geometry could be manufactured in a single-step man-
ufacturing process requiring no, or lower operator skills, and no assembly
and resulting in a more cost-effective solution than the current manufac-
turing processes. AM can already produce some end-use metal compo-
nents in a single-step process, but the area of these applications is very
narrow and is limited mainly to prototypes. The restrictions come from
the already mentioned surface quality and the degraded dimensional



ADDITIVE MANUFACTURING—PAST, PRESENT, AND THE FUTURE 33

control that do not have a large role in prototyping. The dimensional
control can be seen as manageable, once AM related software are devel-
oped enough, but there is no technology on the horizon for solving the
surface quality issues in a single-step manufacturing process without add-
ing other technologies to AM systems. In many goods, a lower surface
quality would be sufficient enough, but “unfortunately” certain surface
quality-levels have already been adopted as standard. On the other hand,
most goods require better surface quality than what can be achieved via
single-step additive manufacturing process. Worse surface quality means a
larger surface area and that in turn means, for example, a larger area for
bacteria and other impurities to fasten to and makes their removal harder.
In mechanical engineering, certain tolerances are unavoidable and unfor-
tunately outside the achievable scope of the dimensional accuracies of cur-
rent additive manufacturing systems—Ilater on higher accuracies become
possibly achievable via more developed software that can predict output
geometries better and scale models accordingly. At this stage, additive
manufacturing of parts that can meet high tolerances require multiple
iteration steps that result in inefficient cost structures. A lot of effort has
been put on AM production of spare-parts, but unfortunately mentioned
restrictions of the process makes many of these projects only conceptual
studies without economic viability. However, a competitive company must
stay on top of technology development and in order to stay competitive
one must be active already when a technology reaches the breakthrough-
point—not after.

To date it is hard to state that AM would be more than an addition to
the repertoire of available manufacturing methods. One can wonder
whether AM could revolutionize manufacturing in the future and there is
some truth to that kind of thinking, but at this stage there is no technol-
ogy on the horizon to solve the already mentioned restrictions related to
the AM process itself. In the 1990’s, it was relatively easy to predict the
future importance of the Internet as only the infrastructure was missing.
The technology was already there but was expensive. For example, in
metal additive manufacturing, the required technology is not here yet, nor
is it on the horizon. In theory, a machine that could combine many differ-
ent manufacturing methods leading to a machine that can build almost
anything in a single-step process, would be the solution, but AM will
probably not have major role in such a machine.

The most advanced metal AM processes are based on micro-scale laser
welding and have the same limitations as “conventional” laser welding.
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Laser welding is highly studied and utilized in the most advanced manu-
facturing industries, but still cannot have welding speeds higher than what
is specific for certain resolution due to dynamics of melt pools. The same
applies to metal AM; the process speed of the laser cannot be increased
without limits and are already operating at limit, as we know them. In the
same way, the power of lasers cannot be increased limitlessly, because the
higher the power density the lower the resolution. Number of lasers used
can, and has been increased and multi-laser system have been on the mar-
ket for a couple of years already, but single laser systems are still market
leaders.

Another issue is that many different quality of products can be addi-
tively manufactured. The most common machines are the so called low-
cost consumer 3D-printers, of which producible parts-quality does not
represent the quality that an industrial high-end AM system is able to
produce. Some people see only AM parts made with these low-cost
machines and seem to have the notion that they are reflective of the capa-
bilities of the additive manufacturing technology as a whole. These kinds
of wrong impressions tend to slow down companies’ adoption- and utili-
zation levels of additive manufacturing.

A very common statement in the field of AM is that AM has no limita-
tions in geometry or that design freedom exists in AM. It is possible to
produce geometries that for example are not possible with CNC machin-
ing, inner structures are a good example of these. But the statement is only
partially true, because on the other hand, AM, and especially metal AM
lacks the possibility to create even some of the simplest geometries, like
precise cubes and balls, or the so-called unsupported geometries. Cubes
include sharp corners that have stress concentration and when a cube is
large enough the too-large surface to be melted may lead to cracking of
the metal. Ball shaped structures includes unsupported areas and if large
enough are impossible to build without separate support structures and
without heat sinks used to dissipate the heat away from the largest surface
areas (to avoid excessive distortion caused by narrow contact area to the
building platform). Hollow structures always mean that unsupported
overhanging structures exist, which leads to the unavoidable need of sup-
port structures. Removal of support structures, for example, from inside
of'a hollow cube is impossible without breaking the structure. In addition,
unmelted powder remains inside hollow structures and needs a separate
hole for removal. Creating of these holes, separate heat sinks, or support
structures is not a problem from the manufacturability perspective, but
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they often increase the need for post-processing. Additional support, or
heat sink structures, mean that extra metal is welded to the part and needs
to be removed often leaving undesired rough surfaces to their original
locations. All these additional, but in many cases mandatory, steps take
metal additive manufacturing further away from being a single-step manu-
facturing process, which is said to be its main advantage. This means that
the statements “unlimited design freedom”, or “possibility to create any
geometries” have a truth-value of less than one. One limiting factor in the
widely discussed freedom of design in AM is also the available building
volume [47]. For example, metal powder-bed fusion machines have an
average building chamber volume of approximately 20 liters. Larger build-
ing volumes are available, but they are rare because of remarkably higher
investment costs involved, which lead to even higher machine hourly run-
ning costs [24]. Increased productivity covers the excess costs only, if the
building volume is fully utilized in each manufacturing run. As mentioned,
the PBF technology is a remarkably slower manufacturing method com-
pared to conventional methods, as it is not capable of adding material at
the same speed as machining is capable of removing it from a solid work
piece [3]. Due to the slow building speed, the machine running costs usu-
ally climb high especially in tall builds. A build taller than 200 mm can take
more than a hundred hours to construct.

9  FUTURE TRENDS AND DEVELOPMENT

Regarding AM technology, the major trends are increasing the building
speed, freedom in design, and the level of automation [47]. For example,
the current use of a typical mid-size, mid-cost metal L-PBF machine
requires a lot of manual work for filling and unpacking powder and for
loading and unloading the building platform. Also moving the building
platform from the printer, for example, to an oven for thermal treatment,
and from there to a band saw for part removal is not a comfort for the
machine operator. Support structure removal is currently a manual pro-
cess, especially in connection with complicated parts that have support
structures in locations unreachable with CNC tools [24]. There are exist-
ing projects that aim to replace the manual working phases with automa-
tion. The filling, unpacking, and recycling of the powder used is
automatically done in some machines. Also, systems that have integrated
thermal treatment within the machine are available. In the future, the
automation level can be expected to spread into all manufacturing phases
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in such a way that the role of the machine operator will become that of
supervisor [47].

Building speed is a major limitation of the L-PBF process and system-
manufacturers are constantly developing methods to increase it. For
example, multi-laser systems, multi-recoater systems, and multi-direction
recoater systems have been used to increase the building speed. However,
the building speed is not yet satisfying for all needs, because AM is “always”
compared to other manufacturing methods that are remarkably faster in
most cases [47]. In some AM technologies such as vat photopolymeriza-
tion, the building speeds have been increased to a level in which parts can
be built in minutes.

Also new technologies arise within the AM realm. For example, the so
called cold spray technology aims to tackle the limitations of building
speed in metal AM by spraying metal powder particles with high speed to
the desired locations in order to form a 3D-part. When the particles hit
the building platform or the previous layer of the part, their kinetic energy
transforms into heat and the particles melt on top of the previous layer
[50]. This technology is claimed be 100-1000 times faster than the tradi-
tional metal AM.

Improvements in post-processing of metal parts are also being devel-
oped. The required support structures in metal L-PBF are a major restric-
tion for the freedom of design [24 ], and thus, systems that focus purely on
post-processing, are developed. For example, there are systems that are
removing support structures automatically without mechanical work. The
process works by “electrochemical pulse methods, hydrodynamic flow,
and particle assisted chemical removal” according to one manufacturer.
The problems with the support structures are also being solved from
another point of view—to reduce the volume of needed support struc-
tures. New technology improvements allow the construction of parts in
lower angles without support structures, but this does not eliminate the
need of support structures completely; currently the parts must be at least
anchored to the building platform [24, 31].

The quality of parts, especially metal parts, is a hot topic in AM. Process
monitoring can be found from many L-PBF machine manufacturers’
machines nowadays, but they are being developed for better performance
to meet the quality assurance desires. The future trend is to develop sys-
tems, where process monitoring can detect a fault in the build and react to
fix it during the next few layers. Since the nature of the PBF process is
based on melting also some of the previous layers, corrective actions can
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be taken during at least two layers that follow the layer with the fault. This
opens a window of opportunity to react to flaws in time, if sensors and
algorithms are developed to be good enough. These so-called adaptive
systems, which are not yet available, could really remove the flaws during
the build [51, 52, 53].
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1 INTRODUCTION

Over the course of history, there have been three major industrial revolu-
tions, each of them powered by the technological advances of the time
and characterized by an increased productivity of industrial processes.
Industry 1.0 incorporated the use of hydropower, steam power, and the
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development of machine tools that enabled the mechanization of manu-
facturing processes; Industry 2.0 introduced mass production assembly
lines that were powered by electrical energy; and Industry 3.0 introduced
production automation, robots, and computer systems [1, 2]. The key
aspect of the ongoing industrial revolution, Industry 4.0, relates to the
cyber-physical production systems that consist of physical machines con-
trolled and interconnected by collaborating computational elements. In
fact, Industry 4.0 is strongly influenced by our ability to process data,
which has phenomenally increased over the past 15 years. In parallel with
Industry 4.0, there also exists the concept of Materials 4.0 (or big data
materials informatics), which incorporates the tools of cyber-physical space
and materials informatics to enhance the design of materials and devices
with targeted functionalities in a virtual environment through computa-
tional synthesis or reverse engineering from existing knowledge on materi-
als [3, 4]. This approach aims at a higher efficiency in synthesizing and
testing novel material compositions and allows shorter lead times from
conceptualization to production. However, as the concept of Materials
4.0 has been extensively reviewed in a recent article by [3], it is not dis-
cussed further in this chapter. Instead, we focus on the emerging topic of
the additive manufacturing (AM) of metal-based stimuli-responsive mate-
rials and emphasize possible future directions for the additive manufactur-
ing of metallic materials in general.

‘Smart manufacturing’ (later Manufacturing 4.0) is one of the primary
concepts under Industry 4.0, and it can be described as an adaptable man-
ufacturing system where production processes can adjust automatically for
multiple types of products or changing conditions [1]. Manufacturing 4.0
incorporates a large group of base technologies, such as robots and other
manufacturing automation, artificial intelligence, the internet of things,
analytics and big data [2]. Additive manufacturing, also known as 3D
printing, is without a doubt one of the key technologies empowering
manufacturing under Industry 4.0. Additive manufacturing is a general
term for technologies that are based on the layer-by-layer deposition of
material according to a digital model of the object to be manufactured.
Additive manufacturing offers many advantages, such as mass customiza-
tion, reduced tooling costs, on-demand manufacturing, shorter lead times,
reduced material waste, and the application-oriented optimization of
geometries. In principle, additive manufacturing facilitates a greater free-
dom of design compared to traditional manufacturing technologies, which
has opened up new ways to conduct engineering design. One of the cen-
tral aspects in this development has been design for additive
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manufacturing (DFAM), which is a method that aims to consider additive
manufacturing processes and material-related constraints in the design of
components for additive manufacturing [5].

Besides freedom of design and enhanced shape complexity, another
advantage of additive manufacturing relates to the materials themselves.
Additive manufacturing is already today suitable for realizing complex
geometries using several engineering materials, such as polymers, metals,
ceramics, and composites [5-8]. Additive manufacturing has proven to be
feasible for the processing of metallic materials, such as tungsten, which
have been considered difficult to work with using conventional methods
because of their high hardness and low ductility. In fact, for the last few
years, pure tungsten has been commercially available for use in additive
manufacturing systems made by EOS GmbH. Additionally, some additive
manufacturing processes may introduce new options for metallic materials
and enable the engineering and manufacturing of materials that are diffi-
cult or nearly impossible to synthesize using conventional methods. A
good example of such materials are the so-called functionally graded mate-
rials, in which tailored properties can be obtained through a spatial grada-
tion of chemical composition (gradient materials) and/or a 3D structure
(hierarchical metamaterials). In addition, the size of these compositional
or structural features can span multiple orders of magnitude. Furthermore,
the introduction of new materials allows an expansion of the design space
for additive manufacturing, which is interconnected with another interest-
ing concept under Industry 4.0: the so-called ‘smart materials’ [9, 10].

Because materials themselves cannot be smart but can rather only
exhibit certain intrinsic characteristics, the expressions ‘smart materials’ or
‘intelligent materials’ are typically (but not exclusively) used as an analogy
to stimuli-responsive materials that can change their physical properties in
response to external stimuli, such as a temperature change, mechanical
stress, a magnetic field or an electrical current. In the scientific literature,
stimuli-responsive materials are often divided into different classes based
on their responses to an applied stimulus. Here, we entertain a similar
approach and divide the stimuli-responsive materials into the four classes
listed below.

o Stimuli-vesponsive actuator materials—materials that produce
strain in response to the applied stimuli.

o Stimuli-vesponsive energy conversion materials—materials that
exhibit an electric current, electrical resistance, magnetic field or
temperature change as a primary response to the applied stimuli.
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o Stimuli-vesponsive optical materials—materials that exhibit an opti-
cal response, such as light emission or a change in optical properties,
as a response to the applied stimuli.

o Stimuli-responsive state-changing materials—materials that alter their
physical properties, such as viscosity, in response to the applied stimuli.

Examples of stimuli-responsive materials and some of their applications
are listed in Table 1, based on research by [11-88]. Applications of stim-
uli-responsive materials under Industry 4.0 range from small actuators,
sensors, and signalization devices all the way to photovoltaic materials
used in the production of electricity from sunlight. In general, stimuli-
responsive materials may yield a multitude of enhanced capabilities and
functionalities for many products as these allow an active response to be
achieved in a product that would otherwise lack it. Some examples of
applications for stimuli-responsive materials under Manufacturing 4.0 are
listed below; refer to Table 1 for specific examples and references.

e Materials that can generate significant mechanical motion with
almost no other components besides the material itself have a high
potential for replacing traditional mechanical components, such as
the gears, shafts, and pulleys that are used to generate motion in
conventional machines. Some of these materials, such as thermally
activated shape memory alloys (SMAs) or magnetic shape memory
alloys (MSMAs), can still produce motion below the size threshold
where mechanical components or traditional mechanisms can no
longer be used, thus offering a feasible application in different types
of microelectromechanical systems. Additionally, some of these
materials, such as the shape memory alloy Ni-Ti or some of the shape
memory polymers, are highly appreciated due to their biocompati-
bility for medical applications. Stimuli-responsive actuators can also
be practical in any soft robotics that may be required for the han-
dling of delicate or brittle materials or even living organisms.

e Some stimuli-responsive materials, such as magnetorheological lig-
uids or the magnetic shape memory alloy Ni-Mn-Ga, may be practi-
cally useful in shock absorption and active vibration damping, for
example in high-precision devices.

e Shape memory polymers can be used in active disassembly systems
that are triggered at specific temperatures.

e Magnetocaloric materials can be used for high-efficiency magnetic
cooling and refrigeration systems.
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e Stimuli-responsive materials also have a high potential in different types
of signalization devices, such as displays or haptic (sense of touch)
technologies. In fact, haptic devices provide a unique interface between
humans and machines, allowing remote distance operators to receive
force feedback from the operated machines. For example, operators
could receive information about the weight or resistance of lifted
objects or be alerted when there is an issue with the operated machine.

e Another group of applications for stimuli-responsive materials under
Industry 4.0 are different types of sensors, such as the ones used for
failure detection and predictive maintenance in manufacturing sys-
tems. Additionally, wearable sensors are a prominent group of
applications for many stimuli-responsive materials.

2  ADDITIVE MANUFACTURING
OF STIMULI-RESPONSIVE MATERIALS

When it comes to stimuli-responsive materials, additive manufacturing is
often referred to as 4D printing, which may refer to either the stimuli-
responsive properties of the additively manufactured material in general or
the ability of some of the materials (stimuli-responsive actuator materials)
to change their physical shape in response to an applied stimulus. However,
here we employ the term ‘additive manufacturing of stimuli-responsive
materials’ instead of 4D printing as the usage of the former aligns better
with the existing standardized terminology for additive manufacturing.
The additive manufacturing of different stimuli-responsive materials
has gained significant interest in the past few years as this technology could
facilitate a higher freedom of design concerning the stimuli-responsive
properties of the manufactured objects. Tremendous advantages can be
gained when devices can be optimized to fulfill the requirements of the
intended application, instead of designing within the limits of the used
manufacturing process. Thus, additive manufacturing may also accelerate
the adoption of stimuli-responsive materials or expand their possible appli-
cations. Additionally, a combination of structural and stimuli-responsive
materials under a single additive manufacturing process could enable the
manufacturing of entire devices with integrated stimuli-responsive sec-
tions. In this case, certain functional characteristics or properties would be
obtained locally in certain sections of the additively manufactured device.
For example, in the case of stimuli-responsive actuator materials, the stim-
uli-responsive material would replace the traditional mechanisms within
the manufactured device. These ‘active regions’ of the device could be
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actuated using a passive source of energy, such as a magnetic field in the
case of magnetic shape memory alloys or heat in the case of thermally
activated shape memory alloys. Additionally, additive manufacturing could
allow a localized tailoring of properties (as in Fig. 1) within a single device,

Room Temperature

Recovers first Recoverssecond

Niso.sﬁds.l
1| 50w, 80mm/s, 120um

50W, 80mml/s, 35um

100 -s‘o 0 50 1|‘10 150 200
Temperature (°C)

b

Fig. 1 (a) A location-dependent active response generated by temperature-
dependent multi-stage shape recovery in a U-shaped Ni-Ti component deposited
using L-PBF; (b) effect of the L-PBF process parameters on the transformation
temperatures and active responses at different sections of the build. Reproduced
from [151] under Creative Commons Attribution 4.0 International License
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for example by inducing local differences in composition or microstruc-
ture in the processed stimuli-responsive material. Overall, these develop-
ments could facilitate the additive manufacturing of entire devices with
embedded actuators or sensors, which could act as functional parts in
existing systems, such as in soft robotics or pneumatics.

The majority of the published reviews on the additive manufacturing of
stimuli-responsive materials have focused on shape memory polymers
[152-161], while a few articles [162-167] have discussed aspects of
expanding the DFAM method towards the adoption of these materials in
additively manufactured components. Although some reviews have also
discussed the additive manufacturing of thermally activated shape memory
alloys, reviews concerning other metal-based stimuli-responsive materials,
such as magnetic shape memory alloys or magnetocaloric materials, are
sparse to non-existent. The popularity of polymer-based materials is
expected because they are more feasible for low-cost additive manufactur-
ing in comparison to metal-based materials, which are more difficult to
manufacture additively without defects. Hence, this chapter concentrates
on the additive manufacturing of thermally activated shape memory alloys,
magnetic shape memory alloys, and magnetocaloric alloys. A brief over-
view of the state of the art in the additive manufacturing of these materials
is presented in Table 2, based on the research results from [89-150]. An
overview of the main additive manufacturing process categories (com-
pared to the additive manufacturing processes in Table 2) for metal-based
stimuli-responsive materials is presented below, following the definitions
given in standard SFS-EN ISO /ASTM 52900:2017.

e Material extrusion—“An additive manufacturing process in which
material is selectively dispensed through a nozzle or orifice”; an
example process for metals is 3D ink printing, whereby metal powder
is dispensed in a mixture with a bonding agent.

® Powder bed fusion—*An additive manufacturing process in which ther-
mal energy selectively fuses regions of a powder bed”; the applied ther-
mal energy can be either a laser (L-PBF) or an electron beam (E-PBF).

* Binder jetting—“An additive manufacturing process in which a liq-
uid bonding agent is selectively deposited to join powder materials”.

* Directed enevgy deposition—“An additive manufacturing process in
which focused thermal energy is used to fuse materials by melting as
they are being deposited”; example processes include laser-based
directed energy deposition of powder material (L-DED), plasma arc
deposition (PAD), and wire and arc additive manufacturing (WAAM).
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3 ADDITIVE MANUFACTURING OF SHAPE
MEMORY ALLOYS

Shape memory alloys are alloys that can recover a limited applied strain of
less than 10% either thermally or mechanically [168]. This property finds
its origin in a thermoelastic martensitic transformation in some particular
alloys. This transformation is characterized by its transformation tempera-
tures (M, M during cooling reaching the martensitic phase, A, Ar during
heating reaching the beta phase), exhibiting a relatively small hysteresis of
about 10—40 K compared to the well-known martensitic transformation in
many steels exhibiting a hysteresis of several 100 K. When a strain, limited
to 10%, is applied in the martensitic state, this strain can be recovered by
heating above the transformation temperature into the beta phase. This is
called the thermal recovery or shape memory effect. When a strain of less
than 10% is applied in the beta phase, above My, the strain is mechanically
recovered upon releasing the applied stress, which is called superelasticity.
Complete thermal or mechanical recovery can only be obtained in a lim-
ited temperature window around the martensitic transformation. The
thermally activated shape memory effect occurs in some Cu-based alloys
and Fe-based alloys, but it is mostly associated with Ni-Ti alloys. Ni-Ti is
superior compared to other shape memory alloys for many reasons, includ-
ing its high ductility, high strength, and very fine grain size. These proper-
ties enable the production of very thin devices (wires with a diameter
down to 25 pm). Additionally, it is biocompatible, which is why more than
80% of the products made of Ni-Ti are medically related [169]. Besides
their use in medical applications, shape memory alloys can convert heat
into a high force or work output, which makes these alloys useful in the
actuators of stress-creating components [23, 170].

From the perspective of conventional manufacturing processes, a major
problem of Ni-Ti is its poor machinability, primarily due to the strong
strain hardening effect. Thus, wire and tube drawing are the most com-
mon applied forming techniques used in the production of devices such as
guise wires, stents, and actuators based on springs. This sets many limita-
tions on the shape complexity of the manufactured devices. Therefore,
additive manufacturing of Ni-Ti has gained the attention of designers of
medical and other devices. As shown in Table 2, laser-based processes,
especially L-PBE, are the most typical approach for the additive manufac-
turing of Ni-Ti. The same observation applies to Cu- and Fe-based alloys,
although little scientific literature is available on the additive
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manufacturing of these materials. In fact, the future for Cu-based SMAs
does not look bright as the majority of research on additive manufacturing
of SMAs concentrates on Ni-Ti. However, the additive manufacturing of
Ni-Ti represents only a small fraction of the medical applications produced
by metal-based additive manufacturing, and only a handful of studies on
the additive manufacturing of Ni-Ti consider its stimuli-responsive prop-
erties, such as the very low stiffness (very low E-modulus), and its func-
tional properties, such as superelasticity and the shape memory effect.
However, a fair amount of research on the laser additive manufacturing
(LAM) of Ni-Ti shape memory alloys has been conducted [23, 115,
171-174]. Therefore, we summarize here the most important observa-
tions of Ni-Ti deposited using L-PBEF, as previously discussed by [173]
and briefly overviewed in Table 2.

e Although Ni-Ti can be processed at a high density crack-free, the
mechanical and functional properties of the processed material are
on average inferior compared to the wrought material. However,
using repetitive laser scanning in the process may allow improvement
of the functional properties of deposited Ni-Ti.

e Controlling the transformation temperatures of the processed mate-
rial is difficult, mainly due to the evaporation of Ni and precipitation
based on impurities. Hence, the composition and transformation
temperatures of the processed material are strongly dependent on
the processing parameters and, therefore, the transformation tem-
peratures of the final product are not necessarily the transformation
temperatures of the initial powder.

e Additionally, the processing environment should be controlled to
prevent oxygen and/or nitrogen pick-up that may lead to an
increased density of impurities, which may influence the transforma-
tion temperatures and the mechanical properties of the pro-
cessed material.

e The surface roughness of the final product should be considered in
relation to potential wear or for the difficulties it causes in steriliza-
tion, which is required for biomedical applications.
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4  ADDITIVE MANUFACTURING OF MAGNETIC SHAPE
MEMORY ALLOYS

Besides the thermally activated shape memory effect, magnetic shape
memory (MSM) alloys may also exhibit a straining phenomenon when the
magnetic moments of the martensitic twin variants of the alloy align with
the applied magnetic field [38, 175, 176]. This straining phenomenon is
called the magnetic shape memory effect. The Ni-Mn-Ga system, which is
the most studied class of MSM materials, has been shown to exhibit out-
standing characteristics, such as magnetic-field-induced strains (MFIS) of
12% [176], which is a hundred times larger than the magnetically induced
strains obtained in competing materials. In addition, the efficiency
(mechanical work output / magnetic field energy) of the MSM effect can
be over 95% and its fatigue life can exceed 2 x 10° cycles [177].
Characteristic of the MSM materials is that the strain remains unchanged
after the magnetic field has been switched off (the strain can be recovered
by applying a magnetic field in transversal direction or by force). This
results in significant energy savings in many applications, especially on-off
valves, because magnetic field energy is needed only during the brief time
when the shape of the MSM element is changed. Additionally, Ni-Mn-Ga
can exhibit high strain accelerations of 1.6 x 10° m/s* [178], which is
assumed to be the highest acceleration of all actuator materials. These
characteristics may be beneficial in several applications, such as in robotics,
biomedical applications and optics. For instance, fast actuators/sensors
[34, 176], micropumps [33], and vibration energy harvesters [35] have
been identified as potential applications for MSM materials. However,
commercial applications of MSM materials are still limited, possibly due to
the relatively young age of the technology itself compared to competing
piezo ceramics or giant magnetostrictive materials.

Typically, bulk polycrystalline Ni-Mn-Ga does not exhibit limited MFIS
due to grain boundary constraints that effectively block twin boundary
motion in the material. However, directionally solidified (textured) poly-
crystalline Ni-Mn-Ga has been shown to exhibit up to 1.0% strain [179],
whereas polycrystalline Ni-Mn-Ga foam has been shown to exhibit up to
8.7% recoverable strain [180]. A smaller force output and brittleness are
disadvantages of foamy polycrystalline compared to more conventional
single-crystalline material. From a manufacturing perspective, the use of
additive manufacturing offers better freedom of design, especially com-
pared to typical single-crystalline material. Thus, the additive
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manufacturing of MSM alloys aims at obtaining parts with controlled
porosity while facilitating the possibility to manufacture complex geome-
tries. Additionally, additive manufacturing places fewer limitations on the
size of the manufactured object. Other advantages that may be potentially
gained through additive manufacturing relate to the possibility to produce
compositional gradients that allow for the tailoring of the properties for
specific applications.

Compared to the additive manufacturing of Ni-Ti based thermally acti-
vated shape memory alloys, additive manufacturing of magnetic shape
memory alloys is still in its infancy. All the scientific literature available at
the time focuses on the additive manufacturing of Ni-Mn-Ga-based
MSMAs. The most common approaches on additive manufacturing of
Ni-Mn-Ga have concentrated on 3D ink printing [133, 134 ] and binder
jetting [ 135-140]. However, also a few investigations into manufacturing
of polycrystalline Ni-Mn-Ga using L-DED [141] and L-PBF [142-146]
have recently been published. Each of the aforementioned processes have
their own advantages and disadvantages concerning the manufacture of a
material that exhibits MFIS. Nevertheless, a common aspect for all of the
processes is the aim to obtain controlled composition, microstructure and
porosity, which is essential for obtaining MFIS in polycrystalline Ni-Mn-Ga.
Especially, assuring the chemical integrity of the manufactured material is
also important because of the high susceptibility of the crystal structure of
Ni-Mn-Ga to compositional variation and impurities.

In general, both 3D ink printing and binder jetting processes have been
proven to be feasible for producing Ni-Mn-Ga with complex geometries.
However, binder-based processes face a challenge regarding the control of
the composition and microstructure because the consistent removal of
binder elements post-processing is difficult and some oxidation and Mn
evaporation may occur during the sintering process [139]. LAM processes
base on melting the material, thus enabling the use of binders to be
avoided. However, previous studies on the L-PBF of Ni-Mn-Ga show that
some Mn is lost in the process and that this Mn loss is strongly influenced
by the used process parameters [143-145]. In fact, loss of Mn during the
L-PBF process is expected due to the high vapor pressure and low boiling
temperature of Mn in comparison to the other elements in the alloy. Thus,
control over the processing parameters and the thermal cycle that the pro-
cessed material undergoes is critical for obtaining a controlled composi-
tion. This may also be an advantage, as the composition could be controlled
through an adjustment of the process parameters, which could potentially
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allow for the adjustment of the microstructure and stimuli-responsive
properties of the processed material. However, excessive over-alloying of
Mn into the used powder would be required for this approach to be
feasible.

The control of the porosity in the additive manufacturing of Ni-Mn-Ga
has typically based on manufacturing different types of lattice structures
[133, 137, 142] or foam-like materials [ 134, 138]. Additionally, the sin-
tering process used in binder-based additive manufacturing processes can
also be adjusted to control the density of the processed material [140].
The processed material undergoes a repetitive cycle of heating and cooling
in LAM processes as the heat from melting is conducted through the prior
layers of deposited material. As a result, the processed material may exhibit
regions with different thermal histories, which also affects the local micro-
structures. This has been observed as broad ferromagnetic hysteresis and
wide phase transitions in as-deposited material [141, 143]. Additionally,
Ni-Mn-Ga processed by L-PBF may exhibit cracking [145]. Post-process
heat-treatment is required to retain the typical ferromagnetic behavior and
material properties in the deposited material [141, 143, 144]. However,
laser-based processes typically produce a microstructural texture [181],
which is considered beneficial for obtaining MFIS.

Although additive manufacturing shows high potential for facilitating
greater design freedom for MSM based devices, so far the functional prop-
erties of the additively manufactured material are inferior compared to the
conventional oriented single crystals or textured polycrystalline material.
By so far, Ni-Mn-Ga processed by binder jetting [136] and L-PBF [142]
have been shown to develop a magnetically induced strains up to 0.01%,
which are significantly lower than the 8.7% achieved in Ni-Mn-Ga based
foams [180]. In conclusion, more research on additive manufacturing of
MSM alloys is required for understanding relationships between the
applied process parameters and the resulting functional properties.

5  ADDITIVE MANUFACTURING
OF MAGNETOCALORIC MATERIALS

Some materials experience a change in entropy (Asy) when exposed to a
magnetic field in an isothermal environment due to a phase change of
either the first or second thermodynamic order [182-184]. When placed
in an adiabatic environment instead, this magnetic-field-induced phase



62 V. LAITINEN ET AL.

change produces a temperature change (AT,,) in the material, leading to
the common designation of this phenomenon as the magnetocaloric effect
[185]. The magnetocaloric effect can be observed in both first- and sec-
ond-order materials, with the order parameter of magnetization. In a first-
order material, the change in magnetization is discontinuous at the
transformation, whereas the change in magnetization for a second-order
material is gradual and continuous over the transformation. In the case of
a second-order material, this magnetization change is caused by an align-
ment of magnetic moments around the Curie temperature (demagnetiza-
tion temperature), reducing the magnetic entropy with increasing
magnetic field and causing a corresponding increase in the thermal
entropy. The entropy trade-oft concept remains for first-order materials,
but with the addition of a magnetostructural (or magnetoelastic) phase
transformation that causes the direction of the entropy change with the
addition of an applied field to be less straightforward. Near the transfor-
mation temperature, an applied magnetic field will stabilize the more mag-
netic phase, which could be either the high-temperature or the
low-temperature phase. If the high-temperature phase is stabilized, the
application of a magnetic field shifts the transition to lower temperatures
and leads to a decrease in the temperature of the material—called the
negative (or inverse) magnetocaloric effect. If the low-temperature phase
is stabilized, the application of a magnetic field shifts the transition to
higher temperatures and leads to an increase in the temperature of the
material—the positive magnetocaloric effect.

Recently, the magnetocaloric effect has been researched for leverage in
heat pumps, particularly for cooling in applications such as solid-state-
based magnetic refrigeration requiring no harmful refrigerants and
in localized hypothermia therapy to treat cancer [ 186, 187]. For the most
common application of refrigeration, any magnetocaloric effect-exhibiting
material that is to be considered a viable option as a heat exchanger within
a heat pump must be formed with a high surface-to-volume ratio and
must allow satisfactory fluid flow [188, 189]. Thus, the following two
requirements are placed upon the heat exchanger [190]:

1. Maximize the volume fraction of the magnetocaloric effect material
while maintaining a large surface area.
2. Minimize the pressure drop in the fluid across the heat exchanger.
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Common methods for producing heat exchanger devices from magne-
tocaloric effect materials are [190]: packed powder beds [191-193], par-
allel plates [194-197], and microchannel systems [198]. Packed powder
beds, though cheap and simple, have a high pressure drop across the
device due to the presence of turbulent flow. Microchannels, though
inducing only a low drop in fluid pressure, have a high manufacturing cost
(if they can be currently manufactured at all for the given material). Parallel
plate devices are a median between the two extremes, allowing for a fluid
flow that is not as turbulent as in packed powder beds and a production
that is not quite as expensive as with microchannels.

With an abundance of requirements on both the feedstock material and
the final magnetocaloric-effect-based heat exchanger, fabrication compli-
cations are an inescapable challenge. For example, first-order phase transi-
tion materials tend to be brittle, which limits the ability to machine them
into desired geometries [199]. Difficulties with fabrication can leave
promising alloys showing only a modest magnetocaloric effect after device
fabrication due to changes in microstructure or atomic ordering and
defects [200, 201]. In addition, first-order phase transition magnetocalo-
ric effect materials have narrow operating temperature windows [200,
202]. For ideally efficient operation, a heat exchanger using the first-order
phase transition magnetocaloric effect must have stages or a gradient of
material transformation temperatures [198]. With a transformation tem-
perature gradient, the fluid will heat (or cool) as it passes through the
series of materials, at each point existing within the operating temperature
for the magnetocaloric effect material that it is currently in contact with.
Second-order phase transition materials are less difficult to shape and have
a wider operating temperature range, but the most promising material
(Gd) is a “critical material’ as it is costly, has a high environmental impact,
and its use in a large number of cooling applications would lead to demand
far exceeding supply [190, 199, 203].

As a manufacturing method, additive manufacturing may allow for the
inclusion of designed, multi-scale porosity; complicated geometries impos-
sible with other methods; the processing of brittle materials that cannot be
machined; and gradient or layered materials with gradient or staged mate-
rial transformation temperatures. This combination of benefits can grant
the ability to fulfill both heat exchanger requirements with no trade-offs:
aminimal pressure drop across a material that has a high surface-to-volume
ratio with a maximized volume of functional material present to produce
a large temperature change across a wide temperature range.
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Additive manufacturing for magnetocaloric materials is in its relative
infancy, although it is increasingly being recognized as a potential produc-
tion avenue for magnetocaloric effect materials. In 2013, [204] used
selective laser melting to create heat exchangers from La(Fe, Co, Si);s.
Meanwhile, [137, 139, 147, 148, 150] conducted experiments with
Ni-Mn-based Heusler alloys fabricated using L-DED and powder bed
binder jet 3D printing. L-DED, with a laser as the energy source, required
a heat treatment to homogenize the microstructure before promising
properties were observed [147, 148]. Binder jet printing, since it requires
no heat input that would change the feedstock powder’s microstructure,
showed a magnetocaloric response in the as-sintered state [150] [133].
used inkjet printing to deposit a mixture containing elemental Ni, Mn,
and Ga powders, then sintered them to create final lattice structures with
73-75% porosity in the micro-trusses. Published experimental studies are
scarce compared to the literature on the additive manufacturing of struc-
tural metals. Nevertheless, as discussed here and in [190, 199], with the
proper attention to tailoring the processing to maintain the functional
properties and with measures taken to balance cost and effectiveness, addi-
tive manufacturing is a promising technology to address current manufac-
turing and design issues while at the same time improving the overall
performance of magnetocaloric structures.

6  FUTURE ASPECTS OF ADDITIVE MANUFACTURING
FOR NOVEL METALLIC MATERIALS

Besides enabling advances in freedom of design and the processing of
stimuli-responsive alloys, additive manufacturing may allow the develop-
ment and manufacturing of customized, application-specific materials and
could thus enable the expansion of the exciting material box of different
metal alloys. For example, recent developments have been made in the
additive manufacturing of metal matrix composites and high-entropy
alloys [8], which are favored for their outstanding mechanical properties.
Additionally, significant progress has been made in engineering and manu-
facturing functionally graded materials, such as gradient materials or meta-
materials [205-209]. A common additive manufacturing process for the
fabrication of compositional gradient materials is DED, which offers
unique capabilities, such as the deposition of more than one material
simultaneously or the changing of the deposited material from layer to
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layer. A second advantage of DED is that the build process itself is not
limited, compared to PBF, where deposition is only possible in successive
horizontal layers. This makes the DED process suitable for depositing
material on 3D substrates, such as existing parts. In fact, repairing a worn
part or tool represents a typical industrial application for this process. In
principle, this type of additive manufacturing process allows a precise
small-scale synthesis of materials during the manufacturing process itself,
thus enabling the manufacturing of materials that are difficult to synthe-
size on a larger scale using conventional methods. Besides potentially
allowing the creation of new alloys, this also enables the application-spe-
cific tailoring of the materials of the manufacturing process itself, which
could be practical for on-demand manufacturing [210]. Additionally,
LAM enables the composition and microstructures to be adjusted via the
process parameters, which allows the integration of information within the
processed material [211]. This could be used to enhance the traceability
of the used materials or processes or of the ‘smart products’ themselves.

7  SUMMARY

In this chapter, we discussed how additive manufacturing could contrib-
ute to metal-based stimuli-responsive materials and material science in
general. Although the future looks bright, substantial research is still
required to extend the range of ‘printable’ materials and to achieve appro-
priate stimuli-responsive properties in additively manufactured metal-
based materials. The complexity of the production and the material
parameters create large challenges in producing dense, defect-free materi-
als using the associated additive manufacturing processes. Indeed, specific
processing conditions of metal additive manufacturing are challenging,
and many material systems still suffer from cracks, unwanted porosity,
high internal stresses, bad surface quality, and mechanical properties below
the required levels. In many cases, this creates the need for post-processing,
such as hot isostatic pressing (HIP), stress relieving, thermal treatments or
polishing. However, additive manufacturing facilitates a great amount of
design freedom for complex geometries and in some cases may enable the
tailoring of compositional properties of the processed materials to an
extent that is almost impossible to achieve using conventional manufactur-
ing methods. Hence, additive manufacturing has a high potential for the
development of novel types of stimuli-responsive devices.
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