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Preface

Recently, advances in additive manufacturing and its related work are thriving many
researchers to get involved in effective/innovative findings for the past few years.
This book entitled Innovations in Additive Manufacturing discusses on the history,
fundamentals, process development, applications, post-processing and many more
experimental results on additive manufacturing techniques. Many engineering appli-
cations have started to employ additive manufacturing techniques for component
development. Some Industries are using additive manufacturing widely for devel-
oping high-end toys and drones for play station. Beyond the research, the additive
manufacturing has placed records in developing bio-implants and biomedical instru-
ments. Opportunities have been evolved in post-processing and finish machining of
additive manufacturing components. Contents such as surface treatments, modifica-
tion and engineering such advancements in heat treatment,mechanical hardening and
coating, etc., the science of their effects on properties and its characteristics of parts
made by them are also covered. Further, simulation, modelling, and optimization of
material processing and surface engineering techniques are also focused.

The scope of this book is:

• Fundamental knowledge and research advances in additive manufacturing.
• Covering recent developments and advancements in additive manufacturing.
• Case studies, experimental research, and optimization studies in the current field.
• Unique combination of advanced materials processing and surface sciences.

This book consist of three main parts such as (1) Introduction to Additive Manu-
facturing; (2) Additive Manufacturing and Materials Development; and (3) Post-
Processing and Investigations on 3D Built Materials. Authors of this book are
from different countries, and they have made their contribution on research find-
ings and experiences through full length chapters. In Part I, two chapters have been
written to cover the history of additive manufacturing along with the basic applica-
tion and fundamentals. In Part II, there are five chapters to cover the developments
of additive manufacturing for metals and non-metals including plastics/polymers.
Also, the role of additive manufacturing in biomedical engineering is covered
in this part. The post-processing and investigations on additive manufacturing is
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discussed in Part III. This part covers various aspects on heat treatment, machining,
surface finish, surface coatings, electrochemical corrosion, and challenges in additive
manufacturing standards.

We appreciate all the contributors for submitting their innovative content extracted
from their experience and learnings on additive manufacturing. We would also like
to express our sincere gratitude to Springer Team, for their professional support and
patronage towards the successful completion of the book on Innovation in Additive
Manufacturing.

Virudhunagar, India
July 2021

Dr. M. Adam Khan
Dr. J. T. Winowlin Jappes



Introduction

This series supports with the information on additive manufacturing process on all
aspects of history, applications, developmentmetals, non-metals, biomedical compo-
nents, heat treatment processing, machining, coating, corrosion and surface science
studies. The chapters in this book were reviewed and verified to disseminate the valu-
able technical content to young researchers, professionals, students, and all interested
aspirants on the innovations and latest developments in additive manufacturing for
the current scenario.
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Şenol Bayraktar Faculty of Engineering andArchitecture, Department ofMechan-
ical Engineering, Recep Tayyip Erdoğan University, Rize, Turkey
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Part I
Introduction to Additive Manufacturing



Chapter 1
Metal Additive Manufacturing: From
History to Applications

Amritbir Singh and Harpreet Singh

1.1 History

In the last 25 years, the additivemanufacturing (AM) industry has taken a giant leap of
success in the technicalworld. Earlier, being used only for restricted and few scientific
purposes (like prototyping), AM has evolved in terms of material and application
flexibility. The technology was first patented and commercialized by Chuck Hull
(co-founder of 3d Systems) in 1984 and 1987 respectively [1]. Within four years
after the first commercial processing machine, fused deposition modelling (FDM)
by Stratasys [2] and STEREOS 400 by EOS [3] contributed to the expansion of the
additive technology arena. However, the erstwhile machines, limited to lightweight
materials, have prompted some researchers to focus on improving their material
versatility. Consequently, the EOS company introduced the first metal processed
AM machine (EOSINT M160) to the market based on direct metal laser sintering
(DMLS) [3]. The blend of powders was used as feedstock in which lowmelting point
constituent acted like glue to join high melting temperature particles (liquid phase
sintering). The chronological order of various firms taking dip into this technology
is shown in Fig. 1.1.

Post three years, with an intent to carry out titanium alloy processing, a new
firm named AeroMet came into existence. The organization developed a technique
entitled laser additive manufacturing (LAM) or directed energy deposition (DED),
which uses a high-performance laser to fulfil the purpose as aspired [4]. The material
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4 A. Singh and H. Singh

Fig. 1.1 Chronological order of entry of several firms with their respective proprietary names of
AM technique in the market of metal 3d printers

processed includes Ti-6Al-4 V, Ti-5Al-2.5Sn, Ti-6Al-2Sn-4Zr-2Mo-0.1Si, and Ti-
6Al-2Sn-2Zr-2Cr-2Mo-0.25Si. As the titanium alloy holds its usage in the aviation
industry, they produced components for them until it was shut in the year 2005. In
1998, soon after AeroMet, a Mexican company, OPTOMEC at Sandia national labs
commercialized the metal printer known as laser engineered net shaping (LENS)
worked on the same concept of DED [5]. Moreover, roughly the same year, they
achieved a milestone by winning the award for the “top 25 technologies of the year”.
The following year, ExOne grabs the market attention by introducing the first-ever
inkjet-basedmetal 3d printer, pronounced as binder jetting technology (BJT) [6]. This
invention resulted from hardwork put up by a group of scientists at theMassachusetts
Institute ofTechnology (MIT) andwasfirst stationed inMotorola. Theold type ofBJT
was soon evolved into an advanced version involving certain technical improvements.
These requisite upgrades were made according to the feedback of the consumer.
Moreover, in 2000, Frank and Kerstin Herzog established Concept Laser GmbH [7].
They introduced laser cusing (LC) also known as direct metal laser melting (DMLM)
at EuroMold in Frankfurt in 2001. In their method, localizedmelting of stainless steel
powder was accomplished layer by layer using yttrium–aluminium-garnet (YAG)
laser.

With the growth of metal AM from 1994–2001, it was understood that laser was
the backbone for themajority of the production techniques because it was extensively
deployed in that timeframe as a driving force for particle consolidation. However, in
2002, Arcam, a Swedish firm, developed a freeform part utilizing an electron beam
instead of a laser. Hence, they launched their first productionmodel under the name of
electron beam melting (EBM) S12 at EuroMold-2002 [8]. Although the processing
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of conductive material by electron beam was copyrighted in the year 1993, still it
took nine years to get commercialized. Owing to its ability to produce components
quickly and cost-effectively, the orthopaedic and aerospace industries acclaimed the
EBM and found its utilisation worthwhile. A year after, Trumpf, a German company,
introduced laser metal fusion (LMF) machines (TrumaForm LF and TrumaForm
DMD) in the market [9]. They manoeuvred laser of 250 watts as heat source plus
fibre optics to focus onto pure metal for particle coalescence. Akin to the other
machines, their process solely relied on the basic principles of powder bed fusion
(PBF). Howbeit, in contrast to other commercialized techniques, it varies in terms of
build volume shape (cylindrical). Furthermore, metal 3d printing being a cynosure in
the manufacturing field during that period, caught the interest of several other firms.
Consequently, on account of the popularity gained by 3d printing in regard to metal
AM, these companies from various regions took a step forward to develop their own
technique. In particular, laser melting (LM) byMTT technologies in 2005 (presently
known as Renishaw) [10], selective laser melting (SLM) by ReaLizer in 2005 (now
called DMGMori) [11], laser beammelting (LBM) byAddup solutions in 2007 [12],
SLM by SLM solutions in 2011 [13], Lumex Avance-25 by Matsuura in 2011 [14],
direct metal printing (DMP) by 3d Systems in 2013 [15], MetalOne by Sharebot in
2013 [16], LMF by Sisma in 2014 [17], Laser PBF by Aconity3d in 2014 [18] etc.
were some of the firms that took a dip into AM processing.

With the addition of the competitive players in the market, the upsurge of innova-
tion in the technology becomes evident. To put it another way, the upgradation of the
existing technologies is of considerable significance to meet the customer demands
and competewith the rivals. As an example, EOS undergoes various re-developments
in their machine to cope up with the present scenario. Likewise, other companies
like 3d Systems, SLM solutions, Renishaw, GE Additives etc., did investigation to
increase the reliability of the operation by reducingoutput lead times, expandingbuild
volume etc. Besides, several hybrid systems were developed by integrating AMwith
subtractive manufacturing, such as CNC machines. The Optomec, Matsuura were
some of the companies that contributed to such modernized machines [19]. The
firm named Velo3d, facilitated manufacturers to tackle a complex design challenge
by providing the scope of support less manufacturing [20]. Further, in an attempt
to make metal 3d printers affordable to universities or smallscale industries, Xact
Metal constructed a system (XM200C) with the ability to produce diminutive parts
[21]. Such a system was capable of performing a task related to direct tooling, proto-
typing etc. Furthermore, the substantial development of metal printers has captured
the market’s attention.

Therefore, as a manufacturing engineer, it becomes critical to have an acquain-
tance regarding the process working. So, the requisite procedural steps of action for
achieving 3d printing via discussed commercialized systems are mentioned in the
following Sect. 1.2.
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1.2 Fundamentals of Additive Manufacturing

The top of the line in metal AM has changed over the last years as it has shifted
from developing prototypes to forming end products in industries. Besides, the AM
evolved radically in terms of versatility concerning process capabilities and feedstock
material. However, to accomplish the building up of mentioned materials, product
creation is usually carried out by performing a series of fundamental steps.Regardless
of the type of machine employed, these general steps are essential to build the end
product and remain consistent with all metal printing techniques. The process series
would be broken down into seven main stages (Fig. 1.2) and explained as follows.

1.2.1 Preparation of CAD File and Saving to STL Format

In any event, either the prototype or the part to be built for end-use, the need for a
CAD file for AMmachine is indispensable. Moreover, if it weren’t for 3d design, the
birth of AM techniques would not have been feasible. We could only evolve tech-
nologies to mechanically replicate solid structures after learning how to interpret
them in computers using the software. The very first step in the AM processing for
product creation is to envision the appearance of the product. Initially, the component
outline will take the form of rough drawings with a blurred indication of dimensions.
Once the idea is transformed into appropriate sketching and measurements, it is
considered fit for its conversion to digital form via various softwares [22]. Under the

Fig. 1.2 The common sequential steps involved to carry out metal 3d printing using any of the AM
techniques
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broader umbrella of CAD software packages, SOLIDWORKS, CATIA, FUSION
360°, CREO, AUTOCAD, etc., are widely expended. An open-source application
such as TINKERCAD, on the other hand, is readily available as an online platform
and deemed easy to use for newcomers [23]. Another option for creating a digital
file is to 3d scan an already existed physical part. 3D scanners and photogrammetry
tools are the most effective means of assisting the designer in the recreation process
[24]. Developing digital models via CAD software or by 3d scanning for AM is
only practical if the data is stored in a specific format. This standardized format was
created by 3D Systems named STL in the United States and was the first corpora-
tion to publicize it in AM technology [25]. This format being copyright, has been
rendered a public domain for all CAD providers to conveniently access and hopefully
incorporate it into their AM processes. Primarily, this format is explicitly known to
describe a design surface as a triangular mesh and therefore referred to as Standard
Triangle Language (STL). For several freeform shapes, STL most often prepares
accurate and reliable models. However, concerning the presence of unnecessary data
and its laborious fixation of inaccurate details are ascribed as its disadvantages [26].

1.2.2 Pre-Processing of Design

After the creation of the STL file and before sending the same to the associated AM
machine, a range of measures are required prior to the printing. This pre-processing
comes under the subject of utmost importance, regarded as Design for Additive
Manufacturing (DfAM). Hence, to make use of this subject, various software solu-
tions are provided by numerous firms. For instance, AMPHYON by ADDITIVE
WORKS, 3DXPERT by 3DSYSTEMS, INSPIRE PRINT3D by ALTAIR ENGI-
NEERING, EOSPRINT by EOS, SIMUFACT by MSC etc. are employed widely in
this particular field [27]. So, in this step of AM, the part to be printed is virtually
positioned and oriented (if required) in the confined space, known as build volume
(Fig. 1.3a). With the employment of orientation to the component at a certain angle,
support structures become inevitable (Fig. 1.3b). These structures, indeed expended
in the majority of the metal AM processes, are also added virtually utilizing the soft-
ware alluded earlier. The purpose of their inclusion is to stave off the part distortion
owing to the residual stresses, printability of overhang features and ensures appro-
priate thermal conduction. However, their use is often perceived as problematic in
terms of part’s economics and appearance. Moreover, in regard to the flexibility of
software, the designer has the freedom to virtually place the number of parts to be
printed at once within the build volume (Fig. 1.3c). Besides, these packages are
incorporated in order to get the component printed in the efficient way possible. The
efficiency here basically describes the superior properties, cost and time cutting by
optimizing the process parameters. The reduction in the aforementioned parameters
is relied on the support structure minimization and making an optimal decision on
part orientation [28].
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Fig. 1.3 The functions of software provided typically for the subject of DfAM includes a part
orientation, b addition of support structures, c ability to fabricate more than one part on a build
platform

1.2.3 Slicing of the Part

After pre-processing procedures have been implemented, the following step is to slice
the component into the number of 2d cross-sections using previously mentioned
software. The slicing partitions the object into several layers to accomplish this
process. In essence, it provides ample detail with respect to the path to be followed
by the tool in each layer. Such information originates in the form of G-codes and
is thus understandable by the AM machine. In other words, slicing a 3d model
essentially means the design can be read and printed by a 3D printer [29].

1.2.4 Machine Configuration

All AMmachines have specific setup parameters added and exclusive to that system
or operation. These parameters, in particular when it comes to metal AM, deter-
mine the quality of the component produced for the end application. Therefore,
ideal parameters selection of specific material is predominant in the decision making
concerning part superiority. In some instances, a component can be built despite an
erroneous setup parameter. However, the final outcome in terms of the quality of
that component can be unacceptably low. Besides, it is relevant to mention that these
machine parameters are introduced in the AM software cited previously. Further,
following the loading of the STL file into the AM machine, there are still several
necessary system initializationmeasures to follow. Thesemeasures primarily involve
the preparation of AM machine for the physical building of part. The manufacturer
must ensure that adequate feedstock is laden into the system to accomplish the
construction process. Since most of the metal AM machinery uses powder, it is
generally filtered prior to the loading by the operator. Although machine setup is not
only limited to the material loading but the oxygen content inside the build volume
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must also be preserved at permissible amounts. Owing to the propensity of the feed-
stock or molten-pool to oxidize, the necessity of an inert gas environment becomes
justifiable. Helium, nitrogen, argon or their mixtures can be expended to minimize
the oxidation effects. Consequently, the gas cylinders pressure is to be checked before
the process initiates. Howbeit, for the electron based metal AM process, employing
these gases can be catastrophic. Thus, for such systems, a vacuum is to be created in
an enclosed chamber [29].

1.2.5 Build-Up Process

The machines utilized for creating the component is primarily an automated system
and competent enough to perform the vital task. Hence, it can proceed the majority
of the time without monitoring. However, from time to time, an inspection of mate-
rial quantity, power supply, or any other errors is still necessary to ensure proper
operational processes.

1.2.6 Part Removal and Post-Processing

After the consummation of the build-up process, the corresponding step is to remove
the part from the build plate. Although the part is known to be present inside a cake
of powder (particularly for PBF), therefore, prior to the withdrawal, either brush or
vacuum system are expended for part cleaning. Following the excess powder elim-
ination, the subsequent course of action is the support removal via hand tools or
machines such as wire-electric discharge machining for precision cutting. Conse-
quently, the part face attached to the support lacks surface quality [30]. Owing to this
repercussion, post-processing becomes evident. Such processing comprises finishing
operations, mainly polishing, sandpapering, coating, etc. [31]. Moreover, AM parts
are fabricated tomeet the implementation demands. So,most of the time, the part in an
as-formed (directly from the machine) state is not considered fit for use and requires
further processing like thermal treatment. Several articles have been published in
the literature that describes the impact of post-heat treatment on different materials
[32–34]. Besides, it is worth mentioning that the type of post-treatment essential on
AM part is mainly application-specific.

1.2.7 End Product

After following the requisite action plan, the part printed is ready to go in for practical
usage. The application area covers many industries, including medical, automobile,
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aeronautical etc., and their in-depth discussion is outside the reach of this segment
and will be addressed in Sect. 1.5 of this chapter.

1.3 Material Compatibility in Metal Additive
Manufacturing

The type of material used for consolidation solely depends upon the laser/electron
beam interaction with feedstock. On account of this perfect interrelation, commer-
cialized processing machines, addressed in the Sect. 1.1, are technically sound to
form part out of several materials like stainless steels (316L, 304L, 17-4PH), tita-
nium (CP, Ti-6Al-4 V), aluminum and nickel alloys [35]. Even though there exist
some alloys from the same family that are not processed effectively owing to its inca-
pability to provide sufficient properties desired for AM feedstock. Accordingly, the
study of their physical properties to understand their process feasibility and corre-
sponding formation of molten-pool is of paramount importance. So, some of the
significant parameters necessary for the material processing in metal AM systems
are as follows.

1.3.1 Melting Point

When it comes to process spontaneity of AM, the melting property of the metal feed-
stock are crucial. Basically, it’s the melting point that decides the material selection
in a particular type of AM systems. As already discussed, with the evolution of metal
AM, the researchers played a vital role in improving the process capabilities. For
instance, a paradigm shift from inefficient thermal sources to high power sources
opens up the path for processing high melting point material [36]. So, in a nutshell,
the maximum heat source power available governs the type of AM material that can
be easily processed. Moreover, most of the material expended in the metal AM is
the alloys of iron, nickel, titanium, aluminum etc. In addition, it is well known that
these alloys change their state from solid to liquid in a specific temperature range,
unlikemetals.However, phase depends upon energy density (also knownasAndrew’s
number) produced owing to the heat source at the area of interest. The energy density
can either be sufficient to produce the full melting or even low enough to result only
in solid state fusion of parts. Besides, the existence of two phases (solid and liquid)
can be attributed to the moderate energy density levels [37]. Numerous experimental
and numerical validations are presented in the past studies exploring the temperature
distribution of heat source over the build platform [38, 39]. In one of the study [40]
with Ti6Al4V feedstock, the temperature variation over the powder bed in the PBF
process was analyzed. The ability to obtain full and the partial melting region, solid
state sintering region, explains the feasibility of Ti6Al4V asAM feedstock. However,
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materials like tantalum, tungsten or others from ceramic family, owing to its high
melting point, require extreme thermal power to get processed. Therefore, AM of
such feedstock is non-viable in its purest state, instead needs a secondary material
to make them fuse [41]. Moreover, the above concept makes us realize that the low
melting point material must be highly utilized as AM feedstock, but that is not the
case. In particular, even with a low melting point, copper is as challenging to process
as high melting point material [42]. This can be attributed to the fact that the other
properties like absorption, transmission etc., are also of considerable weightage in
affecting the compatibility of material as AM feedstock.

1.3.2 Optical Interactions

As a visible light of a specific wavelength travels from one media to the next, a
well-known pertinent phenomenon transpires. Such occurrence is associated with
the optical interactions at the interface of gas and solid medium. As far as metal
AM is concerned, one of the main facets is the light interaction with the powder (for
the PBF process) over the build platform. This light interaction is nothing but the
heat source employed for 3d printing purpose. Moreover, the concerned relation of
feedstock at the build surface is quantified in terms of absorptivity, transmissivity
and reflectivity [43]. So, to examine the material compatibility with the heat source,
there are some questions that require a thorough investigation. It includes how well
the material absorbs the spectrum of light used, how much extent the transmission
of light occurred in the solid media, and what losses incurred due to the reflectivity
at the interface? Fig. 1.4 shows the schematic interaction of the heat source with the

Fig. 1.4 Schematic representation of material interaction with the focused heat source in terms of
its optical parameters like absorption, transmission and reflection during the process working
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build platform of the PBF process.
The relation between the optical characteristics is given by [44]:

A+ T+ R = 1

where A is absorptivity, T is transmissivity and R is reflectivity. A is the ratio of
the intensity of radiation absorbed to the total intensity of incident radiation. Like-
wise, T and R is the radiation intensity transmitted and reflected to the total amount
respectively.

Particularly in the PBFprocess, the thermal source beam is guided over the powder
bed with sufficiently high velocity. The process is considered successful only if the
heat source–material interaction is adequate enough tomelt the powder on the surface
to form a melt-pool (relates to absorptivity of material) and to the depth that two
corresponding layers should fuse properly (relates to transmissivity characteristic)
[44].Moreover, suppose the powder is comprised of both properties to enough values
with the least reflectivity, in that case, the fusion of powder and corresponding layers
to requisite depth is achievable, as shown in Fig. 1.5a. On the other hand, the material
with better absorption and poor transmission will not form a melt-pool of suitable
depth and consequently results in poor adhesion of the adjacent layer (Fig. 1.5b).
Further, it was mentioned in the previous Sect. 3.1 that the utilization of copper

Fig. 1.5 The schematic depiction and effect of material with a good absorptivity and transmis-
sivity and b good absorptivity but poor transmissivity on the depth of melt-pool or adhesion of
corresponding layers in the PBF process
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Table 1.1 The list of feasible
materials with indispensable
properties utilized in the
commercialized metal AM
systems for energy based
processing [35]

Aluminum Alloys 1. Al-7Si-0.6 Mg
2. Al-10Si-Mg
3. Al-12Si

Steel Alloys 1. 316L
2. 17-4PH
3. M300

Nickel Alloy 1. Ni625
2. Ni718

Cobalt-Chrome Alloy 1. CoCrMo
2. CoCrF75

Titanium Alloy 1. CpTi Grade 1
2. CpTi Grade 2
3. Ti-6Al-4 V Grade 5
4. Ti-6Al-4 V Grade 23
5. Ti-6Al-2Sn-4Zr-2Mo
6. Ti-5Al-5 V-5Mo-3Cr
7. Ti-48Al-2Cr-2Nb

feedstock in the PBF process was considered burdensome despite its relatively low
melting point than commercially processed materials. This can ascribe to its high
optical reflectance and greater thermal conductivity equivalent to 400 W/mK [45].
Although it is relevant to mention that the processing is possible but obtaining defect
free copper part is seldom.However, to ease the processingof suchmaterials, different
additives are blended with the parent feedstock to enhance their absorptivity and
making the process feasible [46].

Besides, considering these compatibility aspects, different firms provided several
processable feedstocks utilized widespread in metal AM are shown in Table 1.1

1.4 Processing Techniques for Metal Additive
Manufacturing

Metal AM, also known as metal 3D printing, has the ability to significantly alter part
with change in design requirements without any difficulty. However, such alterations
of product design are considered cumbersome and cost inefficient while processing
through traditional methods. Therefore, the customization of parts is an unchal-
lenging task for metal AM and provides enough freedom to perform specific jobs in
the industries effortlessly. Moreover, seeking these pros, numerous market players
got the attention of this technology in the late 90’s. Presently, the market of metal
additive production methods is now widespread and currently available in various
forms of technologies. These technologies are classified as shown in Fig. 1.6.
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Fig. 1.6 The picture illustrates the types of metal AM processing techniques currently employed
as a commercialized system by numerous firms under their respective proprietary names

1.4.1 Powder Bed Fusion (PBF) Process

The PBF was one of the first commercialized systems that found their way into the
metal AM technology. This technology came into existence on account of efforts
put up by researchers at the University of Texas in the 1980s [47]. All other PBF
processes alter this simple method in one or more respects to improve machine
efficiency, allow for processing various products, and prevent special proprietary
features. Nevertheless, the fundamental set of attributes associated with multiple
PBF processes is almost common, and their respective schematics are shown in the
upcoming sub-sections. Its primary mechanism of action is depicted in the form of
points. This includes,

• the movement of build platform either up or down by prescribed amount,
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• the formation of powder bed over build platform with the aid of certain physical
spreader (roller or doctors blade),

• the scanning of the selective region over powder bed using a heat source to
consolidate,

• and the cycle continues till part is completed.

Type of Heat Source

The kind of heat source utilized plays a vital role in fulfilling the sole purpose of AM
for different materials. Laser, electron beam and infrared heaters as driving sources
are widespread in certain systems and provide the possible consolidation. By dint of
mentioned sources of coalescence, the PBF is subdivided into categories shown in
Fig. 1.6.

Laser Based PBF

It is regarded as the most popular thermal source than any other available in the
market. Different names are given by several firms (as discussed in Sect. 1.1) to such
laser based systems under the title of DMLS [3], DMLM [7], SLM [13], direct metal
printing DMP [15] etc. Although the name being different, the basic approach of 3d
printing behind each system is analogous. All these systems opted for laser owing
to its ability to provide ample concentrated energy to form melt-pool in the selective
region. As per the slice information, the galvanometers are accountable to direct the
laser light over the region of interest in a particular layer (Fig. 1.7). The laser beam
focused has the wavelength of 1070–1080 nm and the power of 700–1000 W for
metal processed PBF processes [36]. Besides, this concentrated beam tends to form
the molten pool, is highly susceptible to the surrounding gases. The mixing up of
such gases can either causes oxidation or several gas defects [48]. Such course of
action is considered disruptive for the printed part. Hence, the need for shielding gas
in a closed chamber becomes evident to shun this reactiveness. So, nitrogen, helium,
argon etc., are some of the widespread gases used to fulfil such objectives. Also, the
level of oxygen required for the satisfactorily process completion inside the enclosed
chamber is around a few ppm [47].

Moreover, the laser technology employed has progressed over time in terms of
power competencies and this can be attributed to the paradigm shift of gas laser,
particularly CO2, to fiber lasers. The need for such development was considered
imperative as former lasers were inefficient enough to convert the majority of input
power to useful power. Mathematically, near about 20% of what is converted into
desired power and the rest is vanished in the form of heat. Howbeit, the introduction
of fiber laser increased the conversion mark up to 80% and reduced the losses by
a greater extent [49]. Presently, all firms related to the concerned technique utilize
fiber lasers to amalgamate the feedstock. Almost majority of the commercial laser
based PBFmachines employ single fiber lasers for processing. The utilization of one
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Fig. 1.7 The schematic illustration of laser based PBF process expended for 3d printing metal
components

laser beam is considered time-consuming and therefore needed attention to solve
the speed issues. However, to expedite the same process, the use of a multi-laser
becomes evident (Fig. 1.8). With its ability to scan different regions simultaneously,
productivity is improved at the cost of reduced lead times [50].

Electron Based PBF

This system drives the process by virtue of a high velocity electron beam focused
over the particular region (Fig. 1.9). It is commonly pronounced as electron beam
melting (EBM). The first commercialized systemwas manufactured by a firm named
Arcam in 2002 [8]. It has high process efficiency (electron beam power to the input
power) in comparison to other systems. The vital heat energy for powder consoli-
dation is produced on account of the high kinetic energy of the electron. However,
the same developed in laser PBF is regarded to the process of photon absorption.
Moreover, there are several other differences in both laser and electron based PBF
that are inherent. For instance, owing to the propensity of electrons to get deflected
with the interaction to atoms, the printing operation is exercised in the requisite
vacuum environment. Furthermore, the motion of the electron beam is controlled
using magnetic coils. These coils have the potential to react to altering input condi-
tions almost instantaneously. On account of this, an electron beam may be scanned
gradually or very quickly. In essence, the electron quick scan represents its ability
to create a complete component in a relatively shorter period of time. Thus, less
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Fig. 1.8 The schematic showing the PBF process that utilizes multi-laser scanning approach for
3d printing metal components

lead time signifies the high productivity and low cost for each component which is
a significant attribute of EBM [49].

Although we know that nothing is perfect, the same applies to the EBM process.
Along with various process capabilities, there is some system incompetence as well.
The main drawback is its inability to process non-conductive materials [51]. There
are several reasons for it explained in Fig. 1.10. In non-conductive material, negative
charge accumulation over a certain area is evident and inevitable. This charge depo-
sition is the root cause of the problems like beam deflection and rapid expulsion.
Owing to such difficulties, the conductive material is best suited for the electron
based PBF process.

Bonding Mechanisms

With the advent of the metal PBF process, every modern inventor of this technology
has developed conflicting terms to characterize the fusion mechanism, with the most
common versions of “sintering” and “melting.“ However, using a single term to
explain the feedstock consolidation process is potentially controversial due to the
possibility of several mechanisms. Hence, three distinct bonding processes relevant



18 A. Singh and H. Singh

Fig. 1.9 The schematic representation of electron based PBF process expended for 3d printing
metal components

to metal fusion can transpire, controlled by laser power and powder relationship.
These are comprised of solid state sintering, liquid phase sintering and full melting.

Solid State Sintering

It is among the most possible fusion processes involving particle diffusion in a solid
state [52]. Also, sintering, in its traditional context, refers to the bonding without
melting at an extreme temperature below the melting point of the feedstock. Now
the issue emerges related to how and what factors led the powder to consolidate
by this bonding mechanism. So, to answer this, we need to understand the basic
process of sintering in the concerned technique. In the PBFmethod, as we are aware,
a powder layer is produced in the form of a bed over a building platform. This bed
is composed of particles of either shape and particle size distribution having a high
surface area to volume ratio. Therefore, owing to the existence of this, the powder
bed is highly unstable and is susceptible to achieve its state of stability. This desired
state is accomplished by virtue of raising the temperature, a consequence of which
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Fig. 1.10 The schematic representation of repercussions that occurred while processing non-
conductive powder utilizing electron beam as an energy source in the EBM process

Fig. 1.11 The schematic depiction of solid state sintering mechanism of powder particles in PBF
process

triggers the formation of a solid state bond and thereby reduces the free surface area
(Fig. 1.11). The free surface is related to the surface energy in the direct sense and
hence, the governing force for the sinteringmechanism is the reduction of the surface
energy of the powder particles [53].
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Fig. 1.12 Diagram illustrating the kinds of feedstock mixture a distinct particles, b binder coated
structural particles and c composite powder that can be utilized during liquid phase sintering type
of mechanism in PBF process

Liquid Phase Sintering

Liquid phase sintering [54], on the other hand, is a concept widely expended in the
concerned area of AM where heat source power available for fusion is insufficient
to undergo metal 3d printing of desired material. Thus, the finest way out in such a
scenario is to blend two powders (one of which is desired structural feedstock) with
different melting point temperature. The other constituent ought to have low melting
points, capable of melting and acting as a glue to the parent powder when exposed to
the appropriate heat source. Therefore, the part fabricated by dint of this method is
primarily a composite and even requires post-processing for part densification [49].
Such process of fusion can use any of the following types of feedstock:

• Mixing of high with low melting point powder (Fig. 1.12a),
• Coating high with low melting constituent (Fig. 1.12b),
• Using a composite material containing one with low melting temperature

(Fig. 1.12c).

Full Melting

It is the mechanism that is most often utilized with the metal PBF production process
and considered a highly desirable bonding phenomenon for superior part properties.
In this fusion approach, the heap of powder is selectively melted over the suitable
region utilizing an impinging heat source to a depth greater than the layer thick-
ness. Consequently, the re-melting of the formerly solidified layer occurs owing to
the heat source and is considered exceptionally constructive in building the well
bonded layered component. Hence, the part with immensely great adhesion strength
is expected in such bonding mechanisms [55].
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Moreover, it is pertinent to state that any of the aforementioned bonding
approaches is possible despite the type of commercial systems available in themarket
[49].

1.4.2 Binder Jetting Technology (BJT)

It came into force in 1999 by ExOne [6], primarily function on the principle of
consolidation via adhesives at definite region acquired from slicing cross section.
This coalescence of powder is managed by a binder material, regarded as the process
initiator. Followed by powder layer formation at the outset, the binder is poured
selectively onto the bed using a printhead (Fig. 1.13). Subsequently, the same is
subjected to warmth via an external infrared heater such that the adhesive is partly
healed in the binder-saturated areas and the minimal mechanical properties can be
established. After heating, a fresh layer is again added with the aid of rollers from
feed cartridges and the cycle repeats itself until the whole desired part is formed.
However, the properties of the actual part formedare inferior for its use as endproduct,
thus necessitating post-processing measures like sintering, infiltration, finishing, etc.
Furthermore, it is quite interesting to note in the context of manufacturing lead time
that the majority of it is spent during post processing and least is consumed while
printing [56].

Except for the binder and type of thermal source, the entire process is akin to the
laser and electron based PBF. Besides, BJT exhibits significant benefits over them,
for instance, its ability to process extensive material types, exclusion of heat related
problems owing to the inadequacy of thermal input, non-usage of exorbitant priced
lasers or electron beams makes this technique economical [57]. Also, the need for

Fig. 1.13 The schematic illustration of the process ofBJT utilized for 3d printingmetal components
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support structures is inessential because the loose and leftover feedstock delivers
ample hold up to solidified part along with the overhangs. Despite these positives,
BJT also incorporates a unique feature of forming coloured objects. Its spontaneity
can be attributed to the coloured binder utilization that imparts such characteristics
to the part [56].

After the birth of BJT in the late 1990s, it has undergone numerous technological
advancements. Over the past few years, a slew of new firms has joined the fray, most
with their unique perspective on this technology. Out of them, ExOne is regarded
as a pioneer in the BJT [6]. They have introduced four systems throughout its exis-
tence, each one the modification of last. For instance, in 2018, ExOne launched the
Innovent+, an improvement of M-Flex 3d [58]. Although the new machine time
consumption for part fabrication is slightly more, it still incorporates two signifi-
cant enhancements. First of all, it is fitted with an ultra-sonic recoater, designed to
enhance material flowability and second is the ease of feedstock change. In addition,
other firm like 3DEO invented the hybrid technology involving the integration of
BJT and CNC milling machine into one [59]. This combinational approach helps
3DEO produce very detailed metal parts with more than 99.5% density after post-
processing. Several industries acknowledged the possible breakthrough in BJT and
are already striving hard to take advantage of its prospects. In the end, this would
allow the BJT to develop a significant portion of the entire production industry.

1.4.3 Powder or Wire Fed Fusion Process

Also known as DED, encompasses a variety of nomenclature, for instance, LENS
[5], DMD [9], electron beam additive manufacturing (EBAM) [60], wire arc additive
manufacturing (WAAM) [61] etc. It was often expended for restoring or adding new
materials to existing parts and is now utilized for freeform fabrication as well. The
production of parts is accomplished on account of focused thermal source like a
laser, electron beam, electric arc etc. However, the only heat source employment
is not adequate for process operation rather, simultaneous addition of material is
highly relevant. Akin to PBF, the whole process transpires over build plate having
the freedom to move up or down by a specific amount. The procedure is usually
carried out in an enclosed environment containing inert gas or vacuum to maintain
tight control over thematerial’s properties and shield it from oxidation [62]. The PBF
based process consolidates because of different bonding approaches, but in DED, the
powder or wire supplied to the concentrated region fully melts to form coalescence.
Owing to the full melting, the part primarily produced are often dense [47].

DED innovation has already been in operation formany years and provides several
distinct advantages compared to other competitive technologies. For instance, in
contrast to PBF, no feedstock bed is formed, but external inclusion via feeders is
attained. Besides, due to the addition of material alongside heat source, a need for a
large amount of feedstock is avoided. Further, in numerous applications, the crack
formation owing to fatigue or some other related defect on component deteriorates
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Fig. 1.14 The advantages and disadvantages of the DED process over PBF utilized to 3d print
metal components

the structural integrity and thus requires replacement. However, DED offers a crucial
advantage to restore the same part by material deposition over the requisite region,
thus saving enormous capital [62]. The other related positives and negatives of the
concerned process are shown in Fig. 1.14.

Further, the DED can be classified based on the type of energy source (heat or
kinetic energy) and type of material (wire or powder form) employed.

On the Basis of Feedstock Material

As far asmaterial based categorization ofDED is concerned, the powder used systems
(Fig. 1.15a) has been widely reviewed in the past and is a frequently employed
method [11]. Moreover, several systems also utilize the material in the form of wire
(Fig. 1.15b) to fulfil the printing process [63]. Both type of feedstock primarily uses
either heat source (laser or electron beam or electric arc) for material consolidation.

Fig. 1.15 The alteration in the DED process on the basis of type of feedstockmaterial, for instance,
a powder based and b wire based systems used to 3d print metal components over the substrate
material
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The respective forms of material in DED have their advantages and disadvantages.
For instance, the wire has typically a diameter of 1–3 mm and on the other hand,
powder size is equivalent to 50–150 microns. Therefore, the smaller size of powder
based systems proves its ability to form near-net shape part with high resolution.
However, the greater size of wire systems represents its limitation of not fabricating
such parts [64]. On the other hand, unlike the wire, the powder feeder method is quite
expensive and requires comparatively more significant time for process completion.
Besides, it also leads to less efficiency of deposition relative to metal wires because
only a bit of overall powder is melted and consolidated to the build plate or corre-
sponding solidified layer. On the other hand, wire based DED is deployed when
higher deposition rates and large size components are expected [65].

On the Basis of Energy Source

The driving force employed for consolidation can be classified in terms of thermal
and kinetic energy. Thermal energy can be either be in the form of an electron or laser
beam [66]. In the laser beam DED (Fig. 1.16a), the beam diameter is comparatively
smaller, enabling the development of intricate features. Such a process is performed
in an inert environment to avoid oxidation ofmelt-pool. Conversely, rather than using
an enclosed chamber filled with protective gas, a covering that is adequate to secure
the metal from contamination can be created by inert gas around the molten pool.
Besides, the electron beamDED (Fig. 1.16b) processworks in a vacuum environment
with a relatively large spot diameter to avoid charge accumulation. Consequently,
the printing time is less in electron based systems and, therefore, dominates the other
techniques in high productivity [47]. However, the use of these high temperature
processes is deemed to be inappropriate for temperature sensitive materials like
aluminum, magnesium etc. Therefore, kinetic energy based methods are considered
ideal for processing thesematerials [67]. The cold spray is one of themost commonly
employed kinetic energy type methods that usually work at a comparatively lower
temperature. It is also referred to as a solid state technique that achieves material
consolidation on account of the high velocity of powder walloped over the substrate.
The high kinetic energy of the particle is achieved with the aid of pressurized and
pre-heated carrier gas expanded in a de-laval nozzle [68]. Thewhole process working
is shown in Fig. 1.16c. The adhesion mechanism in this technique is attributed to
the severe plastic deformation with high strain rates at the interfaces [69]. Despite
processing thermally sensitive materials, this process offers additional advantages
over others. For instance, retaining the feedstock properties, no phase change, high
deposition rates etc., are some of the paramount benefits [67].

DED provides various advantages for industries requiring the production or effec-
tive maintenance of high-end devices and unique metal components, in particular
large parts. Owing to the groundbreaking trend of hybrid technology, it can be antic-
ipated that the ambit of applications ofDEDwill broaden. Therefore, in future,DED’s
incorporation with the traditional manufacturing system has the ability to advance
companies in search of advanced and cost-effective manufacturing possibilities.
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Fig. 1.16 The kinds of DED process differs on the basis of energy source employed like a laser
based, b electron beam based and c kinetic energy based techniques utilized for the consolidation
of feedstock to obtain a 3d printed metal part

1.5 Applications of Metal Additive Manufacturing

Initially envisioned as amethod for prototypemodelling,AMhas grown in popularity
during the last few years to incorporate applications of almost every aspect. The
plethora of applications of metal AM results from its competency to perform the
requisite task with greater ease. This section will explore the existing state of metal
AM in several markets and the implementation of technology throughout industries
like aeronautical, automobile and biomedical.
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1.5.1 Aeronautical Industry

Metal AM has been initially established as a production technology to fix defective
components in aerospace and thereby save enormous expenditure [70]. However,
with the evolution in technology, aerospace extends the usage ofAMfrom repair tech-
nology to standalone part manufacturing.With this expansion of application, the AM
offered numerous advantages. For instance, reduction in the number of components
in an assembly results in cost depreciation in terms of tooling and inspection etc. [71].
GEAviation registered a decline from 855 parts made utilizing traditional production
into a few components using AM techniques [72]. This component consolidation,
therefore, reduces weight and enhances component efficiency. Besides, the method
enables developers to invent and produce rocket components in a shorter period
of time. In particular, the ArianeGroup build injector system made of nickel based
alloy using EOS M 400–4 metal 3d printer [73]. The same part manufactured with
casting and machining previously took more than three months but AM shortened
the processing period to 35 h. There is a slew of other critical aerospace related
applications such as the production of chopper’s combustion chamber (aerospace
applications book), restoration of the airfoil, rapid tooling to build Aircraft A320
mechanical door hinges etc. [74]. The recent progress in regard to aerospace appli-
cations is made by Masten Space Systems [75]. They designed a lightweight, long
lasting rocket engine in support of NASA’s goal of making several journeys to the
moon in quick succession with little gap between launches. It was pronounced as
a “Broadsword” engine manufactured expending powder bed fusion technique, in
particular, DMLS by EOS. Besides, AM led to the emergence of complex air cooled
channels present within the bulk of the combustion chamber of Broadsword and the
integration of the engine’s components into only three main parts (Fig. 1.17).

Moreover, with the expectation to achieve production demands in future, metal
AM needs to tackle some obstacles. Among these are validation of AM components,

Fig. 1.17 The design of 3d
printed Broadsword engine
fabricated by Masten Space
Systems with the aid of the
DMLS technique for
aerospace applications
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improved process reproducibility and security. Nonetheless, with significant invest-
ment now made in developing and certifying AM technologies and feedstock, the
future of AM in the aeronautical industries seems to be very promising.

1.5.2 Biomedical Industry

AM developments have revolutionized the biomedical industry over the last decade
by offering a groundbreaking platform for the growth of the latest healthcare tech-
niques (for instance, tissue engineering, orthopaedic applications) [65]. Moreover, as
we know, AM is adept at customization, the development of patient-specific parts is
deemed very feasible and achieved within the requisite time. For example, acetabular
cup, human osteoblasts, knee and dental implants, screws, bio-sensors, etc., are some
of the widespread things fabricated utilizing AM techniques [76]. Amid the covid-19
pandemic, the AM played a vital role in solving the issues pertaining to N-95 masks
in particular [77]. It is well known that such masks are required to dispose of after
a single use owing to the presence of a chunk of impurities in the utilized filter. On
account of the intention to replace disposable N-95 masks, the corporation named
ExOne in 2020 started exploring BJT usage to create reusable filters made out of
copper. Although, ExOne in reality was aimed at developing the copper filters for
water, nonetheless, ended up with innovation pertaining to the same for corona virus
[78]. As alluded to in the Sect. 1.3, the processing of copper to obtain a high density
component is quite onerous because of its undesirable optical properties. However,
such a disadvantage was considered advantageous to develop a copper filter with
high and controlled porosity. These porosities are minute in size and have an indef-
inite path in bulk. Moreover, its use as the filter is considered suitable attributed to
its ability to trap the virus in these pores and ultimately kill them (Fig. 1.18).

Fig. 1.18 The design of 3d
printed reusable copper filter
for N-95 masks fabricated by
ExOne amid the covid-19
pandemic with the aid of BJT
for biomedical applications
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As AM technology progresses, not only can we predict a drop in the price of
equipment, but we can also anticipate the development of innovative and unique tech-
nologies that will enhance its applications. Moreover, at the moment, the biomedical
sectors are expected to account for 11% of the total AM industry. With the advan-
tages offered like complex parts fabrications, patient-specific components, etc., it’s
thrilling to speculate about what the foreseeable future can bring in the concerned
medical field [79].

1.5.3 Automobile Industry

Automobile manufacturers are boosting the deployment of AM technology to
remain pertinent in the era of industry 4.0. Currently, AM is employed throughout
different stages of the automotive sector, from the prototype and tool production to
end products, allowing automakers to remain agile and inventive. Moreover, auto-
manufacturers successfully create better parts with complicated designs and struc-
tureswith the aid ofmetalAM.Parts pertained to powertrain, body panels, suspension
springs, seat frames, cooling systems in exhaust etc., [80] are widespread manufac-
tured in the automobile sector using AM. Besides the component manufacturing,
AM is also considered competent to produce the whole 3d printed car for end use.
However, such practice was made possible utilizing lightweight material in one of
AMprocess named fused depositionmodelling by Stratasys [81]. Since our chapter is
concernedwithmetalAM, it also has a slewof applications in industries. For instance,
one of the famous industries named Bugatti 3d printed titanium brake callipers to
deaccelerate the car from 261 mph to the rest [82]. However, the use of tradition-
ally made callipers was heavy and, therefore, significantly affects the handling. So,
without compromising the handling characteristics, Bugatti developed the callipers
utilizing metal AM that was responsible for the 40% reduction in weight than the
conventionally made part. Furthermore, metal AM’s potential to produce the internal
lattice structure has made the automobile industries to avoid the wastage of material
and money. Also, owing to the production of such parts, weight reduction becomes
evident and considered accountable for increased energy efficiency. As an example,
the firm named Ceramic Disc Technologies (CDT) developed the brake rotors (made
of aluminum and ceramic composite) for DodgeChallenger with the samementioned
idea of lattice structure and consequently saved a significant amount of material for
its development [83] as shown in Fig. 1.19. However, this AM fabricated part offers
considerable variation in terms of weight reduction.Moreover, the presence of lattice
structure enables the proper flow of air and hence results in superior heat transfer.

AMhasmade automotive pertainedorganizationsmoreversatile and allowed them
to build better car components that were otherwise unachievable using conventional
techniques. However, along with process advantages, there too exists some inherent
limitation. The primary disadvantage is the inability of the equipment tomanufacture
automotive components in huge quantities. So, the future of AM in an automobile is
its working as mass manufacturing of components to deal with public demands.
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Fig. 1.19 The design of 3d
printed brake rotors made of
aluminum and ceramic
composites for Dodge
Challenger Hellcat
fabricated by Ceramic Disc
Technologies to reduce
weight and enhance energy
efficiency
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Chapter 2
Development in Additive Manufacturing
Techniques

K. Arunprasath, V. Arumugaprabu, P. Amuthakkannan,
R. Deepak Joel Johnson, and S. Vigneshwaran

2.1 Evolutions in Additive Manufacturing

2.1.1 History of Additive Manufacturing

The development of manufacturing techniques produces a different orientation
towards greater weight reduction with a fine look. After the introduction of AM
technique, the quality and strength of the products are very good than the conven-
tional methodologies. However, additive manufacturing has some disadvantages, the
output achieved from this technology is excellent in all the fields of engineering and
medicine. AM technique is also improved the mechanical strength of the products
by controlling the printing microstructure [1].

The history of additive manufacturing techniques started from the year 1987 with
stereolithography (SLA). Japanese doctor Hideo Kodama fromMunicipal Industrial
Research Institute at Nagoya, Japan introduced this solid 3D printed model using
SLA. The initial materials they have chosen were polymeric materials for the layer-
by-layer formation. Laser and UV-light sources are used to solidifies the forming
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layer, later there is an introduction of many materials were processed through this
technique. After the introduction of 3D printing technology, it is very easy to produce
complex dimensions in all applications [2].

The conventional metallurgical theory proposes that numerous alloying compo-
nents in an alloy could bring about the arrangement of new intermetallic stages
with complex microstructures. Since the advancement of many materials, the explo-
ration in the field of 3D printing (3DP) technology is speeding up, because of the
fascinating properties of new material introductions. They have essentially higher
blending entropies than those in conventional alloys [3].

The utilization of polymeric materials ruled the AM technology with the help of
3DP. Owing to the need for metals in all the areas, the introduction of metal-based
AM techniques enters the commercial markets. In those metals like aluminium, tita-
nium, gold, copper, silver is seen as a product in markets. Solidification is one of
the problems initially noted for metal-based manufacturing, later it is overcome by
the introduction of the laser, ultra-violet (UV), the electron beam in the manufac-
turing process. Machining results of these 3D printed products also very good with
microstructural packings to withstand the strength [4].

Moreover, the mechanical output is good, AM has not been appropriate for the
high-volume creation of large scope projects.Notwithstanding,with signs of progress
inmaterials,measure controls, andmechanical technology, thefield ofAMtechnique,
keep on advancing towards turning into a practical alternative for maximum scope
for large volume production industries. This is an illustration of such change in the
execution of polymer big area additivemanufacturing (BAAM) usingAM techniques
[5] . Figure 2.1 illustrates the history of AM technique.

Powder-based AM products show very good strength and compatibility with
molecular arrangements. Themanufacturing of complex shapers is very easy through
powderedmaterials. Among powderAM techniques, direct energy deposition (DED)
is more profitable than powder bed fusion (PBF) for assembling producing parts
because of its higher deposition rate. Wire arc additive manufacturing (WAAM),
which is a DED strategy of manufacturing cyclic process that includes the softening
of the provided wire utilizing a circular segment as the warmth source, and is a
bead-based AM method with a quick statement rate. Contrasted with powder-based
strategies, it causes fewer deformities, like pores, empowering the acknowledgment
of greater products [6].

The development of advanced AM technology day by day is an innovation, it has
been getting expanding the research towardsmechanical, bone implants, andmedical
considerations in the new year’s. With this quick turn, the significance of the value
of checking in AM measurement has been perceived, which altogether influences
the property of the producing parts. Since the conventional products made high-
lights for quality distinguishing proof for the most part exorbitant, tedious and deli-
cate to commotions, the smart information-driven programmed measure observing
strategies are getting increasingly more famous as of now [7].

Additive manufacturing producing creates essentially less waste than customary
assembling strategies. For instance, a processingmachineworks by eliminatingmate-
rial from a square that is greater than the actual itemwill be. Along these lines, added
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Fig. 2.1 History of AM technique

substance assembling can decrease material expenses and waste by as much as 90%.
cost of entry is becoming more affordable, it is easy to change or revise versions of
a product, training programs are becoming readily available at all levels, it reduces
waste production, it saves on energy costs, and demand continues to rise.
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2.1.2 Types of Additive Manufacturing with Materials

Additive manufacturing is one of the realizations of complex 3D transformation into
real products. This additive manufacturing is classified by the method of binding
since it is a layer-by-layer formation process. Based on the basic principle of binding
AM is classified into seven categories. Through, these manufacturing technologies
plastics, wax, gypsum of sand metals, and resin-based products were manufactured
for different applications.

In the past years, the development of AM technique which is the incorporation of
stereolithography (SLA) combined with fused deposition modelling (FDM), selec-
tive laser sintering (SLS), laminated object manufacturing (LOM), and 3D printing
(3DP). In any case, major difficulties stay to be settled, for example, AM tech-
nique selection is dependent on basic AM technique, material determination, the
part direction which is to limit the stair-stepping effect, residual stresses, and selec-
tion of suitable tolerance in the product is responsible for the very good surface finish
of the final products [8]. In this discussion vat photo polymerization, powder bed
fusion, material extrusion, material jetting, binder jetting, direct energy deposition,
and its technologies. Figure 2.2 represents the Additive manufacturing technologies.

Vat Photopolymerization

Vat polymerization is one of the polymermaterial filling processeswith the use ofUV
light for the curing of the products which is manufactured through 3D printing. This
reaction mostly happens for materials like styrene, polyamides, ceramics, graphene,
and super polymeric elastomers. In this technique, ultraviolet (UV) light initiates the
polymerization reaction and allows to complete of the polymeric structure. Figure 2.3
shows the vat photo polymerization and its 3DP technologies. By using this prin-
ciple, Stereolithography (SLA), Direct Light Processing (DLP), Continuous DLP
(CDLP) are worked. Flexible and transparent jewels and polymeric brittle products
are manufactured through this technique.

Powder Bed Fusion (PBF)

Thematerial powder ismelted and bind togetherwith the heat source. The heat source
may be a laser beam or an electron beam. The mechanism starts with smoothing of
thin layers of powder on the part which is exposed to the different light source make
the desired products. This technique is suitable for the materials such as metals,
and polymer powders. Automotive parts, tire moulds, and implants are some of
the products seen from powder bed fusion technology. Figure 2.4 demonstrates
the Powder Bed Fusion and its 3DP technologies. Selective Laser Sintering (SLS),
Selective Laser Melting (SLM) and Direct Metal Laser Sintering (DMLS), Electron
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Fig. 2.3 Vat photopolymerization and its 3DP technologies

Fig. 2.4 Powder bed fusion and its 3DP technologies

Beam Melting (EBM), Multi Jet Fusion (MJF) are some of the applications of PBF
technology in AM.

Material Extrusion

Material extrusion is one of the chosen technologies for 3D printing in which the
materials are dispensed through a nozzle. The diameter of the nozzle decided the
meshing and size of the print on the build plate. All types of thermoplastic materials
are well suitable for this technology. The major application of this technology is to
produce plastic prototypes with very good accuracy and it is one of the cost-effective
methods of additive manufacturing technology. Figure 5material extrusion and its
3DP technologies.
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Fig. 2.5 Material
extrusionand its 3DP
technologies

Material Jetting

Material jetting is regularly contrasted with the 2D ink-jetting cycle. Photopolymers,
metals, or wax that fix or solidify when presented to UV light or raised temperatures
can be utilized to assemble parts each layer by time.The idea of thematerial streaming
cycle takes into account multi-material printing by layer. This capacity is regularly
used to print support from various materials during the build stage. Materials in
Jetting, Nanoparticle jetting, Drop-On-Demand (DOD) are some of the application
technologies ofAM technique.Acrylic, ABS,multi-color printing rubber are some of
the materials used to produce medical and bio-medical products. Figure 2.6 explains
material jetting in 3DP technologies.

Fig. 2.6 Material jetting and
its 3DP technologies



40 K. Arunprasath et al.

Fig. 2.7 Direct energy
deposition (DED) and its
3DP technologies

Binder Jetting

This is one of the technologies in which powder materials and ceramics are printed
for specific mechanical parts. Binder Jetting is an AM technique measure in which
a mechanical print head specifically stores a fluid restricting specialist onto a liquid
layer of powder particles either metal, sand, ceramics, or composites to assemble in
the tooling system. It can be utilized to print a variety of materials including metals,
sands, and ceramics. These layers bind to each other to frame a strong product.

Direct Energy Deposition

Directed Energy Deposition (DED) is a 3D printing strategy that utilizes an engaged
fuel source, for example, a plasma arc, laser, or electron beam to soften a mate-
rial that is at the same time stored by a nozzle. Direct Energy Deposition (DED)
makes parts by dissolving powder material as it is deposited on the product. Tech-
nologies such as Laser Engineered Net Shape (LENS), and Electron Beam Additive
Manufacture (EBAM) are followed this principle for printing the products. Titanium,
stainless-steel, aluminum, and copper are some of the materials used to produce
desired products for various applications. Figure 2.7 DED and its 3DP technologies.

Materials

The additive manufacturing process has many forms of dimensions to print the
product from the digital file. However, 3D printed objects are used for many appli-
cations, the role of selection of material determines the quality and durability of the
products. The materials are in different ranges using applying temperature and its
processing. And, these materials are stronger, cheaper, and lighter added with some
new properties also.
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There are a lot of materials that can react with 3D printed products. That plastics,
metals, resins are some of the materials which are predominantly used to produce
more products for different applications. AM process helps to understand the devel-
opment of temperature beyond the top surface. Simulation of the model utilizes
the temperature results from warm models to anticipate microstructure on changing
length scales.

AsAM technique includes building layer upon layer, the liquefy tracks experience
various remelting. Experimental information can just give the grain structure after
the whole form, while recreation gives simulation to the development of the grain
structure all through the interaction, all these functional changes are purely depending
on the selection of the material [9]. Increasing the demand for energy protection led
to the need for lightweight parts in functional applications. In theAerospace industry,
the decline in the weight of the parts reduces the fuel consumption and its costs. As
in the Automotive industry, 10% decrease in weight of the parts can decrease up to
6–8% of fuel utilization. It is observed that grid structures of the materials are the
better answers to achieve these goals [10]. Figure 2.8 illustrates materials used in 3D
printing technologies.

2.1.3 Developments in Additive Manufacturing

Current scenario of manufacturing focuses on stronger, cheaper and lightweight
material for all the type of applications. Additive manufacturing provides a solution
and satisfied the needs of industrial and commercial customers. In these AM tech-
nologies, some of the techniques involved with more accuracy in the product gener-
ation and supports for mass production. The main advantage of AM technology is
now a day, it is more suitable for metal-based production to produce high performed
metallic parts. With more cost-effective and this technology development towards
next level optimization for further better studies [11].

AM-based Design for Manufacturability (DFM) considers the abilities to
assemble which measures with plan limitations to recognize fabricating issues with
points of diminishing the lead times, burned through in the product development
just to improving a product characteristic. As advancement in product develop-
ment with AM is as yet newer, the development of sharable and organized plan
rule information is prescribed to give rules to DFMAM dynamic exercises to achieve
better designs [12]. Additive manufacturing producing is mentioned as an assem-
bling technique where intricacy or customization is free. Nonetheless, this requires
checking and following the various parts contrastedwith large-scalemanufacturingof
similar sort of parts. Figure 2.9 represents the developments in additivemanufacturing
technology.

When looking at AM against ordinary manufacturing, it has a lot higher potential
for customization and complex calculations.AM technique is typically less expensive
if the calculation is intended for large-scale manufacturing, but the assembling cost
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Fig. 2.8 Materials used in 3D printing technologies

is determined. It would do the trick to emphasize the design of the entire product and
take a gander at the financial matters over the whole product lifecycle [13].

Jingchao Jiang [14] discussed the topology optimization for AM has gotten
perhaps the main branches in DFAM, as topology optimization can completely
misuse the critical advantages given by the expanded manufacturing opportunity
offered by AM. As conventional component-based calculations like strong isotropic
material with penalization (SIMP), level-headedmaterial with penalization (RAMP),
and bi-directional transformative underlying advancement (BESO) will shape non-
smooth limits, post-procession or with upgrade techniques must be utilized to get
precise limit data for engineering applications.

The manufacturing complex design and geometry the information available in
the form of three-dimensional (3D) computer-aided plan (CAD) is more enough.
The process comprises successive printing layers of material storing one layer over
another.Differentmaterials also produce through 3Dprinting for various applications
such as bioprinting, polymers, bioceramics, metals. Materials used for 3D printing
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Fig. 2.9 Developments in additive manufacturing technology

should have been painstakingly picked dependent on the proposed application of the
product development [15].

The powder manufacturing process is decided by the powder qualities. Atom-
ization is the most well-known manufacturing process for powder used in additive
manufacturing. While water-atomized metallic powders are more normal and prac-
tical in customary press and sintering procedures, gas-atomized powders have lower
oxygen content, round shape, and better flow ability. Thus, gas-atomized powders
are all the more regularly utilized in additive manufacturing [16]. The extrusion-
based AM technique is produced from thermoplastics such as acrylonitrile butadiene
styrene (ABS), high-impact polystyrene (HIPS), polylactic acid (PLA), polyurethane
(TPU), aliphatic polyamides. These materials are expelled from the print spout and
afterward situated on the stage. The stage moves as one layer height down after
completing each layer manufacture, until the entire product is finished [17].

Laser powder bed fusion (L-PBF), which is usually known as specific laser
melting (SLM) or direct metal laser melting (DMLM), encourages close to net shape
producing with precision. The layer thickness of these slices is considered as one
of the process parameters. The L-PBF measure incorporates powder deposition onto
a substrate plate handled layers, specifically melting of the powder particles with a
high energy laser beam as per each profile cut, bringing down the stage by predeter-
mined layer thickness and afterward recoating another layer of powder produces an
effective design [18].

Laser-based powder bed fusion added substance producing offers the adaptability
to fuse standard and user-defined characterized examine methodologies in a layer or
themiddle of the layers for themanufacturing ofmetallic parts. The prospects of using
different scanning techniques through the PBF-AMstrategies can produce energizing
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Fig. 2.10 Difference
between traditional 3D
printing and novel 4D
printing

roads for the microstructure and surface texturing study of metallic material parts
[18]. Figure 2.10 shows the difference between traditional 3D printing and novel 4D
printing.

Another strategy being concentrated to produce a more prominent assortment of
feedstock materials and improved mechanical execution is through the execution of
composite materials. The composites manufactured for 3D printing can shift from
lignocellulosic materials to carbon-based materials and even inorganic filers. The
combination of composites in printing materials can help with the age of the mate-
rials, and 3D printing innovation can grow towards 4-dimensional (4D) printing to
showcase and create novel products [19]. The acquaintance of the fourth dimension
with the 3D printing innovation is named as 4D Printing. With this new measure-
ment, 3D printed objects have the capacity to change its shape without help from
anyone else over the impact of outer upgrades, like light, heat, power, attractive
field. 4D printing enables 3D printed objects to change their shape over the long
haul. The expression 4D printing alludes to this extra fourth measurement: time. The
arising innovation consolidates 3D printing procedures with undeniable level mate-
rial science, designing and programming. 4D printing has the imminent to work on
the plan and assembling of various items and has the immense potential to make parts
that self-impel to respond to their current circumstance. Utilizations of 4D printing
are in regions like biomedical gadgets, security, manufacture of designed surfaces
for optics and constructions with multi directional properties. Figure 2.11 represents
the functional evolution of 4D printing.
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Fig. 2.11 Functional evolution of 4D printing

2.1.4 Applications

The development of 3D printing technology for the past decades was very higher
in reach. While 3D printing has been around for quite a long time, it gets popular
and uses lately. New 3D printing applications are continually being grown yet the
applications point by point beneath have as of late ascended in popularity.

A large part of the justification for the new rise in 3D printing use is that it is
a straightforward innovation that can be utilized in applications in a wide range of
fields. In the initial years, 3D printing was introduced with high entry costs. 3D
printer models and materials were costly. Lately, with enhancements and varieties in
the advancements of both themachines andmaterials utilized in them, costs have been
reduced, making 3D printing applications more available and cost-effective, across
the industries and educational training canters. The fields which using 3D printing
technology (3DPT) emerge the world into the next direction. In that consideration,
the most five important of AM (3DPT) application was discussed in this portion.
Figure 2.12 shows the applications of 3D printing.
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Fig. 2.12 3D printing applications

Education

Consistently, more schools are fusing 3D printing techniques into their educational
programs. The advantages of 3D printing for schooling are that it betters plan
schoolings for their future by permitting understudies to make models without the
requirement for costly tooling requirements. Understudies find out about 3D printing
applications by planning and creating models they can a better hold for students.

3D printing overcomes any issues from thoughts and pictures on a page or
screen, taking into account the making of those thoughts/pictures in the physical
3-dimensional world. 3D printers are presently normally found in homerooms and
public libraries.Colleges have3Dprinters accessible for understudies to use in classes
and undertakings.

3D printing instruments are additionally changing STEM (Science Technology
Engineering Mathematics) schooling by offering the capacity for ease fast proto-
typing by understudies in the study hall just as creating minimal effort excellent
scientific designs from open hardware plans. In basic levels, 3DPT helps to find
out about an assortment of 3D printing applications by investigating configuration,
designing, and engineering standards. They can copy gallery things like fossils and
verifiable ancient rarities to concentrate in the homeroom without the chance of
harming sensitive assortments. They can acquire another, 3-dimensional viewpoint
on geological symbols and maps.

Visual design for understudies can undoubtedly develop models with complex
working parts. Understudies in the sciences canmake and study cross-areas of organs
in the human body just as other natural examples. Science understudies can make
3D models of molecules and chemical compounds. Also, solve problem-solving
with creative design for all the possible concepts of practical education. Figure 2.13
represents the educational approaches of 3DPT.

Prototyping and Component Making

3D printing was first evolved as a method for quick prototyping. With a customary
infusion formed model, it may cost a huge number of dollars and require a long
time to create a solitary shape in the business. That is exceptionally unfeasible on
the off chance that you are attempting to develop a plan with each new emphasis.
3D printing innovation incredibly decreases the lead times needed in conventional
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Fig. 2.13 Education
approaches of 3DPT

assembling, permitting a model to be created in hours, not weeks, and for a portion
of the expense. The automobile and aerospace businesses are only two industries
that are engaged with assembling exploiting progress in 3D printing technology in
advancement.

Customary assembling is the most financial considerations everywhere in
volumes. In this circumstance, where a product won’t be mass-created, is the ideal as
it takes into account the generally cheap creation of a product inmoremodest volumes
or dependent upon the situation. In this equivalent vein, propels in rapid prototyping
(RP) innovation has likewise brought about the improvement of materials and cycles,
like Selective Laser Sintering (SLS) and Direct Metal Laser Sintering (DMLS) that
are appropriate for the assembling of the latest form of a product, not simply it’s a
model.3D printing advancements have made what is called ‘fast tooling’. This is the
place where tooling utilized in assembling cycles, for example, hydro-forming, step-
ping, and infusion forming is planned by particular methods, empowering speedy
prototyping and reactions to tooling and installation needs.

Medical

3DP technology allows the medical representatives to provide a three-dimensional
view of the field. The 3D-printing innovation permits to give the specialist an actual
3D model of the ideal patient life structures that could be utilized to precisely design
the careful methodology alongside cross-sectional imaging or, then again, demon-
strating custom prosthetics (or careful instrument) in light of patient-explicit life
systems.

The strategy has been applied to (and used by) various businesses, including
clinical innovation. Frequently clinical imaging techniques, for example, X-rays,
computerized tomography (CT) examines, magnetic resonance imaging (MRI)
outputs, and ultrasounds are utilized to create the first advanced model, which is
consequently taken care of into the 3D printer. This tissue develops or organoids can
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Fig. 2.15 Medical applications of 3DP technology

be utilized for medical exploration as they mirror organs on a smaller than usual
scale. They are likewise being tested as less expensive options in contrast to human
organ transfers.

Another use of 3D imprinting in the medical field is making patient-explicit organ
reproductions that specialists can be used to rehearse on before performing compli-
cated operations. This strategy has been demonstrated to accelerate strategies and
trauma injury for patients. Sterile surgical instruments, like forceps, haemostats,
surgical blade handles, and braces, can be created manufactured through 3D printers.

3D printing likewise permits the patient to design a prosthetic that is directly
utilized to their requirements. For example, body labs have made a framework that
permits patients to join their prosthetic on their limb with appropriate design. Addi-
tionally, the skincare packages, plastic surgery are some of the applications of 3DP
in the medical field. Figure 2.15 Medical applications of 3DP technology.

Construction

In the construction industry 3DP technology permits to print the entire building, this
construction may be faster with more accurate output in the design. In the develop-
ment business, 3D printing can be utilized to make development parts or to ‘print’
whole structures. Development is appropriate to 3D printing as a large part of the data
important to make a thing will exist because of the design process, and the business
is as of now knowledgeable about computer-supported assembling.

The new rise of building informationmodelling (BIM) specificallymayworkwith
more utilization of 3D printing. Development of 3D printing may permit, quicker
and more precise development of unpredictable or complex things just as bringing
down the labour costs and delivering less product waste. It may likewise empower
development to be attempted dangerous conditions not reasonable for a human labour
force, for example, in space.

Concrete 3D printing in the development business helps save time, exertion, and
material contrasted with traditional development strategies. It is imperative to note,
however, that 3D printers are not yet fit for making a completely practical house. This
may happen in the future with some updated design and printing considerations.
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Commercial Purposes

The commercial usage of 3D printed products is more, which can be utilized as
several applications. While discussing the commercial availability of 3DP products
areas like jewellery making, medicine is predominantly ruled by 3DPT. The combi-
nation of multiple active medicinal drugs in a single ingredient. This is one of the
customized form drugs which can be utilized for multiple purposes. Now a day most
of the pharmaceutical industries are using 3DPT for manufacturing drugs. The first
commercial 3D printed tablet is levetiracetam which is commercialized in the year
2015 by Aprecia Pharmaceuticals from the USA.

Tomeet the technological demand, customization is needed for the products, with
the attribute of high productivity, 3D printers could help manufacturers make fast
reaction to the interest of customer’s customization and hold onto the high of the line
market, like jewellery customization.

The production of jeweller parts emerged, since 3D printing innovation increas-
ingly more typically applied for amazing jewellery design items started to arise
unendingly, for example, 3D printed jewellery, showed up in a fewworldwide design
weeks, which impressed the individuals extraordinarily and brings more design
through 3PDT in this brilliant world with marvellous components made from gold,
silver, platinum-based materials in various forms such as earrings, rings, bangles,
and anklets.

2.1.5 Advancement in 3D Printing Technology

The advancement of 3D printing technology has facilitated the use of low-cost 3D
printing machines; it should be noted that 3D printers are now found in educational
institutions and homes. This enabled the development of 3D printed parts in various
combinations, shapes, and sizes to analyze the properties and performance. The ulti-
mate goal of 3D printing technology is to provide high-strength 3D printed parts and
components. It should be noted that themechanical strength of 3Dprintedmaterials is
determined not only bymaterial properties but also by the performance of 3Dprinting
machines. As a result, optimizing the properties of 3D printing parameters became
more important. In this vein, a few researchers have recently investigated the influ-
ence of printing properties and parameters on part performance. For example, Ferro
et al. [20] investigated the effect of process parameters in the selective laser melting
process on the formation of porosity in the printed AlSi10Mg-based aluminum alloy.
The authors examined the effect of two important printing parameters, namely laser
power and exposure time. The other printing parameters in the selective laser melting
process were kept constant. Lower porous was found on parts printed with a lower
laser power and exposure time. Similarly, Zvonek et al. [21] investigated the influ-
ence of selective laser melting process parameters on the formation of porosity and
weld track in AlSi7Mg aluminum alloy. When working at constant laser power, this
investigation found that increasing the scanning speed could result in a decrease in
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weld depth and width. Thus, various studies in 3D printing have been conducted to
improve 3D printing performance and printability.

For instance, In the case of polymers, filament deposition modelling (FDM) has
emerged as a popular technique. Various printing factors influence the part perfor-
mance of FDM printed material. The material and printing parameters influence the
performance of FDM printed parts. The printing parameters have been found to have
a significant impact on the mechanical strength and performance of the printed part
[22–24]. Wang et al. [25] studied the effect of FDM process parameters on the devel-
opment of PLA-based polymer materials. The effect of process parameters such as
printing angle, layer thickness, fill rate, and nozzle temperature on elastic modulus,
tensile strength, elongation at break, storage modulus, loss modulus, and loss factor
were studied. It was found that the printing angle affects the fracture of the material.
This investigation recommended the use of thinner layer thicknesses. The smaller
layer thickness leads to the strength of the polymer and also restricted the movement
of polymer chains. The increase in the fill rate leads to the reduction of air gap corre-
sponding to increased layer bonding. These notable results could lead to the possible
printing of high-strength polymers. Rarani et al. [26] investigated the effect of FDM
printing parameters (infill density, printing speed, and layer thickness) on the tensile
strength of the PLA polymer in another study. According to the findings, and infill
density of 80%, a printing speed of 40 mm/s, and a layer thickness of 0.1 mm were
effective in achieving the optimum tensile strength of the FDM printed component.
A similar investigation has been carried by several researchers to analyze the process
parameters of different 3D printing methods and their influence.

Further another important development in 3D printing is the development of
composites. Both metal-based composites and polymer-based composites have been
in recent years. This made it possible to print high-strength 3D printed parts. For
instance, Enrique et al. [27] developed Inconel 625 basedmetal composite reinforced
with the carbide. In another work, Levy et al. [28] developed TiC/steel composites
through binder jet 3Dprinting. In comparison to polymer-based composites, only a
small amount of work has been done on metal-based composites. Because of the
flexibility of 3D printing polymers, nanocomposites, short fiber composites, contin-
uous fiber composites, and nanocomposites have been developed [29–32]. Recycled
polymers have also been used in polymer printing technology in recent years; for
example, Vigneshwaran et al.[33] reported the FDM process as a tool for developing
a circular economy in additive manufacturing technology. As a result, the use of
recycled polymers in additive manufacturing could reduce polymer-based waste and
create a more sustainable environment. The establishment of biomimicry is another
significant advancement in the field of 3D printing technology. 3D printing allows
for the development of complex designs inspired by nature. The bio-inspired design
adaption could provide enhancement in the strength and other properties of the 3D
printed materials. Jia and Wang et al. [34] reported enhanced fracture toughness in
the 3D printed biomimicry-based composites.

The greatest difficulties throughout the long term and all through the enterprises
looking in the space of 3D printing are as per the following in our pick list, including
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equipment costs, limited materials accessible, post-preparing necessities, manufac-
turing costs, lack of in-house added substance fabricating assets, lack of aptitude
and additionally preparing among, labor force/representatives, limited repeatability,
lack of formal principles, lack of demonstrated documentation of added substance
assembling abilities, software improvement and capacities, longer creation courses
of events restricted recyclability, risk of suit/lawful ramifications, and data storage
prerequisites [36–41].

2.2 Summary

This chapter of the bookgives a deep discussion on innovative ideas and technological
development in the field of additive manufacturing. In the addition, this chapter
discusses the evolutions in additive manufacturing, in this section, the origin of AM
technologies and the history of AM technological development were discussed. The
major types of additivemanufacturing technologies like SLA, SLS, LOM, and fusion
deposition modelling with the materials used for the fabrication are also discussed.
The basic principles of AM fabrication like vat photopolymerization, powder bed
fusion, material jetting, and other techniques with the stage-by-stage development of
AM technologies are discussed. Applications with recent 4D advancements in AM
techniques are also included in this chapter. This information helps, the researchers
to work in the AM field, by understanding the basic concepts and procedures to
create further development in the field of engineering and technology using additive
manufacturing.
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Chapter 3
Challenges in Additive Manufacturing
for Metals and Alloys

Monsuru Ramoni, Ragavanantham Shanmugam, N. Thangapandian,
and M. Vishnuvarthanan

3.1 Introduction

AdditiveManufacturing is a 3D printing techniquewhich commands huge popularity
by manufacturing complex and larger structures with less lead time for design and
fabrication. Additive Manufacturing allows the material design from various 3D
design models for manufacturing rapid prototyping. It has become one of the most
promising technologies and is represented as an industrial era [1]. AM is widely
used due to optimized manufacturing techniques that offer highly realistic results
from computer-generated design and are primed to utilize the parts that consists of
even more intricate shape and structures. As shown in Fig. 3.1, the AM landscape is
huge and gets bigger every year as new processes are developed for 3D printing of
engineeringmaterials such asmetal, ceramic, polymer and composites [2].MetalAM
is a process of fabricating parts of a product by successive cross-sectional layering
of an object beginning with 3D solid modelling. Metal AM parts are complex in
structure and minimum in production but offer the following advantages (Fig. 3.2).
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Fig. 3.1 Types of additive manufacturing process

Fig. 3.2 Benefits of additive manufacturing in aerospace and defense industries
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Fig. 3.3 Weight saving in metal additive manufacturing a Existing design; b Design for AM

Design flexibility which has the ability to design a complex geometry shapes,
reduced costs of geometric complexity due to minimal wastage of prototyping mate-
rial, Efficiency of production timing and production cost, features that could not be
fabricated by other, near net-shape complex geometry, product properties are better
than casting process, 10–15% belowwrought. As shown in Fig. 3.3, alternative Purge
Pump Manifold was re-designed to be lighter. Printed in Titanium with a reduction
of 12–6.7 lbs, 35% of weight savings.

Despite these potentials ofmetal AM, it is generally limited toweldable alloys and
also hindered by the following issues; limits in size,minimum size of the hole, surface
overhanging, imperfect surface roughness, postprocessing of built microstructure,
generation of waste, failed parts and more cost than conventional manufacturing
process [1, 2].

3.2 Comparison of Metal Additive Manufacturing
Processes

AM processes are classified in terms of material feeding system, types of energy
source, product volume, etc., The manufacturing systems are classified into three
major types such as (1) Powder Feed System, (2) Powder Bed System and (3) Wire
Feed System based on the feed system. Selection of suitable AM process from the
different processes as mentioned above depends on the cost of production, surface
quality and the place of application. These different processes are compared in the
terms of feature of the build and printing rate as shown in Fig. 3.4.

Among the metal AM methods, the most used are Directed Energy Deposition
(DED) and Laser Powder Bed Fusion (LPBF) process. The both processes are change
in various features such as the conditions of processing, rate of deposition, part
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Fig. 3.4 Comparison of metallic additive manufacturing processes

outputs and part resolution. The material deposition approach for the above tech-
niques is important for various computational treatments and also for modeling. In
powder bed fusion, the process presents a powder layer on the earlier deposited
material [3]. But in DED, the input material interconnect with heat source before the
physical contact. This differencemakes the powder bed fusion processmore complex
and it is very important to alter the properties of material in its powder form itself. On
the other side, the DED processes uses a gas to transmit the metallic powder which
is a great challenge. Even though, in DED, the deposited material melts directly on
the substrate. Hardware scale, material complexity, process speed, cost, properties
of materials, availability, geometry of material are some of the issues related to metal
additive manufacturing process [4] (Fig. 3.5).

3.3 Printable Metals and Alloys for Metal AM

Printability is commonly used in AM processing of metals and alloys which has
the ability to convert the material feedstock into a bulk material by deposition to
meet the required functional performance for a specific application [5]. It is totally
depending on the metals, alloy properties and printing processes. The printability of
the materials differs with materials properties and various thermal and processing
conditions of the specific AM processes. Below are some of the materials that have
shown printability for metal additive manufacturing (Fig. 3.6).
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Fig. 3.5 Metallic additive manufacturing process

Fig. 3.6 Metals for additive manufacturing process

3.4 Challenges of Metal Additive Manufacturing

There are different issues that are hindering the widespread adoption of metal AM.
The issues categorized into three folds- scientific, technological, and economic
(Fig. 3.7).

For the paper, the focus will be on the issues related science of AM technology.
It affects their performance in applications use. Thermal history (Fig. 3.8) is central
to issues affecting additive manufactured parts, ranging from physics-based process
optimization, monitoring and control, and prediction of part functional properties.
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Fig. 3.7 Challenges of additive manufacturing process

As compared to the casting quick cooling of product and contiguous gradients
of temperature provide to the product intricacy of microstructures [6]. The parts
printed by metals and alloys frequently shows element segregation, high dislocation
density, smooth solidification structures and grain elongation. To achieve the proper
microstructure and properties of the printed part, it is necessary to understand the
basic parameters for controlling the evolution of microstructures [7].

3.4.1 Anisotropic Behavior and Mechanical Properties

Anisotropic behavior is the biggest challenge in the additive manufacturing. Due
to the printing method of layer by layer, the microstructure of individual layer’s
internal material at the boundary between the layers and anisotropic behavior leads
to differences [9]. Compare the mechanical properties of AM parts, it is good in hori-
zontal direction. In the AM of metals and alloys, the process by hot metal (Selective
Laser Sintering or Selective LaserMelting) and the inclusion of following layers will
reheat the already deposited prior layers. It leads to different grain microstructures
and anisotropic behavior. Thermal gradient is important that the laser beam heat
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Fig. 3.8 Thermal history in metal additive manufacturing, processes and microstructure [8]

penetrates each layer. These are the factors control the sintering process and also
limit the material anisotropic behavior [10]. During the metal parts AM process, the
alloys face multi heating, material melting, solidification of material and the part
cooling.

The eternal distortion in various places of the productmay takes place and it totally
depends on the part rigidity, thermo physical properties of materials and temporary
temperature area [11]. For metal additive manufacturing process, it is necessary to
understand the process of printing, alloy capability to endure distortion, absence
of fusion flaws and change of composition [12]. There is very limited knowledge
of defects in Metal AM. The insufficient diffusion of upper layer molten pool into
the substrate or to the prior layer cause the defect of lack of fusion. It also creates
the voids in the final part which have the diameter greater than 10 μm. The gas
entrapment during powder particles atomization and the deposit shape also created
the voids [13]. As compared to lens shape, the omega shaped deposit generates more
inter layer porosity. The oxidation of materials, dissolved gases and absorption of
surface moisture are also responsible for the macro and micro pores. The depth of
penetration depends on the various physical properties of alloy and metal powder. It
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Fig. 3.9 Metal additive manufacturing defects—porosity and lack of fusion

Fig. 3.10 Balling phenomenon defect in metal AM resulting a Oxygen b Thickness of layer c
Speed of scanning

also depends on the speed of scanning, power of laser and method of deposition [14].
However, the penetration depth is varied for various alloys in AM process (Figs. 3.9
and 3.10; Table 3.1).

3.4.2 Material Heterogeneity and Structural Reliability

Material heterogeneity is known as the quality or state of consisting of dissimilar
or diverse elements in which structural reliability is the capability of a structure to
operate without failure when put into service. Consumer goods are made by various
materials which have different behaviors and functions and material selection. The
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Table 3.1 Defects in metal
AM at different scales

Compositional scale Micro Macro

Evaporative loss Grain size Un melted material

Lack of fusion

Interstitial getting Precipitates Hot tearing

Reduced partitioning Porosity

Residual stress

Texture

function of additive manufacturing system is very limited. Product generation trou-
bles of advanced AM system anisotropic mechanical properties are caused by inter-
layer bonding effects [15]. In addition, most additive manufacturing systems process
only one material once. Multi-material additive manufacturing systems make func-
tional graded materials continue to emerge in polymers and metals. Due to uncer-
tainty, the adoption of these systems is restricted along with the behavior of the phys-
ical interface and lack of design software support. Furthermore, existing commercial
software packages cannotmake it easy for designers tomodel or analyze the geometry
of multiple materials and their concomitant anisotropy [16].

3.4.3 Void Formation

Void formation is a formation of pores that remain unfilled with polymer and fibers
in a composite material. The main problem of AM is the void formation between the
printed layers. It leads to the porosity problem which can decrease the mechanical
properties because of reduced interface bonding between the layers [17]. The void
formation degree is totally depending on the method of printing and the printing
source material. The void formation is very frequent defect in AM part caused the
poorer mechanical properties and anisotropic behavior.

3.4.4 Difficulty in Powder Preparation, Powder Splash, Crack
Formation, Porosity

The biodegradable metallic materials used in biomedical applications especially in
orthopedic areas have drawnattention due to their exceptional combination properties
of mechanical and biodegradability [18]. In the biodegradable metallic materials,
Magnesium (Mg) and its alloys have been extensively investigated and explored
clinically [19]. The preparation of magnesium powder is very dangerous because
of its high tendency to explode. Mechanical crushing, molten metal atomization,
evaporation, condensation, and electrolysis are the basic methods for the magnesium
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powder preparation [19]. This powder is prepared by gas atomization process because
the size of powder used for bio implants are in the range of 20–70 μm [20]. The
additive manufacturing of implants made of magnesium and alloys presents some
challenges because decrease in vapor temperature, increase in vapor pressure and
oxidation. In the magnesium and alloy AM process, the powder splash problem is
noted. This reduces the stability of Mg alloys production. During the process some
of the magnesium powders and are eliminated by vapor at the time of scanning and
imperfections are generated during the scanning path. To solve this issue, an add-
on powder strategy must be applied. Reducing the Mg powder vapor trend is also
another solution [21].

The formation of cracks during the additive manufacturing process happens occa-
sionally. Still there is no solid evidence for the formation of cracks but it could
possibly be due to the powder splash and the presence of porosity. The crack forma-
tion reduces with a reduction in powder splash under the input of low energy. In
the processing of aluminum alloys, the cracking was classified into solidification
cracking and liquation. Solidification cracking occurs at the final stage caused by
inadequate flow of liquid [22]. The liquation is caused in the selective melting
processed parts as heat is applied.

Themost common defect in the additive manufacturing of alloy is porosity mostly
in the laser process. The gas pores, shrinkage pores and fusion errors are the pore
types. The main aspects related to the formation of porosity are hot cracking, speed
of scanning, scanning technology and the gas used for protection [23]. The common
pores formed in SLM process are metallurgical and keyhole pores. The gas bubbles
trapped under the surface of part after the scan. The fast laser scanning speeds are
responsible for keyhole pores and the slow laser scanning speeds are responsible for
metallurgical pores [24]. Improper adhesion between printed layers and the incom-
pletemelting of alloy powders can cause other types of pores [25]. Thehigher porosity
inAMpart can be eliminated by followingways: The control of porosity is the biggest
advantage in the area of scaffold design in tissue engineering. Utilizing the reason
for the void formation in AM process is because it introduces higher pores into the
structure of lattice at higher level and the microstructure in the foam yarn created by
the bubbles [26]. The increase in moisture absorption caused the higher porosity in
the AM of bio composites. The thermal distortion in AM parts created the dimen-
sional inaccuracy because of improper expansion and reduction in various places of
the part due to temperature change [27]. Thermal variation during the AM process
depends on the properties of alloy, input temperature, time of deposition, dimension
of the part, geometry of the part, difference in time between layer deposition and
other parameters [28].
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3.4.5 Stair Stepping, Dimensional Inaccuracy, Generation
of Balling, Evaporation of Volatile Elements

The presence of staircase effect in the printed parts is also the biggest challenge in
additive manufacturing process. The staircase effect is commonly appearing and is
not important for the fabrication of internal surfaces. But the staircase problem totally
affects the property and quality of external surfaces. It can be overcome by possible
post processing methods like sand sintering, but it increases the overall process cost
and time [29]. The evaporation of volatile elements from alloy composition is one of
the major challenges in additive manufacturing process. Most of the alloys contain
some amounts of volatile elements. It may vaporize at high temperature during the
AM process. However, some alloys are having chances to vaporize which cause the
change in chemical composition [30].

When high power density is applied in alloy composition, the evaporation of
elements in alloys may occur and it is due to the lower melting points of those
elements as compared to base metal. The changes in alloy compositions can change
the mechanical properties and corrosion resistance [31]. When the difference in
surface tension occurs in additivemanufacturing process, the liquidmetal may shrink
into spherical geometry and the contact with substrate is not good. The formation of
sphere is termed as balling [32]. Because of the poor surface contact, rough surfaces in
the part can occurred on the layers after solidification. This leads to the poor quality of
part. Balling problem is commonly related tomelting and sintering. Powder splashing
and lowwettability can also cause balling. Balling is to be suppressed bymaintaining
the sufficient melting level in the lower melt pool.

3.5 Wear Failure in AM Products

Though AM processes have advantages, cost of production, defects and wear
failure cause a second-thought in implementing this process in industries. Numerous
researchers have attempted to analyze the structure vs strength relationship in the
different additive manufacturing process, but a very meagre amount of research have
been attempted on the wear properties. This is due to the restrictions in AM product
size and the place of application which are not the same as conventional manu-
facturing process. Comparing the tribological behavior of the developed products
via AM process with the conventional manufacturing processes is essential for the
efficient usage of AM process for particular applications.

The particles discharged due to wear acts as the lubricants in the application of
smaller loads, since the wear rate is low in AM samples. It can be distinguished that
the increasing load adversely affects the surface. The worn-out particles pile up in
the wear track and cause severe damage to the surface. But when compared to the
conventionally cold rolled SS 316 L, additive manufactured sample exhibits superior
tribological properties [33] (Fig. 3.11).
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Fig. 3.11 Worn Out Surface of SS 316L Produced by L-PBF at Different Loads [33]

The wear performance of the electron beam based additively manufactured
product was superior to that of the laser beam AM products. Since, Electron beam
AM samples do not need any stress relieving techniques, since it works in a vacuum
environment. Preheating of samples occurs before themelting phase inElectron beam
AM processes, which reduces the thermal gradient [34]. Moreover, the High Angle
Grain boundary (HAGB) fraction is dominant in the Electron beam AM samples,
due to the dislocation annihilation and increase in secondary phase particles. The
materials with higher HAGB fraction effectively resist the applied wear, due to
the dislocation pile-up. However, the electron-based systems are expensive when
compared to others.

The different AM processes produces almost same micro structured samples,
whereas the processing parameters and initial powder/particle properties decides the
mechanical properties. The porosity can be decided by selecting the laser power
supply. Both the powder based additively manufactured products properties are
affected by the particle’s properties such as sphericity, size, density, composition
and melting point. For example, the sphericity of the particle is very essential for the
improved strength of the final product. Moreover, the porosity can also be reduced
with the usage of spherical powders [35].

The hip stem of Ti-6Al-4 V with different % of porosity has been fabricated with
LENS and is shown in Fig. 3.9 [36]. The porosity will help in extending the life
of implants by reducing wear induced bone loss and good adherence between the
implants and tissues (Fig. 3.12).

Interestingly, the formation oxidization layer and its effects on the wear improve-
ment have been discussed in the surface and wear property comparison of wrought
Ti-6Al-4 V and LENS process Ti-6Al-4 V [37]. The increase in hardness is due to the
rapid colling is the main reason for improved wear resistant. Among the three AM
(L-PBF, WAAM and LENS) processes, the SLM or L-PBF process has the lowest
Linear Energy Density (LED). The wear resistance and the final microstructure can
be related. Due to this and because of the finer and uniform microstructure, SLM
process showed improvedwear resistant properties than the other two processes [38].

Relating the AM process under one canopy is quite difficult, since the usage of
AM processes depends on the application and material used. Still, a comparison was
attempted with respect to the wear properties of the different metal Additive Manu-
facturing processes. This comparison will be helpful in understanding the process
parameters such as laser power and laser speed with respect to the wear character-
istics. Most of the AM processes have been used for the wear resistant applications
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Fig. 3.12 Hip stems with tailored porosity for improved wear resistant by LENS [36]

such as bio-implants, aerospace and defense. Understanding the wear characteris-
tics of the different AM processes will be a real challenge for the researchers. The
proper selection of the suitable processes and process parameters results in better
wear resistance.

3.6 Conclusion

The advantages of additive manufacturing techniques are design freedom, mass
customization, minimum waste, material savings. These attributes make the usage
of AM in automobile, aerospace, biomedical, construction and other engineering
industries a sheer necessity. A complete analysis of additive manufacturing process
methods, materials and progress in various applications was discussed. The main
challenges related to the AM process of metals and alloys were also discussed.

There are few challenges in additive manufacturing of metals and alloys that need
more research and development to use this technology without any flaws. Formation
of voids between the layers results in further formation of porosity which reduces
the mechanical properties due to the decrease in interfacial bonding between printed
layers. Anisotropic behavior is also the challenge in additive manufacturing which
gives dissimilar mechanical and other properties. The powder preparation for various
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metals and alloy implants are very difficult because of decrease in vapor temperature
and increase in vapor pressure. The alloys powder stability is reduced because of
powder splash and it can be avoided by reducing the vapor trend of powder. The
transferring of design model into printed part frequently leads to the defects, partic-
ularly on part bent surfaces because of CAD tessellation concept. The formation of
cracks could be avoided by proper solidification process. Improper adhesion, fast
scanning and gas trapping are the main causes of pore formation in the AM product.
The layer-by-layer appearance in applications is not a good choice. The stair stepping
can be avoided by sand sintering and the printing of small volume of scaled parts
should be avoided. The evaporation of volatile elements is the biggest challenge in
the process of alloys, and it can beminimized by proper basic understanding of mate-
rials used in alloys. The generation of balling and satellite is due to the difference
in surface tension and trapping of particles in the surface. Illegal usage should be
restricted, and safety standards are to be followed with rules and regulations. There-
fore, further research and development is needed in the additive manufacturing on
metals and alloys to reach defect free printed parts.
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Chapter 4
Laser Additive Manufacturing
of Aluminium Matrix Composites

P. S. Samuel Ratna Kumar and P. M. Mashinini

4.1 Introduction

Aluminium alloys are used in aerospace, automotive, andmilitary applications due to
their low density, high specific strength, and corrosion resistance [1–3]. Aluminium
alloys, on the other hand, have drawbacks including weak electrical conductivity, a
high thermal expansion coefficient, and low resistance to wear [4–6]. Aluminium
metal matrix composites (AMMC) are a revolutionary aluminium alloy alternative
that exhibits excellent basic stiffness, exceptional wear resistance, structural stability,
and physical characteristics, attracting the interest of researchers in a variety of
industries [6–10]. Particle reinforced aluminium composites, which combine good
strength, thermal properties, durability, and isotropy, are developed in a number
of different ways and are widely used on the structural parts. In the literature,
different variants of reinforcements and matrix materials have been identified, with
the emphasis on aluminium metal matrix composites and the most commonly used
reinforcement materials such as carbides, oxides and nitrides [11–14]. AMMC have
immense potential in both basic research and commercial product developments [15].

Conventional manufacturing processes are usually multistage, with the first phase
associated with rough component production and subsequent phases associated with
material removal processes. It may not be cost-effective to make a rough metallic
component out of the raw material and then remove the majority of its volume even-
tually. Furthermore, different phases of production are often carried out in different
places, causing logistical problems and increased energy usage. Additive manufac-
turing (AM) techniques, from theother hand, can create fully functioning components
in a single process with minimal material wastage. AM techniques also offer design
engineers wider flexibility in developing geometrically complex concepts without
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needing to worry about manufacturing process. According to the Wohlers study in
2019 [16], metal-based AM revenues has been growing at a rate of more than 40%
per year for the previous five years. It also predicts that perhaps the total AM industry
economywill grow to $23.9 billion by2022 and$35.6 billion by2024.Manufacturing
sector has become more conscious of such advantages of using additive manufac-
turing processes to create metal components. Laser based AM technologies have
received a lot of interest from academic and industrial researchers in the last three
decades. These have become recognized as more relevant manufacturing techniques
with expanding application niches. A standard laser-based AM technique uses laser
beam to fabricate a component layer-by-layer blending metal powders depending on
sliced 3D digital information comprising the geometric model [16]. Several different
terms have been used (as per ASTM Standard F2792) for quite common additive
manufacturing techniques due to the business practices of different companies in the
additive manufacturing industry. Directed energy deposition (DED) is the primary
type, that whatever materials are fused using targeted thermal energy starting to melt
the materials when they are deposited. Laser engineered net shaping (LENS) and
laser metal deposition (LMD) are two names for DED. The benefits of DED-type
additive manufacturing include a rapid production rate, adaptable powder pattern, as
well as the capabilities to deposit on curvatures, among others. Powder bed fusion
(PBF) is the secondary method, which the heat energy is used to randomly fuse
powder type material in a bed. SLS (selective laser sintering), DMLS (direct metal
laser sintering), and SLM (selective laser melting) these are the examples of PBF
[17]. Accuracy rate, dimensional stability, and mostly excellent mechanical strength
are among the key benefits of PBF. These benefits are widely due to the limited laser
focus zone as well as the fine surface morphology and high resolution that results
[18].

Laser additive manufacturing (LAM) can achieve quick closest shapes and
complete densification of high-performance metal components, thanks to its high
energy output, increased processing efficiency, short processing period, and tailored
output [19]. AMMC materials developed by LAM are being collected in a short
span of time with optimum conditions precision and easily controlled physical char-
acteristics by combining the benefits of aluminium alloy, metal matrix composite
materials, additive manufacturing techniques and laser. In addition, novel functional
material for various sectors can be created, by altering the form of aluminium alloy,
the sort of reinforced material, as well as the energy density of laser. The surface
morphology of AMMC is entirely optimized using aggressive fusion of materials,
and the resulting parts have incredibly fine grains and mechanical characteristics that
are substantially greater than those of LAM processed aluminium alloy and AMMC
prepared using conventionalmethods. Laser processing of aluminiumnanocomposite
materials (ANC) deposits aluminium reinforced by coarse dispersed nanomaterials
layers of material, increasing laser absorption by nearly one order of magnitude over
pure aluminium powders. A higher concentration of well-dispersed nanomaterials,
better interfacial interaction between nanomaterials and aluminium matrix mate-
rial, and ultra—fine grain boundaries are responsible for the high efficiency [20].
This Chapter is focusing on the existing research condition and production of LAM
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processed AMMC and ANC. To gain a better understanding of AMMC and ANC
LAM technologies using PBF method, mechanical properties and its strengthening
mechanisms are discussed.

4.2 Methods for Preparing AMMC

The perfect metal matrix composite powder particles have a homogeneous distri-
bution of elements and good fluidity. Ball-milling, electrostatic self-assembly and
in-situ process formulation have all been used to prepare composite materials in
powder form. The most popular method of mixing composite material is ball-milling
as shown in Fig. 4.1. Inside a ball-milling container, blended powders and strong
mixing metal balls are placed. The metal powders in between hard balls are fused

Fig. 4.1 Image of Ball-milling process and material size distribution data [21]
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during the mixing process when the balls interact. By changing the ball-milling
process parameters, it can achieve a variety of mixing results [21, 22].

Moreover, the spherical powder mobility is decreased, and the aluminium powder
surface is susceptible to oxidation, influencing the processability of LAM samples.
The powder electrostatic self-assembly method involves making the dual powders
contain opposite charges. So that they can be combined equally under electrostatic
interaction, essentially preventing the issues associated with ball-milling process.
However, there are few issues, such as time-consuming fabrication method, worst
preparation quality and a poor bonding impact for powder that is difficult to charge
[23].

The reinforcement particles are mixed with the liquid state aluminium alloy for
a timeframe in the in-situ activation process and the composite material is formed
by powder atomizer. In the powdered aluminium alloy, the reinforced materials are
evenly dispersed. Although the synthesised composite powder are perfect composite
materials with homogeneous composition and good mobility, the production process
is extremely difficult and expensive [24].

4.3 LAM Processed Aluminium Composites

After utilizing low or high carbon and various types of steel, aluminium (Al) based
materials seem to be the next commonly utilized engineering material category
[25]. Aluminium metal matrix composites (AMMC) are composites made from
aluminium alloys with macro or micro or nano reinforcements added. The reinforce-
ments will enhance the matrix materials properties such as mechanical strength,
thermal stability, thermal conductivity, resistance to wear, and dimensional stability
among other properties. These advancements have a wide range of applications in
aviation, automobile, electronic components, and other domains. Many researchers
have published lots of research on Al and its alloy-based metal matrix composites,
with oxide, carbon and nitride particles serving as the primary reinforcing material
[26]. The majority of latest research on the use of laser based additive manufac-
turing technique to manufacture AMMC use additional later phases oxide or carbide
particles as reinforcements since they are cost-effective. In specific, outward later
phases particles provide some strengthening but even at the risk of reducing the
material ductility and so on. Carbon based nanomaterials, like graphene or carbon
nanotubes and its types, from the other end, might substantially improve mechan-
ical properties due to its superior load carrying effect in nano size [27]. Nevertheless,
successful structural stability preserving of carbon-basedmaterials is amajor struggle
because of the carbon particles or elements react with any matrix to produce carbide
formation, particularly in laser influenced high-temperature molten material [28].
The direct metal laser sintering (DMLS) approach as shown in Fig. 4.2 was used
to make AA 2-series matrix composite material reinforced with SiC reinforcement.
The bond of SiC particles to the matrix material is soft and crack-free as shown in
Fig. 4.3. The tribology characteristics of DMLS prepared AMMC are also analysed



4 Laser Additive Manufacturing of Aluminium Matrix Composites 77

Fig. 4.2 Direct metal laser sintering (DMLS) method [29]

Fig. 4.3 Direct metal laser
sintering (DMLS) sintered
AMMC sample [29]

for different combinations of SiC volume fraction and particle size.When the particle
size of reinforced material increases, the resistance to wear of produced materials
decreases, and fracture intensity due to thermally induced stress of contracting stress
increases, when the volume fraction of reinforcement exceeds 15% [29].

During the laser sintering phase, the densifying rate of AA 6-series-SiC rein-
forced composite obeys 1st order kinetic model and is influenced significantly by
SiC volume %. An intermetallic bond Al4SiC4 is also generated by the interaction
of aluminium melt with SiC particles [30]. Correspondingly, two separate ceramic-
based reinforcement materials were included in the DMLS method for AA 6-series,
respectively with 10% of SiC and 1% of nano-sized MgAl2O4 in weight fraction.
The findings indicate that when SiC particle added in AMMC, the dispersion of SiC
reinforcement is homogeneous and fully interact with aluminium matrix material.
This interaction forms an intermetallic bond (aluminium carbide) and increases the
hardness of the AMMC by 70% [31]. When the nano sized MgAl2O4 were added
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into the matrix material, hardness of the AMMC reduced by 11% due to the non-
homogenous dispersion pattern of nanoparticle inside the matrix material and high
porosity in ANC [32].

When AA 6-series alloy is added with nano sized TiC, its microhardness of ANC
material have increased by 30% compared to its matrix material when the selective
laser melting (SLM) process criteria have been met correctly. The TiC reinforcement
particles are observed to agglomerate in the dendrites of the crystal regions. The
agglomeration of dendrites causes the nanomaterials to develop a ring like formation
whenever the laser intensity per unit length is increased [33]. In the meantime, inter-
metallic bonds are formed when TiC reinforcement material interact with base mate-
rial. In SLM developed nano size TiC added ANC drastically reduces the wear rate
and coefficient of friction (COF), due to the presence of nano sized TiC reinforcement
particle [34].

Other ceramic particles were being used to strengthen aluminium metal matrix
composites. Due to the presence of strong oxide bonds produced among solid mate-
rials during the SLM method (as shown in Fig. 4.4), investigators reported that hot
isostatic pressing does not adequately densify the laser processed aluminium with
15% in weight fraction of Fe2O3 particle. The recrystallization impact on the devel-
oped material surface morphology causes the hardness decrease after hot isostatic
pressing. By adding 4% volume fraction of Al2O3 to aluminium during SLM process

Fig. 4.4 Schematic diagram of selective laser melting (SLM)
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increases yield strength about 36%, stiffness by 18%, and ductility by over 100% [35,
36]. The fabrication of an aluminium alloy executes using the SLS process, which
then get debound and infused with a different aluminium alloy. Inside this SLS
phase, aluminium powders are partially transformed into a percolating AlN form
when reacting through nitrogen to develop the proposed frame. However, during
infiltration level it gives a structural foundation [37].

Carbon based nano size materials have gained popularity as a means of strength-
ening by reinforcing the aluminium and its alloys. Due to aluminium’s poor operating
temperature ability, ensures carbon based reinforcing materials maintain a struc-
ture balancing. Carbon nanotubes (CNT) and graphene are recent aluminium alloy
reinforcements. The intermetallic bonding (aluminium carbide) Al4C3 were formed
between the aluminium and carbon-based reinforcement during the laser process,
which strengthens interfacial connections and uniformly distributed inside thematrix
material, increasing the mechanical properties of the matrix material. As a result, the
Al4C3 formation process and dispersion characteristics have received lot of interest.
When the lasers energy intensity is absorbed mostly by the CNT and graphene, the
system architecture is damaged while the graphene and CNT are relatively decom-
posed [38, 39]. Thus, in situ transformation occurs at the interfacial reaction between
the matrix and reinforcement material, resulting in carbide formation. Also, the CNT
and graphene are highly reactive to temperature above ~400 °C [40]. Aluminium
carbide separated just at molten metal pool’s edges and relocated somewhere along
in the structural path, according to selective laser additive manufacturing techniques
were used to make 2% in weight fraction CNT/Al samples to develop an aluminium
nanocomposite (ANC) [41]. Similarly, researchers used same technology to develop
a AMMC by reinforcing graphene oxide into the aluminium (99.1 wt%). The laser
energy intensity influenced, aluminium and graphene oxide in the molten state which
fully transformed into aluminium carbide nanorods [42].

Thematrix/micro or nano reinforcementmaterial, procedures, and process param-
eters of laser additive manufactured aluminium based metal matrix composites are
summarised in Table 4.1.

4.4 Mechanical Behaviour of Aluminium Composites

The aluminium (99.1wt%) samplesweremade and compared to see how the addition
ofAl2O3 reinforcingmaterialmodified the tensile strength of thematrixmaterial. The
tensile strength test reports of aluminium (99.1 wt%) samples and its corresponding
composite samples under various conditions are shown in Fig. 4.5. In comparison to
a aluminium specimen developed under the same conditions, yield strength of the
reinforced material specimen improved by 36.3% under optimized process speci-
fications. The AMMC and aluminium specimens’ maximum tensile strength were
found to be increase by 46%. The tensile value of the as-developed composite spec-
imens fabricated at 100 mm/s is also shown in Fig. 4.5a, with a 106 MPa maximum
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Table 4.1 Research work on laser additive fabrication of Aluminium metal matrix composites

Researchers Material used Parameter selection Observation

Ghosh [29] AA 2-series matrix and
SiC, 10–30% volume
fraction of SiC

Pulse energy: 9 (J)
Layer thickness:
~390–405 (µm)
Scanning space: ~450
(µm)

The density of SiC
particles is higher
The amount of SiC
particle present in a
matrix material
increases its
microhardness
With the inclusion of
SiC reinforcement
Particle above 25%,
microhardness
improves from 2 to 4
GPa

Simchi [30] AA 6-series + 5–20%
volume fraction of SiC

Intensity: 8.6 (W/mm2)
Thickness: ~90–105
(µm)
Scanning space: 300
(µm)

Al4SiC4 is identified
in situ
The densifying rate of
AA 6-series alloy is
increased by adding 5%
volume fraction of SiC
SiC reinforcement
particle improves
surface quality while
increasing stability

Manfredi [31] AA 6-series + 10%
weight fraction of SiC

Power: 170–200 (W)
Scanning speed: 450–750
(mm/s)
Scanning space: 170
(µm)

Residual porosity
ranges from 4.4 to 5%
SiC particle nearly
vanishes, and Al4C3
intermetallic bond is
developed
By using DMLS
technique, the AMMC
seems to have a 70%
higher hardness value
than matrix material

Gu [33] AA 6-series + 3%
weight fraction of nano
size TiC

Power: 70–150 (W)
Scanning speed: 180–210
(mm/s)
Thickness: ~45–60 (µm)
Scanning space: 50 (µm)

Ultimate tensile
strength rises about
490 MPa in composite
from 399 MPa of
matrix material, with a
10.8% of elongation
The microhardness
climbs from 144.8 to
187.6 HV0.1 in
composite material

(continued)
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Table 4.1 (continued)

Researchers Material used Parameter selection Observation

Dadbakhsh [35] Aluminium (99%) +
5–15% weight fraction
Fe2O3

Power: 60–80 (W)
Scanning speed: 0.20
-0.30 (m/s)
Thickness: ~40–55 (µm)
Scanning space: 50 (µm)

The mechanical and
microstructure
efficiency of the
product are altered by
HIP treatment
The materials treated
with HIP removes
unstable phase
transformation from the
aluminium matrix
composite
Microhardness of the
composite increases as
Fe2O3 content rises
upon HIP treatment

Sercombe [37] AA 6-series + 2% Mg
and 4% nylon in weight
fraction

Power: 25–30 (W) While infiltration, the
developed AlN
framework enhances
dimensional accuracy

Jiang [38] AA 6-series + 1% CNT
in weight fraction

Power: 350–400 (W)
Scanning speed:
800–2000 (mm/s)
Scanning space: 105
(µm)
Thickness: ~20–40 (µm)

Al4C3 intermetallic
bond is formed when
certain CNT react with
aluminium matrix
material
Compared to matrix
material, the strength
and hardness of the
composite material
increases due to the
interfacial bonding
between the matrix and
reinforcement material

Zhao [39] AA 6-series + 0.5%
MWCNT weight
fraction

Power: 220–380 (W)
Scanning speed: 500–800
(mm/s)
Scanning space: 80 (µm)
Thickness: ~20–40 (µm)

The substance has a
greater porosity owing
to fluid contained by
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Fig. 4.5 Maximum tensile strength graph of aluminium (99.1 wt%) and AMMC specimens; b
fractured image of the tensile specimens [43]

tensile strength and 2.4% elongation. Figure 4.5b shows the tensile specimens used
to understand the maximum strength of the material developed [43].

Nanocomposites have ultra-smooth grains and distributed in secondary
nanophases, potentially lengthening grain boundary layer and preventing plastic
deformation. The insoluble particles were evenly dispersed in the ANC, which helps
to enhance dispersion and enhance physical mechanical characteristics. Researchers
used LMD technique to process 3% in weight fraction TiB2 (500 nm)/AA 2-series
specimens, which had a tensile stress of 284 MPa, microhardness of 108.5 HV with
an impressive elongation property of 19%, all of which were higher than those of
as-processed AA 2-series matrix material as shown in Fig. 4.6 [44]. Similar material
developed by SLM techniques also possess good tensile stress, microhardness and
elongation property. Nevertheless, a large quantity of nano sized reinforced parti-
cles can affect micro structural hardening and leads to brittle fracture over small
crystallite cracking, resulting in reduced tensile stress. CNT is an outstanding rein-
forcement material for metal matrix composites (MMC) with greater modulus value

a) b)

Fig. 4.6 a Tensile sample of AA 2-series and composite material; b maximum tensile strength
graph of AA 2-series and composite material [44]
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b)a)

Fig. 4.7 a SEM analysis of AA 6-series power [48]; b FESEM analysis of MWCNT [49]

of 1 TPa [45, 46]. Few CNT lose their shape in ANC, and thus the product formed
is nano-Al4C3 does have a similar impact to nanotubes. When ANC are exposed to
lateral load, the unbreakable CNT with a parallel direction to load direction reli-
ably resist external factors, reduce the stress on the matrix grains, and increase
tensile stress significantly. Many studies have found adding carbon nanotubes into
aluminium alloys will enhance mechanical characteristics [47]. Figure 4.7 shows
the SEM/FESEM analysis of AA 6-series powder material and Multiwalled Carbon
Nanotubes (MWCNT). Due to theMWCNT retaining it tube structure and taking the
lead role in the loading, the MWCNT/AA 6-series metal matrix composite material
developed by SLM technique have achieved the mechanical strength of low carbon
steel [38]. Graphene, as a 2-D carbon based nanosized material, inhibits ANC grain
development and produces nano Al4C3 intermetallic bond with aluminium. More-
over, the graphene particles that has been weakened will become a major weakness
that has a significant impact on tensile strength and only enhances the resistance to
wear and hardness property.

The surface fractures of the developed composite specimens fabricated at
100 mm/s and 300 mm/s respectively, are depicted in Fig. 4.8. The surface frac-
ture of the specimens were fabricated at 100 mm/s had some visible cracks, this led
to a brittle failure with small elastic deformation, which became compatible with the
tensile output as shown in Fig. 4.5. The existing fractures were verified by Energy
Dispersive X-ray Spectroscopy (EDS) image as shown in Fig. 4.8b to be caused
by metal oxide from the actual feedstock or created at the time of SLM operation.
The surface fracture of the developed composite specimens at 300 mm/s is shown in
Figure 4.8d–f. When subjected to tensile specimens manufactured at 100 mm/s, the
surface fracture hasmorefine dimple formations and less cracks, indicating a ductility
fracture. Some few shallow craters were produced at the surface fracture, which were
accompanied by very small indentation formations, implying that the morphology
at the transverse surface was not very homogeneous due to grain development.

The tensile specimens manufactured at 100 mm/s had some crack propagation
along the surface. EDS analysis image verified that these damages were due to oxide
formation (Fig. 4.8a, b). The fine oxide layer used in this investigation unable to
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Fig. 4.8 SEM and EDS analysis shows the fracture surface morphology of developed composite
specimens as-fabricated for varying process parameters a–c 100 mm/s and d–f 300 mm/s [43]

sufficiently wet the underlying materials in powder form, resulting in poor bonding
between the matrix and reinforcement due to microcracks and holes. When laying
the second layer powder, most of the powdered material may have been caught in
the low bonding locations and create pores. Extensive cracks formed in the failure
specimens as a result of these faults, as illustrated in Fig. 4.8c.

The surface fractures of the tensile investigated samples of AA 2-series matrix
material and TiB2 reinforced composites images are shown in Fig. 4.9. As illus-
trated in Fig. 4.9a, tabular grain characteristics develop on the surface fracture, and
damaged regions are located at grain boundary. The pits may be seen in Fig. 4.9b,
revealing a ductility fracture (indicated in red). There are few lacks at integration
zones and voids, as highlighted in yellow and blue color. The shortage of integration
zones and voids in the fractured surface could result in the formation and progres-
sion of the cracks. As a result, it is the primary cause of AA 2-series matrix material
exhibits poor ductility and tensile strength. Microstructures of TiB2 material rein-
forcedwithAA2-seires are shown in Fig. 4.9c, d, and tabular grain characteristics are
not visible. This is in line with the surface morphology observations. Additionally,
pits and certain precipitating phase in pits were seen, indicating ductility breakage.

The following are the major strengthening mechanism of the laser additive manu-
factured samples of AMMC and ANC. Although the coefficient of thermal expan-
sion of aluminium is greater than one of ceramic reinforcing material, highly dense
deformations aggregate in the grain boundaries as a result of ductile fracture due
to thermal expansion, leading to an improvement grain deformation resistance and
exceptional mechanical strength which is due to dislocation strengthening mecha-
nism. This mechanism is most effective in AMMC/ANC where the reinforcement’s
coefficient of thermal expansion differs significantly from that of the aluminium
alloy, like Al2O3, TiB2, CNT, SiC, and so forth. The inclusion of reinforcement
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Fig. 4.9 SEManalysis shows fracture surfacemorphology of developedAA2-series and composite
material specimens [44]

significantly shows the volume of rigid secondary phases inclusions in the samples,
preventing dislocation movement and interface relocation. The disorientation line
passes across secondary phase molecules during the disorientation slip process,
generating dislocation loops and increasing the dislocation density, which improves
the resist-deformation capacity and mechanical strength. Furthermore, for reinforce-
ment particles that are smaller than ~0.9 µm, the Orowan strengthening mecha-
nism remains important. In ANC, the process has a number of benefits [50, 51]. At
the interface region, combined diffusion and dissolution between some of the rein-
forcing material and the melted aluminium occur, creating in the in-situ process by
converting the mechanical to chemical relationship, that secures the reinforcement
material in the proper position [52]. The interfacial bonding significantly improves
the AMMC/ANC mechanical strength. The inclusion of reinforcement particles as
well as a higher cooling time are advantageous in the LAM method for obtaining a
finer crystal structure of AMMC/ANC.
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4.5 Challenges in Metal Additive Manufacturing

Additive manufacturing (AM) technique, that has gotten a lot of attention over the
last few years. In spite of the benefits from aluminium additive manufacturing tech-
nique, there are obstacles that must be overcome even before true capacity of AM
could be realized. These concerns arise at many stages, from preliminary concept to
full manufacture phase, which include a diverse range of concerns like base material
quality, process parameters, quality and industry standards [53, 54]. In reality, just
a few materials communicate appropriately with high intensity of laser beams. This
seems to be a major concern in the LAM. The strong refraction of the laser beam,
the strong oxidizing rate, and the good thermal conductivity of aluminium, which
pose major challenges for AM of aluminium alloys [55]. Fortunately, since the SLM
process scope is seriously complex due to various process variables like process
complexity, which may be a limiting factor as shown in Fig. 4.10. A high pene-
trating laser intensity is needed to melt as well as conquer quick heat transfer during
diffusion, while quick heat transfer is much more typical for solid phase than for
aluminium powders. Furthermore, Aluminium and its alloy are sensitive to oxida-
tion, low wettability and porous in nature, posing difficult obstacles during SLM

Fig. 4.10 Flow chart of the
SLM process parameter
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process. The complexity of ensuring a homogeneous dispersion of the reinforce-
ment material, particularly if nano size reinforcing particulates were being used, is
the major technical challenge of developing AMMC using LAM technique [25, 56].
Several researchers have discovered that clustering of reinforcement particle restricts
the efficiency of final AMMC components. As a result, more effective particle distri-
bution techniques in LAM processes were intended to lower the clustering of nano
size reinforcement particles.

4.6 Conclusion

For both materials and design scientist, aluminium matrix composites provide a lot
of possibilities and opportunities. Aluminium matrix composites are expected to
be used more frequently in present and future manufacturing advancements. As a
result of new and evolving technological innovations. Laser additive manufacturing
techniques for AMMC/ANC development are indeed a promising field for both
industry and academia. Considerable attempts were made in recent years to acquire
different AMMC/ANC using the powder bed fusion (PBF) processes. The addition
of reinforcement into the matrix material using the LAM processed AMMC/ANC
is challenging, due to the cluster formation of micro or nano reinforced particle.
Physical characteristics of carbon based reinforced AMMC/ANC samples devel-
oped by LAM need to be investigated further. The mechanical properties of nano
size reinforced composite materials possess better properties than micro reinforced
particle. Hence, the research on aluminium composites using varied laser based
additive manufacturing needs to be formulated.
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Chapter 5
Additive Manufacturing of Non-ferrous
Metals

Temel Varol , Onur Güler, Fatih Yıldız, and S. Suresh Kumar

5.1 Introduction

It is possible to classify metals and alloys in two groups. These are ferrous metals
(FMs) and non-ferrous metals (NMs). While ferrous metals and their alloys are
defined as metals and alloys containing the element iron, non-ferrous metals and
their alloys include all other elements and alloys that do not contain iron (Fe) [38].
FMs and their alloys,which are known to have high tensile strength and durability, are
also known for their inadequate corrosion resistance. Although corrosion resistance
can be increased with the addition of chromium, it is a disadvantage that it is heavy
compared to NMs and their alloys. In this context, FMs and alloys are preferred in
areas where extreme strength is important, while NMs and their alloys are preferred
in areas requiring flexibility, lightness, conductivity and corrosion resistance [63].
Themost important factors in the use ofNMs and their alloys in industry are excellent
corrosion resistance, machinability by methods such as casting, welding, machining,
rolling and high thermal and electrical conductivity, lightness and attractive colors
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[35]. Electronics, batteries, construction and energy industries are themost important
areas where these materials and alloys are the most preferred.

Considering the use of aluminum and its alloys (AAs) in the group of NMs, it
is known that they are the most used materials after steels. Having almost 3 times
less density than steels, being economical and having a ductile structure make these
materials attractive. In addition, thanks to the natural protective oxide film formed
on the surfaces of AAs’, its corrosion resistance is excellent [14]. Usage areas of
AAs have been reported in recent years as shown in Fig. 5.1.

Another excellent corrosion resistance NMs are titanium and their alloys (TAs). It
is used more frequently in aerospace and defense industry areas thanks to its features
such as high strength, low density and high fatigue resistance, and working up to
700 °C. Thanks to its high specific strength, for example, up to 30% of the aircraft
structure can be composed of TAs in fighter aircraft manufacturing. Especially in the
aviation industry, the fact that low weight is one of the crucial features encourages
the production of TAs with SLM method [23]. The most frequently used areas of
TAs, which are increasingly used in the world industry, are given in Fig. 5.2.

Nickel metal and its alloys (NAs), which are another common area of use, is
harder than iron and exhibits magnetic properties at temperatures below 360 °C.
Being ductile, malleable and corrosion resistant also increases their usage areas.

Fig. 5.1 AAs (end-use) market in the world [78]

Fig. 5.2 TAs (end-use)
market in the world [2]
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Fig. 5.3 Prediction of global NAs market [79]

These alloys are very suitable for production with SLM due to their properties such
as obtaining cellular structure and optimizing the surface topography [43, 83]. Until
2026, it is estimated that the spending on the global NAs market will gradually
increase and is graphically given in Fig. 5.3.

Another element frequently used in modern industry is the element cobalt, which
is found in the periodic table between iron and nickel. Cobalt exhibits very similar
properties to those of iron and nickel. In particular, its ferromagnetic and highmelting
point (1495 °C) enables this metal to be used in gas and jet turbines. The most crucial
feature is the need for cobalt metal in obtaining clean energy. It is reported that
each electric vehicle should provide about 9.4 kg cobalt content [47, 72]. With the
development of the electric vehicle industry, the demand for cobalt for use in vehicle
batteries is expected to increase over the years, as shown in Fig. 5.4.

Another NMs that can be encountered in every aspect of our daily life are copper
and their alloys (CAs). The fact that copper metal has the highest electrical and
thermal conductivity after silver in nature makes CAs indispensable in the electrical
and electronics industry. In addition to these properties of copper, its easy formability,
solderability and weldability features further expand its usage areas with the produc-
tion by SLMmethod [77]. As can be seen in Fig. 5.5, according to the forecasts until
2100, the infrastructure use of CAs will gradually increase.

Traditional methods such as casting and powder metallurgy are frequently used in
the production of the aforementioned NMs. However, long work time and problems
such as scrap materials and production difficulties of very complex parts that occur
in traditional methods such as casting, machining, powder metallurgy encourage
researchers to develop new production methods. Additive manufacturing (AM) and
also known as rapid prototyping (RP) are generally based on the fusion of selective
powder or wire regions by melting with high energy laser according to computer-
aided design data (CAD). The huge interest in this material production method in
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Fig. 5.4 Cobalt demand change and forecast over years [69]

Fig. 5.5 CAs demand forecast until 2100 [86]

the last 15 years is due to the fact that it provides unrivaled design shaped materials
and the delivery in a short time. Considering the rapid increase in demand for the
aforementioned NMs and the advantages of the AM method, it is doubtless that the
interest in the fabrication of these NMs by AM methods will increase significantly
[33]. This technique especially for the fabrication of non-ferrous metals, still has
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Fig. 5.6 AM demand until 2027 in US [27]

some difficulties and disadvantages. The difficulty of integrating the system well,
having too many process parameters, including scanning motion and speed, creates
difficulties in providing dimensional controls and obtaining high material density
[95]. Figure 5.6 provides estimates of the demand for metal powders used in several
traditional andAMmethods in theUS up to 2027. It is clear that with the development
of AMmethods, the amount of metal powder demanded to be used in these methods
has been increasing over the years.

In particular, the SLM method can provide the production of smart NMs (NiTi
shape memory alloy) quickly, with unlimited complex shapes, at affordable costs, in
a multi-layered manner that does not require processing [22]. It is an indispensable
method in themanufacture of porous implants (titanium, titaniumalloys,CoCr alloys)
made of NMs and in the production of parts with better surface quality [12]. Param-
eters changed in SLM for different areas of NM parts allow the microstructure to be
modified as desired. Moreover, NMs (Ti-22Al-25Nb) with different microstructure
properties can be easily produced in a single material structure [70].

However, today, there are still difficulties in the production of high quality and
fast materials with the SLM technique in the NMs industry, as it is a new technique.
Therefore, considering the difficulties encountered in the light of all these advantages
and disadvantages of AM, the research of the precautions and the things to be done
in the production of the aforementioned NMs with SLMmethod which is one of AM
techniques will be discussed in this book section.
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5.2 Fabrication of NMs with SLM

5.2.1 Properties of SLMed Ti and Ti Alloys with Challenges

The structural and mechanical properties of the parts produced by SLM method
that is one of AM methods are greatly affected by the parameters / strategies used
in production and post processes to be applied after production. Therefore, it is
extremely important to know / control the effects of the parameters to be used in
production and post-production post processes on the mechanical properties of the
material and to determine the optimum production conditions. Some of the factors
that cause the change of chemical, morphological and microstructural properties of
the product created by SLM method are given in Fig. 5.7 [81].

In the SLM method, the major laser manufacturing parameters are laser power
(P), layer thickness (t), laser scanning speed (V), hatch spacing (h) and laser energy
density (E) controlled by changing top four parameters. All these variables affect
the energy density required for melt formation, and this energy has a direct effect
on the mechanical and surface properties of the manufactured geometry [29, 50].
Porosity, microstructure, and surface condition can be altered by modifying the sub-
parameters while the energy density is constant [52]. Therefore, the optimization of
the laser production parameters/strategies is necessary to determine themost suitable
conditions resulting in the desired microstructure and mechanical properties. The
applied parameters affect each layer of the product and eventually the properties of
these layers directly affect the basic mechanical properties of the final product such
as hardness, porosity, ductility, and strength [105].

Fig. 5.7 Parameters affecting the selective laser melting process [81]
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Titanium and its alloys are the most suitable materials for many implant applica-
tions because of its high strength according to its density, high corrosion resistance
and biocompatibility. In addition, Ti and its alloys are widely used in areas such as
aviation, defense and automotive industry due to their high specific strength. For that
reason, the SLM studies of titanium and its alloys have recently received great deal
of attention and are still developing [41].

The influence of the different process parameters, such as layer thickness,
hatch spacing, scan strategy, laser power, scan speed and build orientation on the
microstructure, mechanical and morphological properties of Ti alloys such as the
density and surface quality have been investigated to achieve optimal building condi-
tions [21, 29, 98]. Studies in the literature have mainly focused on Ti6Al4V alloy,
which is widely used in biomedical, aerospace and automotive fields.

As shown in many previous studies [15, 29, 40], the microstructure of Ti6Al4V
processed by SLM consists of a fine acicular martensite called the a′ phase. Mechan-
ical properties of these SLM parts are a high yield stress (about 1 GPa), a high ulti-
mate tensile strength but a relatively low ductility (less than 10%) [98]. To improve
the ductility of Ti6Al4V products manufactured by SLM, and to achieve a variety
of desired mechanical properties for particular applications, suitable post-production
heat treatmentsmust be elaborated. Furthermore, these treatments allow the reduction
of thermal stresses that have been built up during the process.

In a study by Zhou et al. [114], they performed a comparison between nearly
β titanium, α titanium and α + β titanium alloys were additively manufactured
by selective laser melting. The characteristic microstructures of SLM-processed Ti
alloys samples are shown in Fig. 5.8 [56]. Fine martensite grains which can be
identified as hcp α′ phases were evident in the microstructure of Ti alloys in the top
view. When viewing the front section, the β grain cannot be seen in Fig. 5.8c. The β

grains oriented along the build-up direction with the lengths over to layer thickness
(Fig. 5.8e). Ti alloy exhibited a different structure in which the laser scanning tracks

Fig. 5.8 The XRD a, simulation, b and SEM microstructure images (c–e) of SLM-processed Ti
alloys [56]
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and melt pools are clearly seen in the sections after etched. The microstructure of
SLM-processed Ti alloy revealed extremely fine primary α′ martensite in the βmatrix
(Fig. 5.8c and d).

In a study by Hacısalihoğlu et al. [29], they described the evaluation of the
melt pool of selective laser melted Ti6Al4V alloy with 100 W laser power and
different scan speeds. When the laser energy causes the vaporization of the material,
the melt pool shape is observed to have a keyhole shape with deep melt penetra-
tion rather than a bowl shape. It was obtained that the keyhole form replaced the
bowl form with increasing scanning speed. The homogeneous of the thermal input
was achieved by obtaining approximately the same pool dimensions in lateral and
cross-sectional depth with the 100 W laser power and 1400 mm/s scanning speed.
Thus, it was also observed that the thermal gradient effect arising from the nature of
SLMmethod will provided a more balanced distribution [29]. The effect of different
hatch spacing values on relative density of the samples produced with 100 W laser
power, 1400 mm/s scanning speed and 25 μm layer thickness was investigated.
These process parameters were chosen due to adequate melting, integration and high
production speed. While there was no significant change in the relative density up
to 67.5 μm hatch spacing value, it was observed that the hatch spacing above this
value the density decreased significantly. As a result of increasing the hatch spacing,
the inadequate integration defects between the adjacent laser tracks that could not
come into contact with each other and insufficient melting zones in the microstruc-
ture accelerated the decrease of relative density values. In another study, with power
of 400 W and layer thickness of 200 μm, the optimum scanning speed was deter-
mined to be 40–80 mm/s (Fig. 5.9). Balling (Fig. 5.9d) and inappropriate melting
pool formation were observed at scanning speeds above 80 mm/s. The hatch spacing
effect is also clearly seen in Fig. 5.10 (top right) according to the results obtained in
another study [45].

The mechanical properties of different Ti and its alloys produced by additive
manufacturing technique have been investigated in many studies in the literature.
The tensile properties of different Ti and its alloys produced by additive manufac-
turing and conventional methods are comparatively given in Table 5.1. The main
deficiency known in the additive manufacturing process was the low elongation
values resulting from insufficient joints and rapid cooling [29]. The significantly
improved ultimate tensile strength can be explained by the grain refinement and the
formation of α ′ martensitic structure. The α ′ martensite with a higher density of
dislocations in comparison with α phase [114] could result in a more effective barrier
against dislocation movement during deformation, leading to the strengthening of
alloys.
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Fig. 5.9 Scan tracks with the increase of scanning speeds for Ti6Al4V alloys; a 80 mm/s, b
120 mm/s, c 160 mm/s and d 200 mm/s [87]

Fig. 5.10 Relative density values depending on the hatch spacing with different parameters [45]

5.2.2 Properties of SLMed Ni and Ni Alloys with Challenges

Shape Memory Alloys (SMAs) is a new class of materials which becomes inevitable
material group in earthquake resilient construction, satellite, medical and biomed-
ical fields. NiTi is renowned SMA group having better mechanical behavior with
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Table 5.1 Tensile mechanical properties of Ti and Ti Alloys processed by different technologies

Tensile properties

Condition σuts (MPa) σ0.2 (MPa) εf (%) References

Ti SLM 990 ± 10 792 ± 5 6.086 ± 1 [114]

SLM 757 ± 12.5 555 ± 3 19.5 ± 1.8 [4]

Sheet forming 345 280 20 [8]

Full annealed 561 432 14.7 [7]

Arc-melting 641 ± 52 527 ± 46 19.7 ± 1.3 [57]

Ti-6Al-4 V SLM 1334 ± 15 1110 ± 5 6.351 ± 0.5 [114]

SLM 1190 ± 10 850 ± 25 9 ± 0.5 [29]

EBM 1100 ± 20 900 ± 10 10 ± 0.5 [112]

Arc-melting 1137 ± 17 846 ± 67 7.1 ± 1.9 [57]

Ti-13Nb-13Zr SLM 1020 ± 13 794 ± 15 5 ± 0.3 [114]

Powder Metallurgy 750 / 10.4 [32]

Arc-melting 945 ± 14 656 ± 22 17.3 ± 1.3 [57]

resilience properties, lightweight with high damping behavior [44]. This unique-
ness of SMA made it suitable for vibration control, drive, sensing and structural
reworking, exclusively in medical applications [101]. The processability of these
material through conventional route is ineffective and in other hand SLM method
end with close geometrical tolerance and good surface finish.

SMAmaterials such as NiTi alloy used for medical implants are potentially fabri-
cated through SLM process [108]. As it has been used in implant applications, the
shape and size of the component prepared is important consideration. Developing the
component to the near net shape through SLM is possible and also obligatory. SLM is
extensively employed for producing complex and fully functional NiTi parts. Based
on the parametric consideration, the behavior of the component will be changed. The
NiTi based component with varying transition temperature is produced by the proper
selection of SLM parameters. The properties and microstructure of the produced
components are influenced by the factors namely scan speed, power, and thickness
of powder layer, scan path and focus size.

It is observed that higher laser power with cooling rate leads to non-equilibrium
solidification process and also influence the microstructure of the materials [10].
Bormann et al. reported the increasedmartensite transformation temperature at higher
laser power densities [10]. Thephase transition temperature of SMAis affected highly
by the concentration of Ni content in the alloy and higher the Ni will decrease the
temperature [25]. The SLM process influences the change in the Ni content in the
alloy and hence temperature may change. During the SLM process, Ni content from
the alloy is removed by evaporation as time elapsed for exposure of laser is increased.
Louvis et al. [61] have revealed that depletion of Ni is encumbered because of the
oxide layer formation. The investigation also reports that the depletion near melt
pool area is partially recompensed by diffusion route.
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While process through SLM, the better bonding between the layers is achieved
by the proper parameter selection. The higher laser input with slower scanning speed
ensuring the good bonding across the SLM processed layers which influencing the
properties of the components made [107]. In addition, the size of the laser beam
also prompting the quality of SLM parts. On the other hand, the laser beam focusing
position also affecting the surface quality of the material. The influence of focus
diameter of laser beam at varying focus position of 61 μm and 128 μm on two
varying Ni50.2Ti samples are investigated by Habijan et al. [28]. The result revealed
that the position of 61μmhas resulted in the reduced particle adherence and Fig. 5.11
shows the microscopic image of SLM processed parts.

Table 5.2 detailing the findings of various researchers depicting the effects of laser
parameters on grain size of NiTi alloy fabricated through SLM and LENS process.
The grain morphology of the particle with varying exposure time and laser power
are determined and presented as Fig. 5.12.

The presence of Ti elements and their effect on properties are investigated by
the researchers. The average micro hardness of NiTi alloy tends to increase with the
higher Ti element as it leads to the formation ofNiTi2 [89]. According to Shishkovsky
et al. 1.5–2 times increased microhardness was observed on NiTi alloy prepared
through SLM pressed than conventional cast process route [88]. It is understood
that the temperature and phase transition duration affect the hardness of NiTi alloys.
Interestingly, Saedi et al. investigated theNi richNiTi alloy sample processed through
SLM route and determined the effect of post heat treatment on hardness. Figure 5.13

Fig. 5.11 SEM micrographs showing the effect of two different beam diameters of 128 μm (left)
and 61 μm (right) on the level of adherent particles as well as the top surface quality of SLM NiTi:
a vertically fabricated; b horizontally fabricated [28]
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Table 5.2 Laser parameters versus Grain size

Methods Size of the
particles (μm)

Scanning
speed (mm/s)

Laser power
(W)

Length of
grain (μm)

Width of grain
(μm)

SLM [9] 35–180 133 56–100 61–655 33–90

107–190 80 145–172 185–190

LENS [64] 50–150 20 200–400 – 8.5–15.2

10–20 200 – 8.5–9.5

10–20 400 – 11.5–15.2

LENS [49] 50–150 15 300–500 – 3.7–6.7

10–15 300 – 3.2–3.7

10–15 500 – 6.3–6.7

Fig. 5.12 The variation of grain size with SLM Process parameters [9]

shows the optical micrographs of the initial ingot, and as-fabricated and solutionized
SLM Ni50.8Ti49.2 alloys [85].

Zhao et al. [111] have fabricated near eutecticNi–Sn alloybyblending the powders
using SLM process. The microstructure of the samples are investigated and due to
thermal stress induced during the process, defects such as cracks and pores are
formed. Moreover, it is undesrtood that the chemical homogeneity is observed on
the sample processed at lower scanning speed and power. Also reported that post
annealing of elemental powder bends is the better solution to form two phase bulk
material of near-eutectic composition.

Over all way, it is big task to produce SMA like NiTi alloy as it is high reactive
owing to higher Ti presence. The traditional route are not effective and hence process
like SLM is needed. SLM badges developing patient-specific implants captivating
benefit of three-dimensional anthropometric and medical data for tissue engineering.
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Fig. 5.13 Optical micrographs a the initial ingot, b the as-fabricated, and c the solutionized
Ni50.8Ti49.2 alloys [84]

Finally defects formation on parts are still need to be investigated by the proper
selection of parameters and it is again a great challenge.

5.2.3 Properties of SLMed Co and Co Alloys with Challenges

One of the most commonly used cobalt-based biomaterials is CoCrMo alloy
(Fig. 5.14). CoCrMo (CCM) alloys have been widely used for removable partial
dentures, metal frames, porcelain-fused-to-metal crowns in dentistry and hip joint,
knee joint, spinal fixation, coronary artery stents in orthopedics [16, 26, 30, 93, 100],
ascribed to their excellent mechanical properties, superior corrosion and wear resis-
tance, good biocompatibility and long service duration [26, 110]. The vast majority
of orthopedic implants produced using this alloy are cast products. However, casting
alloys have some disadvantages such as large grain size, dendritic structure, potential
for casting defects such as tensile gaps, and relatively low tensile and fatigue strengths
to wrought alloys. These disadvantages have been tried to be eliminated as a result
of the production of surgical implants from forged CoCrMo alloys. The cobalt-based
alloy group is generally resistant to abrasion, corrosion and high temperatures. The
solid-state effect of chromium, tungsten and molybdenum in cobalt-based alloys, the
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Fig. 5.14 CoCr alloy produced by additive manufacturing a Dental bridge [20], b Knee joint [67]

formation of metal carbides and the corrosion resistance of chromium originate from
the crystallographic nature of cobalt [13].

The cobalt-based alloys used today are generally derived from CoCrW and
CoCrMo ternary alloys. Co-Cr binary alloy is high-strength and stainless, and the
subsequent addition of tungsten and molybdenum to the Co-Cr system are strength-
giving factors. While these alloys were used in elements such as turbine blades
where durability at high temperatures were used in the years they started to be used,
today they are mostly preferred for wear resistance. These alloys are known with
trade names such as Stellite, Haynes, Vitallium, Biodur and are a wide range of alloy
types [18]. Themain structures that can be encountered in cobalt chrome based alloys
are YMK structured σ (Co0.4Cr0.6), SPH structured σ, YMK structured cobalt phase
α (or γ) and SPH structured cobalt phase σ. Along with these, different phases may
also exist depending on other alloying elements [74].

Due to the low workability of Cobalt-Chromium alloy, some complex compo-
nents, such as dentures and hip joint, are difficult to be fabricated by the conventional
wrought method, while the near net shape forming techniques especially the additive
manufacturing (AM) become more and more attractive [26]. Selective laser melting
(SLM) and electron beam melting (EBM) are the most commonly used AM tech-
niques for metals. The SLMmethod provides superiority compared to systems using
EBM, with relatively low maintenance costs and ease of processing, since it does
not require a vacuum environment during laser melting of the powdered material.

There have been many studies in the literature investigating the structural and
mechanical properties of CrCo alloys produced with SLM, depending on the produc-
tion parameters. In a study where CoCrMo alloy was produced byDirect LaserMetal
Sintering process and 200 W laser power, 7 m/s scanning speed and 20 μm layer
thickness parameters were used, the sintered sample consisted of only γ (fcc) cobalt
phase in powder form, while the sintered sample was both (fcc) and It also includes ε

(hcp) phases. As a result of rapid cooling in the laser process, it has been determined
that the cobalt-based alloy undergoes fcc ↔ hcp martensitic transformation [6].

In a study by Takaichi et al., the microstructural and mechanical properties of Co–
29Cr–6Mo alloy produced by SLM technique using different production parameters
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were compared with the alloy produced by casting [93]. In the study, microstructure
images obtained from samples produced with SLM using 200 W laser power and
0.1 mm hatch spacing values and produced by traditional casting method. Circular
arch-shaped boundaries and numerous fine particles were observed in the OM image
taken from the transverse cross section normal to the building direction. A SEM
observation revealed that the latter included cellular dendrites with a diameter of
about 2.7 mm. In the transverse cross section parallel to the building direction,
gradual arch-shaped boundaries were observed almost normal to the building direc-
tion. The boundary spacing almost agreed with the stacking thickness of the powders
(0.05 mm). Therefore, the boundaries may correspond to the fusion boundaries,
whichwere formed by laser scans. In addition, fine lamellae elongated to the building
direction were observed in the vertical cross section. This indicates that the cellular
dendrites were grown along the building direction. These microscopic features were
different from those of the as-cast alloy, which consisted of coarse dendrites with
large particles [93].

Song et al. investigated (Morphology and properties of CoCrMo parts fabricated
by selective laser melting) the effects of heat treatment as a post-process on CoCrMo
alloy produced by SLM technique on themechanical properties of the alloy [91]. The
optimized parameters are using a laser power of 195W, scan speed of 500mm/s, scan-
ning space of 0.08 mm/s and layer thickness of 0.025 mm. Heat treatment conditions
were heating for 2 h at 1200 °C at a high temperature furnace under a nitrogen-
protected atmosphere, followed by furnace cooling. The mean tensile strength of the
parts fabricated by SLM was 1070 MPa, and 1210 MPa for the heat treated parts,
both values being substantially higher than the 655 MPa for the standard cast alloy.
Heat treatment resulted insubstantial increase in tensile strength. The yield strength
declined to 662 MPa after heat treatment, but this was still higher than that of the
standard as-cast state. The mean elongation of the parts fabricated directly by SLM
at 7.2% was lower than the ASTM F75 standard (8%), but it almost doubled after
heat treatment to 14.3%. It was evident that the hardness of the parts fabricated by
SLM before and after heat processing was greater than that of the ASTM F75 stan-
dard, although, heat treatment did result in small decrease [91]. In addition, it was
determined that the heat treatment of composites or alloys containing Co after SLM
treatment considerably increased the wear resistance of the materials. In this context,
as seen in Fig. 5.15, it has been understood that the wear resistance of Co-WC parts
can be increased almost 15 times by heat treatment [11].

Additionally, CoCr alloys, especially used in dentistry, are popular materials with
excellent corrosion resistance. However, it is very difficult to process due to its high
hardness. For this reason, the production of CoCr materials is made with SLM today.
In this method, in which complex shaped parts can be produced easily, no machining
is required. However, it has been emphasized in the literature that post-production
heat treatment with SLM is required to increase the mechanical properties of the
materials [48].
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Fig. 5.15 Comparison of the tribological properties of WC–Co parts fabricated by SLM with heat
treatment [11]

5.2.4 Properties of SLMed Al and Al Alloys with Challenges

Next to the steel and iron, aluminum and its alloys (AAs) are mostly used materials
for structural purpose in the various engineering fields like automobile, aviation,
defense, naval and power electronics applications. Thanks to their superior behaviors
for example high strength to weight ratio, lower density, excellent corrosion resis-
tance, easy processing and also the admirable thermal and electrical conductivity
[31, 66, 104]. Currently, conventional methods such as casting, welding, extrusion,
and powder metallurgy are used to produce AA based structural elements. Despite
the widespread use of AAs products produced using these conventional methods,
still issues are existing regarding their processing and applications. Table 5.3 shows
the deficiencies of casting process of AAs which results in the reduced mechanical
properties.

On the other hand, preparation through forming process of high performance AAs
based components pushing towards long chain process with restricted adaptability.
Further, the needs of modern industrial world progress towards developing AAs
components having high performance and well-structured materials. For example,
aerospace vehicle engines often employ a lattice or cellular structure to meet engi-
neering necessities for high thermal conductivity, lightweight, and high load carrying
capacity. Integral forming process not only minimizing the cost and time for making

Table 5.3 Deficiencies in casting of AAs [39, 75, 94]

Causes Behavioral Effect Defects Properties changes

Low cooling rate Coarse microstructure Slag inclusion, offset,
defects, shrinkage
porosity, element
segregation

Lower mechanical
properties
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and assembly of small and medium scaled geometry employed for making complex
structured elements. But also influencing to lower the weight and stress concentra-
tion commonly establish during the forming operations [54, 65, 68]. In this case,
fabricating AAs parts with varying microstructure for the required applications and
also with dimensional accuracy will be a challenging task for the researchers in the
coming decades.

SLMis a suggestedprocessing techniqueswhich exploits laser beam to completely
melt powders in appropriate environment and followed by solidification of molten
metal [60]. Due to the faster cooling rate, grain growth and segregation of alloying
element is entertained. In addition to the stirring action, uniform and fine microstruc-
ture is produced which results in the improved strength and toughness. Conversely,
the necessity from the industrial standards is not able to meet by the products made
through SLM process. So as to overcome this snag, post treatment, surface modifi-
cation and machining are required, which consumes more production time. Cyclic
processingof laser beam resulting in the changes in themicrostructure of thematerials
and hence it becomes anisotropic [90]. Consequently, the selection of process param-
eters namely, laser power, scanning speed, layer thickness etc. affect the quality of
SLMed components. In contrast, these parameter selections are impacted bymaterial
behavior, size and shape of the particles, type of laser and fluidity of powder [17, 92].

As laser come into contact with metal powders during the process, a series of
portents will occur as a part of heating and solidification process. The changes
happening in the powders are depicted in Fig. 5.16. The various process param-
eters influencing the cooling and solidification process which also leads to the
changes in microstructure of the materials. The size and microstructure depend on
the cooling rate and solidification rate and sometimes morphology becomes cellular
from dendritic. Hence the different form of grain structures is existing in SLMed
parts. It is understood that the higher rate of cooling resulting in the formation of
fine grain structured materials.

The higher power of laser and slow scanning speed increases the density of laser
energy and interaction time. This leads to the formation of coarse microstructure due

Fig. 5.16 Interaction
between powders and laser
source [113]
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to the induced lower temperature gradient and cooling rate [109]. On other hand, the
faster scanning speed with lower power hinders grain growth. The thermal effect and
distribution of heat sources in thematerial leads to residual stresses.As consequences,
various defects specifically cracking, delamination are induced in and around the pool
region owing to its high thermal conductivity and high thermal expansion [34].When
the induced stress surpasses its yield strength, crack, deformation and distortion is
happening. AAs having varying solidification temperature range depends on their
alloying elements, whereas 5XXX series having lower cracking tendency than other
series.

Still more researchwork needs to be done in order to facilitate the SLMprocess for
the fabrication of non-ferrous metals. There are few challenges are existing towards
SLM of aluminum alloys compared to other metals. The poor fluidity, higher laser
reflectivity, strong moisture absorption, higher thermal expansion and solidification
range hinders the processing of AAs through SLM process. So far the research
work on SLM of AAs are fabricating AlSi10Mg and Al-Si12 alloys only. As it
has lower melting point and near-eutectic alloys with less shrinkage porosity, it is
appropriate for SLM processing [3, 80]. The physical and mechanical properties
of SLM processed Al-Si alloys were determined by the various researchers and
presented in Table 5.4 and Table 5.5.

Li et al. [55] reported that the heat treatment affecting the microstructure and
properties of the materials. The coarse particle of Si in the Al matrix is evident
with the long heat treatment process. Moreover, it is understood that decrease in
yield strength and ultimate tensile strength is observed after the heat treatment.
The increases ductility in the vertical direction is noted and it is unfailing through
analysis. In addition, high performance alloys can be produced by adding more
soluble elements to Al alloys, since the SLM method provides faster solidification
than traditional methods [82].

5.2.5 Properties of SLMed Cu and Cu Alloys with Challenges

Due to the high thermal and electrical conductivity of CAs, they are frequently
preferred materials in electrical engineering fields. They are seen as an indispensable
metal especially in the manufacture of cooling elements. CAs, which are obtained by
the application of alloying that can provide precipitation hardening, can be produced
with high strength in addition to their high thermal and electrical conductivity in
heating and cooling systems [19, 62].As it is known, the fact that the cooling elements
have very complex structures encourages the fabrication of CAs with AM and thus
mass production is inevitable. However, the very high thermal conductivity of CAs
reduces the melting efficiency by reducing the absorption of the laser that occurs in
AM. In this case, melting the powder material creates a huge energy input require-
ment. This negative situation of CAs with AM methods especially with selective
laser melting (SLM) as stated by Jadhav et al. [36], causes the formation of highly
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Table 5.4 Physical and mechanical properties of AlSi10Mg alloy

Condition Ultimate tensile
strength (MPa)

Yield strength
(MPa)

Elongation (%) Hardness (HV)

SLM processed
[76]

~375 ~270 ~4 –

SLM processed
[42]

~396 – ~3.5 136

SLM processed
[103]

~360 ~6 139–146

SLM processed
[53]

~434 ~322 ~5.3 ~133

SLM+solution at
4500C [53]

~282 ~196 ~13.4 ~90

SLM+solution at
550 °C [53]

~168 ~90 ~23.7 ~60

SLM+T6 [53] ~187 – ~19.5 ~78

SLM processed [1] ~333 ~268 ~1.4 125

SLM+T6 [1] ~292 ~239 ~3.9 ~103

SLM processed
[99]

~391 ~311 ~7.2

SLM processed
[99]

~455 ~300 ~5.4

SLM processed
[24]

~377 ~255 ~1.2

SLM+annealing
[24]

~256 ~158 ~9.9

SLM+T6 [24] ~284 ~210 ~4.9

Table 5.5 Physical and Mechanical Properties of Al-Si alloy

Materials Condition Ultimate
tensile
strength
(MPa)

Yield
strength
(MPa)

Elongation
(%)

Hardness

AlSi12 [55] SLM+Solution ~110 ~190 ~25

AlSiMg0.75 [5] SLM processed ~ 150 354.9 427.7 2.54

SLM+annealing ~ 110 275.4 360.2 4.57

AlSi9Mg [73] SLM processed 328 379 ~8.1

AlSi12 [73] SLM processed ~260 ~380 ~3

SLM+annealing ~95 ~140 ~15

AlSi7Mg0.3
[46]

SLM processed ~200 ~400 12–17
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Fig. 5.17 Selective laser melted (SLMed) materials in a 316L, b ZL205A and c Pure copper [59]

porous structures like obtained in another study in comparisonwith someothermetals
(Fig. 5.17).

Moreover,wewere determined in the previous study [97] that SLMprocess param-
eters also play a critical role in the production of SLM and such materials silver
coated copper with high electrical and thermal conductivity. In the mentioned study,
the effect of the scanning speed on the porosity on the internal structure is clearly
noticed as can be seen in Fig. 5.18.

However, the result obtained in changing the process parameters was not satisfac-
tory. During the production of high thermal conductivitymaterials such as copper and
silverwith SLM, the negative effect on laser behavior causes damage to the final prod-
ucts. In this context, Popovich et al. [71] applied heat treatment to the parts produced
after producing Cu-Cr-Zr-Ti alloys by selective laser melting (SLM) method, which
is an AM method, and stated that higher strength can be obtained by applying hot
isostatic pressing of the final products obtained with SLM. During the production of
CAs by AMmethods, the high thermal conductivity of copper metal causes the final

Fig. 5.18 SLMed Cu-Ag core–shell particles with different scanning speeds; a 250 mm/s, b
300 mm/s and c 400 mm/s [97]
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products to contain porosity, stratification, and regional thermal gradients. There-
fore, it is clear that different tactics should be tried in the production of non-ferrous
metals with high thermal conductivity coefficient such as CAs with AM. In order to
overcome this problem caused by high thermal conductivity, in recent years, the laser
absorption can be increased by coating the surfaces of CA powders with metals such
as electroless tin (Sn) and nickel (Ni) [58]. Thanks to the metal coatings surrounding
the CAs powders, the laser absorption will increase on the surfaces, the heat input
will continuously increase and the melt pool will expand. This process will continue
until the coating layer is distributed homogeneously in the CAmatrix, and the region
will continue to warm with secondary reflections from the melt pool (Fig. 5.19).

In this way, the porosity that will be experienced in uncoated CAs due to energy
loss will be absorbed and structures with minimum porosity will be obtained. An
example of porosities seen in finished products produced with AM from uncoated
and Sn, Ni plated CAs powders is given in Fig. 5.20.

In addition, the coppermetal’s affinity for oxygen suggests that an oxide film layer
can always form on the surface of CAs powders. Therefore, it can be ensured that
the oxidation treatment of CAs materials before their production with AM methods

Fig. 5.19 Reflection mechanism in coated Cu powders during AM production [58]

Fig. 5.20 Additive manufactured samples; a Cu, b Sn coated Cu, c Ni coated Cu (obtained from
[58])
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and their coating with a thin oxide-inhibiting polymeric film have a great effect
on the direct increase of the final product density. In this context, Ledford et al.
ensured that the initial copper powders were reduced in H2 environment and covered
with a polydimethylsiloxane (PDMS) polymeric film. Later, they stated that the final
products produced by the AM method from these powders were denser and of low
porosity [51]. In addition, Chao et al. [102] detected the presence of non-melting
zones in the structure due to the low laser absorption of the copper metal during the
production of copper-containing functional graded materials (FGMs) by the SLM
method. Therefore, they emphasized that SLM parameters should be determined
separately for each transition metal with modeling methods such as Taguchi. The
low laser absorption property of CAs forces the use of high energy lasers during
SLM processes. However, in this case, since evaporation may occur in some melting
regions, the gas outlets cause porosity formation rapidly. Therefore, Yan et al. [106]
have succeeded in producing copper parts with a density ofmore than 99%with SLM
at high scanning speeds and low energy laser use. In this context, they produced a
laser with 300 W power, which is not sufficient for CAs under normal conditions,
but obtained the best density value when they used the scanning speed as 600 mm/s.

Jadhav et al. [37] studied on different parameters and process environment in SLM
processing of surface oxidized copper particles. While they observed that sufficient
density could not be achieved in the case of energy density of 300 and 400 W, they
obtained more dense material when the working medium was nitrogen than when
the working medium was argon. The relevant phenomenon is given in Fig. 5.21. In
the production of parts made of copper and copper alloys by the AM methods, the
removal of the produced parts can be difficult due to the high ductility of copper
in addition to the production parameters. In addition, copper may require special
handling and storage due to its low oxidation resistance [96].

5.3 Conclusions

Depending on the developing technology day by day, rapidity and quality mate-
rial production in mass production gains great importance. Accordingly, in recent
years, serial and superior material production with the use of metal powders has
been carried out by AM methods. There are still many issues to be developed about
new AMmethods that provide superior advantages over powder metallurgy, casting,
machining methods. Production of each metal and metal alloy with AM has different
difficulties and appropriate Am methods are used. Especially in SLM method of
AMmethods, which are indispensable methods in the production of complex shaped
parts, engineering parts are made by layering on the layer and layers are formed by
the use of powder or wire selectively melted by a laser source followed by cooling.
In this book chapter study, the advantages of the SLM method over other traditional
methods in the production of Al, Ti, Ni, Co andCumetals and their alloys were inves-
tigated and presentedwith examples. It has been reported that the biggest factor in the
materials produced with SLM is the production process parameters. It is obvious that
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Fig. 5.21 The variation on (a) relative density and energy density of Cu samples fabricated by
SLM and the top-cross section image in (b–c) argon and (d–e) nitrogen [37]

the materials can be produced at almost 100% density as a result of post-processing
processes such as post-production rolling and with appropriate process parameters.
For example, it has been determined that materials with high thermal conductivity,
such as copper and silver, absorb the laser effect and require high laser power, while
an unbalanced internal structure is formed inmaterials produced at high laser powers.
Therefore, it is a critical point to adjust the process parameters according to the prop-
erties of the material to be produced. In the production of materials with high thermal
conductivity, coating the powders with materials such as nickel before production
and including them in the production can prevent laser absorption. In addition, post
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processes such as rolling are applied to prevent the porosity created by the materials
containing the non-melting regions due to laser absorption.
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Chapter 6
Development and Optimization Study
of Poly-Lactic Acid Blended Carbon
Particles by Fused Deposition Modelling
Method

S. P. Jani, A. Senthil Kumar, B. Anushraj, P. M. Mashinini,
and Sudhakar Uppalapati

6.1 Introduction

In present scenario manufacturing industries are looking forward to low production
cost, increased life cycle of product, better consistency and also product dependability
in today’s dynamic environment. The increasing demand for specialized things in
various fields such as plastic, automotive, jewel, high speed automobile, bio medical,
aircraft, complicated geometry and nuance characteristics of vehicles has contributed
to a growth in the use of layering technology [1–4]. This technology has confirmed
to be a successful solution for factories to manufacture complicated products at a
faster production rate with less manual labour, thus effectively eliminating the need
for instant tooling and Architecture for Manufacturing (DfM)-related constraints.
In the current situation, among the various layering technologies available, Because
of its exact properties, such as the capacity to create multifaceted structures in a
additive manufacturing process beginning from a Computer Assisted Design file
and the ability to use different types of materials in the manufacturing industries,
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Fused Deposition Modelling (FDM) was selected as the focus field [5]. The afford-
ability and viability of remote control of the process for the manufacture of person-
alized consumer products made this revolutionary technique a favorable means of
manufacturing through different industries [6].

Tale et al. stated the most part interfacing bar are made utilizing carbon steel
however lately aluminum composites are discovering its application in associ-
ating pole. In this work associating pole material is supplanted by aluminum
based composite material fortified with silicon carbide and fly debris. What’s
more, it portrays the demonstrating, examination and 3d printing of interfacing bar.
Contrasted with previous material to the new material found to have less weight [7].

Enrique Cuan-Urquizo et al. reported the increment in openness of melded
fiber manufacture (FFF) machines has roused mainstream researchers to pursue
the comprehension of the underlying presentation of parts created with this inno-
vation. Different activities were defined in the writing to represent and evaluate
the mechanical and physical characteristics of designs manufactured with FFF. Test
representations of 3D printed segments have been widely published. In any event,
hardly any tasks were developed to predict the properties of printed structures with
computational models and to work significantly less with logical approximations [8].

Zhuo et al. utilizing 3D printing procedure in assembling ceaseless fiber strength-
ened composites was proposed and the upsides of utilizing this cycle in composite
designs fabricating were examined. 3 point bowing examples were printed out
utilizing a business composites 3D printer. The flexural strength and modulus were
acquired, just as voids content, to assess the nature of the printed example. A work
area Fusion Deposition Modeling (FDM) printer was changed for nonstop fiber
fortified composites printing. Unusual fiber designs were planned and printed out. A
composite carry structure with curvilinear fiber design was fabricated utilizing the
ceaseless fiber 3D printing strategy [9].

The effects of two different kinds of impact modifiers, such as center shell elastic
and aliphatic polyester, on the mechanical and warm 3D printing properties of poly-
lactide (PLA) fibers have been discovered [10]. To begin with, PLA/sway modi-
fier mixes were set up by dissolve mixing in a co-turning twin screw extruder with
different groupings of impactmodifiers and test examples by infusion formation [11].
Ductile and twisting tests, Dynamic Mechanical Investigation (DMA) and Charpy
sudden impact test have examined the mechanical and warm properties of mixes. It
was found that Charpy toughness resistance at loadings above 5 wt% was incred-
ibly enhanced by center shell elastic (up to 74.6%). As demonstrated by DMA, the
PLA/10 wt present center shell elastic mix displayed better damping execution when
contrasted with slick PLA over the entire inspected recurrence range [12].

Mst Faujiya Afrose et al. investigated A FDM printer was utilized to print PLA
canine bone test examples in three (X, Y and 45) diverse form directions. These
canine bone parts depended on ASTM D638 standard and were consistently tried at
80, 70, 60 and 50% ostensible estimations of a definitive pliable pressure by utilizing
a Zwick Z010 widespread testing machine [13].

The effect of layer thickness, deposition angle and infill on the overall flexural
force in FDM specimens made from PLA was discussed by Luzanin et al. [14].
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Recently some researcher studied, the functional relationship between the FDM
parameters such as part orientations and raster angles analyzed from this analysis
specimen strength, surface roughness and production cost [7, 8, 15].

The main objective of the present work is to find influenced process parameters of
FusedDepositionModelling (FDM) for carbon nano particles blended biodegradable
Polylactic Acid (PLA) components. A Design of Experiment (DoE) of three factors
and three levels (L9 orthogonal array) was taken to this study and the influenced
processing parameters effect on the mechanical strength such as tensile strength,
compressive strength, bending strength and shore hardness, as input variable infill
rate, layer thickness, and print nozzle speed.

6.2 Fused Deposition Modelling

Fused Deposition Modelling (FDM) is a type of layer manufacturing that may be
used tomake components with complex interior geometry. An FDMprinter is simply
a CNC gantry machine with one or two extrusion nozzles heads. One nozzle is for the
primary (modeling) material, while the next can be for secondary (support) material
that is either quickly brittle or soluble in OH (alkaline) solutions in double-nozzle
systems. Parts are made using the FFF technology by melting and extruding poly-
meric filament in a predefined pattern on to a base plate using a heated nozzle. The
thermoplastic filament cools to chamber temperature, hardens, and fuses with the
adjacent material as it is deposited. The base plate or the print head slides down
or up after one layer of patterning and depositing when the next layer begins.
Because the process is totally automated and requires little human, it is increasingly
being used to create personalized products in a variety of industries. The capacity to
build objects with functionally graded qualities is a key feature of the FFF process
(porosity, density, and mechanical properties). With advancements in materials and
technology, FFF is transitioning from prototyping to manufacturing finished goods.
To completely develop FFF into a production tool rather than just a prototyping
machine, the mechanical qualities of the parts generated must be enhanced so that
the produced components’ performance is kept during service. Aside from that,
the polymers that can be employed in FDM technology should be more diverse.
Figure 6.1 shows schematic view of FDM process.

6.3 Materials and Methodology

All specimens used in this study were fabricated with Flashforge Guider II FDM
machine, it is a modern evaluation 3D printer intended for the outrageous specialist
or prosumer at the top of the priority list. This is the highest point of the level FFF
3D printer from Flashforge, intended to give the most extreme dependability and
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Fig. 6.1 Schematic of the fused deposition modelling

toughness when printing your plans, the specification of machine is listed in Table
6.1 and image show in Fig. 6.2.

PLAantibacterialmaterial and carbon nano particles purchased from localmarket.
PLA antibacterial material is prepared by adding 2%wt. carbon nano particles
and further the material is extruded from the extrusion machine with diameter
of 1.75 mm. The same developed material is tested for antibacterial activity and
further optimization of process parameters like nozzle speed, infill rate and layer

Table 6.1 Specification of
FDM machine

Elements Range

Device size (without cover) 549 × 490 x 561 mm

Build volume 280 × 250 x 300 mm

Printing precision ± 0.1–0.2 mm

Printing software Flash print

AC input 100 V-240 V ~ , 500 W

Input support USB stick/USB
Cable/WIFI/Ethernet
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Fig. 6.2 FDM a Printing process image b Schematic view of layer thickness

height. ASTM standard specimens are prepared out of developed antibacterial Mate-
rial for improving mechanical properties such as tensile strength, flexural strength,
compression strength and shore hardness D scale.

Tensile properties of the carbon filled PLA specimens were tested with the
universal testing machine (UTM) by ASTM D638 standard test method and the
cross-head speed is 3 mm/min. The 3d design, ASTM standard and printed tensile
specimens are show in Fig. 6.3.

all dimensions are in mm 

Fig. 6.3 Tensile specimen a 3D design view b printed specimen c ASTM D638 size
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(a) (b) 

Fig. 6.4 a Flexural test specimens (after test) b Compressive test specimens (after test)

The bending and compression strength of the carbon filled PLA specimens were
tested with the universal testing machine (UTM) by ASTM D790 and ASTM D695
standard Test Method. The printed specimens are show in Fig. 6.4.

Shore hardness is a proportion of the obstruction in a material to distinguish. The
shore hardness scales enemy estimating the hardness of the various materials (deli-
cate, elastic, strands, unbending plates, and overly delicate gels, are the models). The
scales were imagined to individuals to have the normal perspective. In this the higher
number on the scale shows amore prominent protection from space and consequently
harder materials. Lower numbers demonstrate less opposition and delicate materials.
The term is likewise used to depict a material rating on the scale as in an item having
Shore durometer of 90’. The 3d designed, ASTMD2240 standard printed specimens
are show in Fig. 6.5.

6.4 Design of Experiment (DoE)

It states to the process of planning and conducting the experiment so that appropriate
data can be collected and analyzed by statistical methods, resulting in valid and
objective conclusions and to signify the relationship between input variables and
output responses. The statistical approach to experimental design is necessary to
draw meaningful conclusions from the data and to estimate the present or predict the
future with respect to the present.

The response values are to be noted for each experimental run or condition for the
effect analysis. The statistical significance of the factors is evaluated by conducting
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Fig. 6.5 Hardness test
specimens

the analysis of variance (ANOVA). TheANOVA is performed to find the contribution
of each factor for attaining the desired process outcome that may maximum tensile
strength. Three process parameters considered for optimization of the study are;
rotational speed, tilt angle and feed. Table 6.2 shows the Taguchi orthogonal array
(OA) selector which shows the orthogonal array for the considered parameters and
their levels. For three parameters which are at three levels L9 orthogonal array is
selected from the array selector. Table 6.2 given below is the process parameters
and their 3 levels. Table 6.3 describes the experimental design as per the Taguchi L9
approach used for the experiment [16].

Table 6.2 Process
parameters and their 3 levels

Process parameters Level 1
(−1)

Level 2
(0)

Level 3
(+1)

Infill rate (%) 65 75 85

Layer height (microns) 100 200 300

Nozzle speed (mm/sec) 60 80 100
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Table 6.3 Experimental
design using L9 orthogonal
array

Specimen Id Levels

Infill rate
(%)

Layer height
(Microns)

Print speed
(mm/sec)

SP1 65 100 60

SP2 65 200 80

SP3 65 300 100

SP4 75 100 80

SP5 75 200 100

SP6 75 300 60

SP7 85 100 100

SP8 85 200 60

SP9 85 300 80

6.5 Results and Discussion

6.5.1 Compressive Property Analysis

The compressive strength of the PLA deposited by FDM is shown in Fig. 6.6. The
maximum compressive strength is 41.23 N/mm2 for SP9 sample and the minimum
compressive stress is obtained is 20.89 N/mm2 for SP3 sample. The compressive
stress is influenced by the infill rate. The infill rate is directly proportional to the

SP1

SP2

SP3

SP4

SP5

SP6

SP7

SP8

SP9

0 5 10 15 20 25 30 35 40 45

Compression strength (N / mm2)

S
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Fig. 6.6 Compressive strength of the PLA deposited by FDM
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compressive strength. The print speed also reduces the compressive strength of the
material.

6.5.2 Tensile Property Analysis

From Fig. 6.8, With the increase of the infill rate of the PLA sample the tensile
strength is increased. The tensile strength is maximum for the 85%-infill rate and
very low for 65% infill rates. The layer height and print speed also affect the tensile
strength of the PLA sample. For the minimum layer height, the tensile strength is
high. The optimum combination to produce high tensile strength is 85 infill rates,
300 microns layer heights and 80 print speeds. The 65 and 75 infill rate and low
layer height produce maximum tensile strength and for 85 infill rate the higher layer
height produce the greatest tensile strength. Figure 6.7 illustrate tensile load versus
displacement curve of all 9 tested specimens.

6.5.3 Flexural Property Analysis

The flexural strength is also directly proportional to infill rate and print speed. The
flexural strength is lower when for the minimum infill rate and print speed and it is
gradually increasing with the increase of infill rate and print speed. The layer heights
of the PLA sample not affect the flexural strength. If the print speed is very low
the filament of the PLA is uneven and the bonding of fusion is very not easy. The
maximum flexural strength is obtained for SP5 and the flexural strength is low for
the sample SP1. Figure 6.9 shows flexural strength comparison of specimens.

6.5.4 Shore Hardness Analysis

The increase in the infill rate of the PLA samples the shore hardness is increased. At
the layer thickness 200 microns the shore hardness is high when compared to layer
thickness 100 and 300 microns. The print speed is not influencing the shore hardness
of the PLA sample. The shore hardness is high for the PLA sample SP5 and very
low for the PLA sample SP1. Figure 6.10 shows hardness comparison of specimens.
Table 6.4 shows all test results.
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6.5.5 Taguchi Analysis for Obtained Responses

As per the Taguchi L9 experimental design, nine 3D printed samples are prepared.
Statistical software named as Minitab is used to draw the experimental conditions.

Fig. 6.7 Tensile load versus displacement curve of all 9 specimens
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Fig. 6.7 (continued)

The adequacy of the developed relationship is evaluated using the Analysis of Vari-
ance Technique (ANOVA). ANOVA helps to identify the effect of each factor versus
the objective function and it also determines the total variation present in the model.
From the investigational study, the results and response over defined printing process
parameters has been estimate for variance analysis using signal to noise (S/N) ratio.
The total experiment performance is depending on tensile strength, flexural strength,
compressive strength and shore hardness. Hence, the smaller is better (SB) ratio was
selected than nominal is best and larger is best (LB) condition. The mean values of
process parameters show in Fig. 6.11. The experiential equation used to calculate the
S/N (SB) ratio is as follows:

S/N(LB) = −10 log

(
n∑

i=0

y2i
n

)
(6.1)

where: yi = response on process parameter and n = number of trials repeated.
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Fig. 6.8 Tensile strength of the PLA deposited by FDM
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Fig. 6.9 Flexural strength of the PLA deposited by FDM

The impact of the process parameter has been designed and plotted in Fig. 6.12.
From the above Table 6.5 the infill rate and print speed are plays major important role
in all selected output parameters (tensile, flexural and compressive strength). These
two process parameters are most influencing process parameters than layer thick-
ness for the proposed investigational design. In shore hardness layer thickness and
infill rate aremost influencing process parameter. A recent article on fused deposition
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Fig. 6.10 Shore hardness of the PLA deposited by FDM

Table 6.4 Experiments with the test results

S. no Infill
rate
(%)

Layer
height
(microns)

Print speed
(mm/sec)

Tensile
strength
(N/mm2)

Compression
strength
(N/mm2)

Flexural
strength
(N/mm2)

Shore
hardness
(D)

SP1 65 100 60 18.92 27.64 221.24 76

SP2 65 200 80 15.50 26.74 221.95 80

SP3 65 300 100 16.73 20.89 249.53 79

SP4 75 100 80 20.27 38.04 276.12 79

SP5 75 200 100 28.05 34.22 322.86 82

SP6 75 300 60 16.91 34.36 231.04 80

SP7 85 100 100 24.62 37.46 336.73 80

SP8 85 200 60 22.44 40.61 243.84 81

SP9 85 300 80 28.82 41.23 293.51 80

modeling (FDM)has described and suggested that the infill rate is playing amajor role
in process parameters. This is because the material filling rate in the nozzle conver-
gence and divergence in all output parameters varies. At a high filling rate, more
material is deposited and it gives more strength to the printed materials. However,
print speed is the second level influencing parameter in the printed material. Because
nozzle moving time is less at high speed, so contact area is reduced during printing.
The next level influenced process parameter is layer thickness. This parameter is too
low and too high-level parameters extract poor mechanical properties.
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Fig. 6.11 Mean of S/N ratio a Tensile b Flexural c Compressive strength d Shore hardness

Fig. 6.12 Process parameter contribution in output parameters
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Table 6.5 Influenced process parameters from S/N (SB) ratio analysis

Sl.no Output parameter Infill rate Layer height Print speed

1 Tensile strength 1 3 2

2 Flexural strength 1 3 2

3 Compressive strength 1 3 2

4 Shore hardness 1 2 3

6.5.6 Regression Analysis

Continuous predicted standardizationmethodwas used tomade the nonlinear regres-
sion analysis. These models were settled at 95% confidence level for tensile, flex-
ural, compressive and shore hardness by MINITAB 19 statistical software using the
investigational data (un-coded units) from Tables 6.6, 6.7, 6.8 and 6.9. The nonlinear
regression equations for the objectives are presented in equations (6.2–6.5). The
fitness plots of residuals [Figs. 6.13a–d] depict normal distribution of errors; and
closeness of residuals to the fitness lines. It exposes that the projected models are
significant and adequate.

Tensile Strength = −16.5+ 0.412 Infill Rate− 0.0023

LayerHeight+ 0.0927 Print Speed (6.2)

Compression Strength = −16.2+ 0.722 Infill Rate

Table 6.6 ANOVA for tensile strength

Symbol Cutting parameter D.O.F S.S M.S F Contribution

1 Infill rate 2 0.425 0.213 6.184 54.694

2 Layer height 2 0.015 0.008 0.223 1.976

3 Print speed 2 0.268 0.134 3.899 34.486

Error 2 0.069 0.034 8.844

Total 0.778 0.389 100.000

Table 6.7 ANOVA for flexural strength

Symbol Cutting parameter D.O.F S.S M.S F Contribution

1 Infill rate 2 51.000 25.500 34.313 66.504

2 Layer height 2 5.754 2.877 3.871 7.503

3 Print speed 2 18.447 9.223 12.411 24.055

Error 2 1.486 0.743 1.938

Total 76.687 38.343 100.000
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Table 6.8 ANOVA for compression strength

Symbol Cutting parameter D.O.F S.S M.S F Contribution

1 Infill rate 2 0.062 0.031 5.591 59.224

2 Layer height 2 0.026 0.013 2.326 24.644

3 Print speed 2 0.006 0.003 0.523 5.538

Error 2 0.011 0.006 10.593

Total 0.105 0.053 100.000

Table 6.9 ANOVA for shore hardness

Symbol Cutting parameter D.O.F S.S M.S F Contribution

1 Infill rate 2 1.283 0.641 5.032 67.466

2 Layer height 2 0.105 0.053 0.413 5.533

3 Print speed 2 0.258 0.129 1.014 13.593

Error 2 0.255 0.127 13.408

Total 1.902 0.951 100.000

Fig. 6.13 Fitness graphs of a Tensile b Compressive c Flexural d Shore hardness

+ 0.0214 LayerHeight− 0.1458 Print Speed (6.3)

Flexural Strength = − 83+ 3.82 Infill Rate
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+ 0.142 LayerHeight+ 0.398 Print Speed (6.4)

ShoreHardness = 69.06+ 0.1000 Infill Rate

+ 0.00333 LayerHeight+ 0.0333 Print Speed (6.5)

6.6 Conclusion

The effect of FDM processing parameters on the mechanical properties such as
tensile, flexural, compression and shore hardness of PLA material was success-
fully investigated in this study, From the experimental investigation and response on
processing parameters performed following conclusions are drawn:

• The maximum compressive strength is 41.23 N/mm2 and the minimum compres-
sive stress is obtained is 20.89N/mm2. The compressive stress is influenced by the
infill rate and print speed also reduces the compressive strength of the material.
The tensile strength is maximum for the 85%-infill rate and very low for 65%
infill rates. The layer height and print speed also affect the tensile strength of the
PLA sample. For the minimum layer height, the tensile strength is high. The layer
heights of the PLA sample not affect the flexural strength. If the print speed is very
low the filament of the PLA is uneven and the bonding of fusion is very not easy.
At the layer thickness 200 microns the shore hardness is high when compared to
layer thickness 100 and 300 microns. The print speed is not influencing the shore
hardness of the PLA sample.

• Results of ANOVA revealed that infill rate is most significant parameter process
parameter for all mechanical property (tensile, flexural, compression and shore
hardness) analysis. Almost 60% contribution for all output parameters. Print
speed is second level significant parameter for tensile, flexural and shore hard-
ness excluding compression strength. Layer thickness is not significant param-
eter. Similarly, for compression strength layer hight is second level significant
parameter (24.64% contribution) but print speed is not significant.

• Continuous predicted standardization method was used to made the nonlinear
regression analysis. Thesemodels were settled at 95% confidence level for tensile,
flexural, compressive and shore hardness. Their adequacies were verified through
normal fitness probability plots of residuals.
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Chapter 7
Role of Additive Manufacturing
in Biomedical Engineering

R. Ruban, V. S. Rajashekhar, B. Nivedha, H. Mohit, M. R. Sanjay,
and Suchart Siengchin

7.1 Introduction to Additive Manufacturing

Additive manufacturing (AM), often known as fast prototyping or desktop manufac-
turing, is a collection of manufacturing techniques used to turn a three-dimensional
CAD model into a three-dimensional realistic thing. The technology works by
layering one material upon another utilizing fast prototyping software and a 3D
CAD model [1]. The introduction of additive manufacturing in the 1980s changed
the course of manufacturing history. When compared to traditional manufacturing,
additive manufacturing has more advantages, such as the elimination of waste prod-
ucts and the ability to produce complicated geometry items. As a result, additive
manufacturing is becoming increasingly important in a variety of disciplines, partic-
ularly in the medical field. In biomedical applications, AM methods have been used
in a variety of ways. It was immediately put to use in the field of medical engineering
to meet the demands of patients and clinicians when it was developed. Furthermore,
AM can be used to make medical devices such as orthoses and prostheses, as well as
diagnostic and surgical instruments. AM also has advantages, such as the ability to
create anatomical models for surgery planning and procedural training, particularly
in uncommon diseases where device and process customization is crucial.
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AM is also useful in themanufacture of drug delivery systems,medicinal implants,
and medical devices on both a large and small scale in clinical settings [2, 3]. AM
can also be used to create personalized medical devices, allowing final goods to
be tailored to the patient’s needs while also being produced at a lesser cost. The
design and printing personalized implants and prosthesis has become the gold stan-
dard procedure for many patients who require specialized structures based on their
desired issue recent times. The customization, personalisation of medical items,
biocompatibility, cost effectiveness, better productivity, accessibility, quick produc-
tion time, simple assembly, collaboration, and democratization are some of the bene-
fits of additive manufacturing [4–10]. The application of additive manufacturing in
the medical area has a number of advantages, including medical product customisa-
tion and personalization, biocompatibility, cost effectiveness, and increased produc-
tivity. The applications of AM in the biomedical fields of pharmaceuticals, clinical
implants, medical devices, and tissue regeneration scaffold fabrication are described
in the following sections from these perspectives. In this chapter, developments of
rapid prototyping (RP) in the fabrication of medical implants, medical instruments,
and scaffold for tissue regeneration so far are reviewed and discussed.

7.2 Additive Manufacturing Techniques

There are distinct additive manufacturing technologies such as Stereolithography
(SLA), Digital Light processing (DLP), Selective laser sintering (SLS), Electron
beam melting (EBM), Fusion deposition modelling (FDM), Multiset/Polyjet 3D
printing, Selective laser melting (SLM) and laminated object manufacturing. The
broad classification of rapid prototyping technologies are shown in Fig. 7.1 [11].
These technologies can fabricate any complex 3D component of any shape by
utilizing only 3DCADmodel data unlikelywith the case of traditionalmanufacturing
processes. In the medical field, however, 2D radiographic images such as computed
tomography, magnetic resonance imaging, and X-rays can be transformed to three-
dimensional digital print files, allowing the production of personalized anatomical,
complex, and medicinal structures [11, 12].

7.3 Application of Additive Manufacturing in Medical Field

The development of additive manufacturing may be traced back to the 1980s, when
Charles Hull invented stereolithography while working in a manufacturing company.
When photopolymers (acrylic-based substances) are exposed to UV light, they
become tougher, according to him. Then he built a device that used ultraviolet light to
engrave acrylic films into shapes and then piled the layers together to create an object.
SLA technique of rapid prototyping interprets data in a computer-aided design file
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Fig. 7.1 Steps involved in fabrication using RP processes [11]

and sends instructions to a three-dimensional printer using a standard triangulation
language file format. This is the existence for 3D printer for additive manufacturing.

Additive manufacturing was first used in medical applications in the 1990s.
Finally, scientists created organs from patient cells and supported them with a three-
dimensional printed scaffold. To support them, scientists created the first three-
dimensional printed scaffold in 2008. A manufacturing company created a three-
dimensional printed jaw using layer by layer technique in Holland in 2012. With
technological advancements, 3D printing machines have become more affordable,
and they are now commonly used in hospitals to generate human organs.

The demand for additive manufacturing is expanding due to the necessity to
customize medical parts [13].

7.3.1 Biomedical Materials, Mechanical Properties
and Their Applications

The utility/properties required in the manufacture of the final part or AM model,
such as personalized implants, surgical tools, prosthetic limbs, tissue scaffolds, and
many more, are the primary considerations in material selection. Rapid prototyping
is employed in medical applications where durability, flexibility, and strength are
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required. In this case, nylon and acrylonitrile butadiene styrene (ABS), polylactic
acid is a good choice for biodegradable material in the medical field. The classifica-
tion of biomaterials used in rapid prototyping to fabricate medical parts are shown in
Fig. 7.2. Biomaterials should have features such as being easy to print, biocompat-
ible, morphologically mimicking biological tissue, nontoxic and so on. Metals and
alloys are utilized in orthopaedic implants, plates, screws, and other applications that
require significant strength. Ceramics are a good material for bioactive orthopaedic
implants. Table 7.1 lists the numerous research articles that have been published
on the usage of several types of biomaterials for 3D printing to fabricate medical
implants. Because of its superior mechanical qualities, composite is employed for
porous orthopaedic implants. In the medical field, polymers, on the other hand, are
themost commonly used substance. Polymer-basedmaterials are themost commonly
utilized biomaterials (86%).

Fig. 7.2 Classification of AM material [11]
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Table 7.1 Rapid prototyping materials for distinct applications

Types of metal Application Reference

Polyglycolic acid Internal fixation
Graft material
Scaffold
Interference screw

[14]
[15]
[16]
[17]

Poly lactic glycolic acid Scaffolds, microspheres and carries for BMP, composite [18, 19]

Hydroxyapatite (HA) Composites, scaffolds, bone fillers, pastes, coatings, drug
delivery

[20–22]

Magnesium Implants, osteosynthesis devices, plates, screws, ligatures
and wires

[23–27]

Tricalcium phosphate Bone fillers, injectable pastes, cements [28–31]

Titanium Alloy Orthognathic surgery, mid-facial fracture treatment [32–34]

Bioglass Bone defect fillers [35]

7.4 Rapid Prototyping Techniques for Additive
Manufacturing Applications

7.4.1 Fused Deposition Modelling

Fused deposition modelling (FDM), also known as extrusion-based fast prototyping,
fabricates the component by extruding the material on the substrate in layers with the
use of a nozzle. The nozzle melts the material more quickly and extrudes the liquid
in accordance with the scan path strategy defined by the user in the computer. To
begin with, the liquid substance hardens quickly and serves as a solid-state substrate
for the subsequent fresh layer. As a result, the manufacturing temperature should be
controlled below the material’s melting point [36] to ensure that the interlayer has
high adhesion ability. Thermoplastic filaments are themost commonmaterial utilized
in this application. The technique involved in inkjet printing is shooting out liquid
to solid compound on the substrate and forming a layer by layer on the substrate
with intermediate deposition of liquid powder material deposits over the completed
region, resulting in a 3D volume of the object [37]. These approaches use polymer
latex and silica colloid as binders, and powder materials such as metallic, ceramic,
and composites.

7.4.2 Selective Laser Sintering

In this technique, the powder is dispersed over the substrate plate and then sintered
by a laser spot, which is also known as the layer wise mechanism. A computer is
in charge of the scanning. A specific location on the powder bed is linked together
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to create a whole portion. When the component is complete, the loose powder in
the chamber can be collected and recycled for future production. SLS may use a
wider range of materials than other AM processes, including polymers, metals, and
composites [38].

7.4.3 Sintered Laser Melting

It is an AM technique that utilizes a high-energy source to make a nearly full-density
component. SLM, like SLS, is a layer-by-layer manufacturing technology that uses
a computer to control the manufacturing of components based on a 3D CAD model
[39]. The SLM systems employ laser energy as the input energy to totally melt
the powder material; the computer controls the laser beam via a mirror deflection
system and then focuses it on the powder bed. During the production process, the
processing chamber is filled with a protective environment, typically argon gas,
to prevent oxidation of the components. Metals, polymers, and ceramics are the
materials employed in the RP processes.

7.4.4 Electron Beam Melting

The powder is melted by an electron beam spot in EBM. Before the component is
manufactured, the building chamber is evacuated to free up space. To reduce residual
tension between the substrate plate and the component produced, the plate must be
warmed to700degreesCelsius. EBMtechniques are used to create a variety of biolog-
ical applications, including knee, hip joint, and jaw replacements [40, 41]. Table 7.2
shows how rapid prototyping biomodels require different additive manufacturing
techniques to meet their strict application requirements.

7.5 Developments in Additive Manufacturing for Clinical
Applications

Rapid prototyping is beneficial in the fabrication of 3D biomodels for preoperative
planning in terms of assessing, diagnosing, and designing for the surgery of a patient.
The patient-specific implants are designed and manufactured using computerized
tomography (CT)/magnetic resonance imaging (MRI) scanned images, which are
then imported into modeling software, converted to IGES (Inner graphics exchange
script) file format, and then converted to STL (standard tessellation language) format.
STL format which is acceptable in the fast prototyping machine, error correction in
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Table 7.2 Typical implants fabricated by various additive manufacturing techniques [42]

Additive
manufacturing
techniques

Materials Targeted clinical
cases

Comments References

FDM Heterogenous
hydrogel

3D heterogenuous
hydrogel model

Promoted the repair
of osteochondral
defects

[43]

FDM Polyether ether
ketone

Facial implant Three
dimensionally
printed implants
were suitable for
the complex bone
structure

[44]

FDM Ti-6Al-4 V Rat implants Porosity played an
important role in
tissue growth

[45]

SLM Ti-24Nb-4Zr-8Sn Acetabular cup The implant has
high relative
density and good
mechanical
properties

[46]

EBM Ti-6Al-4 V Human fetal
osteoblasts

Very rough surface
reduced cell
proliferation

[47]

EBM Ti-6Al-4 V Pig skull Scaffolds were
suitable for bone
ingrowth

[48]

MIMICS software, a program for defect correction in CAD models, and lastly the
product fabrication.

Rapid prototyping aids in pre-surgical planning, which reduces surgery time and
increases surgical success. A vast number of research have shown that 3D printed
models can help with orthopaedic surgery success [49–52].The numerous researches
have found that 3D-printed components promote tissue regeneration in vitro and
in vivo trials. In the case of patient-specific 3D implant models, particular guidance
and templates are used. The 3D printed screw guide proposed approach, for example,
advantages interoperative pedicle fixation of screws, which is a routine practice of
spinal instrumentation in the thoracic spine shown in Fig. 7.3 [52]. It decreases
operating time and radiation exposure during surgery.

Furthermore, for use in knee arthroplasty, patient-specific disposable surgical
saw guides/cutting blocks can be created. Prior to surgery, different cuts of bone
resections, as well as the size and part of each implant, are planned using imaging
and planning software. This lessens the number of issues to be addressed before the
procedure may commence. This can reduce tissue loss and improve the location of
implants, extending the life of implant prosthesis [53].
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Fig. 7.3 Knee arthoplastry [52]

Rapid prototyping also assists in the understanding of the anatomy of complicated
body parts like the heart, which has numerous arteries, veins, and tissues. It provides
definitive information on heart structures. In difficult cardiac surgeries and inter-
ventional treatments, this method enhances safety and cuts down on time. Another
significant benefit is that patients are informed about the surgical or interventional
method prior to operation. A portion of human heart that was manufactured via
rapid prototyping is shown in Fig. 7.4 [54]. Similarly, there a plenty of benefits in
using additive manufacturing to create 3D prototypemodels for medical students and
patients. AM technologies have long been regarded as unrivaled in terms of produc-
tivity. Indeed, anatomical models can be made to order depending on their intended

Fig. 7.4 Prototype of “Heart” using rapid prototying [54]
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use such as color models for identifying anatomical bone subregions, multimaterials
for increased realism, particularly in the case of bones and muscles [55].

Rapid prototyping is now widely recognized as an important instrument in the
educational system that complements traditional instruction. Nowadays, patients are
passive recipients of care who are interested in learning about the diagnosis process,
treatment options, and consequences from a reliable source such as physicians,
medical personnel, and medical authorities.

As a result, AM enhances patient consent, compliance, and satisfaction, resulting
in a better patient-doctor relationship. Currently, bone diseases are assessed using
image modalities that result in 2D (e.g. radiography) or 3D virtual models (e.g.
computed tomography scan) that aid in conveying anatomical information with
patients, but not on a fully suited scale. As a result, physical patient-specific 3D
models are the useful pedagogic tools for explaining bone diseases and other treat-
ment alternatives [56]. In the case of cranial surgery, fast prototyping plays a vital
role during the surgery of critical parts, when preoperative operative planning of
reconstructive surgery is very necessary [57]. As each patient’s anatomy structure is
different, as determined by CT scan images, it takes a lot of experience for a surgeon
to perform surgical operations. However, 3D fast prototyping of anatomical models
is now possible using scanned images generated from CT/MRI scans.

Rapid prototyping is used to address a patient’s skull bone deformities as follows:

(1) Spiral CT was used to examine the patient, and data was exported in the form
of Digital imaging and communications in medicine (DICOM).

(2) The CT data was reconstructed and imported into the Mimics software, where
it was evaluated and processed.

(3) The part was transferred to the RP equipment and manufactured.
(4) The doctor integrated titanium mesh onto the created bio-model.
(5) Finally, the bio-model implanted in the patient’s body was artificially trans-

ferred.

The rising frequency of traffic accidents and high-energy injuries adds to the
complexity of trauma and wounds, resulting in a variety of tissue defects, including
lengthy segmental bone deformities. As a result, tissue engineering is becoming a
popular focus that blends basic life science principles with engineering techniques.

7.6 Role of Rapid Prototyping in Tissue Engineering

Tissue Engineering has shown promising outcomes in the treatment and replace-
ment of damaged tissues and organs, such as skin, heart, and kidney tissues, as
well as treating some concerns with bone abnormalities. Three-dimensional proto-
typing methodologies aimed at solving various muscoskeletal tissue pathologies are
still being developed, and in-vitro studies are being conducted. This approach is
used in tissue engineering for bone and cartilage regeneration, as well as meniscus,
tendon, ligament, and muscle regeneration. Rapid prototyping technologies have
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been used to create 3D scaffolds (tricalcium phosphate (TCP)/alginate) with regu-
lated structure and orientation in the case of bone regeneration [58]. In recent years,
3D bioprinting has received a lot of attention in the biomedical field since it solves
problems like biocompatibility. The art of life science and 3D printing are combined
in 3D bioprinting, which is a layer-by-layer deposition of bio-inks along with living
cells and supporting components to print the substrate, as opposed to 3D printing,
which uses cell-free scaffolds and seeds cells on the substrate after the product is
created [59, 60]. 3D bioprinting allows for more precise control of cell distribu-
tion and the microenvironment of the ECM (extracellular matrix). The selection of
materials, cell types, growth and differentiation factors, sensitivity to living cells
(for example, mammalian cells are sensitive to shear forces), and tissue building
are all concerns related with 3D bioprinting. The Natural (gelatin, collagen, and
chitosan, for example) or synthetic materials are utilized in 3D bioprinting (algi-
nate or fibrin). In comparison to synthetic 3D biomaterials, natural 3D biomaterials
exhibit biocompatibility and extracellular matrix-like behaviour [61].

In the case of 3D bioprinting, the approach is divided into three steps: (i) pre-
processing, (ii) processing, and (iii) post-processing [62] shown in Fig. 7.5. The pre-
processing is comparable in similar to 3D printing in that it incorporates imaging
of the organ or tissue utilizing CT scans, MRI scans, X-rays, or ultrasound tech-
niques. The 3D model obtained from the imaging software are converted into STL
format (Standard tessellation language), a language for 3D bioprinters that is widely
accepted, followed by slicing methods. The harvesting primary cells from patients,
cultivating, and growing them ex-vivo for the bioprinting process were the first steps
in the procedure. The post processing involves bioprinted tissue/organ is kept in
a bioprinter so that the cells can be increased via cell culture and, in the case of
stem cells, differentiated to generate specific functions and cell morphologies. It
also entails keeping the bioprinted tissue/organ in a bioprinter for maturation before
implanting it into the patient’s body. The proper bioinkswith qualitiesmust be chosen
carefully in relation to the target tissue to be printed. The bio printed material may
include a variety of biologics, such as cells, medium, serum, genes, proteins, and
so on. The printability, degradation, and biocompatibility in nature are the material
factors to consider for bioink in 3D bioprinting. The selection of various printing
processes for the manufacturing of rapid prototyping products affects the creation of
bioink. The most difficult aspect is embedding cells in the bioink. To generate the
solid structure, an ideal bioink should have no pre- or post-printing processing such
as physical, chemical, or photo crosslinking. The bioink should be homogeneously
mixed with the other components and encapsulation time should be short. The cell
density, cytoxicity, and bioprintability are all elements to consider when making
the bioink, as well as the bio ink’s rheological characteristics, gelation kinetics, and
surface tension.

Fusion of hydrogels, deformation owing to gravity, non-uniform droplet size or
extrusion, and crosslinker concentration are all process characteristics to consider
while making bioink, non-uniform droplet size or extrusion, concentration of
crosslinker and solidification. The property of shear thinning should be used in the
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Fig. 7.6 Laser based bioprinting techniques [62]

bioink preparation to ensure a smooth flow during printing and a return to a higher
viscosity after printing.

The type of bioink to use is determined by the sort of 3D bioprintingmachines that
will be used to create the 3Dproduct. The laser-based bioprinting and extrusion-based
bioprinting are the two most common types of 3D bioprinting processes.

The laser energy is used to pattern cell-laden bioinks in laser-based bioprinting is
shown in Fig. 7.6. In laser-based bio printing, there are two sorts of approaches. The
laser induced forward transfer technique (LIFT) and the absorbent film assisted LIFT
technique are two types of LIFT techniques. LIFT (laser induced forward transfer)
is the most prevalent approach. This increases the pressure on the bioink, allowing a
droplet of cell-laden bioink to be propelled towards the substrate. In the case of the
absorbing film assisted LIFT approach, the LTPR is coated with a thick sacrificial
metal layer. This approach works well with cell-laden bioinks because it limits the
contact of the bioinks with the laser radiation. The Droplet-based bioprinting is a
method of 3D bioprinting in which cell-laden bioinks are expelled from a nozzle onto
a substrate in the shape of droplets. The bioinks are extruded here using pneumatic
pressure or mechanical force, as seen in Fig. 7.7, through a piston or screw. In recent
years, 3D bioprinting has been used to create skin, bone, vascular grafts, tracheal
splints, heart tissue, and cartilage. It is also used to create tissue models for research,
medication development, and toxicology [62].

7.7 3D Printing for Personalised Protective Equipments
Despite During COVID-19

The world is currently afflicted with a terrible disease (CORONA, a second
mutation of the SARS-2 virus). Many international and national health service
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Fig. 7.7 Extrusion based
bioprinting [62]

authorities/organizations recommend wearing PPE (Personal Protective Equipment)
for respiratory, eye/mouth/face, body, and hand protection when interacting with
COVID-19 patients to avoid or minimize any possible contact, droplet, and airborne
transmission. During this COVID-19 crisis, health care institutions have become
the most dangerous locations for health care personnel who care for and provide
services to sick patients. Due to the lockdown imposed by the corona virus (COVID-
19) pandemic, the worldwide supply chain has been severely disrupted, including
crucial medical supplies such as face shields and ventilator valves. According to
reports, 35% of firms believe the COVID-19 situation has disrupted their supply
chain [63]. 3D printing technology is actively engaging in the production of some
of the most important PPE components, such as face shields, masks, and ventilator
valves, with the support of scientists and researchers.

7.7.1 Face Shields and Masks

The 3D printing technology was able to mitigate some of the problems by printing
and supplying such items to the hospitals and frontline workers. The 3D printing can
be done with the various approaches for the medical equipments. The medical safety
is an important factor while during the production of PPE. In the case of SLS/SLA,
the use of resin or petroleum-based plastic powders to build the product necessitates
the addition of an extra layer to avoid skin contact issues. As a result, if filaments are
used to fabricate the product, the usage of FDMmethod for PPEmanufacturing plays
a key role. Typically, a 3D printed face mask is made up of two parts: a strap and
a filter membrane support, with the filter being replaceable after a long time of use.
The shielding functions which is used as a barrier to aerosols, lowering the danger of
contamination. Typically, ABS (Acrylic butadiene styrene) filaments are commonly
used in FDM to create robust face shields [64–67]. Amin et al. [68] effectively
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Fig. 7.8. 3D printed helmet
with attached accessories
such as manifold and secured
anaesthesia tubings [70]

build 3D print face shields for an average cost of 7.30 $ utilizing polylactic acid
as filament material. These headlight face shield adapters are manufactured with
printers utilizing readily available materials like PLA (Polylactic acid) [69]. In order
to protect surgical workers from infectious blood splashes/debris, Ericsson et al.
[70] created a surgical helmet for arthroplasty surgeons. Most arthroplasty surgeons
currently wear surgical helmets, which have been delayed due to the COVID-19
pandemic and helmet systems being unused to be used as PPEs using 3D printing
technology. Figure 7.8 shows the 3D printed design of the manufactured helmet
attached to the manifold and secured with extra air filters and necessary anaesthetic
tubing attached with the adaptor.

HP created the P2HalfMask (see Fig. 7.9a), whichwas successfully tested against
EN1827. It was created with BASF Ultrasint TPU01 and HP Jet Fusion 5200 3D.
Materialise has created and manufactured a 3D-printed medically certified Oxygen
PPE mask (Fig. 7.9b) to address the ventilator shortage.

PrusaResearch, a leading FDM3DPrintermanufacturer, responded to the scarcity
of PPE for medical workers by mass-producing 3D printed protective face shields
(Fig. 7.9c, d) and donating over 200,000 face shields to Czech medical professionals.
Our disease-prevention gadget is a simple addition to our hospital’s conventional door
handles. Taipei Veterans General Hospital developed a new 3D printed door handle
shown in Fig. 7.10 [72]. It adds an extension to the door, allowing passers-by to open
it with their forearms rather than their hands. Based on three factors, a door extension
was designed that allows a person’s forearm to control the door. First, because most
of the people grab the door handles with their hands, we needed a device that could
be manipulated with a body component that was as close to the hand as feasible.
Second, because forearms are rarely used to contact their mouths, noses, or eyes,
they are an excellent body part to operate. Third, it is safe for users to use this device.

Similarly, notwithstanding example of COVID-19, numerous devices such as
door hooks, hand-free openers, and button pushers are manufactured at industrial
institutions utilizing 3D prototyping [73]. As a result, rapid prototyping is useful for
producing various personal protective equipment (PPE) for humans to combat the
covid 19.
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Fig. 7.9 a P2 half mask. b Oxygen PPE mask. c Face shields by Prusa. d Oxyframe attached to
PPE [71]

Fig. 7.10 Door opening through forehand using 3D rapid prototyping [72]
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7.8 Conclusions

The application of rapid prototyping in biomedical fields and the challenges and
researches are reviewed in this chapter. The role of rapid prototyping in biomedical
engineering and medicine are greatly expanding. The distinct applications of rapid
prototyping requires the importance in selecting the materials in fabricating the rapid
prototyping product. Rapid prototyping finds its very useful advantages in fabricating
the various implant prosthesis and scaffolds in tissue engineering. The scaffolds
produced by 3D printing which is cell free substrate are not effective in showing
good biocompatibility, where the drawback can be made by printing cell along with
the ink to produce the product called bioprinting. The procedures carried out in
fabricating the biomodel in 3D bioprinting are discussed here. The rapid prototyping
plays a vital role in fabricating the personalised protective equipments such as face
shields, masks, door openers, door hooks to the people in the present today’s amidst
COVID-19.
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Chapter 8
Surface Finishing Post-treatments
for Additive Manufactured Metallic
Components

T. S. N. Sankara Narayanan and Hyung Wook Park

8.1 Introduction

Additive manufacturing (AM) involves fabrication of numerous components by a
layer-by-layer approach. AM processes assume significance due to their ability to
fabricate thin lattice structures, struts and scaffolds with high material utility. Selec-
tive laser melting (SLM) and electron beammelting (EBM) are commonly employed
for the fabrication of metallic components. One of the major limitations of compo-
nents built by SLM and EBM is their higher surface roughness. Adherence of the
partially melted particles, balling effect and stair case effect are the major reasons for
the higher surface roughness [12, 43]. Many components involve complex shapes.
Parts built away from the centre point of the build plate exhibit a higher surface rough-
ness. Down-skin surfaces have a higher surface roughness than up-skin surfaces [12].
A higher surface roughness of the as-built AM part could deleteriously influence the
mechanical properties, fatigue strength and corrosion resistance. The higher surface
roughness of the AM parts restricts their use for the intended purpose and warrants
suitable surface finishing post-treatments. Hence, the most important purpose of
surface finishing post treatments is to reduce the surface roughness and to remove
the partially melted particles present in the as-built AM parts. Surface finishing of
AM components with a simple design can be easily accomplished. However, AM
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parts with a complex design, internal surfaces, thin lattice structures, struts and scaf-
folds pose a tough challenge [52, 70]. A variety of surface finishing post-treatments
are explored to decrease the surface roughness of AM parts [40, 41, 48, 56]. They
can be broadly classified as (i) mechanical surface finishing methods; (ii) abrasive
finishing methods; (iii) chemical and electrochemical processes; and (iv) laser and
electron beam irradiation processes. This chapter aims to provide an outline of the
ability of various surface finishing post-treatments to improve the surface finish of
AM parts. The principle and mechanism of the treatment method, the beneficial
effects induced by the treatment and the major limitations are highlighted.

8.2 Mechanical Surface Finishing Methods

8.2.1 Tumble/barrel Finishing

Tumble finishing (TF) or barrel finishing (BF) is a mechanical surface treatment
process to improve surface finishing of metallic components. It involves tumbling or
rotation of a barrel in which the parts to be treated and abrasive particles dispersed in
a media are placed together. The friction between the surface being treated and the
abrasive particles is responsible for the reduction in surface roughness. The extent
of decrease in surface roughness is rather limited since the abrasive particles mainly
remove the peaks while they have very little influence on the deep valleys. Boschetto
et al. [9] have ascertained the suitability of BF for treating complex AM parts using a
Ti6Al4V alloy impeller and an Inconel 718 alloy automotive exhaust manifold. The
availability of limited space for the movement of the abrasive particles delays the
speed of BF of the blades of the Ti6Al4V alloy impeller (Fig. 8.1a, b). The limited
access for the abrasive particles on the angled internal surface limits the extent of
surface finishing of the Inconel 718 alloy automotive exhaust manifold (Fig. 8.1c,
d). Although BF has the advantage of treating many parts at the same time, the
requirement of longer processing time (~48 h), wastage of the abrasive media, and
problems in disposal are the major limitations in using them.

8.2.2 Finish Machining

Finish machining (FM) has been shown to decrease the surface roughness of SLM
Inconel 718 alloy and 316L SS part by 90–96%. The extent of deformation induced
by FM is very high, which enables grain refinement. In addition, the deformation
helps to reduce the surface and sub-surface porosities. The strain hardening induced
by FM increased the hardness and wear resistance and, decreased the risk of fatigue
failure [37–39]. FM is not considered to be suitable for AM parts with complex
shapes [38]. The depth of material removal during FM assumes significance as it
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Fig. 8.1 Photographic images of SLM a Ti6Al4V impeller and c Inconel 718 alloy automotive
exhaust manifold showing the regions at which the surface roughness was measured after BF; b,
d Decrease in average surface roughness of these components after BF, measured as a function of
time (Reprinted from, Boschetto et al. [9], under Creative Commons Attribution License)

could expose porosities and other defects from sub-surfaces. FM of EBM Ti6Al4V
alloy parts to a depth of 1.00 mm bring out lack of fusion (LOF) defects to the
top surface while those machined to a depth of 0.50 mm was free of such defects
(Fig. 8.2). Although FM to a higher depth could offer considerable improvement in
fatigue life by removing most of the pores and defects, such approach defeats the
main principles of AM in terms of material utility with minimal wastage [17].

8.2.3 Blasting

Blasting involves propelling of abrasive particles (quartz sand, glass bead, alumina)
on the surface to be treated under high pressure. Air pressure, stand-off distance,
size and shape of the abrasive particles, angle of impingement and time are the
main process variables. Blasting reduces the surface roughness, improves the surface
integrity, increases the hardness and induces compressive residual stress. Micro-
forming of the surface during blasting is responsible for smoothening of the surface.
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(a) (b)

Fig. 8.2 Confocal microscopy images acquired at the surface of EBM Ti6Al4V specimens after
FM to a depth of a 0.50 mm and; b 1.00 mm; dotted squares in (b) highlight defects (Reprinted
from, T. Childerhouse et al. [17], with permission from Elsevier)

The extent of decrease in roughness, however, is rather limited (~44–50%). In spite of
its ability to remove partially melted powder particles from the surface of the as-built
AMpart, the impingement of sharp-edged abrasive particles could again cause rough-
ening of the surface. Incorporation of the abrasive particles on the treated surface
is a matter of concern. Blasting is considered to be suitable for thick AM parts and
it should be used with caution while treating thin lattice structures as impingement
of the abrasive particles might damage the part. Zhang [78] have suggested microb-
lasting, which is capable of removing partially melted particles without damaging
the part, as a suitable alternative for post-processing of thin lattice structures.

8.2.4 Shot Peening, Cavitation Peening and Laser Shock
Peening

Shot peening (SP) involves impingement of a stream of shots on the surface being
treated using compressed air. Multiple impingement of the shots enable plastic
deformation of the surface and sub-surface, eliminate the surface defects, refine
the grains, induce strain hardening, impart compressive residual stress and increase
the fatigue resistance [50]. SP facilitated shrinkage of pores and reduced the porosity
of SLM AlSi10Mg alloy part by 0.1–0.3%. In addition, SP increased the sphericity
of larger pores [18]. SP has been envisioned as a game changer to improve the perfor-
mance of AM lightweight alloy parts [4]. Unlike SP, cavitation peening (CP) is a
shot-less method in which the peening effect is generated by collapsing cavitation
bubbles. Similar to SP, CP is also capable of reducing the surface roughness, inducing
compressive residual stress and improving the fatigue strength [60].
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In laser shock peening (LSP), the shock waves generated by the laser beam induce
surface severe plastic deformation (S2PD), leading to strain hardening, resulting in
an increase in hardness along with the formation of a thick hardened layer (~700–
900 μm) (Fig. 8.3a) and refines the grain size [16, 31]. LSP changes the tensile
residual stress, which is prevalent in LSM metal parts to compressive residual stress
(Fig. 8.3b). The choice of a smaller spot size and higher overlap rate (~80%) increase
the magnitude of compressive residual stress and the depth to which it is imparted
(~900μm) [35]. The ability of LSP to induce compressive residual stress and to refine
the grain size of the α phase helps to reduce the pre-existing crack size, suppress the
crack initiation and increase the threshold for fatigue fracture of EBMTi6Al4V alloy
[31]. LSP facilitates a decrease in surface roughness. However, the extent of decrease
in roughness of SLM and EBM Ti6Al4V alloy part is relatively less for LSP than
SP [33]. Tong et al. [69] have shown that LSP is effective in closing the surface
pores (Fig. 8.4) and promoting the formation of a gradient layer structure on DED
CoCrFeMnNi high-entropy alloy. According to them, the strength and ductility of the
CoCrFeMnNi high-entropy alloy are increased after LSP. The fracture mechanism
of CoCrFeMnNi high-entropy alloy and Ti6Al4V alloy is changed to ductile from a
mixture of ductile and brittle for as-fabricated part [44, 69].

Fig. 8.3 aHardness profile of EBMTi6Al4V alloy after LSP as a function of depth; and bResidual
stress of Ti6Al4V alloy as a function of depth before and after LSP (Reprinted from a X. Jin et al.
[31]; b W. Guo et al. [25], with permission from Elsevier)

Fig. 8.4 Schematic illustration of closure of surface pores in DED CoCrFeMnNi high-entropy
alloy by LSP (Reprinted from Z. Tong et al. [69], with permission from Elsevier)
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SLM Ti6Al4V alloy part consists of α’-martensite phase. During SLM, tensile
residual stress is induced at the surface of the part. The hardness, YS and UTS
of the as-built Ti6Al4V alloy part are higher while it lacks the elongation. Post
heat-treatment transformed the α’-martensite phase to α + β phases, decreased the
hardness, increased the elongation, released the tensile residual stress, but decreased
the YS and UTS. Also, heat-treatment increased the impact toughness, but decreased
the corrosion and wear resistance. Yeo et al. [77] have shown that LSP of the heat-
treated Ti6Al4V alloy sample has recovered the hardness and wear resistance by
about 92% and decreased the corrosion rate by 64%. The ability of LSP to refine the
grain size, to increase themagnitude anddepthof hardness and, to induce compressive
residual stress has enabled an increase in hardness, wear resistance and corrosion
resistance of heat-treated SLM Ti6Al4V alloy sample.

Soyama and Takeo [63] have compared the effect of SP, CP and LSP on the extent
of decrease in roughness, compressive residual stress induced during peening and
increase in fatigue strength of SLM and EBM Ti6Al4V alloy samples. Irrespective
of the method of fabrication, the extent of decrease in Ra and Rz by these methods
of peening follows the order: SP > CP > LSP while the compressive residual stress
induced during peening follows the order: CP > SP > LSP. The increase in fatigue
strength after these methods of peening follows the order: CP > CP = LSP for
SLM Ti6Al4V alloy and SP > LSP > CP for EBM Ti6Al4V alloy. In terms of
fatigue strength, surface roughness exerts a negative influence while compressive
residual stress has a positive effect. Sato et al. [60] have shown that the magnitude
of compressive residual stress induced during CP of as-built EBM Ti6Al4V alloy is
much higher (194 ± 34 MPa) than those induced by SP (127 ± 30 MPa), which is
also reflected in the fatigue life. CP has been shown to reduce the microstrain while
SP increased the microstrain, which could be the origin of crack initiation. LSP is
more expensive when compared to SP and CP [26].

8.2.5 Surface Mechanical Attrition Treatment

Surfacemechanical attrition treatment (SMAT) is used as a post-treatment to improve
the surface finish of AM metal parts. SMAT is a S2PD method. The repeated multi-
directional impingement of spherical balls on the surface being treated enables plastic
deformation, resulting in surface nanocrystallization [7] (Fig. 8.5). During SMAT,
plastic deformation of the rough peaks and partially melted particles and subsequent
filling of the valleys by the deformed material is responsible for smoothing of the
surface [64]. Since plastic deformation is the governing mechanism, the extent of
decrease in roughness is dependent on the ductility of the material. SMAT increased
the hardness and the strain hardening effect could be realized in the sub-surface
region also. SMAT increased the mechanical properties and wear resistance [64].
The compressive residual stress induced by SMAT improves the fatigue perfor-
mance. Since tensile residual stress dominates on the surface of AM parts, SMAT
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Fig. 8.5 Schematic of the surface mechanical attrition treatment (SMAT) set-up (Reprinted from
T. Balusamy et al. [6], with permission from Elsevier)

will be useful to convert it to compressive residual stress [22]. However, SMAT is
not amenable for treating AM parts with complex design and internal channels.

8.2.6 Ultrasonic Nanocrystal Surface Modification

Like SMAT, ultrasonic nanocrystal surface modification (UNSM) is also a S2PD
method. UNSM involves repetitive bombardment of a WC tip on the surface being
treated at ultrasonic frequencies under a controlled static load (Fig. 8.6a). UNSM

Fig. 8.6 Schematic representation of (a) ultrasonic nanocrystal surface modification (UNSM);
and (b) electrically assisted ultrasonic nanocrystal surface modification (EA-UNSM) processes
(Reprinted from (a) C. Ma et al. [47]; and (b) H. Zhang et al., [80] with permission from Elsevier)
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decreased the surface roughness, improved the surface finish along with the forma-
tion of a uniform dimple-like features, decreased the sub-surface porosity, refined the
grain size, increased the hardness, converted tensile residual stress to compressive
residual stress, improved the fatigue life and increased the corrosion and wear resis-
tance of Ti6Al4V alloy and Ni–Ti alloy [79, 47]. The extent of plastic deformation of
SLM 316L SS becomes much higher during UNSM at 400 °C than at 27 °C, which
helps to increase the hardness and wear resistance [1]. By an appropriate choice of
temperature UNSM can be used to tailor the microstructure of Co-Cr–Mo alloy with
a gradient nanostructure (at 25 °C) and a harmonic structure (at 500 °C) [2]. The
extent of decrease in surface roughness of AM parts by UNSM is limited. UNSM
reduced the elongation of SLM 316L SS from 40 to 24% [1].

Zhang et al. [80] have explored electrically assisted ultrasonic nanocrystal surface
modification (EA-UNSM) (Fig. 8.6b) as a post-treatment for 3D printed Ti6Al4V
alloy part. When compared to UNSM, the extent of decrease in surface roughness,
improvements in surface finish and reduction is surface/sub-surface pores and hard-
ness are much higher in EA-UNSM. The Ra of as-printed Ti6Al4V alloy and those
subjected to post-treatment using UNSM and EA-UNSM is 10.6 μm, 7.1 μm and
1.3μm, respectively. The porosity of the as-printed Ti6Al4V alloy is ~ 1.74%, which
is decreased to 1.16% and 0.82% after UNSM and EA-UNSM. The surface hardness
of as-printed Ti6Al4V alloy and those subjected to post-treatment using UNSM and
EA-UNSM is 359.5 ± 17.3 HV, 437.8 ± 14.2 HV and 484.5 ± 11.9 HV, respec-
tively. Refinement in grain size and strain-hardening are considered responsible for
the increase in surface hardness and this effect is much pronounced after EA-UNSM.
By an appropriate choice of current density, the temperature can be increased to ~
425 °C, which enabled a higher extent of plastic deformation. During EA-UNSM,
the synergistic mechanical and thermal effect helped to close the surface and sub-
surface pores. Materials with plasticity are hard-to-deform. UNSM using a low force
is not sufficient to cause plastic deformation while use of a very high force could lead
to cracking of the surface/subsurface. On the contrary, the resistive heating during
EA-UNSM enables an increase in temperature, which increases the plasticity and
facilitates deformation. The easy flow of the rough peak following deformation could
offer a better surface finish than those obtained by UNSM.

8.3 Abrasive Finishing Methods

8.3.1 Abrasive Flow Machining

Abrasive flow machining (AFM) was developed by Extrude Hone Corporation to
improve the surface finish of internal channels. A viscoelastic medium consisting of
abrasive particles pumped at 220 bar enables removal of partially melted particles
by micro-cutting and micro-ploughing mechanisms. AFM of SLM Ti6Al4V alloy
coupons using a mixture of 60% B4C, 37% borosiloxane polymer, 2.5% lubricating
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grease, and 0.5% oleic acid has reduced the surface roughness from 26 to 0.74 μm
[10]. The ability of AFM to reduce both the upskin and downskin surface roughness
has been established by [55]. AFM reduced the surface roughness of SLM conformal
cooling maraging steel internal channels [27] (Fig. 8.7). In addition, AFM induced
compressive residual stress and increased the fatigue strength by 26%. Since the abra-
sive particles could have limited access in deep valleys, the extent of improvement
in fatigue strength becomes limited [27]. Lack of uniform surface finish, particularly
at complex bends of internal channels, contamination of the surface with abrasive
particles and damage of thin-walled structures at excessive pressures are the major
limitations of AFM.

(b)(a)
Build direction

(c) (d)
Build direction AFM direction

Fig. 8.7 Surface morphology a, c and 3D surface profile b, d of SLM conformal cooling maraging
steel internal channel:a,b as-built; c,d afterAFM(Reprinted fromS.Han et al. [27],with permission
from Elsevier)
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8.3.2 Magnetic Field Assisted Abrasive Finish Machining

The difficulty encountered in controlling the cutting force of the abrasive particles in
AFM has led to the development of magnetic field assisted abrasive finish machining
(MF-AFM) and magnetorheological abrasive flow machining (MR-AFM). The
movement of a mixture consisting of abrasive slurry and magnetic particles using an
external magnet (NdFeB magnet) enables control of the cutting force of the abrasive
particles and limit excessive material removal. Both MF-AFM andMR-AFM can be
effectively used to reduce the surface roughness of internal structures of AM parts.
Karakurt et al. [34] have shown that MF-AFM using slurries containing SiC and
Al2O3 is effective in reducing the surface roughness of the external surface of EBM
Cu sample from 35 to 4 μm. MF-AFM has been shown to effectively remove all
the partially melted particles and balling effect and offer a 76% decrease in surface
roughness for SLM 316L SS [81]. MF-AFM performed in three different stages
using course, medium and fine particles for 120 min decreased the Rz of SLM 316L
SS from 100 to 0.1 μm. However, it involves a material loss of ~ 164 mg with a
corresponding decrease in layer thickness by ~ 40 μm.

8.3.3 Abrasive Fluidized Bed Machining

Abrasive fluidized bedmachining (A-FBM) is based on fluidized bed hydrodynamics
in which the hydrodynamic effect created by the air bubbles helps the abrasive parti-
cles to impact on the surface of the sample placed inside the fluidized bed [41].
Rotation of the sample inside the fluidized bed promotes interaction between the
sample surface and abrasive particles, increases the speed of impingement of abra-
sive particles and the extent of material removal and thereby improving the process
efficiency [21]. Microploughing or microcutting by the abrasive particles is the main
mechanism of removal of the partially molten particles. Spherical shaped abrasive
particles remove the partiallymolten particlesmainly bymicroploughingmechanism
while both microploughing and microcutting is found to be operative with the use of
angular shaped abrasive particles [3]. The cost-effectiveness, ease of automation and
sustainability of the process, are the major advantages of A-FBM. Contamination
of the surface with abrasive particles, lack of improvement in the surface finish at
complex bends of the internal channels are some of the major limitations of A-FBM
[41].
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8.3.4 Ultrasonic and Hydrodynamic Cavitation Abrasive
Finishing

Two types of cavitation abrasive finishing based on ultrasonic and hydrodynamic
principles were explored to improve the surface finish of AM parts. Ultrasonic cavi-
tation abrasive finishing (UCAF) involves two different mechanisms: (i) collapse of
bubbles on the surface by cavitation; and (ii) impingement of the abrasive particles on
the surface. The combined action of both of them offers a decrease in surface rough-
ness. The cavitation bubbles nucleate and grow at the crevices present on the rough
as-built AM part subsequently collapse on the surface [65, 66]. Repeated collapse
of these bubbles on the surface removes the partially melted powders. Impingement
of the abrasive particles accelerated by the cavitation action removes larger-size
balls and flattens rough peaks. Use of 1200 grit size micro-abrasive particles is
recommended to achieve a good surface finish [65].

In hydrodynamic cavitation abrasive finishing (HCAF), the cavitation bubbles
are generated based on hydrodynamic flow principles in which abrasive particles are
freely suspended. The partially melted particles present on the surface of the AMpart
are removed by hydrodynamic cavitation while large-sized balls and rough peaks are
removed by the impingement of the abrasive particles accelerated by cavitation [53]
(Fig. 8.8).

The bubble-particle interaction that creates a synergistic effect on surface finishing
is the unique advantage of HCAF. Due to the synergistic action, HCAF requires only
1% of the abrasive particles as opposed to > 50% of abrasive particles in traditional
abrasive finishing methods [53]. The combination of hydrodynamic flow and the use
of lower amount of abrasive particles eliminate damage of the corners/edges, thus

Fig. 8.8 Schematic representation of improvement in surface finishing by HCAF process: a as-
built AM component surface; b after pure-cavitation finishing; c after pure-abrasive finishing; and
d after combined hydrodynamic cavitation abrasive finishing (Reprinted from A.P. Nagalingam,
et al. [53], with permission from Elsevier)
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preserving the dimensional integrity of the AM part (Fig. 8.9). HCAF is effective
in improving the surface finish of internal channels and preserving the circularity of
internal contours [52]. HCAF increases the hardness, improves the wetting charac-
teristics, induces compressive residual stress and increases the fatigue life. Erosion
of the pump valves with time will be a major concern in HCAF.

(a) (b) (c)

(d) (e)

Fig. 8.9 Mechanismof removal of surface irregularities in SLM Inconel 625 alloy internal channels
bymulti-jet hydrodynamic finishing: a–c schematics showing the various stages ofmaterial removal
and surface smoothening; d, e surface morphology: d as-built internal channel with surface irregu-
larities; and e smooth and uniform texture after surface finishing (Reprinted from A.P. Nagalingam
and S.H. Yeo, [52] with permission from Elsevier)
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8.4 Chemical and Electrochemical Processes

8.4.1 Chemical Etching

Chemical etching (CE) of AM parts involves removal of partially melted particles
using acidmixtures. CEof SLMandHIP treatedTi6Al4Valloy part usingHF-HNO3-
H2O mixture in 1:2:3 ratios for 10 min has enabled a complete removal of partially
melted particles, reduced the surface roughness from 12.2 to 6.6 μm, increased
the fatigue life, improved the biocompatibility and promoted cellular activity [30].
However, CE decreased the relative density of EBM Ti6Al4V alloy lattice structures
following the reduction in strut diameter during CE [19]. SLM CoCr F75 scaf-
folds become more fragile after CE [73]. Hence, appropriate allowances for the strut
thickness and scaffolds should be provided during the design stage itself.

8.4.2 Chemical Polishing

Chemical polishing (CP) involves removal of partially melted powder particles by
dissolution using acid mixtures without the requirement for any tools [75]. The
difference in rate of dissolution between the peaks and valleys in the AMpart enables
smoothing of the surface. The gas bubbles formed on the surface keep the dissolution
process active without any stagnation. The acid mixtures used for CP is selected
based on the type of material. Appropriate dilution of the acid mixtures with longer
processing time offersmuch control duringCPwhile stirring of the polishing solution
provides good stability [46]. Unlike mechanical post-treatments, CP concurrently
improves the surfacefinish of both the outer and inner surfaces [70].CP canbe applied
to AM parts with complex geometries as well as for thin porous lattice structures
and scaffolds (Fig. 8.10). CP is capable of removing irregularities present in AM

(b)(a)

1 mm 1 mm

Fig. 8.10 SEM images of the surface of Ti scaffolds: a before,b after chemical polishing (Reprinted
from B. Wysocki et al. [75], with permission from Elsevier)
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parts and smoothing of the surface without any change in chemical composition.
CP Ti scaffold fails to show any negative effect on the proliferation and growth of
MG63 cells, rather it helped to improve colonization [75]. Since the mechanism of
eliminating the surface irregularities is by dissolution, mass loss is inevitable during
CP. Hence, dimensional integrity of the part after CP is a matter of concern. CP has
been shown to decrease the Young’s modulus ( ~ 70%) and compressive strength ( ~
30%) [75]. CP is not considered as a suitable choice for post-treating scaffolds with
smaller pores.

8.4.3 Combined Chemical and Abrasive Flow Polishing

Mohammadian et al. [51] have shown that the combined chemical abrasive flow
polishing using 40 vol. % HF + 40 vol. % HNO3 + 20 vol. % H2O dispersed with
420 μm Al2O3 particles at a flow velocity of 3 m/s is effective in improving the
partially melted particles on the inner surfaces of tubular part made of IN625 alloy,
reducing its surface roughness and improving its surface texture. During chemical
flow polishing, formation of a passive oxide layer could reduce the rate of polishing.
Abrasive flow polishing requires a higher fluid velocity. In combined chemical abra-
sive flow polishing, the passive oxide layer formed on the surface is continuously
removed by the impingement of the abrasive particles.

8.4.4 Electropolishing

Electropolishing (EP) is based on the electrochemically assisted dissolution of the
anode under the influence of an applied current and it can be effectively used to
improve the surface finish of AM metal parts. Current density is the major factor
in determining the efficiency of the EP process. During the initial stages of EP, the
residual powders, which protrude outside the surface of the AM part, are removed.
Subsequently, polishing of the completed melted layer occurs until the entire surface
of the part is uniformly polished (Fig. 8.11). Random dissolution of crystallographic
planes during EP is considered responsible for the observed improvement in surface
finish [58]. An increase in current density, temperature, treatment time, flow rate,
and narrowing the inter-electrode distance would increase the rate of polishing and
efficiency. EP is suitable for polishing AM parts with complex shapes, internal
channels and thin walled structures, which are usually fragile [71]. EP reduced the
contact angle of SLM 316L SS part to 45°, thus making the surface of the part more
hydrophilic [70]. The level of surface finish accomplished by EP is much better than
those achieved by CP and it is possible to achieve a reduction in surface roughness
as high as 92% [71]. Since the average surface roughness (Ra) of SLM Ti6Al4V
alloy parts built at different build angles varies from 4 μm (0°) to 23 μm (135°), it
is imperative to provide suitable allowance for the current density and time during
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Fig. 8.11 Schematic diagram depicting the mechanism of flattening of surface during EP (Inset:
higher magnification images) (Reprinted from J.-H. Jung et al. [32], with permission from Elsevier)

EP to achieve uniform surface finish [71]. The formation of a dense and compact
passive oxide layer with fewer defects after EP has increased the corrosion resistance
of EMB Ti6Al4V alloy part [74].

The reduction in surface roughness byEP is accompanied a reduction in thickness;
the higher the current density, the greater is the extent of polishing and greater is the
thickness reduction. For highly rough surfaces, the thickness reduction during EP can
be as high as 80μm, which challenges the dimensional integrity of the AM part [71].
In spite of its ability, the difficulty in placing the cathode within the confined space
of internal channels limits the use of EP [70]. EP has been shown to be ineffective
in removing holes or cracks or slag present on the surface of the AM part. The
presence of an underlying pore in the AM part could promote crack nucleation or
crack growth during EP [5, 40]. EP is not effective when the AM part contains non-
conducive phases [58]. EP encounters difficulty in polishing multi-phase alloys due
to the difference in reactivity of the phases during the electrochemical dissolution
process, resulting in an uneven surface finish. The presence of a passive oxide layer
such as TiO2 on the surface of Ti and its alloys poses difficulty during EP and
warrants the use of hazardous perchloric (HClO4) and hydrofluoric (HF) acid based
electrolytes to remove the passive TiO2 layer. An increase in duration of EP has
been shown to decrease the hardness by 35% and Young’s modulus by 45% of SLM
Inconel 718 alloy part [5]. Retention of microscopic cavities is a major limitation of
EP [70]. Use of an excessive current density for EP has led to the formation of tiny
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dots on the surface of EBM Ti6Al4V alloy part, which deleteriously influenced its
corrosion resistance in simulated body fluid [74].

8.4.5 Jet Electrochemical Machining

Cheng et al. [15] have suggested jet electrochemical machining (JECM) as a post-
treatment method for SLM 316L SS coupons. During JECM, the SLM 316L SS
coupon was made as the anode and a nozzle which sprays 10% NaCl was made
as the cathode. During JECM, the resistance between the anode and cathode is
determined by the electrolyte layer thickness. The higher the thickness, the greater
is the resistance. Since the as-built SLM 316L SS coupon is rough, the thickness of
the electrolyte layer between the rough peaks (anode) and the nozzle (cathode) is
less, which facilitates an easy dissolution of the peaks (Fig. 8.12). During EP as well
as in JECM, these peaks assume high current density, which enforces dissolution.
Obviously, the rate of metal dissolution will be less at the valleys as the electrolyte
layer thickness and the resistance is relatively higher. The surface of SLM 316L SS
coupon becomes defect free along with the formation of a microporous structure
after JECM at 120 mA/cm2 for 10 min. The difference in the rate of dissolution at
different locations has lead to the development of surface roughness during JECM,
resulting in a decrease in roughness only by 53%.

Fig. 8.12 Schematic representation of the JECM: a Before JECM; and b during JECM (Reprinted
from H. Cheng et al. [15], with permission from Elsevier)
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8.5 Laser and Electron Beam Processes

8.5.1 Laser Polishing

Laser polishing (LP) involves melting of a thin surface layer and re-distributing
the molten layer from the peaks and valleys using the surface tension of the melt,
signifying no material removal and only relocation of the molten layer [49, 68]
(Fig. 8.13). Hence, dimensional integrity of the component is preserved. The laser
energy density, scanning speed, pulse overlap and number of passes are the major
factors influencing the process [13, 28]. LP is effective in eliminating the partially
melted particles and asperities present in as-built AMpart and reconstruct the surface
with a smooth finish [13, 14, 42].

The extent of decrease in roughness achieved after LP can be as high as 90–
96%. The extent of decrease in surface roughness depends on melt pool velocity. It
is imperative to optimize the conditions to achieve a low melt pool velocity which
increases the melt pool width rather than the depth [49]. LP refines the grain size,
increase the hardness, tensile strength, ductility, fatigue strength, wear resistance and
corrosion resistance [13, 14]. LP makes the surface hydrophilic. Repeatability of the
process, high speed and ability to polish a selective area are some of the highlights of
the process. LP induces tensile residual stress [42, 68]. Crack formation during LP
is a major concern [54]. LP is not amenable for surface finishing of internal channels
[41]. The choice of a higher laser energy density, insufficient overlap and number of
laser passes beyond a threshold has led to an increase in surface roughness [28]. LP
promotes surface oxidation in the absence of vacuum or an inert atmosphere [49, 54].
An increase in exposure time during LP extends the HAZ. LP under pulsed mode
leads to the formation of porous, cracked surface with an uneven surface oxide layer
[23].

(a) (b)

Fig. 8.13 Schematic representation of a laser polishing; and b how the initial surface profile
is changed after laser polishing with redistribution of surface asperities (Reprinted from a S.
Marimuthu et al. [49]; b L. Chen et al. [13], with permission from Elsevier)
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8.5.2 Laser Re-Melting

Laser remelting improves the surface finish, eliminates the lack of fusion (LOF)
pores, decreases the size of the metallurgical pores, increases the density of the
part and decreases the residual stress (Fig. 8.14). The rapid solidification after laser
remelting refines the grain size. The elimination of pores, decrease in grain size
and decrease in residual stress helps to increase the hardness and UTS [36]. The
change in surface chemical composition and the thickness of the oxide layer after
laser remelting of SLMTi6Al4V alloy part raises concern on the corrosion resistance
and biocompatibility of such parts [72]. The higher cost, decrease in ductility and
formation of a thick oxide layer are the major limitations in employing in situ laser
remelting.

Fig. 8.14 Schematic representation of pore eliminationmechanism during laser re-melting process
(Reprinted from F. Lv et al. [45], with permission from Elsevier)



8 Surface Finishing Post-treatments for Additive Manufactured … 179

8.5.3 Large Pulsed Electron-Beam Irradiation

Large pulsed electron-beam (LPEB) irradiation is similar to LP. Both of them involve
melting of the thin surface layer and redistribution of the molten metal pool between
the peaks and valleys, resulting in a smooth surface. LPEB irradiation is effective
in removing partially melted particles, spatters, cavities, and improving the surface
finish [59, 62]. The level of surface finish accomplished after LPEB irradiation is ~
75% and the treated surfaces are free of microcracks (Fig. 8.15) [59]. LPEB irra-
diation induces tensile residual stress and involves the formation of a heat affected
zone. LPEB irradiation is not suitable for surface finishing of internal channels.

(c) (d)

Fig. 8.15 a, b Surface morphology of the uppermost layer of SLM maraging steel samples; and
c, d arithmetical mean height (Sa) of SLM maraging steel samples as a function of build angles: a,
c As-built;; and b, d after large pulsed electron-beam (LPEB) irradiation; (Reprinted from T.S.N.
Sankara Narayanan et al. [59], with permission from Elsevier)
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8.6 Hybrid Additive/subtractive Manufacturing

TF could reduce the surface roughness of SLMTi6Al4V alloy part whereas TF alone
could not offer an improvement in fatigue life. SP could induce compressive residual
stress and increase the fatigue life. A hybrid treatment of TF and SP has reduced the
surface roughness, induced compressive residual stress and increased the fatigue life
of SLM.

Ti6Al4V alloy part [20]. The choice of prolonged time duration for TF to decrease
the surface roughness and subsequent SP would be cost-effective.

Teng et al. [67] have explored a hybrid treatment involving grinding process (GP)
and MAF to decrease the surface roughness of SLM AlSi10Mg alloy. The GP using
160–200 μm sized Al2O3 abrasive particles reduced the surface roughness of the
as-built AlSi10Mg alloy sample from 7 to 0.6 μm, leaving behind the scratches and
pores. The subsequent MAF using spherical SiCW7magnetic abrasives has reduced
the surface roughness from 0.6 to 0.155 μm with a smooth surface finish. The GP
induces strain hardening and increased the surface hardness, which is deceased after
MAF.

Guo et al. [24] have explored a hybrid treatment of precision grinding (PG) and
EP to improve the surface finish of EBM Ti6Al4V alloy part. The Ra as-built part
varies from 23–32 μm. EP decreased the Ra to 21–28 μm. PG reduced the Ra to
2 μm, induced compressive residual stress and increased the hardness but it leaves
tool marks on the surface. A hybrid treatment of PG followed by EP reduced the
Ra to < 1 μm and removed the tool marks. The Ra is decreased further to 0.65 μm
when the EP time is increased to 40 min. However, EP released the compressive
residual stress induced during PG. Since both PG and EP involves thickness/mass
loss, adequate compensation should be provided for the part during the initial design
stage.

E-blasting, which combines the unique features of blasting and EP, has been
suggested as a hybrid treatment to improve the surface finish of SLM Ti6Al4V alloy
part [23].DuringE-blasting, theTi6Al4Valloy part is subjected toEPusing amixture
of 700ml/L of ethyl alcohol+ 300ml/L isopropyl alcohol+ 60 g/LAlCl3 + 250 g/L
of ZnCl2 and simultaneously blasted using 40–70 μm sized spherical glass beads
at a pressure of 5.5 MPa. E-blasting has enabled a clean, smooth and bright surface
finish without any defects. Most importantly, the finished surface after E-blasting
was free from the blasting media, which is a serious concern in conventional blasting
treatment. The level of surface finishing obtained by E-blasting is as high as 92%.
E-blasting is effective in reducing the surface roughness of internal cavities.

A hybrid treatment of chemical etching (CE) and electropolishing (EP) using HF
based solution has been shown to offer a good reduction in surface roughness of
3D printed Ti6Al4V alloy open porous structure with controlled strut morphology
[57]. CE using a mixture of 0.5 ml of 48% HF + 50 g H2O for 10 min removed the
partially melted powders attached to the strut surface. EP using a mixture of 55 ml
CH3COOH + 30 ml H2SO4 + 15 ml HF at 1.2 mA/mm2 for 8 min removed the
unevenness and provides a smooth surface finish. However, this hybrid treatment
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has increased the internal porosity, decreased the strut thickness and decreased the
mechanical properties.

Seo et al. [61] have suggested a hybrid treatment approach of blasting and plasma
electrolytic polishing (PEP) to improve the surface finishing of SLMCoCr alloy part.
Blasting of the part using stainless steel balls at 7.5 bar reduced the Ra from 13 μm
to 3 μm. PEP of the blasted surface using 0.3 M (NH4)2SO4 (pH: 5.30; temperature:
75 °C) at 450 V for 8 min has reduced the Ra to 20 nm. The formation of an oxide
film on the surface of CoCr alloy after this hybrid treatment has offered an excellent
corrosion resistance in 3.5% NaCl.

In situ laser remelting (LR) during fabrication of the part by SLM is a well-
known hybrid treatment approach. The SLM-LR hybrid treatment has been shown
to eliminate irregular pores and LOF defects, decrease the surface roughness and
increase the density of SLM parts [76]. However, this would be possible only with
the choice of an appropriate laser power and scanning speed that enables sufficient
spreading of the molten material. The choice of a higher laser power for LR provides
sufficient time for spreading of the molten material, which reduces the porosity
and surface roughness of the top surface. However, the side surface roughness is
increased. Although LR at higher laser power reduces the residual stress, it also
facilitates the formation of a thick oxide layer, which could affect the mechanical
properties of the AM part [8]. During LR at higher laser power, new pores could also
be introduced [29]. The choice of a higher scanning speed for LR fails to eliminate
the pores whereas a lower scanning speed introduces new pores [45]. LR of each
layer after solidification provides a good platform for deposition of the subsequent
layer by SLM. The molten layer generated by LR properly wet the underlying solid
metal and offer a relatively smooth surface finish [8]. LR decreased the amount of
partially melted Ta particles, increased the homogeneity, YS and elastic modulus of
the SLMTi25Ta alloy. However, LR has led to a slight increase in porosity, increased
the residual stress, increased the dislocation density, reduced the ductility, decreased
the fatigue strength and increased the crack propagation rate of the SLM Ti25Ta
alloy. Hence, it is imperative to optimize the conditions employed for LR during the
hybrid treatment processes to impart the desired characteristics in the AM part [11].

8.7 Concluding Remarks

A variety of surface finishing post-treatments have been explored to improve the
surface finishing of AM metallic components. Each one of them has its own advan-
tages and limitations. The suitability of these methods is ascertained in terms of: (i)
Extent of decrease in surface roughness; (ii) thickness/mass loss; (iii) amenability
to treat complex design, internal channels and thin lattice structures; (iv) beneficial
attributes; (v) problems due to the post-treatment; (vi) process merits in terms of
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design aspects, treatment time, selectivity, ability to treat different type of surfaces,
wastage and disposal problems and (vii) cost-effectiveness.

(i) Extent of decrease in roughness
The extent of decrease in surface roughness is limited for many mechanical finishing
methods. FM could reduce the roughness by 90–96%. Blasting and CE could provide
a 50% reduction in roughness. Based on the ability to decrease the surface roughness,
peeningmethods can be ranked as follows: SP >CP > LSP. The level of surface finish
accomplished by EP is much better than CP. The reduction in surface roughness can
be as high as 92% for EP. Although both CP and EP are capable of treating the
internal surfaces of AM parts, CP has an edge over EP due to the difficulty in placing
the counter electrode in the latter case. The extent of decrease in roughness achieved
after LP can be as high as 90–96% while LPEB irradiation offers ~ 75% reduction
in surface roughness.

(ii) Thickness/mass loss
Mechanical surface finishing methods obviously involve thickness/mass loss. The
extent of thickness/mass loss is much higher in CP and EP. The thickness reduction
during EP can be as high as 80 μm. Hence, dimensional integrity of the AM part
after CP and EP is a matter of concern. LP and LPEB irradiation involve no material
removal and the molten material is redistributed between the peaks and valleys,
resulting in a smooth surface. Hence, dimensional integrity of the AM component is
preserved.

(iii) Amenability to treat complex design, internal channels and thin lattice
structures
TF/BF is amenable for treating AM parts with complex shapes with limited improve-
ment in surfacefinish.Blasting is considered to be suitable for treating thickAMparts.
Internal channels can be treated with limited success. However, impingement of the
abrasive particles might damage thin lattice structures. Abrasive finishing methods
are effective in treating internal channels. CP and EP are suitable for treating AM
parts with complex geometries, internal channels and fragile thin walled structures.
FM, LP, LPEB irradiation, SMAT andUNSM are not amenable for treating AMparts
with complex shapes and internal channels.

(iv) Beneficial attributes
SP, CP, LSP, SMAT and UNSM reduce the surface roughness by plastic deformation.
The compressive residual stress induced during these methods helps to increase the
fatigue strength of the AM part. CP, EP and LP provide a highly polished surface,
decrease the contact angle and make the finished surface more hydrophilic. Such
surfaces could increase the biocompatibility and promote cell proliferation and
growth. Repeatability, high speed and ability to polish a selective area are some
of the highlights of LP.
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(v) Problems imposed by the post-treatment methods
Blasting leads to incorporationof abrasive particles on the treated surface.CE reduced
the strut diameter and decreased the relative density of lattice structures. Moreover,
CE makes the scaffolds fragile. Prolonged use of SP is not effective in reducing the
surface roughness. CP decreased the Young’s modulus and compressive strength of
AM part. EP decreased the hardness and Young’s modulus. Both CP and EP retain
microscopic cavities. Use of an excessive current density for EP induced pitting on
the surface and deleteriously influenced the corrosion resistance. LP induces tensile
residual stress. Crack formation during LP is a major concern. LP promotes surface
oxidation when performed in the absence of vacuum or an inert atmosphere. An
increase in exposure time during LP extends the HAZ. LP under pulsed mode results
in the formation of a porous, cracked surface with an uneven surface oxide layer.
LPEB irradiation induces tensile residual stress and involves the formation of a heat
affected zone.

(vi) Process merits in terms of design aspects, treatment time, selectivity,
ability to treat different type of surfaces, wastage and disposal problems
Many mechanical methods such as TF/BF, DF, VSF, etc. require a longer processing
time to decrease the surface roughness. On the contrary, FM, SP, LP and EP could
reduce the surface roughness at a shorter duration of time. Wastage of the abrasive
media and problems in disposing them are the major limitations in TF/BF as well
as in abrasive finishing methods. CE, CP, EP involves immersion of the whole AM
part in the electrolyte, pointing out the lack of selectivity. Disposal of spent acids is a
serious concern in CE, CP and EP. Designing cathodes according to the geometry of
the AM and the difficulty in placing the cathode within a confined space of internal
channels are other major process limitations in EP. The difficulty encountered in
treating AM parts with multi-phase alloys, non-conductive phases and slags is yet
another challenge in EP. The choice of a higher laser energy density, insufficient
overlap and number of laser passes beyond a threshold has increased the surface
roughness in LP.

(vii) Cost-effectiveness
Mechanical surface finishing methods are cost-effective. Abrasive finishing methods
and chemical and electrochemical methods involve a moderate cost. Laser based
processes such as LP and LSP as well as LPEB irradiation are expensive.

Regarding the choice of post-treatment for AM part, “one solution for all” is
not possible. The appropriate method should be chosen based on the type of AM
part, its complexity, thickness, fragility, type of phase present and the end use of
the part. If fatigue strength of the part is important, then peening methods might
be a good choice. For treating internal channels, abrasive finishing methods are the
most appropriate choice. Many hybrid treatment methods are also being explored.
For many parts, a suitable combination of two or three methods of surface post-
treatment under optimized conditions would offer a good surface finish. The quest
for a better surface finishing post-treatment for AM parts continues.
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8.8 Future Perspectives

The role of surface finishing post-treatments to improve the surface finish of metals
and alloys are addressed in this chapter. Many hybrid treatments are emerging,
which extends the window of opportunity of achieving a better surface finish for
metals and alloys. Recently, the realm of AM extends beyond metals and alloys.
Bimetallic materials, composites and functionally graded materials are fabricated
by AM. In addition, AM of components with multi-materials such as metal–metal,
metal-ceramic and metal-polymeric are being explored for numerous applications.
The surface finishing post-treatment methods and conditions employed for metals
and alloys cannot be used as such for the emerging bimetallic materials, compos-
ites, functionally graded materials and multi-material systems. To realize the fullest
potential of AM of emerging materials, suitable modifications have to be proposed in
the surface finishingmethods to accommodate the emergingmaterials. The function-
ally graded materials and multi-material systems warrant the development of new
methods of surface finishing. Much remains to be explored in this area. Surface
engineering/modification research will again assume significance as many new
developments are made in AM.
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Chapter 9
Surface Treatments and Surface
Modification Techniques for 3D Built
Materials

P. Vijaya Kumar and C. Velmurugan

9.1 Introduction

Additive Manufacturing (AM) is the unavoidable manufacturing technology in the
present world to manufacture the products in various applications. These AM tech-
nologies are used in different fields such as research and development, prototyping,
Jigs, fixtures and tooling, bridge production, mechanical components, repair and
maintenance. Especially in R&D field, the AM techniques are vital role to develop
and implement the new concepts [1]. Generally the AM processing stages are clas-
sified into three types, they are (i) Pre-processing stage (ii) Intermediate processing
stage (iii) Post-processing stage. Initially, the pre-processing stage includes design
and modeling of the planned part, material selection and optimal process selection.
Thereafter, the required components can be printed using any one AM technique by
collecting details from the previous step. Finally, the post-processing stage is done
depending on the properties of printed parts [2]. After completing these stages the
end part will be allowed for testing and quality assurance. Further, the tested compo-
nents are implemented in the required applications. Hence, the post processing is an
essential step to improve the properties of the printed parts. The common defects
such as dimensional accuracy, poor surface finish due to removal support structure,
curling, cracks, warping, inclusion, porosity, residual stresses and anisotropic prop-
erties occurred in AM products. Hence, these defects can be avoided by selecting
proper post processing technique for AM technology [3].

Generally two types of processes such as powder bed fusion (PBF) and direct
energy deposition (DED) are used in metal based additive manufacturing techniques.
Both processes are working based on thermal energy source by fusion and deposition
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respectively. Figure 9.1 shows the working principle and details of DED and PBF
based AM processes. Obviously, the metal parts are directly fabricated using any of
these mentioned processes rather than the Vat photo polymerization, Material jetting
andMaterial extrusion process [4]. Table 9.1 reveals further classification of themetal
based AM processes. The powder materials are melted uniformly and deposited on
the bed to fabricate the parts with PBF technique where the heat sources such as laser
and electron beam are involved. Similarly, either powder or wire material is laid upon
the bed to build the part in the DED technique. Among these two techniques, PBF
is the best one due to accuracy, features and rapid speed for metal deposition [2].
Table 9.1 clearly detailed the working environment, material usage, heating source,
feedstock type and parameter of various PBF and DED techniques.

Fig. 9.1 Metal additive manufacturing techniques a DED and b PBF

Table 9.1 Metal based AM technology details

Powder bed fusion (PBF) Direct energy deposition (DED)

Selective laser
sintering (SLS)

Selective laser
melting (SLM)

Electron beam
melting (EBM)

Laser engineered
net shaping
(LENS)

Electron beam
AM (EBAM)

Fused with laser Fused with laser Fused with
electron beam

Fused with laser Fused with
electron beam

Feedstock:
powder

Feedstock:
powder

Feedstock:
powder

Feedstock:
powder, wire

Feedstock: wire,
powder

Heat source:
laser

Heat source:
laser

Heat source:
electron beam

Heat source: laser Heat source:
electron beam

Material used:
polymer, fiber

Material used:
polymer, fiber

Material used:
metals

Material used:
metals, polymer,
ceramic

Material used:
metals, polymer,
ceramic

Atmosphere:
inert gas

Atmosphere:
inert gas

Atmosphere:
vacuum

Atmosphere: inert
gas

Atmosphere:
vacuum
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Fig. 9.2 Flow diagram of
AM stages in post process

9.1.1 Post Processing Works in AM

In Additive Manufacturing, post processing works are given an important charac-
teristics and make challenges to finish the physical product. It frequently requires
post processes of specimen to assurance mechanical, physical and other material
properties for a convinced process [5]. The post processing stages are listed in
Fig. 9.2: (i) cool the built part for set and cure the object (ii) loose powder elimination
for cleaning the exterior surface of the part (iii) heat treatment for the microstruc-
ture/stress relieving of the part (iv) eliminate the support structures in the part due
to required shape and (v) surface treatment applied on the part surface to achieve
the needed properties. The built part curing and removal of loose powder stages
are common to all 3D printing systems. But some other systems go for the next
level, especially fused deposition modelling (FDM) and material jetting (MJ) due to
elimination of the voids and overhanging structures that meet the support structure
removal [6].

9.1.2 Importance of Post Processes in AM

After the fabrication of 3D objects, there needs to be conducted some finishing
works for satisfaction its applications, it is called as post processing. Its takes a
major role in AM after the products are released from 3D printers. It can include any
or all of these points like excess material removal, support removal, surface finish
processes, curing/heat treatment, machining, colouring and inspection [7]. The post
processing is consideration of overall cost per part and anythingup to 60%of total cost
depending on the applications. Skilled workers are need to remove support structure
of post processing action, due to the consumption of time and cost. Moreover, there
is a requirement to develop the end part peculiarity in favor of its performances [8].
The better surface finish and improving surface roughness lead a vital role in post
processing of any AM systems, it also gives the material properties and functionality
of the object.
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9.2 Post Processing Stages in AM

To get final part for the required application, some post processing stages are to be
followed in Additive Manufacturing technology. Figure 9.2 shows the various stages
of AM process which includes the post processing operation.

9.2.1 Cool the Built Part

After the three dimensional part is built from 3D printer, allow it to cool the part for
solidification condition, it helps to set permanently [9].

9.2.2 Loose Powder Elimination

The loose powder elimination is a manual process and it depends on the part iden-
tification. The shockwave cleaning or dry-ice blasting methods are mostly used to
eliminate the loose powder and these methods are demanded to grant some priority
of 3D built part [10].

9.2.3 Heat Treatment Process

Generally high temperature and low temperature type processes are used in heat
treatments, to achieve the mechanical properties, increasing fatigue resistance and
ductility while it heal pores by more relevant microstructures and hot isostatic
pressing (HIP) respectively on a high temperature process [11]. Similarly, a low
temperature process is used to eliminate the deformations when the finished part is
removed from build plate so as to relieve the stresses.

9.2.4 Eliminate the Supports

After building the 3D part, allow to solidify then remove it from the build plate by
hand and it is noted in the beginning when design of the part. The part might have
the support structures, so it should be removed by using any one post processing
method to get the required shape and it also designed properly [12] to decrease the
part weight and material wastage by using self-supporting structures. The supports
create the problem when the real parts function, that’s why these supports must be
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removed either manually or automatically with the help of any suitable modification
technique [13].

9.2.5 Surface Treatment Process

The surface treatment is applied on the build part when the support structure is
removed from that part. This process gives the required surface finish in desired
specific application reducing the course roughness. Some polishing techniques are
applied to get the final smooth surface of the end part. Also these treatments are used
to develop the desired properties and improve the surface quality of 3D built part
[14].

9.3 Surface Modification Methods

Several surface modification methods are popularly known and they come under
the post processing techniques in AM process. These methods are used to achieve
the required quality of the 3D part surface. Figure 9.3 illustrates the details about
recent surface modification methods in AM. It is mostly dependent on the geometry
of the part and application of the part [1]. There are six major surface modification
methods and these are briefly discussed in this chapter, they areMechanical, Physical,
Chemical, Thermal, Electrochemical and Laser methods. Every method has some
techniques to apply on the 3D part to complete the post processing stage for utilizing

Fig. 9.3 Surface modification methods using in AM
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its particular application. By using the surface modification methods to overcome the
inflammation and allergic reactions in biomaterials which is implant into the human
body and also improve the different properties [4].

9.3.1 Mechanical Methods

Ease any simple conventional type process conducted in mechanical methods to
improve the surface finishing of 3D built part. This method is applicable to only flat
surface objects not for complex geometries. The common methods like machining,
grinding, polishing and blasting further explained with the schematic diagram shown
in Fig. 9.4. Table 9.2 reveals that the mechanical type surface modification methods
advantages, limitations and applications.

Machining

Machining is a standard method used in post processing of metal AM in which
improvement of the roughness on parts surface is done. This method is done with
limited amount of material only removed with the help of cutting tools and power
driven machine on the 3D part. It mainly considers the motion, cutting tool type and
surface finish quality to achieve the levelled finishing surface [16].

Fig. 9.4 Schematic diagrams of the mechanical surface modification methods
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Table 9.2 Mechanical surface modification methods detail

Mechanical
methods

Advantages Limitations Applications Refs.

Machining To get good surface
roughness, Ra =
0.4 µm, good
dimensional accuracy
and specific tolerance
is possible

Complex geometry is
not possible, needs line
of sight, can involve
complex programming

Flat structures
(external surface)

[2, 15]

Grinding To get very good
surface roughness, Ra
= 0.34 µm, eliminate
partially melted
powders

Complex geometry is
not possible, metal
removal rate is very
less. It consumes more
time

Flat structures
(external surface)

[2, 15]

Polishing To get normal surface
roughness, Ra =
1.25 µm

Complex geometry is
not possible

Flat structures
(external surface)

[15]

Blasting To get moderate
surface roughness, Ra
= 3.87 µm

To eliminate
unsintered powders
only, complex
geometry is not
possible

Flat structures
(external surface)

[2, 15]

Grinding

Grinding is the vital role to improve the surface finishing of 3D part in mechanical
method and it gives the smoother surface roughness than blasting method. But it is
only feasible to flat surfaces, not suitable for curved or complex shape parts [4].

Polishing

Polishing is used to make a 3D part surface which is highly polished and it is devel-
oping the surface quality ofmechanical type surfacemodificationmethod.Moreover,
this polishing improves the fatigue behaviour of that part. This polishing also gives
a more efficient surface roughness reduction compared with mechanical machining
[16].

Blasting

Blasting specificallymeans the Sand/Bead blasting (SB/BB)means the target surface
capturing the sand or ceramic beads type abrasive material and compressed air
directly hit with high pressure. It is also one of the common method to apply on
the various fields to achieve precision finishing, shaping and removing the oxides
or contaminants in built part surface for improve the surface roughness [17]. This
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sand blasting method is highly convenient to increase the fatigue strength when
comparedwithmachining andgrinding. It also improves the builtmetal partsmechan-
ical properties like surface hardness, yield strength, fracture strength and percentage
of elongation [5].

9.3.2 Physical Methods

This is one of the most economic method in which preparation and working proce-
dures are very simple but it may be unsuitable for the complex parts due to the
weak bonding force [18]. To change the surface topography or morphology by
the dry transformation technique to improve medical implants [19]. Further the
paper discusses the physical modification methods include Plasma spraying, Phys-
ical Vapour Technique (PVD), Ion-implantation, GlowDischarge Plasma Treatment,
High Velocity Oxygen Fuel Spraying, etc., Table 9.3 discussed about physical type
surface modifications method details.

Table 9.3 Physical surface modification methods detail

Physical methods Advantages Limitations Applications Refs.

Plasma spraying It able to coat large
areas, high
deposition rate

Thermal stress and
crystallinity of
coating affected by
temperature and gas
atmosphere

Small and special
shaped workpiece

[20, 21]

Physical vapour
deposition

Used to improve
corrosion, wear and
fatigue properties

Difficult to coat
undercuts,
deposition rate is
low

Large area and low
substrate
temperature

[21, 22]

Ion-implantation No sharp interface
between material
layer and substrate,
it increases
corrosion and wear
resistance

Vacuum is much
needed, energy of
ions deep
penetration is
possible into inner
substrate

Titanium implants,
metallic substrates

[20, 21]

Glow discharge
plasma treatment

To remove surface
contamination and
increase surface
energy

Need expensive
vacuum systems,
low deposition rate

Clean, oxide
surface

[23, 24]

High velocity
oxygen fuel
spraying

Better wear
protection and
corrosion resistance,
denser and smoother
coating is possible

Need skilled
operators, internal
surfaces of small
cylindrical
components are not
suitable

Hard metal,
ceramic, polymer,
cermet and
composite surface

[25, 26]
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Fig. 9.5 Working principle of plasma spraying

Plasma Spraying

Plasma sprayingmethod comes under thermal spraying technique, it helps to produce
a plasma arc heat source when apply the coating on part surface. It gives the better
mechanical, physical and chemical properties in various application [27]. The mate-
rials are melted by the temperature nearly 1000 °C comes under vacuum through
plasma torch with low pressure formation to deposit onto a surface and allow rapid
solidification. Figure 9.5 shown the schematic diagram of plasma spraying with its
working condition. This plasma spraying method makes a coating thickness range
varied from nanometer to millimeter and it is a safe method, also provides cost effec-
tive and positive approach to develop a coating on the part surface [28]. The high
temperature and gas atmosphere (Argon and Nitrogen gas) will disturb the thermal
stress and high degree crystallinity respectively. Some parameters are involved and
affected the factors such as microstructure, porosity and coating properties when
carry out the surface quality. Obviously to attain the best quality of the coatings, it
is required to limit the plasma gas temperature to decrease microcracks [17, 29].

Physical Vapour Deposition (PVD)

PVD method commonly popular and it is working in both conventional and AM
processes to develop the surface quality and its properties. This method is applied
on the metallic surface, it involves the vacuum condition in which the solid metal
evaporated then deposit onto a metal built part surface. It includes the major methods
such as vacuum evaporation, sputter coating and ion plating, etc. Figure 9.6 shown
the setup of physical vapour deposition process. This method established the good
surface topography and tribological properties while comfortably adhere the layer
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Fig. 9.6 Physical vapour
deposition setup

of materials. The weakening of bonding force is the main drawback when thermal
expansion occurs on the surface area of the part and coating due to the mismatch
issue [22]. In the medical engineering field, in order to raise the resistance opposing
abrasion, coating materials like Titanium (Ti) and Titanium Nitride (TiN) are used
periodically. These coating materials are given the mechanical properties alike wear
resistance, thermal stability and less friction coefficient [30]. Mostly, in orthopedic
and dental applications, sputtering deposition technique is used and ion bombardment
reject the unwanted ions from required surface and maintain space for coating when
during the process. All inorganic and few organic type materials are able to access
the PVD method, addition to the coating surface has strong adhesive aspects [31].

Ion-Implantation

Depends on metal materials, to get the mechanical and electrochemical properties in
biomedical applications captured by Ion implantation process. Thismethod improves
the coating strength on substrate which is do not disturb the actual characteristics
of that materials. It also add to increase the hardness, corrosion and wear resistance
properties at that time it prohibit infection and enhance the implant Osseointegra-
tion (OI) for biomedical systems. This surface modification method is more bene-
ficial, controllable and flexible to the titanium materials. In addition to the titanium
alloys upgrade antimicrobial ability [32]. Ion implantation method works in vacuum
condition with committing the bombardment of ions into the substrate layer surface.
Figure 9.7 shows the schematic diagramof ion implantation setup. It can be producing
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Fig. 9.7 Schematic diagram of ion implantation setup

the layers are able to control with concentration and allowed depth on impurity distri-
bution to get more purity and accuracy. This method is conducted less than critical
temperature, to modify the material surface mechanical properties. It have not any
sharp interface between the substrate and material layer due to unavailability of the
adhesion issues. Moreover this method is used to increase the resistance of corrosion
and wear parameters [33].

Glow Discharge Plasma Treatment

The physical type glow discharge plasma treatment method is most suitable for tita-
nium and its alloys, but it is not worthy to stainless steel 316L due to reduction of
corrosion resistance. Obviously it increases the surface layer structure wear resis-
tance property and microhardness of the materials. The thickness of oxide layer
gives a chance to increase the oxidation temperature, it is a major reason to develop
the hardness. This treatment is fully conducted in vacuum environment. The main
advantages of this method is that it has low gas consumption (air and pure oxygen),
less processing time and environment impact [23, 34]. In surface, the tensile strength
of films are increased depends on etch and crosslinking when these treatment were
finished. The interaction of plasma and film surfacewas established by longer plasma
in surface modification of the concern process [24]. Figure 9.8 illustrates the diagram
for glow discharge plasma treatment process with its working conditions.

High Velocity Oxygen Fuel Spraying (HVOF)

This method is a thermal spray coating which comes under physical surface modifi-
cation technique, used to improve 3D part surface properties such as wear resistance,
erosion and corrosion protection. In HVOF method the applied coating material is
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Fig. 9.8 Working principle
of glow discharge plasma
treatment

cemented carbides, more heat energy transferred to the part surface [35]. That’s
why the prevention of coating defects are controlled by special cooling or discon-
tinuous spraying process. In addition, this method is not suggested to coating of
refractory or ceramic materials [36]. The fuel and oxygen are intermixed in high
pressure and temperature with powder maintaining inside the combustion chamber,
then the substrate capturing high speed particles from chamber to hit the target. So
the HVOF coatings are compared with anodized surface getting decreased surface
roughness depends on high speed particles are suddenly attacking the surface [26].
HVOF spraying diagram shown in Fig. 9.9.

Fig. 9.9 Schematic diagram of high velocity oxygen fuel spraying
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9.3.3 Chemical Methods

The chemical methods are related with simple and comparison of any spraying
process; however, the coating material thickness have lesser adhesion. Addition-
ally, these methods can be enforced to a broad range of metal substrate like stain-
less steel, titanium alloys, magnesium alloys, etc., [25]. It is convenient, when the
metal acts as cathode and preventing oxidation to electrolyte passed on its rough
surface. The advantages of these methods are less cost, low process temperature and
possible to produce the coatings like nanoporous [37]. In biomedical field the minor
changes applied on implant surface by using some chemical based reactions such as
oxidation and nitridation [33]. The chemicals have improved mechanical properties
alike compressive strength, ductility and flexural strength but decreasing the tensile
strength due to different reaction rate or surface pattern of parts [38]. In this section
some advanced chemical methods including Chemical treatment, Sol–gel, Anodiza-
tion, chemical vapour deposition (CVD) and Biochemical treatment are explained
further clearly. Table 9.4 detailed the advantages, limitations and applications of the
chemical type surface modifications method.

Table 9.4 Chemical surface modification methods detail

Chemical
methods

Advantages Limitations Applications Refs.

.Chemical
treatment

Used to remove
oxide scales and
contamination

It can enhance
wear by abrasion
of opposing
surface

Internal complex
surfaces

[15, 39]

Sol–gel Used at low
temperature,
produce very fine
powders in
compositions

Large volume
shrinkage and
cracking during
drying, chemicals
cost is high

Powder materials
coating and thin
films are possible

[39, 40]

Anodization Increased
corrosion
resistance and
durability

It increased grain
formation and
roughness

Lattice and
cellular structures

[39, 40]

Chemical vapour
deposition

Corrosion and
wear resistance
improved

Toxic or
flammable source
materials, it
requires high
temperature

Complex
geometries,
coating on inside
hole

[15, 39, 40]
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Chemical Treatment

The chemical treatmentmethod is a common strategic approach to achieve the surface
quality of metal based 3D built parts. It also offers the possibility to surface any irreg-
ular complex parts alike lattice and cellular structures. Mainly this method used to
maintain the surface area, after trim the support structure marks or signs in AM parts
[41]. Actually the common stages of this categories are noted as purely chemical
based etching, machining, brightening and polishing. The drawback of this treatment
is may be affect the metallic surface depth due to the part submerged in chemical
solution. Moreover some other chemical treatments were applied to metals aimed at
increasing the surface finishing and induce the surface characteristics of its applica-
tion. By using the chemical reactions, nano features and surface chemistry structure
are created due to the surface treatments [42].

Sol–Gel

Sol–gel is an important chemical method that has been matured recently to increase
the material properties. It can produce magnificent coating with less processing
temperature and cost effective preparation. This method is also connected with
different coating methods by selecting the relevant conditions [18]. Figure 9.10
shows the flow of sol–gel process working steps to coating on metallic surface.
The annealing temperature was controlled in so the sol–gel coating then improves
mechanical properties and bonding strength [15]. Sol–gel method is an attractiveway
to adjust the implants surface. To combination of changes in coating preparation and
add some functional components then obtain the various functional coatings [4].
Ease fabrication nature, feasible consuming equipment, more uniformity films and
various substrates size are the main advantages of this method. Unfortunately these
method was disturbed by pH value, time, precursor interface, chemical equilibrium,
etc. This method greatly strengthen the corrosion protection and also decrease the
prosthesis rejection [5]. It form an oxide/solid compound with the use of thermal

Fig. 9.10 Flow diagram of sol–gel process
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Fig. 9.11 Process of
anodization setup

based treatment and sol–gel method. The organic or inorganic compounds changed
into “sol” then it is turned into “gel” and balance liquid is evaporated by drying
process. The thermal treatment is utilized to further poly condensation and boost the
mechanical properties [33, 43].

Anodization

Anodic oxidation is the other name of Anodization. It is also one of the chemical
process, during the oxide film spread in anode (+ve) metal substrate surface while
inserted into electrolyte solution. Anodization is used to improving the corrosion
resistance of material and develop the bioactivity Osseointegration (OI) in Tita-
nium screw implants of biomedical application [39]. Figure 9.11 shown the process
of Anodization setup. This method developed the grain formation, roughness, and
hydrophilicity. The combination of Anodization and sandblasting is to rework the
Titanium surface and validate the stability of early-stage OI [33].

Chemical Vapour Deposition (CVD)

CVD is a coating method on the substrate surface and is fully occupied by a thin film
layer using chemical reaction of single or more vapour elements or compounds. It
is used to develop the inorganic materials such as graphene, TiO2, carbon nanotube,
etc., [44]. In this method high temperature reaction points out low deposition rate
same as this coating source reflect exhaust gas have toxic which is harmful to the
consecutive implantation process. The CVD equipment has high cost, also more
film forming temperature which affects the substrate structure [5]. This method
deposited the coating with chemical bonding while generate a heat source on to
the substrate. Figure 9.12 illustrates the schematic diagram of CVD method with its
working process.
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Fig. 9.12 Schematic diagram of chemical vapour deposition

9.3.4 Electrochemical Methods

The electrochemical methods need less cooling compared with abrasive machining.
In this method the Anode (workpiece) and Cathode (electrode) both are sink in
covered electrolytic solution. Direct Current supply is given to cathode material
for conducting electrochemical polishing and also the voltage is controlled during
finishing process [45]. The electrolyte should be stirred continuously to manage
homogeneity. The redox reaction occurred in electrodes which gradually remove
the material from the target surface. These methods are most suitable for different
complex geometries. Mainly in this method electrochemical polishing and plasma
polishing techniques were used to develop the surface quality and its properties
[46]. The advantages, limitations and applications of electrochemical methods are
discussed clearly in Table 9.5.

Table 9.5 Electrochemical surface modification methods detail

Electrochemical
methods

Advantages Limitations Applications Refs.

Electrochemical
polishing (ECP)

To get smooth
surface features
when adhesion
particles are
pre-removed

Internal finishing is
not uniformity

Fit to free form and
complex shapes

[2, 15]

Plasma polishing
(PP)

Less volatile
chemicals and
more aggressive
finishing than
ECP

High elevated
temperature, not fit
for thin features

Fit to free form
shapes

[2, 15]
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Fig. 9.13 Electrochemical polishing working setup

Electrochemical Polishing (ECP)

The application of ECP method is used to unselected finishing process adjust on
freeform geometries and also the benefits of this method to get smooth surface
features when adhesion particles are removed earlier [2]. The electrochemical
polishing combined with some other mechanical surface treatments used in which
allow to decrease the surface roughness (SR). It has the accurate finished surface and
unable to detect any machining marks on the parts surface [47]. If the electrochem-
ical solution does not remove the fused melted particles properly then the SR value
increased. At that time the single electrochemical polishing stage should not elimi-
nate the fused particles. In ECP method, the applied voltage used 12 V DC supply
then the electrolyte consists majorly ethanol and less water [48, 49]. Figure 9.13
shows the principle of electrochemical polishing method working setup.

Plasma Polishing (PP)

The plasma polishing has less volatile chemicals and more finishing accuracy
compared to electrochemical polishing method [2]. This process is performed at
a temperature nearly 800 °C and voltage is 300 V DC supply, also the electrolyte
contain majorly water with less salts of ammonium sulphate. The plasma polishing
is also similar to electrochemical polishing but PP only able to decrease the required
surface roughness, this lower value of SR obtainedwhen it is combinedwithmechan-
ical pre-treatment. Although this method is only possible to flat surface structures
[50]. Figure 9.14 represents the diagram for plasma polishing process.
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Fig. 9.14 Schematic diagram of plasma polishing

9.3.5 Thermal Methods

In thermal methods, thermal energy is the main source to create the required temper-
ature and melt the built part surface then decrease irregularity of the part. It can
achieve the low surface roughness and also get the highly smooth surface [49]. This
type ofmethod ismost suitable for flat, curved and irregular surface specimens. Laser
polishing and Electron beam irradiation processes are discussed in this section. Table
9.6 explains the thermal type surface modification method.

Laser Polishing (LP)

The laser polishing method is more or else same as the idea of re-melting process.
Obviously the application of this method is to develop a smooth surfaces of built

Table 9.6 Thermal surface modification methods detail

Thermal
methods

Advantages Limitations Applications Refs.

Laser polishing To get less surface
roughness, Ra
(<2 µm)

Uniform intensity
profile on
sloped/curved
features not possible

Flat, sloped, and
curved geometries

[2, 15]

Electron beam
irradiation

To get good surface
roughness, (Ra =
0.7 µm)

Needs line of sight,
impacts surface
microstructure

Simple and
complex geometries

[2, 15]
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Fig. 9.15 Laser polishing
working principle

part by the suitable selection of material [51]. Also the benefit of this method able to
achieve less surface roughness (<2 µm) with proper chosen surfaces like flat, slope
and curve shape of the parts [2]. Figure 9.15 illustrate the laser polishing working
principle. Avoiding ablation is the main reason to decreasing the roughness on AM
part surface. The local melting from nm to µm caused by the material top surface
irradiates with minimum laser pulse and power density [52, 53].

Electron Beam Irradiation (EBI)

EBI is developed to base on thermal type finishing in simple, irregular or texturing
surface wide area parts. The benefits are it can create highly polished surface rough-
ness (0.7 µm) with fixing of cracks and pores on its surface [54]. This method is
most suitable in different applications like sterilization, contamination control and
decomposition of biorefractory compounds. It also develops more energy by using
a linear accelerator with movement of electrons, the produced energy ranges from
3 to 10 meV. EBI is not only cost effective, more yield and environment protection
method, also improve hydroxyapatite (HA) dissolution compared with heavy ion
irradiation [55]. Figure 9.16 shown the diagram of EBI setup.

9.3.6 Laser Methods

Laser surface modification methods are used to decrease the value of surface rough-
ness in metallic built part from 3D printers with the help of laser source [56]. It
does not cut any unwanted material from targeted surface, instead reconstructs the
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Fig. 9.16 Schematic
diagram of electron beam
irradiation

Table 9.7 Laser surface modification methods detail

Laser
methods

Advantages Limitations Applications Refs.

Laser shock
peening

It can develop
compressive residual
stress layer >1 mm
deep, improve fatigue
performances

More intense stress
relaxation effects
during cyclic
loading

Simple and complex
geometries with holes

[40, 57]

Laser
re-melting

It decrease the surface
roughness, it escape
the pores on melting
pools

It produce high
temperature so
fatigue problems
may occur

Inclined or curved
surfaces

[40, 57]

material over melting then re-solidify. Table 9.7 discussed about Laser type surface
modifications method advantages, limitations and applications.

Laser Shock Peening

A laser beam is pulsed onmetallicmaterial surface to creating shockwaves generated
using laser ablation on the targeted area; the shock waves spread on entire surface
layer which precipitate plastic deformation and brings about compressive residual
stresses [56]. These stresses are induced neither on surface nor in-depth. However,
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Fig. 9.17 Working
procedure of laser shock
peening

it is a repetitive method and applied in different directions [58, 59]. Figure 9.17
illustrates the working procedure of laser shock peening process.

Laser Re-melting

The laser re-meltingmethodwas applied after the part produced inwhich the external
layer of the specific part area. The main motto of this method is reducing surface
roughness and porosity [40]. Moreover, it improved some performances like current
increases, scanning speed decreases and higher overlaps. This method has a laser
source of second passage on the coated layer to melting partially combined powders
in which before depositing a new layer [57].

9.4 Surface Modification Techniques

The surfacemodification techniques are commonly developed for the post processing
works inAMand also increase the surface finishing of the built part come out from3D
printer. It is very essential to improve physical, mechanical, chemical and biological
properties in which the finished object directly apply on its specific application [60].
The surface modification methods can be separated into six categories depends on
its characteristics such as physical, chemical, electrochemical, thermal and laser
[21]. The mentioned methods are already discussed in the previous chapter. Further
the surface modification techniques to be explained using surface coating, surface
deposition, surface oxidation and surface texturing [44]. In addition to the surface
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modification effects, issues and challenges are discussed properly. These available
techniques may be applied either individually or combined, also each and every
method has specific advantages and disadvantages. Obviously, it is much needed to
choosing the correct method for desired application due to manufacturing process
[18].

9.4.1 Introduction of Surface Modification

Nowadays the surface modification mainly used is biomedical field especially
medical implants for which overcome the challenges to internal corrosion in human
body. The techniques were used for this objective together deposition of uniform
coating, developing oxide layer and surface texturing [61]. In additive manufac-
turing, every finishing process has some drawbacks and complexities which affect
the design of physical object. So these problems are rectified by the selection on part
design, improve the surface roughness, corrosion resistance and other properties.
Because these decisions are highly essential and dependent on part application and
geometry [62].

9.4.2 Surface Coating and Deposition

Coatings improve the surface characteristics to achieve the surface functionalities in
AM materials. It has been used to reduce the coated surface roughness, eliminate
defects, and increasing surface quality [63]. In addition to raise the wear and corro-
sion resistance of AM finished parts. To accept the biological performance in AM
materials by the use of coatings produce surface morphologies Fig. 9.18 shows the
schematic diagram of laser metal deposition surface coating to apply on different
materials surface. The actual surface microhardness will increased by high energy
coating [64]. Similarly some other coating methods and materials are also used to
improve the mechanical properties like hardness, tensile strength and corrosion [65].
For example, Inconel 625 material was fabricated by binder jetting process using
electro spark deposition coating on surface to get the roughness reduction and elim-
inating high temperature oxidation [66]. By utilizing the laser beam, powder melts
on the parts surface layer then mixed and form a coating to ensure high adhesion of
coating on desired surface [67, 68].

9.4.3 Surface Oxidation

Generally oxidation occurred in nature due to the chemical reaction taking place
between any metal and oxygen. The oxygen molecules consists from atmosphere
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Fig. 9.18 Schematic represents of laser metal deposition

combinedwithmetal formed a thin oxide layer on to the substrate [69]. The oxidation
process started with gas adsorption on metallic surface during chemical reaction
(metal and oxygen). In part surface the dissolved oxygen in metal forms either film
or nuclei as an oxide [70]. Moreover, the oxide formation on part surface which split
the metal and gas also acts as a barrier oxide. The oxides may be either liquid or
volatile at extreme temperature and it may form continuous film or porous structure.
This oxidation process conducted at room temperature but the reaction rate is slow
[71]. Figure 9.19 represents the surface oxidation occurred in metallic surface.

Similarly this process also conducted at high or extreme temperature but the
reaction rate is very high. The surface modification of biomedical application used
some different types of oxidation such as thermal oxidation, Anodization and micro
arc oxidation (MAO) [72]. The several factors are consider in this chemical reaction
mechanism for the function of selected metals, they are (a) pressure and temperature
(b) pre-treatment and surface preparation (c) gas composition (d) reaction time. The
surface oxidation used to deliver the surface finishing of metal materials with high
accuracy due to the reaction rate [73].
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Fig. 9.19 Surface oxidation
in metal

9.4.4 Surface Texturing

Surface texture is the nature of surface and it gives the appearance and roughness
to finishing object for the functioning. It can be used to develop the properties like
adherence, wettability, electrical conductivity, thermal conductivity and friction. In
any manufacturing process, machining may be produces a surface texture [74]. The
texturing comprises of small and local alteration of surface from completely flat
ideal object. At machined parts, noticed in which surfaces incorporate complicated
shape made as series of crest and troughs in different heights, density and spacing.
Two ways are used to measure the surface texture such as contact and non-contact
methods [75]. To develop the tribological behavior of machined parts by surface
texturing and it also used like a lubricant reservoir. The surface texturing lead a
crucial role in practical achievement of some engineered parts like bearing, cutting
tool, hydraulic motors, piston and cylinder by reducing friction and wear [76, 77].

Figure 9.20 represents the working principle of laser surface texturing and it
also one of the main method to texture on the surface of metallic substrate. The
texture design is the main drawback due to microstructure evolution, tribological and
mechanical properties in surface texturing. In addition, the texture wear resistance
also challenging to affect the tribological properties due to worn out texture features
[76].

9.5 Effects of Surface Modification

In additive manufacturing technology the surface modification is very essential to
achieve better mechanical, thermal, electrochemical, metallurgical and biological
properties of printed parts based on the fabrication method and materials. The
surface of AM products is influenced by the porous, cavities and partially melted
powder which leads to poor surface quality [78]. The surface integrities of the
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Fig. 9.20 Schematic diagram of laser surface texturing

printed components such as surface roughness, microstructure, corrosion and wear
resistance, surface topography and microhardness can be modified using the post
processing processes together with the AM technology. The selection of surface
modification technique or process is based on the output parameters need to be
modified. For example, the corrosion resistance property of the AM printed products
can be improvedwith surface coating. The primary objective of using post processing
methods in AM process is to make good surface topography. Moreover, the surface
modifications can overcome the issues due to partially melted powders and undesired
layer thickness.

9.6 Issues in Surface Modification Techniques

Material issue is the main drawback of AM technologies which prohibits current
researches to explore in various applications. Normally, AM techniques are designed
and developed to create a highly finished 3Dparts with the help of anymaterials come
under the category of metal, polymer and ceramic [17]. In the current scenario, the
AM techniques are implemented in different fields with various applications. But,
the commercial product development using 3D printing technique has some issues
due to the manufacturing methods and materials [79]. Moreover, the AM fabricated
parts have some problems when the surface modification techniques are involved.
The mechanical, physical, thermal, metallurgical and biological properties of the
AM developed components need to be standardized for different materials used in
AM [18]. However, these critical issues can be managed by the following steps,



214 P. Vijaya Kumar and C. Velmurugan

analyze the actual and part fabrication problems; identify the research facilities;
proper training of operator; acceptance of industrial standards; research and devel-
opment of material details; formulation of materials and products and distribution of
project outcomes [2].

9.7 Challenges in Surface Modification Techniques

The main challenges in surface modification technique or method are the deposition
rate of material, shrinkage and residual stress which influence the surface quality
during the solidification of built part. The post processing treatments are used to
reduce these critical issues and to increase the surface quality in demand for additive
fabricated parts [80]. Moreover, the dimensional tolerances and isotropic properties
are the important challenges in ongoing research of the AM technology. In metal
AM, the microstructure of the printed parts, mechanical and physical properties are
highly disturbed by some parameters [81]. The metallic materials should standardize
and raise the reproduction when utilizing the same material in multiple machines to
produce the AM parts. In recent years, low volume of large metallic parts meet the
demand that means 3D printing technology is not suited to manufacture the high
volume functional parts [82]. In biomedical field, the surface characteristics is a
challenging possess in the corrosion analysis on metal implants. Similarly, alloyed
metals have fretting corrosion and stresses are the critical issues occurring on implant
failure [83]. Normally the metal implants have high surface energy that means less
wettability and smooth surface. The implant mechanical properties may be affected
by modifying the surface roughness [84]. The main challenges in additive manufac-
turing are poor repeatability, variations in part geometry and improper dimensional
accuracy [33]. These problems can be rectified with suitable materials, methods and
processes in due course.

9.8 Conclusions

Additive Manufacturing is used to fabricate the individual complicated functional
parts as well as assembled parts using metal materials in various applications like
biomedical, aerospace, automotive and other industries with less consuming cost
and time. The most common metallic materials such as Stainless Steel, Titanium
and its alloys, Cobalt, Chromium, Nickel based alloys are used in AM through
the specific AM processes namely PBF and DED. These methods are mainly used
to fabricate the 3D parts with high surface quality. In post processing stage phys-
ical, chemical, mechanical, electrochemical, thermal and laser surface modifications
methods are clearly discussed. Hence, the mechanical methods are used to achieve
the simple and flat surface parts with the properties such as high surface finishing
and geometrical accuracy. The heat treatment is suggested to add with AM to relieve
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the internal stress of the printed parts. The surface roughness of the simple and
complex shaped parts was rapidly improved with the physical and chemical surface
treatment methods. Moreover, the electrochemical method can be used to eliminate
the residual stresses or thermal effects of the printed parts. The heat developed using
both thermal and laser method on the surface of the built part enhanced the surface
characteristics and eliminated the dimensional integrity. The surface modification
techniques as such texturing, oxidation, coating and deposition also detailed briefly
with their effects onmechanical and functional properties. Finally, the factors such as
low speed of fabrication, more expensive equipment and materials, unsuitable mass
production, lack of multi-material deposition and repeatability issues were identified
as common challenges in the AM technology. Hence, it is suggested to select the
proper post processing methods based on materials and equipment involved in AM.
Thus, the better mechanical and functional properties can be obtained for additive
manufactured components.

9.9 Future Prospects

The future scope of the AM techniques is the development of products using multi-
material deposition where the proper surface modification technique can be attached
with the specific AM equipment. The advancement of post processing techniques
could be achieved the high quality surface for metallic part without compromising
the limitation occurred in materials or methods. The post processing techniques can
be developed by minimizing its stages which helps to reduce the time and cost of the
finished components.
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Chapter 10
Surface Coatings and Surface
Modification Techniques for Additive
Manufacturing

P. Kumaravelu, S. Arulvel, and Jayakrishna Kandasamy

List of Nomenclatures

AM Additive manufacturing
DED Direct energy deposition
DED Direct energy deposition
FDM Fused deposition modelling
FSP Friction stir processing
LOM Laminated object manufacturing
NiP Nickel-phosphorus
PEO Plasma electrolytic oxidation
SLS Selective laser sintering
SLM Selective laser melting
SMAT Surface mechanical attrition treatment
USRP Ultrasonic surface rolling
WLAM Wire laser additive manufacturing
3DP Three-dimensional printing

10.1 Introduction

Additive Manufacturing (AM) is defined as a “process of joining materials to make
parts from 3D model data, usually layer upon layer”. AM technique fabricates 3D
products by layering successive layers of metal on top of each other using data from
3D CAD models. Originally known as stereolithography (SLA), the technique has
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undergone numerous improvements in methods, materials, equipment, and appli-
cations [1]. Conventional processes are considerably streamlined and AM has the
potential for the replacement in the future. AM have a several advantages like; New
designs will have a quicker time to market, client demand will be higher, and will be
met with more speed [2].

In recent years, additive manufacturing has been used as the prototype model for
end parts in variety of fields such as automobiles, medical, construction, aerospace,
and food, other than the material savings and product customization. In addition,
AM’s advantages include extremely precise operations and design flexibility. Recent
developments enable the manufacturers to produce 3D printing machines at a low
cost; hence, the use of AM has been extended in many research laboratories, educa-
tional institutions, and even in homes [3]. The concept was created to assist scientists,
doctors, students, professors, artists, and others in creating miniature models and
prototypes for their research. Doctors could readily construct the models of diseased
bones and organs, test them, and observe the results, which is extremely beneficial for
the medical research. The simple availability of AM equipment allows researchers
and engineers to manufacture goods by mixing different materials.

AM processes are divided into seven categories based on the deposition routes
like: material extrusion, bed fusion, material jetting, binder jetting, powder, directed
energy deposition, vat photopolymerization, and sheet lamination [4]. Generally,
three approaches such as Solid-based, liquid-based, and powder-based approaches
are in the additivemanufacturing (Fig. 10.1). Among those, the commonmethod used
for the 3D printing of polymers is fused deposition modelling (FDM). For metals and
ceramics, the following processes such as; selective laser sintering (SLS), selective
lasermelting (SLM), or liquid binding in three-dimensional printing (3DP), aswell as
inkjet printing, contour crafting, stereolithography, direct energy deposition (DED),

Fig. 10.1 Types of additive manufacturing method
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and laminated object manufacturing (LOM) are used in the additive manufacturing
[3].

Metal additive manufacturing is currently unsuitable for the mass manufacture
of millions of identical simple parts due to the high processing time. However, as
the systems and technology progress, the AM will become a valuable and viable
choice for the production of quality and quantity components. The benefits of AM
emerge from its high flexibility, which comes from the fact that the product is made
directly from a CAD model without the need for tooling [3]. This also enables the
AM technique to create virtually any geometry that can be imagined. Among the
various industries, dental restorations have fully utilised AM’s capabilities. Also,
found economically reasonable to apply AM technologies to this highly customised
production process, speeding up production time without inflating part costs.

AM technologies are also used to produce the aircraft components, such as the fuel
nozzles for the GE LEAP engine, which indicate its capabilities in this demanding
industry. It is also observed that the fuel nozzles developed through AM technologies
are 25% lighter and five times more durable than the fuel nozzles produced by the
other technologies. Hence, AdditiveManufacturing complements the large variety of
production processes, allowing designers and engineers to improve existing process
chains, as well as presenting new chances for production [5]. However, there is a
serious issue to use the AM component after the manufacturing. The various factors
like time, particle density, solidification, etc., could play a vital role on the surface
finish and build quality of the AM component. This could affect the surface prop-
erties and eventually decreases the properties like mechanical, wear, friction, and
corrosion. Hence, it is important to modify the surface of the AM component after
the manufacturing.

In the recent years, various coatings and treatments are carried out on the surface of
the AM component to improve the properties. Each coating and treatment techniques
has its own advantages and disadvantages and so, it is important to address the influ-
ence various surface treatments, coatings, and surface texturing on the surface and
wear properties of AM components, which could provide a new insights, ideas, and
recent innovations in this AM components. Hence, the present chapter addresses the
various coatings and treatments followed after the Additive Manufacturing process.

10.1.1 Metal Additive Manufacturing

Metal additive manufacturing often referred as metal 3D printing are used to produce
a precise metal with unique characteristics. The precise metal objects can be devel-
oped and built through stacking a metal powders with an energy source or a binding
agent. Objects that never been constructed a few years ago may also possible now
with greater strength. The variety of metal powders accessible for additive manu-
facturing is growing enormously, which extend its application in various industries.
Stainless steel grades, nickel, cobalt-chrome, titanium alloys, and aluminium are
some of the most popular metal materials used in the AM technologies. With the
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ever-increasing variety of building materials available, the manufacturer can select
the best material for the object’s particular specifications and expectations. Selective
laser sintering, selective laser melting, 3D printing, engineered net shaping laser,
electron beam machining, wire and arc AM, laminated object manufacturing are the
basic methods used for metal additive manufacturing processes [6]. There are no
tools or moulds required for direct production of 3D CAD models, hence there are
no transition expenses. Designs in the form of digital data may be freely exchanged,
allowing for component and product change and customization. In the aerospace,
aviation, automotive, biomedical, and defence industries, additive manufacturing of
metals and alloys is mostly utilised for prototyping, research, and small-scale manu-
facture. Titanium and its alloys, nickel-based alloys, sterling silver, stainless and tool
steel, aluminium alloys, brass, copper, gold, platinum, and bronze, among others,
are used in additive manufacturing. The demand for lighter-weight materials with
acceptable strength is growing rapidly in the aerospace and automotive industries
(Fig. 10.2).

The focus is on hollow components that have nearly the same strength as solid
components but are lighter. The cost is also reduced by using less material. The use of
AM in the shipping industry is decreasing, although it is still growing [7]. The pieces
of warships are made using additive manufacturing, lowering the cost and making
the components lighter. AM is beneficial for medicinal applications in a variety of
ways. Patients damaged bones can be scanned and exact models of their bones can
be manufactured. This allows the doctors to conduct a more thorough analysis of the
situation. It’s also utilised for bone grafts. As people bones vary in shape and size,

Fig. 10.2 Schematic diagram of different metal additive manufacturing process a fused deposition
modelling, b stereo-lithography, c selective laser sintering, d electron beam melting, and e Laser
engineered net shaping
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AM enables the creation of bone implants that fit patient body and are also easier to
implant [8] (Table 10.1)

One of the main advantages of additive manufacturing is that it can generate
highly complicated geometrical shapes from light metals and light metal alloys that
are difficult, uneconomical, or impossible to achieve using traditional methods. In
comparison to traditional procedures, it can do it quickly and with less waste. When
you require a small batch of prototypes, metal additive manufacturing can also save
you money. Anything more than that, the high “per-part” prices consumes all of the
early tooling cost reductions [20]. Depending on the size of the part, AM are more
expensive than typical powder metal parts. Generally, two key elements cause this
exorbitant cost; one is the use of technology and the other is expense of materials. In
comparison to standard conventional method, the additivemanufacturing powder has
a low surface finish capability and layering effect, which is the inherent in AM part
construction. This appears to be extremely similar to a map’s topography. A unique
layering effect arises when the height of a part’s area increases gradually while the
cross-section increases inward or outward. Additive manufacturing has been slow to
catch on in the industrial world, and it is still regarded a specialist technology in 2021.
That’s because, AM is not a cost-effective technique for producing large quantities of
parts, due to slow and size limitation factors. Metal additive manufacturing materials
can also play a major role for manufacturing because the available metal can be
effectively used for the production. Designers should examine the preferred material
for the part before committing to creating parts for metal printing. The number of
metals that canbeprintedon themarket is extremely limiteddue explosive, flammable
nature of metal alloy [21].

10.1.2 Role of Surface Coatings (SC) and Surface
Modification (SM) Techniques in AM

Additive manufacturing allows for geometric design freedom, rapid manufacture of
complex geometry components with high spatial resolution, and product customi-
sation at a reasonable cost, as well as it can generate low material waste due to the
recyclability of unprocessed powder. High-value-added components that are diffi-
cult to make using the traditional manufacturing processes are in high demand today,
which is credit to the rapid expansion of contemporary industry and the advent
of Industry 4.0. Especially, it is seen in cutting-edge industries like aerospace,
nuclear, and energy, where surface coating and modification play an important role
in improving the strength and properties of AM metal components, which allows
using the AM components directly. For roughness reduction and improved resistance
to high temperature oxidation, electro spark deposition was employed to cover the
surface of Inconel 625 samplesmanufactured throughbinder jetting [22]. The impacts
of hydroxyapatite coating on LPBF Ti-6Al-4 V lattice structures to minimise surface
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Table 10.1 Summary of metal additive manufacturing process, material and benefits

MAM process Process Material used Benefits References

Selective laser
sintering

Powder is sintered by
the use a different
laser beam

Stainless steel,
cobalt
chromium,
aluminium
alloy, and
titanium alloy,
nickel-based
alloy

High degree of
accuracy,
resolution and
detailing in
Terms of shape
and design,
without polymer
binder

[9–11]

Electron beam
melting

Computer-controlled
electron gun to create
fully dense 3D objects
directly from metal
powder

Titanium alloys
cobalt chrome,
steel powders,
and nickel alloy
718

High strength,
resistance to
corrosion and top
mechanical
properties, which
is extremely
valuable in
stressful
applications

[12–14]

Laser
engineered net
shaping

A focused heat source
(typically a laser or
electron beam) to melt
the feedstock material
and build up
three-dimensional
objects

Stainless steel,
nickel-based
alloys,
titanium-6
aluminum-4
vanadium,
tooling steel,
and copper
alloys

Single crystal
structures, y
repairing and
refurbishing
defect, corrosion
resistant, and wear
resistant,
performance and
lifetime are
improved

[15]

Fused
Deposition
Modelling
(FDM)

The melt extrusion
method is used to
deposit filaments of
metal according to a
specific pattern

Low melting
point alloy

Very small
thickness, sharp
and smooth edges,
maximum used in
electronic board

[16, 17]

Wire Laser
Additive
Manufacturing
(WLAM)

3D components are
built by continuously
feeding a wire into a
melt pool generated by
a laser beam

Titanium, nickel
based super
alloy

The phase change
is confirmed from
undesirable α

phase to desirable
β phase. This
phase change
leads to decrease
the plasticity of
the material and
increasing the
hardness of the
specimen

[18–20]
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roughness while improving bioactivity [23]. To address the problem of implant-
associated infection, a technique has been used on porous LPBF Ti-6Al-4 V struc-
tures. Antimicrobial tests and cytotoxicity assays were utilised in vitro and ex vivo
to evaluate the performance of the produced implants in the biological environment,
revealing that the treated AM had a strong bactericidal activity [24].

10.2 Surface Coating on Metal Additive Manufacturing

In metal additive manufacturing method, there are several defects like porosity,
surface roughness, surface cavities and cracks, oxidation etc. Porosity can have a
negative effect on the mechanical qualities of an additively produced object due to
a variety of circumstances. For example, the porosity of powder feedstock or the
atmosphere of the manufacturing process environment might be considerably influ-
enced by its quality. Because inert gases can be trapped throughout the production
process, the low-quality porous aluminium powder will be melted into porous lami-
nations. Porosity can also diminish the component strength and lead to the compo-
nent failure. The improper surface roughness can be caused because of the variety of
reasons like; low process resolution and layering effects, micro surface textures from
melting, binding powder feedstocks, and improper Support structures. It is impor-
tant to control the surface roughness to use its application in various industries.
For example, most of the AM Surface roughness exceeds 10-micron and increases
the lamination thickness. This amount of thickness and roughness is limited in the
aerospace applications and hence, special attention is required on the surface of AM
component to increase its application. However, to processes with such laminations
thickness and roughness, it takes longer durationwith high cost for themanufacturing.
In addition, the surface cavities and cracks in the light metal alloy tend to affect the
solidification process [25]. During the AM process, most of the metal components
could shrink due to the melting events [26], which could result the layer delami-
nation [27]. Moreover, if the process is done in ambient temperature, the localised
oxidation could come into picture for light metals like aluminium and magnesium
So, to resist the oxidation, the manufacturing process should be carried out enclosed
in a sealed container with inert gases as atmosphere. However, this can also result in
delamination because the layers are unable to adhere; compromising the component
strength and hence, special attention is required after the AM process. This proves
that, the additive manufactured metal alloy parts are not ready for ultimate and it
should undergo additional finishing process, such as machining, surface treatment,
surface coating etc.

A coating is thought to be a feasible way to manage the surface characteristics
of AM materials or to add additional surface capabilities. Coatings have been used
to reduce roughness and hide flaws and enhance the quality of the surface. Coatings
were also used as a source to adjust the AM components’ tribological or corro-
sion resistance [28]. Coatings are also used in some circumstances to provide regu-
lated surface morphologies that improve the biological performance of AMmetallic



228 P. Kumaravelu et al.

materials [29]. Surface coatings can be employed to solve several material processing
problems like oxidation, wear corrosion, etc. Aluminium and titanium parts that have
been additively produced can be shielded from corrosion andwear using the coatings.
Surface coatings can also be an alternate source to the machining process to reduce
the surface roughness, which eventually decreases the cost of the finishing process.
The surface coating could possibly change or eliminate the porosity, depending on the
applications. However, it is not mandatory for the materials produced using appro-
priate AM techniques. Before the coating process, pre-treatments are required for the
AM components [30], especially for the spray coatings. In addition, the line-of-sight
spray approaches only cover a portion of highly complicated geometric forms. As a
result, the untreated portions are more prone to wear and corrosion and the porous
and cracked surfaces are exposed. Some of the surfaces coating techniques are briefly
discussed below.

Surface coating processes such as plasma sprayed coating, cold spray coating,
plasma electrolytic oxidation, electrolessNi–P coating, chemical conversion coating,
electroless coating, thermal spray coating, and others are generally used after the
additive manufacturing and the schematic representation is shown in Fig. 10.3. The
benefits and recommended materials for the different coating process are depicted
in Table 10.2.

In plasma spray coating, different gases like argon, nitrogen, hydrogen, and helium
were used to create a respective environment for the coating process. A high voltage
discharge initiates the plasma, causing a localised ionisation and a conductive channel
for aDCarc to formbetween the cathode and anode and thereby spraying the particles
on the surface of the AM components [31]. It is also observed that the plasma spray

Fig. 10.3 Schematic of different surface coating processes a Plasma sprayed coating, b Cold spray
coating, c Plasma electrolytic oxidation, d Chemical conversion coating, e Electroless Ni–P coating
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Table 10.2 Summary of surface coating process, material and benefits

Surface
coating
process

Process Suitable materials Benefits References

Plasma
sprayed
coating

Method of coating a
metal or alloy by
spraying molten or
heat softened material
on its surface Powder
is fed into a plasma
flame with a very high
temperature, where it
is rapidly heated and
propelled to a high
velocity

Stainless steel,
titanium alloy,
magnesium alloy.
Aluminium

Enhance the
hardness, corrosion
and wear resistance,
novel gradient
surface modification
system can improve
osseointegration on
bone implant and
decrease the risk of
load-bearing implant
failure

[31]

Cold spray
coating

Cold Spray coating
accelerates powder
particles (usually 10
to 40 m) to very high
speeds (200 to
1200 m/s) at
temperatures below
their melting point
using a supersonic
compressed gas jet

Copper,
titanium-nickel,
titanium, cobalt,
chromium, and
nickel-base alloys

Low temperature
process, no bulk
particle melting
Retains
composition/phases
of initial particles
Very little oxidation
High hardness
Cold worked
microstructure.
Eliminates
solidification
stresses

[37, 38, 32]

Plasma
electrolytic
oxidation

An electrochemical
surface treatment that
creates an oxide
coating layer on a
metal surface

Titanium,
zirconium, AZ91d,
aluminium, zinc
alloy

Significant impact
on static mechanical
properties such as
except for maximum
strength, yield stress,
and energy
absorption,
corrosion resistance
and wear resistance

[33, 34]

Electroless
Ni–P
coating

Chemical process that
deposits a layer of
nickel-phosphorus
alloy on the surface of
a solid substrate

Carbon steel,
aluminium,
magnesium,

Resistance to
corrosion, improved
hardness, superior
strength, resistance
to wear, improved
ductility

[35]

Chemical
conversion
coating

Coating that creates a
superficial layer on
the parent metal using
an electrochemical or
chemical reaction on
metal

Titanium alloy Corrosion-resistant
surface with better
durability,
bioactivity and
biocompatibility

[33]
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coating cannot be applied directly on the additive manufactured as it requires some
pre-treatment process.

The advantage of plasma spray coating is that it creates a strong interfacial bonding
between the parent metal and coated metal as compared to the other techniques. In
cold spray coating, particles collide with the ground and undergo intense and rapid
plastic deformation, breaking the thin surface oxide layers that all metals and alloys
have. Also, the generation of high local pressure near the conformal contact between
the exposed metal surfaces allows the effective bonding and rapid build-up of dense
layers of deposited material. In addition to high temperature, the kinetic energy of
the particles helps to retain the plastic strain energy from collisions [32].

Similar to plasma spray deposition, cold spray coating cannot be applied directly
on the additive manufactured surface. PEO is a high-voltage electrochemical process
that generates a plasma discharge at themetal-electrolyte interface, which transforms
the substrate surface into a hard and dense ceramic oxide layer [33]. Plasma elec-
trolytic oxidation improves the hardness, wear resistance, corrosion resistance and
protect from the heat generation during the deposition. The application of PEO
also extended in the bio-medical applications. For example, the PEO-Ca/P coatings
produced an extremely viable outcome with high cell numbers as a result of cell
proliferation, which indicate the cyto-compatibility.

The other coating technique, namely electroless coating was followed in recent
years to improve the surface, corrosion, and wear properties of AM components.
Electroless coating is an autocatalytic dip coating process, where nickel salt and
reducing agent used for the deposition. Unlike electroplating, the electroless plating
techniques do not need an electric current across the bath and the substrate. Rather,
the reduction of metal cations from the solution to metallic is accomplished entirely
through chemical methods, via redox reaction [34]. Electroless plating provides a
homogeneous coating of metal, which is independent of the geometry of the surface.
AISI 316Lare fabricated byLaser additivemanufacturing areElectrodeposited nickel
and chromium then Pin-On-Rod test also reveals that electroplatingwith bright nickel
and chromium will increase both friction force and friction coefficient is due to the
very thin chromium layers [35]. additive manufacturing carbon steel are coated by
electroless Nickel coating then electrochemical characterization allows evidence of
a significant increase in corrosion resistance for the coated material with a noise
resistance of 20 k�-cm2 after 576 h of evaluation [36].

10.3 Surface Modification (SM) Techniques for MAM

Surface modification is the process of altering a material’s surface by adding phys-
ical, chemical, or biological features that differ from those found on the surface of the
material originally. Surface modification techniques are being used in automotive,
aerospace, power, electronic, biomedical, textile, petroleum, petrochemical, chem-
ical, steel, power, cement, machine tools etc. Surface changes are mandatory for
the additively manufactured metals in order to improve the mechanical, chemical,
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Fig. 10.4 Schematic diagram of different surface modification processes a Shot peening, b Laser
surface treatment, c Ultrasonic surface rolling (USRP), d Surface Mechanical Attrition treatment,
e Heat treatment, and f Friction stir processing

and physical properties such as wear resistance, corrosion resistance, biocompat-
ibility, and surface wettability. The post-treatments induces surface plastic defor-
mation without any material removal, which increases the surface and mechanical
properties of AM metallic parts. Deformation is caused due to the application of
stresses or impacts, kinetic energy, thermal energy that can affect the surface layer
of the entire body [39]. Apart from this, the phase composition and phase structure
of the surface treated AM components determine the functional qualities of mate-
rials. Surface atoms are always distinct from their bulk counterparts for the simple
reason that, unlike the bulk, where atoms are surrounded by other atoms from all
sides, surface atoms are only connected to other atoms from one side. As a result,
the attractive force of the surface atoms could be from the one direction of the
atoms, resulting in high surface energy. Furthermore, the attractive force induced by
the surface atoms could attract the gas-phase atoms or molecules. As a result, the
surface of the materials is covered with foreign molecules in practise.

Most metals and alloys have an oxidised surface that is covered by a thin film
of organic molecules that have produced from the surrounding air [39]. As a result,
the surface composition is frequently differing from the bulk material composi-
tion. When the surface functional characteristics are lacking, the capacity to bond
foreign atoms and molecules is found advantageous. These surface modifications
have been grouped into many types like; mechanical, laser-based technologies, ultra-
sonic, thermal etc. Surface modification methods which are used for additive manu-
facturing of metals are shot peening, rolling sand blasting, laser surface treatment,
friction stir processing, ultrasonic surface rolling heat treatment, cryogenic treat-
ment, surface mechanical attrition treatment etc. (Fig. 10.4). Table 10.3 explains the
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Table 10.3 Summary of surface modification process, material and benefits

SM process Process Suitable over Benefits References

Shot peening SP is a cold
working process
that bombards the
part surface with
spherical beads
using high pressure

Aluminium alloy,
stainless steel
titanium alloy

Improve surface
rough, micro
strain, and grain
refinement,
microhardness,
and wear
resistance
compressive
residual strength
and mechanical
properties of metal
and composites

[40, 41]

Laser surface
treatment

Passing a laser
beam through the
surface of a metal
or alloy to harden
the layer through
metallurgical
change, followed
by rapid cooling
and solidification

Ti6Al4V,
aluminium

Surface strength,
hardness,
roughness,
coefficient of
friction, chemical
resistance, and
corrosion,
eliminate porous,
fatigue life

[42]

Ultrasonic surface
rolling (USRP)

Ultrasonic vibration
and static force to
the metal or alloy of
the surface to create
a nanostructured
surface layer

Titanium alloy,
stainless steel

Improving
mechanical
properties, fatigue
strength, and wear
resistance of
various metals,
slow down
corrosion and
prevent cracks
from spreading

[43]

Surface
Mechanical
Attrition treatment

A small ball is
placed in a reflector
chamber connected
to a vibration
generator, and when
the ball resonates, it
connects with a
large number of fly
balls in a short
period of time

Stainless steel,
aluminium
alloys, titanium

Surface hardness,
augmentation of
wear resistance,
and fatigue
characteristic.
Corrosion
resistance

[44, 45]

Heat treatment Heating of a metal
and keeping it at the
same temperature
for particular time,
then cooling it to
room temperature

Nickel alloy, low
alloy steel,
aluminium,
magnesium,
titanium

Enhance tensile
strength, surface
hardness, reduce
porous, wear
resistance

[46]

(continued)
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Table 10.3 (continued)

SM process Process Suitable over Benefits References

Friction stir
processing

Pressing a
non-consumable
tool into the
workpiece and
rotating it in a
stirring motion as it
is thrust laterally
through it

Aluminium alloy,
titanium,
magnesium alloy

Ductility, strength,
fatigue life,
manipulating the
microstructure,
hardness

[47, 48]

various materials used in the surface modification processes and its benefits.
Shot penning (SP) is one of the effective surface treatment process used after the

additive manufacturing to produce a high surface properties through the compressive
residual stress. During shot penning, there is a formation of dome-shaped structures
at the surface, which causes the surface expansions and plastic deformations. SP has
been applied to AM composite alloys as a post-treatment for the following reasons;
reducing the surface roughness, grain refinement, high compressive residual stresses,
enhancing surface hardness, and improving fatigue life [41]. When compared to the
as-built material, SP produces a more regular surface shape, while the treated surface
remains rough. The parameters used in the SP process could have a significant role
on the mechanical and wear properties of AM components.

Among the various techniques, Laser surface treatment was the effective tech-
niques used to eliminate the surface defects like porous, cavity, etc., which majorly
affects the fatigue property of the component. The lack of fatigue life could be
due to the microstructure of the remelted layer or other factors. The laser surface
treatment has improved the fatigue properties of AM components through the reduc-
tion of elastic stress concentration at surfaces, where fatigue cracks were developed
[42]. Ultrasonic surface rolling (USRP) is another surface treatment procedure in
which the USRP operator applies ultrasonic vibration and static force to the metal
or alloy of the surface to create a nanostructured surface layer with greatly improved
mechanical properties. USRP specimens is more homogeneous and denser (with a
thinner thickness) than on untreated specimens, and the interface between corrosion
products and metallic matrix is smoother. Furthermore, the USRP specimen’s stress
corrosion fracture is narrower than the untreated specimens [43]. This process could
be used to enhance the thickness of a pore-free surface. Refined grains, dislocation
walls, and deformation twins were the major advantages of USRP treatment, which
increased the hardness, resistance to shear deformation, friction and wear of the
modified surface.

Surface mechanical attrition is a method of surface treatment in which a small
ball is placed in a reflector chamber connected to a vibration generator, and when
the ball resonates, it connects with a large number of fly balls in a short period of
time. The velocity of the ball is determined by the frequency of the generator. Each
hit causes plastic deformation in the sample’s surface layer at a high strain rate, by
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inducing a grain refinement down to the nanometre scale in the top surface layer.
SMAT, the additively formed alloy has a nanostructured surface layer followed by
a gradient microstructure. It is observed that when the SMAT time is increased,
the thickness of the SMAT-affected gradient layer increases from 20 to 40 mm in
depth [44]. In heat treatment component’s mechanical responsiveness is improved
as a result of minimising surface contamination with high temperature treatments in
vacuum condition. During the printing process, the internal stress and strains could
build up in the materials. This induces various defects in the materials, which can be
resolved with the help of heat treatment process [46]. In addition, heat treatment can
also be used to improve the heat resistance and tensile strength.

Friction stir processing is one of the promising techniques used for altering the
characteristics of AM components by severe plastic deformation [48]. The refine-
ment is accomplished by pressing a non-consumable tool into the workpiece and
rotating it in a stirring motion. FSP is an unique way to make surface composites for
incorporating the microstructural changes to meet the mechanical property require-
ments such as ductility, strength, fatigue life, and so on [49]. This process could also
effectively mix the material without changing the phase composition and generates
a microstructure with fine and equiaxed grains. Figure 10.5 show how the hardness
value of various material varies after surface modification process. It is clear that
the mechanical properties of AM components were considerably improved after the
surface modification process and surface treatments. However, the difference in the
improvement was found changing with respect to the process as explained above.

Fig. 10.5 Histogram for hardness value on different surfacemodification before and after treatment
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10.4 Benefits of Surface Coatings and Surface Modification
in AM

In terms of quality, performance, and life-cycle cost, surface coating and modifica-
tion is one of the most essential ways to differentiate additive manufactured metal
from traditional method. Surface properties of AM have a big impact on a compo-
nent’s serviceability and life; thus, they can’t be overlooked in design, the engi-
neering atmosphere is harsh. They’re usually complicated, involving loading as well
as chemical and physical degradation of the component’s surface. Surface modifica-
tion can assist in dealing with these situations in order to extend component service
life and improve overall performance. Surface Engineering technique, in a nutshell,
offers practical solutions to demanding applications. Surface coating could provide
an extra advantage in such a way to use in the dental implant, gear application and
tribological application. Chemical conversion technology is still in its early stages of
development as a protective and bioactive coating on metal implants for biomedical
applications.

10.5 Summary

Complex design, mass production, minimum wastage of raw material, freedom
to fabricate any complex design, reduced man power, reduced time wastage and
improved product quality are among the main benefits of additive manufacturing
processes. These improvements and optimizations aid in the industry’s transition
from “rapid prototyping” to “rapid manufacturing”. Substitute manufacturing is
utilised formore than just prototypes, as ameans of producing desired and customised
products on a small scale. Despite the advantages of additivemanufacturing, there are
a few obstacles that would necessitate additional research and development before
this technology could be adopted in numerous industries. Due to a loss in interfa-
cial bonding between printed layers, void formation between the following layers of
materials results in greater porosity throughout the production process, which can
degrade mechanical performance.

Researchers are also interested in implementing surface finish processes to
improve the quality of final products. Surface treatment processes like shot peening
laser, heat treatment, friction stir processing have improved the surface morphology,
recrystallization, hardness, tensile, wear and corrosion properties. The surface
coating process covers the void that occurs during the additivemanufacturing process,
which helps to reduce porosity, surface roughness, cracks, and oxidation. The reduced
defects after the surface coatings and treatments have improved the wear and corro-
sion resistance of additively manufactured components and hence, concluded to use
directly to the end application. Further research into improving the surface finish of
additivemanufactured components can be applied to defence, biomaterials, robotics,
automobile parts, and other applications.
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10.5.1 Future of Surface Coatings and Surface Modification
(SM) Techniques in AM

The future of the technology is bright. Improvements on the high end will enable
the production of higher quality AM parts, especially for the low-density metal
alloys like aluminium, magnesium, and high-density alloys like titanium, nickel,
zirconium, stainless stain. The properties of the AM component produced from the
aforementioned materials could be further improved using the surface coating and
modification. However, still there is wide research gap, especially focuses on the use
ofmetal alloy for the biomedical applications, aviation industry etc. Another foresee-
able area of research in the future that can represent a key to unlock the full potential
of surface post-treatments is to design hybrid treatments that can simultaneously
exploit combined beneficial effects of individual post-processes.
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Chapter 11
Mechanical Testing of Additive
Manufacturing Materials

I. Akilan and C. Velmurugan

11.1 Introduction to Additive Manufacturing Techniques

Nowadays, additive manufacturing (AM) matters in large industries and research
communities because of its speed, features, and other key features, all of which
contribute to the development of superior products [92]. Charles Hull pioneered
additive manufacturing methods in 1986 [61]. In 2009, one million AM products
were producedbyusing these 3DAdditiveManufacturing (AM)methods.During this
time, people are paying more attention to 3D AM products. As a result, every major
industry and academic scientist has been working tirelessly to develop AM products.
The number ofAMproducts sold in 2019 thus increased by (95%) by almost 5million
compared with 2009 [68]. AMs are also familiar with rapid prototyping and 3D
printing technology, which both aid in the production of complex structures through
layer-by-layer methods [63]. The traditional 2D method was initially used, but it
could not produce sufficient items or construct strong structures. The 3D additive
manufacturing process was used. The AM printing system requires the use of high-
altitude materials such as polymers, metals, and ceramics [6]. According to the
2017 Wohler’s Statement, 97 manufacturing companies worldwide produced and
distributedAM systems in 2016 are in Fig. 11.1, with almost half of service providers
investing in AM structures that produce metal parts. Because these AM substances
were originally based on polymers, academic scientists and their critical effort have
focused on the development and improvement of AM systems in all steel substances
[76].

This enables investors to help with the development of AM metallic objects that
use the net- or mesh algorithms rather than traditional machine or machine tools
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Fig. 11.1 Market growth for AM/3D printing in the future, changes in the aerospace, automotive,
healthcare, and consumer markets are expected to grow at a 20–30% annual rate [132]

[92]. The structure of such metal elements is extremely solid and frightening when
compared to polymer products. Because of their ability to create complex shapes
in the biomedical industry and many other forms, these metal components were
very useful in the aerospace industry. These metal components are made of powder
or wire-based innovations that are thoroughly assimilated into the basic structure
through a heat source and subsequent cooling rate [90].The technology currently
employs less space and is the most reliable in the production of 3D structures of
steel, aluminum, and tungsten materials. All these materials are printers that produce
rapid prototypes with a small structure and a design of the fabricated part [58]. There
are many processes for additive technological methods are shown in the Fig. 11.2,
such as high-quality selective laser sintering, electron beam melting, direct metal
laser sintering, and selective laser melting, as well as energy deposition techniques
such as (laser engineered net shaping, laser metal deposition, direct metal deposi-
tion, and so on), all of which include the usage of additive manufacturing fabrication
methodologies. In commercial applications, almost all the components of this metal
structure are sparingly used. The density, hardness of the surface, tensile strength
[41], compressive strength, fatigue, crease,waste stress, anddecomposition of printed
metal materials is measured using the correct standardASTMprocesses and all metal
components are systematically produced using 3D fusion technology to determine
how well their performance under load is determined [78]. The entire examination
process examines AM’s mechanical characteristics and test method, and its advan-
tages and disadvantages that are followed by future direction are discussed in the
following chapters.
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Fig. 11.2 AM processes for metal additive manufacturing

11.2 Classification of Metal Based AM Techniques

The most important characteristics are the type and complete status of the feed, as
well as the connection mechanism for the classified AM metal materials. Layered
by layering in AM metal, the power input of a laser or electron beam completely
melts a powdered feed, or rarely a wire, and transforms it into a firm part of nearly
any geometry [48]. The maximum not unusual AM steel approaches are Laser Beam
Melting-LBM, Electron Beam Melting-EBM, and Laser Metal Deposition-LMD).
For LBM processes, examples include Selective Laser Melting-SLM, Direct Metal
Laser Sintering-DMLS, Laser Curing, Laser Metal Fusion-LMF, and business 3-D
printing. These all terms are frequently used to describe the LBM process [8]. Metal
AM techniques, regardless of their names, all use the same three basic methods: a
three-dimensionalCADmodel is developedon a computer, an imagingdevice is used,
or reverse engineering is used. However, these three procedures differ from LBM,
EBM, and LMD in key characteristics, benefits, and drawbacks [20]. These designs
are cut into virtually thin layers with a standard layer thickness of Ds 20 μm–1 mm,
depending on the metal-based complete AM technology [112].

11.2.1 Laser Beam Melting (LBM)

The material and process risks inherent in each compound production process must
be surveyed. The starting materials for Laser Beam Melt (LBM) are permeable and
classified by their various size distributions as lung or alveolar (electron fraction or a
fraction). This is true for ametal powder that is 15–60microns larger than the standard
particle size distribution [109]. Thesemetal powders havemaximum permissible and
a limited concentration. Titanium, aluminum, and alloys are reacting with metal that
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is of low density. A typical LBM chain is extremely flammable, carcinogenic, and
dangerous to the aquatic environment. The specific risk of these hazards must be
evaluated for each piece of equipment, material, or process infrastructure.

A galvanometer scanner drives across the deposited powder layer at a (Scanning
Velocity-Vs) of up to 900m/m and LBMbeam (PL) power range of 20W–1 kW [94].
Single filament radiation beams with wavelengths ranging from 1060 to 1080 nm
are released in the nearby infrastructure, which is largely in continuous wave modes
in LBM. The standard laser beam interval for the X–Y nozzle jet range between
50 μm and 180 microns, according to the production processes used to produce the
selected laser beam output [109]. A sequence, like a strategic structural scan, usually
follows the order of each melting path and the melting paths are overlapping at a
certain hatch distance. Besides melting exposed material, heat moves volumetric
energy from the powder layer to the surface or next to the melting pool. Figure 11.3
depicts the solidification of various melting tracks during and beneath a hard layer.
This component is attached to a supporting structure, which is an integrated blade.
The support structures are ladle structures that are required to dissipate and adjust
the heat in the powder bed, specifically to improve horizontal orientation and surface
excess. After preventing the decay of this region, structures to support the removal
of the part are added [13]. Besides the substructure, pre-heating the structure can
reduce partial deformation byminimizing temperature gradients, resulting in reduced
residual stresses during LBM operation. The common setting temperature for the
LBM pack of Ti-6Al-4 V components is 500–200 °C. The LBM process is carried
out in a closed process chamber with an inert gas atmosphere, which are maintained
at less than 0.1% oxygen. The metal powder, when injected with nitrogen or argon
into the room, prevents it from melting in contact with the environment. Noble gas
flow around the workplace is used to remove secondary process products such as
solder sparks and solder spreaders [98].

Fig. 11.3 Layer-by-Layer LBM process
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Fig. 11.4 Systematic
diagram laser metal fusion

11.2.2 Laser Metal Fusion

The LMF is also known as metal 3D printing. The know-how in metal 3D can picture
the interest of designers of fabrics, but it takes more effort to print a 3D part. A 3D
model, typically 20–100 microns thick and using specialist software, is “sliced”
into thin layers. All components must be optimized for fusion efficiency, location
density, and heat management. Finally, as shown in Fig. 11.4, the part is built layer
by layer using a cultured laser fusion method. A layer of metal powder is used to
connect the cross-phase geometry to the plate, which is then driven by the optical
scanner using a laser beam [32]. The plate is reduced after treatment, and it adhered
in the next particle layer to. It follows a series of steps until the part is finished. This
can take longer depending on the size, thickness of the components, materials used,
laser energy, scan velocity, spot dimension, and other variables [107]. Some post-
processing steps may be required when removing a partition from the system. After
heating, removal of hips and integrated panes, production of any interface layers, and
final surface processing, such as bell surface processing (includinghigh-density hips).
In many industries, metal 3D printing has already affected such as dental, medical or
marketing prototyping, including titanium for hip joints, cobalt chrome for dents and
bridge steel, among other examples. Even though the parts are mass-produced, each
one of its materials has a unique characterization [30]. In fact, the aviation industry
has since shifted toward the production of 3D printed prototypes. The ability to create
simple and flexible bionic structures has enabled structural geometries which were
impossible to implement with traditional manufacturing methods.

11.2.3 Electron Beam Melting (EBM)

Electron beam melting-EBM is a method of melting powdered metal layers using
electron beams. Arkham, a Swedish company, first introduced EBM in 1997,
making it ideal for light, long-lasting, and dense finishing elements, including space,
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medicine, and security, are the most common applications of technology. Laser
Powder Bed Fusion (LPBF) combines metal particles using electron beams to create
layer-by-layer, desired areas [40].The heat source used is the primary distinction of
LPBF technology. Here, EBM technology makes use of electron beams generated by
an electron gun. Under vacuum, the latter removes electrons from the building tray
of a 3D printer and quickly converts them into a layer of metal powder, as shown in
Fig. 11.5. These electrons can then choose the powder and produce some of it (2017).
The drive removes a component from the machine at the end of the manufacturing
process and uses a brush to clean the blister or dust. This can remove print media and
partitions from the box (if needed). After printing, working, and polishing surfaces in
contact with other parts. The stress created by the manufacturing process may cause
several hours of heating in the oven. For the electron beam to function properly, all
production must take place in a vacuum. This prevents the powder from oxidizing
when heated. Most insoluble powders can be reused after the manufacturing process
is finished.Manufacturers, particularly in aeronautics, understand the appeal because
from the materials purchased only 20% is used for the unalterable part, with the rest
being separated and recycled [57].

Today’s most common materials are titanium and chromium-cobalt alloys,
limiting the range of Arcam compliant products. Users must first complete the addi-
tional training and get permission to use the machine as needed before using or
testing another product. Because the powder is more granular, electron beammelting
produces components faster than LPBM, but the process is less accurate and the cover
quality is lower [15]. The electron beam is separated, allowing dirt to be heated in
multiple locations at the same time and speed up production. When controlling heat
dissipation before melting and reducing the need for reinforcement and production
help [69]. At the fine powder level, the electron beam is broader than the laser beam,

Fig. 11.5 EBM 3D printed process diagram
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which affects accuracy. The EBM (Q20 Machine) has the largest construction size,
with a circle of 110 cm of 38 cm.

11.2.4 Laser Metal Deposition (LMD)

Laser metal deposition-LMD is a type of metal production process. The term “Laser
Metal Deposit,” abbreviated as LMD, is widely used throughout the universe. LMD
is also known as “Direct Metal Deposition-DMD” or “Direct Energy Deposition-
DED”. LMD is a new technology that combines powdered components and laser
drilling to achieve greater accuracy [89]. As a result, this process continues to develop
in significant applications such as aeronautical andmedical regardless of performance
and acceptance criteria in those industries. In terms of repairs, the low thermal input
allows an automatic change of complex spaces to create a smaller thermal surface.
The layer’s overall microstructures, as well as the residual stress caused by the
steep thermal gradient, are anisotropic [79]. These effects have a negative impact
on the machine’s component properties. Because there are so many process vari-
ables in LMD today, estimating the properties of manufactured LMD components
is extremely difficult. Thermal history is a cumbersome subject that can be altered
by different factors. Depending on the material structure, the process metrics can
have a complex impact on the microstructure [104].Despite the significant benefits
of LMD, a thorough understanding of the process structure and asset relationships
should place a special emphasis on the impact of powder properties. The geometry,
structure, and grouping of sediments are critical for a variety of service applica-
tions, depending on the process variables, the metal, and the resulting mechanical
properties [79].

DLMD is a quick tooling process that uses a laser to liquefy themetallic sediments
into pieces andmolds. In this method, which is comparable to traditional rapid proto-
typing, metal powder and tool steel melt faster than plastic polymers. The DLMD
tool can create or reassemble genuine finishing materials such as metal materials of
aluminum parts, molds, and dies. It always generates a new CAD drawing area or
reconstructs an existing component. To extend the molten pool, a small stream of
molten tool steel is injected into it. Layer builds the solid metal element layer by
moving the laser beam back and forth under CNC control and locating the controlled
form using a computerized CAD design. The components are consistent, well struc-
tured, of high quality, and well equipped. By combining several metal powders in
the melting pool, the alloy can be replaced by DLMD [59].

Direct Laser Metal Sintering-DLMS and Selective Laser Melting-SLM are high-
intensity laser sintering techniques that are also known as Direct Laser Metal Fusion
(DLMF). A metal part is included in the computer-aided design file, and the bed
is covered in metal powder. This technology improves the SLS process by layering
metal powder to create true three-dimensional parts. This technology allows for
the direct production of human implants from computer-aided design models with
minimal processing time. The primary goal is to produce completely high-density
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Fig. 11.6 Experimental setup of selective laser melting (SLM) process

metal parts [34]. Figure 11.6 shown traditional SLM systems use high-precision
beams with a diameter of only 0.03 mm and Z-axis steps of only 0.05 mm, with
no complex metal components. If the high-power laser beam is heated in layers of
20 to 40 μm without a binder or fluxing agent, bronze, steel, 316L steel, titanium,
or Al-30% are possible. DLMS can improve a wide range of applications, such as
aircraft, interfaces, and frames. Using costly materials with complex devices, as well
as 3D metal printing, is beneficial in the medical field. Customer requirements are
typically highly specialized/precise [83].

11.3 Additive Manufacturing of Metal Based Products

The success of AM powder sheet fusion is critical for high-quality metal powder
and wires. Titanium and its alloys, stainless steel and alloys, aluminum alloys and
different metals in the form of a powder, depending on processor requirements such
as copper(cu), nickel chromiumand cobalt alloys, found less alloys and highly expen-
sive metals like gold, platinum, palladium or silver, are the focus of this section [78].
Wire feeds are also available in a variety of materials, including iron and carbon—its
alloys, including pure metals substance such as Titanium-Ti, Tungsten-W, Niobium-
Nb, Molybdenum-Mo, and Aluminum-Al. However, not all materials have been
used in additive manufacturing, but the metal powder can be qualified for a specific
purpose most times and with the right equipment.

The layer thickness and partial sphere geometry distribution of gas atom parti-
cles typically range from 10 to 50 μm. This is a common feature of metal powders
suitable for AMs. Tensile strength, hardness, and lengthening are important mate-
rial characteristics that are frequently used to determine the right material [48, 28].
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Fig. 11.7 Mechanical characteristic of metal products

Fig. 11.8 a 3D Inlet sensor housing unit in jet motor b 3D acetabular cup [78]

The image (Fig. 11.7) depicts some of the various alloys and their detailed output
yield strengths. Based on two mechanical properties, the user can select the object
using this diagram. Yield strength was calculated using the best value found on the
manufacturer’s datasheets [96].

11.3.1 Titanium and Its Alloys

Non-workable titanium alloys are traditionally available and have a variety of manu-
facturing applications. It is available in one to four grade classes, depending on
the quality of the application. Even though all grades have exceptional corrosion
resistance, ductility, and weldability, grade one is far superior to grades II, III, and
IV are powerful. Level II titanium is the best combination of design and strength
[25]. Only a few industries use condenser pipes, high heat exchangers, turbojet jet
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engines, aviation, and marines. Titanium grade-II is used in biomedical implants and
prostheses. In precious metals such as titanium and other alloys, reducing waste is
an enormous benefit. Shorter lead times and more constrained manufacturing flows
are becoming more prevalent [25]. According to the well-known laser and electron
beam AM methods, Boeing estimates that using fully 3D-printed titanium compo-
nents could save the 787Dreamliner $3million.GEhas developedminiature titanium
of 3D inlet sensor housing unit in Jet Motor as shown in Fig. 8a. In a NASA-tested
demonstration of that engine, fluid hydrogen was extracted at 696.15 K and fuel
burned at 6273.15 K [58].

The titanium ASTM grade five casting alloy is a combination of alpha–beta alloy
with a Young module of 0.1–0.130 Tera pascal. Huge bone implants have such a
young modulus, but the level of porosity can be reduced as well as porosity can be
controlled, which are shown in Fig. 8.With the help of EBM, titanium composites are
used to manufacture a variety of industrial essentials, such as turbine blades, latches,
screws, rings, discs, acetabular cups, hubs, and ships [78]. High-performance engine
parts like gear trains and piston rods employs Titanium alloys for its production.
Metal is a viable option in medical applications because of materials with high
biocompatibility, such as cobalt chromium and titanium, especially when there is
direct metal contact with bone or tissue [93].

11.3.2 Stainless Steel

Stainless steel has many tremendous mechanical properties in additive manufac-
turing, including robustness, design, and tensile strength to a wide range of automo-
bile, light industries, food production, and therapeutic diagnostic application [108].
EBM technology employs stainless steel powder to create super-strong and dense
waterproofing components for aerospace applications such as jet engines, rocket
motors, and nuclear power plants [36]. The 2016 review of literature looks into the
use of low-carbon steel in EBM machines, such as those used to develop nuclear
energy pressure vessels. Following that, 316L steel was chosen because of its soft-
ness, strength, and resistance to corrosion. Most AM’s literature focuses on 316L
quality austenitic stainless steel, which is a popular choice for a variety of industrial
applications as shown in Fig. 11.9 [31]. However, if any successes or difficulties in
various properties are reported, other types of austenite steel, such as grades 304 L,
will be investigated. The most significant difference between 316 and 304L chem-
ical composition is that 316L contains close to 2 with % Mo to improve corrosion
resistance [52].

Tool steels differ significantly from structural steels in that they are used tomaking
tools that are resistant to wear and hardness. “Tool Steel” believes such steel contains
at least 0.7% carbon. However, the maraging steel compositions are Fe-65, Ni-18,
and C-80%, and are established in the tool and die-making industries because of
their increased unique strength, fractural hardness, and weldability. Molding, high
pressurized die-casting, stomping and protrusion die-cutting, and plastic injection



11 Mechanical Testing of Additive Manufacturing Materials 249

Fig. 11.9 Air brackets of
316L austenitic stainless
steels

are some of its tools [62]. Steel is a powder that can be used in a variety of ways
in compliance with additive manufacturing solutions like SLS or DMLS. Steel is
more accessible on the 3D printing market than other metals and it can be used in a
broad range of alloys, making it even more attractive to specially designed through
industry requirements. Steel metal has been the most frequently used material in
the AM because of its high mechanical properties. According to the investigation,
the number of powdered steel supplies used in industries such as aerospace and
automotive increased by 48% in 2018 [43].

11.3.3 Aluminum and Its Alloys

DMLS will be used to sinter aluminium, and a Selective Laser Melting process will
be used to melt it (SLM). As a result, it can be applied to walls with layer thicknesses
ranging from 25 to 50 microns. As shown in Fig. 11.10, the reusable jig parts have a
rough,matte finish that distinguishes them fromstandardmilled aluminiumparts. 3D-
printed aluminiumparts aremostly used for automobile parts and, in particular, racing

Fig. 11.10 Reusable jig for automobile car parts [18]
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car components due to their goodmechanical properties of lightweight, strength, and
impact under load conditions [18] They have excellent strength-to-weight ratios and
are resistant to excessive wear and corrosion. The aluminum alloy powder has a
significant advantage over other metal powders commonly used in PDF because it
provides higher training levels. Because of the geometrically complex structures used
in additive manufacturing, additional weight reduction has been frequently possible
with little or no loss of strength or overall performance [18].

The strength of aluminum alloyswith a thin grainmicrostructure and grass dimen-
sions is like those of forged counterparts. It is ideal for 3D printing with aluminum
alloys because of its excellent fusion properties. Aluminum cast alloys are often
used for the AM category PBF, whilst wrought aluminum alloys should be used in
DED processes, sheet, and film for SL types of processes. Although most research
and development of PBF alloys of aluminum is done by melting alloys that are well
suited to the conditions of heating and cooling in electron beam processing, manufac-
tured alloys such as 6061 and 7075 have long gardeners that allow PBF processing [2,
4, 112]. HRL labs recently solved this problem by incorporating zirconium hydride
nanoparticles into powders 7075 and 6061. Nanoparticles act as nucleating sites for
the desired alloy microstructure during PPF processing, preventing hot cracking and
resulting in high-strength aluminum alloy AM components [51].

11.4 Metallurgical Characteristics of the AMMetallic
Component

The microstructures of AM-made metals are distinct because of the AM process.
A column with a high grain orientation dominates the grain structure. The creative
process is broken down into phases, each of which focuses on a different topic. Axial
grain and grid fluctuations can occur because of the material’s subsequent heat and
cooling cycles. In theory, the scan method can control the microstructure, and recent
research has made significant progress in this area. Porosity refers to all processes
that can be handled using DED, LM, or EBM to optimize less than 1% of process
parameters.

11.4.1 Microstructural Properties on AM (PBF) Components

Several studies have been conducted to investigate the relationship between PBF
microstructure and process parameters. Most scanned powder melts and thickens
at higher processing temperatures, but PBF manufactured components keep some
porosity. Figure 11.11 depicts the Ti-6Al-4 V microstructure following SLM
processing [111].Two parameters that influence the granular microstructure of PBF
regions are temperature gradient and interface velocity of solidification. Column
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Fig. 11.11 SLM-built Ti-6Al-4 V microstructures; (a-porosity caused by trapping gas), (b-
inadequate heating), (c-top view) and (d-side view) [72]

grains form when the interface speed is slow and there is a large temperature differ-
ential. In contrast, small temperature gradients and chief contact speeds result in
equal grains. The grain conversion can be calculated using the Hunt dendrite growth
model [40, 84]. Built their strategy around this approach, solid maps are created
using a variety of nickel alloys for Inconel 718 and RS5 alloys. Sames et al. [74]
have developed an EBM processing window. Their findings suggest that these two
parameters can have a significant impact on the grain development of Arcam Inconel
718. The scan speed, laser, or E-beam feature may affect the temperature gradient
and the speed of the interface. Several recent papers have addressed the use of process
design tomanage themicrostructure. Later examined the processingwindow to deter-
mine which grains in the column were the best. Mechanical qualities of materials
created by SLM or EPM are critical for their applications.

11.4.2 Microstructural Properties on AM (DED) Components

Ziętala et al. [114]we are thefirst to present a thorough examination of themicrostruc-
ture of LENS manufactured regions. They were specifically used in their research to
compare the tensile properties of thematerials created. The rate of local solidification
in the melt pool, the temperature differential at the solid–liquid interface, and the rate
of refrigeration all influence the solidified microstructure. Changes in these values
can cause one of three structural morphologies in Ti-6Al-4 V/DLD components.
To create products with exceptional mechanical properties, the effect of process
parameters on the microstructure must be efficiently optimized and managed. The
Ti-5Al4V macrostructure is shown in the Fig. 11.12 comprises columns of prior-b
grains stretched toward solidification (build) [11].
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Fig. 11.12 Ti6Al-4 V generated by a LENS [11]. a Macrostructure. bMicrostructure

Amelt pool’s border is a superstructure filled with a cellular structure and cellular
spacing as small as 1 mm. Larger melting pools are found in large 100 mm 140 mm
grains and a nearly mono crystalline LMD structure than in LBM [37]. According
to Morrow [55] larger melt pools coarsen the microstructure and texture because of
slower cooling rates.

Smaller melting pools form fine-graining microstructures that are weakly
expanded by increased replacement. After AMmanufacturing, austenitic steels (such
as 304L and 316L) frequently exhibit entirely austenitic microstructures, particularly
LBM. D-ferrite was found in as-machined 316L samples as shown in Fig. 11.13, and
it converts to extent after a 2-h heat treatment at 1150 C and cooling with air. Precip-
itation has been observed in stainless steel (17-4 PH), maraging steel (18-Ni300),
and martensitic steel grade AISI420 (X46Cr13). Because of the changing thermos-
conductivity of the gas, even minor changes in the cover gas in LBM can cause
significant changes in phase composition because of the behavior’s compatibility
with freezing settings [10, 72].

Fig. 11.13 316L stainless steel fracture surfaces [55]
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Fig. 11.14 ASTM standard testing methods for AM metallic materials

11.5 Standards of Mechanical Testing

As technology advances and enters the market, the need to comprehend technical
jargon and system features grows. Metal additive manufacturing has progressed to
the point of commercialization. The dental and aviation industries, for example, have
moved to commercial manufacturing and now require material belongings standards,
inspection methods, and other data. Added substance Manufacturing is changing
ventures across the globe and a different scope of organizations are seeing the large
number of noteworthy freedoms that the innovation offers. There are still numerous
difficulties ahead to make this innovation a supported achievement [97].

The solid connections between the boundaries of assembly and the material prop-
erties require special consideration in contrast to the standard measuring measures
for metal molding. It is also necessary to consider the impact of different machine
frameworks and conditions, resulting in various characteristics as shown in Table
11.1. Most major organizations currently use AM to create end-use components in
view of the lack of guidelines, make own interior arrangements of materials and
operating rules. The improvement of measurement information and the development
of standard specialized guidance are therefore of outrageous importance. The Plan
Guidelines will help further recognize that AM does not make use of the maximum
capacity of additive manufacturing in the vast majority of current CAD devices [54].

Two fundamental worldwide establishments, ISO (International Standardization
Organization) andASTM International, universally plan, create and distribute princi-
ples identifying with AM. The European Committee for Standardization (CEN) has
likewise shaped normalization boards of trustees for AM on a territorial level. There
are a few public exercises identified with normalization and rules. These incorporate
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BSI (British Standards Institution) and France’s AFNOR/UN (Union de Normal-
ization de la Mécanique). In Germany, the public principles body DIN (Deutsches
Institut für Normung) distributes guidelines identifying with AM in collaboration
with VDMA (Verband deutscher Maschinen-und Anlagenbauer) and VDI (Verein
Deutscher Ingenieure) [82]. ASTM International set up the F42 Committee on the

Table 11.1 Metal part mechanical testing [97]

Typical designation Typical name Remarks

ISO/ASTM
52,900:2015

Creates and defines phrasing
for use in added substance
manufacturing (AM)
innovation

This applies the added
substance-forming rule and along these
lines constructs actual 3D calculations
by the progressive option of material

ISO/ASTM
52,921:2013

Standard wording for added
substance
producing—Coordinate
frameworks and test systems

The terms covered include definitions
for machines/frameworks and their
organizing frameworks, as well as the
area and direction of components

ISO 17296–2:2015 Added substance
producing—General
standards—Part 2: Overview of
cycle classes and feedstock

Shows how extraordinary cycle classes
use various materials to frame the math
of an item This standard builds up the
preparation for the Additive
Manufacturing measure. It is anything
but an outline of existing cycle
classifications, which are not and
cannot be finished as innovations arise

VDI 3405 Basics, definitions, and
methods of additive
manufacturing and fast
manufacturing

Explains the monetary available
additional substance manufacturing
measures,
Works with a superior evaluation of
different additional substance
generating measures,
Establishes the quality limitations for
different added ingredient production
measures,
Recommends the scope and content of
testing and supply agreements

ISO 17296–4:2014 Added substance
fabricating—General
ideas—Part 4: Data preparing
outline

Enables the determination of an
appropriate arrangement for
information trade
It shows the most recent developments
in the addition of material to 3d
computations,
It tracks existing document designs
that are being employed as a part of
contemporary occurrences, and
Facilitates international standard
adopters’ understanding of key points
for information exchange

(continued)
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Table 11.1 (continued)

Typical designation Typical name Remarks

ISO/ASTM
52,915:2016

File Format Specification for
Additive Manufacturing
(AMF)

This record details Additive
Manufacturing File Format (AMF), a
configuration for commercial
applications to satisfy the current and
future needs of innovation in additional
substances
The need for preparation, display and
forwarding for the AMF is defined in
that archive. At this time, the perfect
adherence to the extensible labelling
language (XML)(1)2 in a structured
electronic organization maintains
standards for acceptable
interoperability

ASTM F2924 Added substance
Manufacturing Standard
Specification PBF of
Titanium-6 Aluminum-4
Vanadium

This standard relates to
titanium-6aluminum-4vanadium
(Ti-6Al-4 V) segments manufactured
additively using a full-dissolve powder
bed combination, such as electron bar
softening and laser liquefying. It
displays the segment configurations as
well as the feedstock used to produce
Class 1, 2, and 3 segments, as well as
the component microstructure

ASTM F3001-14 Additive Manufacturing
Specification ELI (Extra Low
Interstitial) Titanium-6
Aluminum-4 Vanadium with
PBF

The standard addresses material
characterization, request data,
manufacturing plan, feedstock,
measurement, synthetic structure,
microstructure, mechanical properties,
warm handles, Hot Isostatic Pressing,
measurements, and weight. These lay
the groundwork for the usage of
complete liquid PBF for additively
manufactured titanium-6
aluminum-4vanadium with extra low
rates (Ti-6Al-4 V ELI)

ASTM F3055–14a Standard specification for PBF
manufacturing additive nickel
alloy (UNS N07718)

This decision applies to UNS N07718
(2.4668–NiCr19NbMo) segments
produced additively utilizing a
full-soften powder bed combination,
such as electron bar dissolving and
laser liquefying. These cycles produce
products that are widely utilized in
applications that need mechanical
characteristics, such as machined
forgings and fashioned objects

(continued)
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Table 11.1 (continued)

Typical designation Typical name Remarks

ASTM F3056–14e1 Powder Bed Fusion Standard
Specification Nickel alloy
manufacturing additive (UNS
N06625)

ASTM F3056–14e1 covers additively
produced UNS N06625 (2,
4856–NiCr22Mo9Nb) components
employing a fully dissolved mixture of
powder beds such as electron pillar
softening and laser liquefying

VDI 3405 Part
2.1:2015–07

Speedy creation
strategies—LBM of metallic
parts; Aluminum composite
AlSi10Mg material
information sheet

VDI 3405, Part 2-made use of the test
techniques and tactics. Because this
load of approaches and methods
corresponds to recognized industry
norms, the trade name values and
customary assembly measures can be
compared

ASTM F2971–13 Standard practice for the
reporting of additive
manufacturing data for test
specimens

Test example representations and test
reports standardization
To help creators normalize information
bases for AM materials
Aid material deactivated by testing and
evaluation
Capturing AM examples for property
limit execution to empower
high-performance displays and other
computational methods

ASTM F3049–14 Standard Guide for
Characterizing the Properties
of Metal Powders Used in
Additive Processes

This document aims for the provision
of current standards for metal powder
for additive manufacturing for
purchasers, suppliers and
manufacturers. It is linked to several
current standards for determining the
cleanliness of new and used metal
powders

ISO 17296–3:2014 Manufacturing
additives—General
concepts—Part 3: Principal
features and appropriate testing
procedures

ISO standards 17,296–3:2014 are
required when testing components
created using additive manufacturing
techniques. It shows the components’
essential quality characteristics,
determines appropriate test techniques,
and proposes test and supply
arrangements in terms of degree and
substance. The main guidelines are
machine manufacturers, feedstock
suppliers, machine customers, part
suppliers, and customers
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Additive Manufacturing Technology in 2009. Public workouts began in Germany
and the United Kingdom around the same time. In 2011 and July 2013 ISO started
its TC 261 exercises and the two associations, ASTM and ISO, established a Joint
Improvement Plan for Guidelines. In 2018, the Standardizing Roadmap for AM was
distributed under a joint effort between ANSI and America Makes, the Additive
Manufacturing Standardization Collaborative [97].

Substance was added Manufacturing is a form of invention that both enables and
animates growth. AM is rapidly evolving, with major investments being made all
over the world. We are just looking into the many possible results of AM inno-
vation. It is critical to acquire knowledge and benefit from teamwork in order to
exploit maximal capability. It is advantageous to employ new item strategies. Item
creators characterize the specific requirements of products based on demonstrated
manufacturing measures. It is critical to have standards coordinated within the item
improvement measure in order to meet requirements such as material characteris-
tics and quality control difficulties. The application of principles is required for the
evolution of innovation. Global collaboration is undeniably beneficial to everybody,
while a conflict over values would be detrimental. The shared aim should be a collec-
tion of universally applicable ideas. A global handbook to AM principles might be
a step in the right direction. Existing principles, for example, might be modified for
AM to speed up this interaction. The combined endeavor of ASTM International and
ISO to create and successfully communicate a first principle agreement is a prime
example of collaboration. The ISO/ASTM Guidelines have the potential to shift the
next phase to CEN standards.

11.6 Mechanical Properties of Metal AM Components

This section discusses the mechanical characteristics of metal AM components, such
as ductility, strength, and anisotropy, with an emphasis on the relationship between
construction and properties. The primary goal of AM process optimization is to
produce materials with a high density, which is typically higher than 99.5% [3].
The volume energy used affects partial density. Because of the irregular vacuums
caused by insufficient energy consumption, the material remains unmolten, resulting
in a reduction in density. When there is a surplus of input energy, the dynamics and
density of the melting pool increase [99]. Straightaway structure deformity in Ti-
6Al-4 V was caused by scarce melting, according to Vilaro et al. [95] and Carlton
et al. [21]. These events were typically longer (10–15 cm) than the vents discovered
previously.

Qiu et al. [65] discovered that the residual porosity of LBM-produced Ti-6Al-
4 V was primarily spherical. They claimed that most voids were not filled with gas
because theywere not reopened in subsequent heat treatments after the precedingHIP.
Yasa et al. [106, 115]Proposed a collage strategy to reduce the residual porosity of 316
LBMfrom0.77 to 0.036%by cooling a layer twice time before implementing the next
metal powder layer. The 3D printing test determines how a 3D printed material will
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withstand a load and provides information about its quality and mechanical conduct.
ASTM-based testing assists manufacturers in ensuring that their processes meet
industry standards. Mechanical tests can aid in the investigation and development
of a new or altering material, manufacturing process, or high-quality product. The
outcomes of various processes, such as DED-EB, DED-L, PBF-EB, and PBF-L, are
addressed.

11.6.1 Hardness

Hardness testing is an effectivemethod for demonstrating thatmetal AMcomponents
have limited mechanical strength. Table 11.2 summarizes the hardness properties of
several AMmetal composites. The current study found a link between Vickers micro
hardiness and AM titanium composite microstructural highlights, as well as a rela-
tionship with the Hall–Petch. Several studies were conducted to ascertain the effect
on cross-sectional hardness estimates.Aprevious study discovered thatmetal compo-
nent size AM had no effect on micro-hardness, most likely due to insufficient warm
separation.A recent study evaluated the hardness attribute on a cross-sectional region.
Because of microstructural coarsening, the micro-hardness decreased as the cross-
sectional area increased. Because the portion with the thicker cross section has more
conspicuous heated information and slower cooling rates, microstructural coarsening
occurs. In addition, the study found that differences in 2D planar estimations had an
impact on micro-hardness due to contrasting heat movement. Further research was
carried out to assess the impact on durability of the manufactured height. However,
the results of these studies were contradictory. For example, Hrabe and Quinn [39]
have found that Vickers’ structural micro-hardiness values are contrasted with no
critical contrasts of up to 25 mm from the substrate while Tan and colleagues have

Table 11.2 Hardness characteristics of different metal AM parts

Process Material Microhardness (Hv) Distance measured from the
substrate (mm)

EBM/Arcam
[39, 88, 97]

Ti-6Al-4 V 347 2–25

Pure Cu 57–88 NA

AlCoCrFeNi 400–500 0–16

SS316L 184 ± 11 2

IN718 241 ± 12 2

Al-8.5Fe-1.3 V-1.7Si 153 ± 2.5 NA

SLM
[38, 42, 113]

Ti-6Al-4 V 360 NA

SS316L 213–220 NA

IN718 365 1.3–2.4

Al-8.5Fe-1.3 V-1.7Si 135–175 NA
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found that Vickers’ structural micro-hardness values do not differ from any critical
contrast between the substrates up to 25 mm.

Tan et al. [88] concluded that Vickers micro-hardness decreased as the tallness
of EBM Ti-6Al-4 V increased. The heated conductivity increases the rate of cooling
of the treated steel substrate. The microstructure of the base site was superior to
that of the top site. Nonetheless, Wang et al. [97] investigated the pulley’s micro-
hardness. According to the study, the value of micro-hardness increased as assembly
size increased. Many people claim that the variability in hardness estimates is caused
by warm data from a specific stratum. Compared to a smaller transversal area, the
greater transversal area would result in a warmer contribution and in a variety of
final microstructures. Future improvements to change the cycle limits in the cross-
sectional area could help to simplify this heterogeneity of hardness.

11.6.2 Tensile Properties of AM Developed Metal
Components

In the manufactured state of the AM, the tensile strength of existing steel grades
frequently meets the specific requirements for industrial applications. Grain refining
increases yield and tensile strength significantly. In terms of ductility, lower porosity
(0.1%) results in a malleable fault mode with lengthening values compared to the
material used. High remaining porosity of 2.4%, on the other hand, results in flexible
modes with significantly lower elasticity [21]. Table 11.3 compares Yield Strength-
YS), Ultimate Elastic Resistance-UTS, and Failure Elongation-EL to the reference
qualities of the materials produced for the selected grades of steel, aluminum, and
titanium for the various AM technologies derived from literature [23]. Stability prop-
erties differ widely in LBM, which depends on the tensile test, which can be deter-
mined by selected parameters of processing and post-processing conditions under
various loads. In the AM-microstructure/yield correlation, the tensile properties of
Al alloys compare favorably to those of AM-constructed steels. AM techniques
produce granular configurations that primarily or solely increase the strength of the
manufactured state [28].

The actual coarsening of smooth grains during the hardening period of a manu-
factured additive AlSi10 Mg alloy, which counteracts the later impact and maintains
a constant yield strength as the manufactured part (Table 11.3). Mg was lost during
AM production for AA 2139 (Al-Cu, Mg), which reduced precipitation and thus
output strength. When attempting to maintain a thin grain structure while producing
an unnaturally aged precipitate, an LBM manufactured scan-based alloy produces
the best results [2]. Because titanium is a great material for EBM, LMD, and LBM,
the complicated interrelationships among various AM methods, specifications, and
the resulting fatigue and tensile properties, particularly for Ti-6Al-4 V, are widely
preferred for metals and alloys (2015).
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Table 11.3 Tensile properties of different metallic materials are generated AM process

AMTechniques Materials Reference
by

EL [%] UTS [MPa] YS [MPa]

LBM Steel Carlton
et al. [21]

44 ± 7 705 ± 15 590 ± 17

LMD Steel Yadollahi
et al. [102]

36 ± 4 640 ± 20 410 ± 5

LBM 304L Stainless Elghany
and Bourell
[1]

25.9 393 182

LBM 18Ni-300
Maraging Steel

Yasa et al.
[106]

1290 ± 114, 1214 ± 99 13.3 ± 1.9

LBM AlSi12 Prashanth
et al. [64]

3 380 260a

LBM AlSi10mg Monteiro
[53]

6.2 ± 0.4 328 ± 4 230 ± 5

LBM AlMg1sicu Fulcher
et al. [29]

E 42 E

LBM AlMg4.4Sc0.66MnZr Schmidtke
et al. [75]

16 530 520

EBF AA 2139 (AlCu,
Mg)

Brice et al.
[16]

E 430 ± 8 321 ± 26

EBM Ti-6Al-4v Yamanaka
et al. [103]

28.5 ± 0.5 475 ± 15 377 ± 10

LBM Ti-6Al-4v Vilaro et al.
[95]

8.2 ± 0.5 1140 ± 10 1040 ± 10

LBM Cp Ti (Grade 2) Ambrogio
et al. [9]

20 345 280

LMD Ti-6.5Al-3.5Mo-1.5
Zr-0.3Si

Zhai et al.
[110]

7 1042 990

PDF Inconel 625 Martinez
et al. [50]

58 900 380

DED Inconel 718 Blackwell
[12]

38 1000 650

DED Inconel 625 Wang et al.
[96]

E 722 ± 17 42.27 ± 2.4

Table 11.3 shows that AM processes for Cp-Ti result in higher output strengths
and ductility than sheet Ti processes (20%). When test conditions, such as LBM’s
extremely high melting temperature, produce a very thin martensitic (Alpha)
microstructure, the greatest strength will be achieved. Grain refining improves
ductility and yield. LMD has lower output strengths than LBM or EBM due to lower
cooling rates (Table 11.3), and the resistance of tensile failure to the testing parame-
ters varies significantly. Moisture levels have increased, but ductility has decreased
[22]. Furthermore, it is related to the increased α-martensitic, remaining permeable,
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and residual stresses in the flexible mode of as-made AM Ti-6Al 4 V. As shown in
Table 11.3, computer imaging has been used successfully to detect material structural
limitations, and additive mechanical flexible fracture software has been used to show
the effect of these limitations on EBM Ti-6Al-4 V fatigue life.

Some specialized ASTM procedures for 3D-printed metal materials address the
material properties expected for powder-based sintering implementations. Mechan-
ical characteristics commonly reported include ultimate stress or maximum stress
caused by stress, as well as elongation during breakage. The elastic modulus is
calculated by dividing the stress by the strain. SLA materials are harder and more
fragile than injection-molded counterparts are. They have such a different flexural
and small elastic deformation before the dog’s bone stress fractures as shown in
Fig. 11.14 [133].

11.6.3 Compressive Test Properties of AM Developed Metal
Components

The mechanical characteristics of metal AM components have also been evalu-
ated using compressive testing. An investigation of the SLM-assembled tantalum
amalgam found that the compressive yield strength was higher upward than evenly.
The reason is that crystallographic surfaces are shifting. Despite its anisotropy stiff-
ness, the mechanical properties of the SLM tantalum compound were found to be
superior to those of an electron pillar heater or powder metallurgy. Basic design may
be used to plan mechanical anisotropy in a segment [91]. During the investigation,
anisotropic shifting level was observed in several cross-sectional schemes of EBM
assemblies (Ti-6Al-4 V). The compressive force anisotropy was determined by the
size of the cross-sectional structural unit. During compression tests in compression
according toDIN50,106, the specimenswere continuously distorted until a predicted
minimum height was reached [20].

The compressive elasticity module and the compressive output power Rdp have
been calculated within the linear elasticity zone. The center of the exemplar was
used to record deformation values in the specimen areas subject to uniaxial stress
alone by means of a fine stretcher extensometer with a starting length of 1 cm. The
compressive output strength is good at 75° and 90° (Fig. 11.15). Although porosity
is a significant defect in SLM materials, it is recognized that it is only a vital factor
in compressive loads. This is because, while the porosity is modest, the idea of heap
shuts pores and produces flaws. Surprisingly, the pores expand, mix and distribute
under folding stacking, leading to misleading [80]. When the results are checked,
the influence of porosity on the direction of the stacking layer will most likely be
determined. This would suggest that flaws have a wider impact when the direction
of the layer corresponds to the stacking path and when the direction of the layer
is animated along these lines than when the direction of the layer is reversed. The
samples would have high compression yield strength at 75° and 90°.When compared
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Fig. 11.15 Stress–strain curves compressive and tensile diagram [80]

Fig. 11.16 Demonstrating a
larger surface roughness
[101] (Down-Upward facing
side)

to the results of the related study from [5], the results of the 90° cases indicate that
the compressive yield strength is comparably inclined (Fig. 11.16).

11.6.4 Surface Roughness Properties of AM Developed Metal
Components

Avariety of inputs influences the surface characteristics ofAMcomponents, resulting
in the development of various visible and quantifiable output variables that influence
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performance. Input parameters include material presentation, component design,
process sections, process parameters, and post-processing. Benefits range from
partially fused powder granules (or beads) to improper melting because of construc-
tion, fusing, or detecting routes, such as balling Fig. 11.17a layer of fusion absence,
or striation. The surface roughness of joint replacement bone interface implants,
for example, may contribute to faster development, and thus periosteum—direct
physical and functional contact between live tissue and the load-bearing implant
surface—may be characterized as fastest and possibly most effective.

Fig. 11.17 a Balling effects [35] b solid granules on the construction surface [56] c surface
roughness versus layer thickness [67] d surface roughness because of stairwell effects [66]

Fig. 11.18 Typical residual stress of an as-SLM item in the building direction a contours residual
stress b anticipated residual stress
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Surface roughness is one of themost detrimental effects on performingmetal prod-
ucts and rotating fatigue. As a result, post-production activities are usually required
to extend the life of AM components. This is difficult because many AM compo-
nents, especially those with complicated geometry, want to be used as net-shaped
as they were produced. As a result, after-surface treatment product loses one of
AM’s primary advantages: the ability to produce complex geometry that conven-
tional manufacturing cannot [24]. Consequently, the fatigue of the components and
their relationship to the surface coating must be fully known. The type of equipment
used, powder size, process parameters, and orientation of the device can all affect the
surface hardness of an AM surface. It is, thus, essential to fully understand fatigue.
Because of the use of thicker hatches, DLD techniques typically produce the rough
surfaces found in L-PBF techniques, due there is a lot of powder, pieces, and layers
in this area. Increased hatching pitch, layer thickness, and/or powder size improve
the surface hardness of AM components [105]. An X-ray CD image of a 45-degree
Inconel 718 model created with the L-PBF method is shown here in Fig. 11.16.
The excessive roughness on the face is caused by direct contact. Powder bedding is
used throughout the manufacturing process, resulting in thermal decomposition pool
heat/liquid fringe effects [101].

A mixture of many input parameters and processing situations determines surface
hardness optimization and reduction. The type and procedure of the powder (10–
60 μm powder), the powder circulation, and the material used for roller/blade
spreading can all affect the hardness of the surface of the extremely low range of the
PSD(Fig. 11.17c). The PBF-EB technique employs powder sizes ranging from 45 to
105m (Fig. 11.17b), which reduces the impact of electric charge, dissipation, powder
flow ability, and diffusion disturbance on powder layer thickness (Fig. 11.17d). For
example, transferring high PSDs to high surface hardness due to a process disruption
results in an electrically charged PBF-EB surface that is slightly riche [75].

11.6.5 Fracture Toughness Properties of AM Developed
Metal Components

The ability of a material to withstand fracture is described by its break strength.
Based on various studies, Table 11.4 organizes the discovered crack strength benefits
of specific metal AM components. Crack-life anisotropy was considered in both
the SLM-assembled and EBM-assembled Ti-6Al-4 V. Because of break durability,
anisotropy had an effect on how breaks spread.

Breaks occur across the columnar grains in evenly oriented examples, whereas
breaks occur at the grain column boundaries in upwardly oriented examples [26]. The
fracture force ofEBM-built Ti-6Al-4V is comparable to the specifications forTi-6Al-
4 V constructions or castings of 44–66MPam1/2 and 88–110MPam1/2, respectively.
The reduced durability values reported in SLM-produced Ti-6Al-4 V are due to the
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Table 11.4 Fracture toughness of different metallic materials are generated AM process

Process/Model Material Anisotropy in
fracture
toughness (%)

Fracture toughness
(MPa

√
m)

References

EBM/Arcam
(A1)

Ti-6Al-4 V 7.3 110 ± 7.4 Edwards [26]

EBM/Arcam
(A2)

Ti-6Al-4 V 18.8 67–80 Seifi [77]

SLM Ti-6Al-4 V 17.9 28 ± 2 Cain [19]

LBM-MTT 250 Ti-6Al-4 V 3.1 66.9 ± 2.6 Edwards [27]

SLM Al-12Si 18.8 46.7 Suryawanshi [87]

fine acicular alpha/beta martensitic microstructure, which is more brittle than EBM-
assembled Ti-6Al-4 V / duplex microstructure. Anisotropic break strength can result
from residual stresses on metal AM components [19]. The use of post-warm therapy
treatments may minimize residual stresses such as HIP or stress reduction treatment.
Following SLM-built Ti-6Al-4 V therapy with HIP and stress relief, fracture strength
improved and anisotropy reduced, according to research utilizing SLM TI-6Al-4 V.
In any case, a review on EBM-constructed Ti-6Al-4 V demonstrated a decrease
in break strength after heat treatment procedures, which came from microstructure
coarsening. Understandings of the as-built microstructures for the unique metal AM
frameworks are critical in determining post-heat treatment approaches to provide
superior fracture durability [19, 87].

11.6.6 Fatigue Strength in AM Metal

The fatigue strength of such metals is determined by the static mechanical properties
of materials that are identical to the microstructure of various metals. However, the
fatigue performance of AM-produced parts is poor because of inherent properties,
such as surface ruggedness and material failures. AM process is used to conduct
experiments for the study of monotonic tensile behavior of different metals and
alloys. Thewear-out characteristics of the additive Ti-6Al-4V have been investigated
(Table 11.5) because of its potential use in aviation and biomedical applications [7,
100]. Comparing the fatigue characteristics of PBF-EB and DMLS made from Ti-
6Al-4 V, the lower the wear rate, the better the fatigue strength of both was found
(DMLS reached 107 cycles at 550–600 MPa, EBM at 600 MPa as shown in Table
11.5). Surface modifications can help improve fatigue properties (e.g. polishing).
Brandl et al. [14] the scatter of investigative data increases material failures, such
as porosity and lack of adhesion on the layer, making tribological characteristics
difficult to evaluate.

Using hot isostatic pressings to cure and density these defects results in higher
wear-out and real data, similar to AM processes. Table 11.5 summarizes the fatigue
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Table 11.5 Fatigue strength of different metallic materials are generated AM process

Am
techniques

Materials Referenced
by

Surface
treatment

Condition
Kelvin /Celsius

σ

Smax
at 107
[MPa]

EBM Ti-6Al-4 V Brandl
et al. [14]

Refined 843
C/100 MPa/4 h-HIP

600

LMD Ti-6Al-4 V Brandl
et al. [14]

Refined ST-843 C/2 h –700

LBM Ti-6Al-4 V Leuders
et al. [47]

Not mentioned 920 C/100 MPa/
2 h-HIP

620

LBM AlSi12 Siddique
et al. [81]

Refined 473.15 K in process
þ
SR-240 C/6 h

80

LBM AlSi10Mg Buchbinder
et al. [17]

Refined AF 45

LBM AlMg4.4Sc0.66MnZ Buchbinder
et al. [17]

Refined AA-325 C/4 h 300

LBM 316L Riemer
et al. [71]

Precision-machined HIP-1150
C/100 MPa/4 h

317

ST Solution Treated, AF Manufacturing, SR Stress Relieved

strength got through the different surface and thermal treating conditions of AM-
based metals such as aluminum alloys, Ti-6Al-4 V, and steels. The study shows that
AM raw materials are comparable to standard products, such as static and fatigue
strength, in terms of their physical fragmentation and mechanical properties, and
that mechanical behavioral concepts can be used for the analysis of AM metals and
alloys [33, 71].

11.6.7 Creep in AM Metals

Variability in the creeping properties of fatigue-related components in both AM
and conventional components indicates failures as well as an improvement in the
fine microstructure. Because of the complexities of creep tests, such as thermal
processing ranges, stress and pressure, temperature measurement, and the scarcity
of research, no consistent trends in the creepy conduct of additively manufactured
metals can be identified. Creep-Fracture of IN 738LC, and added into high corrosion
resistance precipitation-enforced created through PBF-L, has already been discov-
ered to be anisotropic. The inhomogeneity of the minimal column grain was created
dis part by its solid texture as an anisotropic elastic strap [70]. A detailed study
on CCM composites (Co–28Cr–6Mo–0.23C–0.17 N) manufactured using Powder
Bed Fusion Electron Beam (PBF-EB) process was conducted by Sun [85]. This
CCM composite is made up of crystalline structure columnar morphology c-Fcc
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and stabilized equiaxed morphology (e-hcp) phases in its as-built state. To prevent
transformation during experiments, the substance was dramatically changed to e-
hcp before cramping. Because the PBF-EB technique keeps the building chamber
at a higher temperature (700 C), the granules near the center plate continue to grow
longer than those near the top [86]. In that, E-grains were discovered to be larger in
the as-produced lower part of the components than after heat treatment processing.
The results show that the grain-boundary mechanism for flexibility creep promotes
the formation and distribution of voids across the grain bounds. A two-step thermal
process reflecting the temperature history in the PBF-EB method was proposed [47,
81], to increase grained area through buildings while ignoring grain failure zones.

11.6.8 Analysis of Residual Stress in AM Developed Metal
Parts

Scanner methods, dwell time, and a variety of other factors all have an impact on the
residual stress field ofmetal AM components. Previous heat transfer parameters have
a significant impact. The residual surface stress of an SLM treated steel 316 L-shaped
bar (off foot molecule) was studied using a digital picture contact mode and neutron
differentiation, according to Ahmad et al. Compression and traction near surfaces, as
well as residual stress near the area’s centre, are depicted in Fig. 11.18a. The effects of
the scanning method, laser energy scanning velocity, and residual stress orientation
are all investigated thoroughly [7]. Lesyk et al. [46] investigated the effect of island
size on residual stress and discovered a similar pattern. Even though the size of the
island was shown to result in low residual stress of 2 × 2 mm2, significant fractures
were discovered in the model created with this island size. As shown in (Fig. 18b),
this pattern was captured by modeling and experimental research with an important
residual stress forecast in the DED-treated Vaseline zone.

Evaluation of residual stress using SLMX-ray diffractionXiao et al. [100] discov-
ered that residual stress in the scanning trajectory is greatest at a higher tensile and
constructed interface than in the perpendicular motion using small-scale models of
treated steel and Ti6Al4V. Kruth et al. [44] devised a method for calculating the
residual stress of the SLM segment based on bridge curvature. Other researchers
developed amethod for determining residual stress in SLM components quickly. The
amount of residual stress in the bridge-formed component after it’s removed from
the foundation is determined by the curved tilt of the structure’s two-base surfaces.
Framework variables such as scan vector distance and scan scalar rotation grades
were investigated for two consecutive layers, and it was discovered that controlling
rest stress and displacement during the SLM technique necessitates a shorter scan
vector length and a greater revolution inclination.

The residual stress of EBM processed elements is noticeably lower than that of
SLM processed elements because the cooling fee is based on the resulting solidifica-
tion capabilities of those methods, such as protoplasmic processes arm spacing. The
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cooling rate in the EBM is significantly lower, and energy drainage from the EBM
component takes longer, because of the Pulver surface and vacuum container being
highly post-heated [45, 131]. Salem et al. [73] used nuclear diffraction to investi-
gate the residual stress of Inconel 718 cubes treated with EBM and SLM in their
as-built state. The researchers used (Electric Discharge Machining-EDM) to create
stress-free samples to determine pressure-remote network spacing. Because SLM
is further from homeostasis than EBM, every residual stress element generated by
EBM reduces the order value of SLM.

The residual stress of SS 316L and Inconel 718 additives made with DEDs via
nuclear crystallography and contour approach was investigated/ [60] the remaining
stress within the sample centers was caused by uniaxial compaction. Longitudinal
residual stress was detected at the edges and was found to be related to the construc-
tion method. Residual stress magnitudes in the cloth were greater than 50–60% of
the nominal output electricity [49]. The effects of dwell time on residue stress and
deformations in DED-processed Ti64 and Inconel 625 systems were investigated.
The well-known Inconel 625 structure exhibits the inverse trend, resulting in signif-
icantly less residual stress during the deposition phase. Reducing the refresh time
for Ti64 builds can result in significantly lower residual stress as the DED process
progresses.

11.7 Conclusions

A detailed investigation of the status of metal additive manufacturing, with aston-
ishing connections between process parameters, mechanical properties and metals
has been carried out. According to the Hall-Patch regulation, “High sturdiness AM
inclination creates fine-grain microstructures”. Unbalanced micro-sized structures,
such as austenite, titanium, or titanium-based alloys with a martensite alpha phase,
are exposed as a result of materials and manufacturing techniques. AM processes
contain anisotropic microstructures with elongated grain due to anisotropic thermal
conductivity, and the formation process in current structural layers is significant,
resulting in the development of non-directional properties. Typically, reheating and
treating solidified layers on the ground are part of the complicated AM’s tempera-
ture cycle. This could result in both desired and unintended consequences, such as
a breakdown in ductile varieties, alloy component partitioning, and grain growth.
Further ex-situ thermal processing can alter the microstructure and characteristics
of the final component in different methods. In the process of fabricating the metal
components, which affected its final structure and mechanical characteristics, it was
subjected to preparation elements such as declaration rate, pillar power, climate and
temperature. The mechanical properties of metal AM components (e.g., durability
and rigidity) can frequently meet its basic needs through comparison of cast and
model equivalents despite ani-ropy and variability.

Integrating a diverse set of input components and processing scenarios aids in
the optimization and reduction of surface roughness. Welding terms such as loss
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of sidewall fusion, undercutting, an anomalous pinnacle bead, and an increase in
craters are used to describe surface roughness. The words for entering data in twine-
driven systems are similar. This occurs on a much larger scale because of the large
diameters of themolded pools, deposit beadwidths, and later heights. In segment 5.4,
the PBF-EB technique employs particle sizes ranging from 45 to 125 mm to reduce
the effects of electrostatic transport. The EBM-manufactured Ti-6Al-4 V was shown
to be dependent on the area in terms of durability of a crack due to microstructure
and defect dispersion. Although the mechanical properties of metal AM components
are anisotropic and heterogeneous, they are assumed to have the same or superior
mechanical qualities as casted components.

The purpose of Sect. 5.7 is to summarize residual strain in AM metal. An exces-
sive increase and rapid cooling exacerbate the residual strain. Pre-heating, approach
training, remark strategic planning, and laser annealing are all individual methods for
reducing long-term pressure. The presence of a substructure has a significant impact
on the magnitude of residual stresses. According to the findings, the metallic AM
processing and heating treatments are precise stress-discount strategies. Many statis-
tics on fatigue and fracture toughness properties, as well as tensile and compressive
properties, were calculated. According to the literature, various categories of steel,
aluminum composites, and titanium materials designed and produced by LMD,
LBM, and EBM have typical properties equivalent to cast or wrought processes.
Most existing applications and innovation demonstration models are limited to non-
existent or insignificant components in the face of variable loads. Recent studies on
the efficacy of fatigue are about to change this. As a result, a sequential approach to
AM can be used for a wide range of material process combinations.

11.8 Future Trends

AM can be used to create complex components such as jewels, dental implants, and
electrical wires out of valuable metals such as gold, silver, palladium, and platinum.
AMhas distinct advantages for producing components of high liquefying conditioned
inert composite materials, which are in high demand whenmanufactured using tradi-
tional methods. Powder-based AM methods have only recently become available. It
is also used to improve the texture and properties of products by combining them in
various ways. The research focused on the development of high-tech materials such
as tantalum, molybdenum, chromium, tungsten, rhenium, niobium, and vanadium,
which had unrivalled potential for future generation AM.
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Chapter 12
Electrochemical Corrosion Behavior
of Heat Treated Inconel 718 Superalloy
Manufactured by Direct Metal Laser
Sintering (DMLS) in 3.5% NaCl Solution

B. Anushraj, N. C. Brintha, D. Chella Ganesh, and A. Ajithram

12.1 Introduction

The gas turbine has become the essential reliable device used in the field of trans-
portation, power generation and other application. The gas turbine is known for its
comparative mechanical simplicity which ability to utilize expansive range of fuels.
Practically, the effectiveness of gas turbine engines is lesser than the petrol and
diesel engines. Also, for outstanding power-weight relation of gas turbine engines
the efficiency is increased [1]. These gas turbines are used in various high power
transportation applications such as helicopters, air craft and rocket propellers [2].
Gas turbine is an internal combustion engine which transfers chemical power into
mechanical power which uses air as the working fluid.

The development in the additive manufacturing has been increased over the past
decade due to its features in producing the sophisticated usable materials and has
the capacity to produce complex geometry objects. The additive manufacturing
also facilitates industry 4.0 in the form of digital transformation. The produc-
tivity and quality of the product in automobile, gas turbine and space vehicle is
improved through revolutionary changes by digital technologies [3]. The additive
manufacturing is a layer-by-layer built-up process. Therefore, this type of manufac-
turing the hybrid layer of structures can be fabricated easily and can produce the
complex geometries at an easier rate [4]. Additive manufacturing is equal to the
CNC machining process. Both takes the information data from the computer but in
additive machining process the metal is added to build parts and in CNC machining
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the material is deduced to construct parts [5]. The additive manufacturing develop-
ment proposes several benefits towardsmechanical andmetallurgical propertieswhen
contrasted to traditional fabrication processes [6]. Also, the design consideration of
additive manufacturing is less when compared to conventional fabrication process
[7]. The metallurgical bonding of the base material obtained is fine microstructure
due to the deposition of material in each layer [8]. According to ASTM F2792-
12a standard the additive manufacturing are classified into seven categories namely
binder jetting, directed energydeposition,material extrusion,material jetting, powder
bed fusion, sheet lamination and vat photo polymerization [9]. The metal additive
manufacturing normally takes place by powder bed fusion process such as Selective
LaserMelting (SLM),Direct EnergyDeposition (DED),DirectMetal Laser Sintering
(DMLS) and Electron BeamMelting (EBM) [10]. The powder fusion additive manu-
facturing for metals currently use sintering process instead of melting process [11].
The DMLS methods of powder bed fusion process have good surface finish and
full density materials. In DMLS process, the sample is manufactured in a protective
chamber to avoid oxidation [12].

In traditional manufacturing, a product is produced by formative process, subtrac-
tive process and joining process whereas in additive manufacturing technique layer
by layer manufacturing is used. The additive manufacturing serves as an enabler for
transformation of ideas from the designer’s workstation to a finished product and
removes the traditional manufacturing steps such as creating mold, machining to
give the finishing, forging and joining. Therefore, additive manufacturing provides
higher level of design freedom when compared to traditional manufacturing. The
traditional manufacturing is focused towards mass production to reduce the cost of
the product and improves the production rate, so as to improve the sustainability of
the product. To improve mass production the initial investment is high due to the
creation of assembly line and tooling costs. Also, for manufacturing low volume
application such as satellites, air craft and ship the manufacturing cost is high when
traditionalmanufacturing is used [13]. Thereby, the additivemanufacturing improves
cost-effective, mass production when compared to conventional manufacturing.

The nickel based superalloy of IN718 is a high strength alloy intended for high
temperature application. In the superalloy, the alloy IN718 is used almost half tonnage
of the total super alloyworld-wide [14]. The alloy is precipitation-hardenable and has
outstanding resistance for corrosion, fatigue and creep strength at elevated temper-
ature. Therefore, this alloy is used in aero space, petro chemical industry, nuclear
power generation, marine application and gas turbine application [15]. The impor-
tant alloying elements in IN 718 nickel alloy are chromium, niobium, molybdenum,
cobalt, carbon, aluminum and titanium [16]. The chromium in the alloy gives good
resistance to corrosion. The molybdenum in the alloy improves the opposition to
pitting corrosion. The cobalt existing in the alloy increases the creep resistance of
the alloy. The accumulation of weighty metals such as molybdenum and tungsten
improves themechanical strength of superalloy [17]. The phase of the IN718 alloy are
gamma (γ), gamma prime (γ’), gamma double prime (γ”), delta (δ), laves and carbide
phases [18]. The γ” phase is the combination of nickel and niobium (Ni3Nb) in the
form of Body Centre Tetragonal (BCT) crystalline structure. This phase precipitation
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of the alloy increases the tensile and creep properties [19]. This phase is transformed
to δ phase at higher temperature. The principal strengthening phase of the alloy
is mainly derived from the solid solution hardeners. The metastable compound of
gamma double prime is suppressed by the stable delta phase at higher temperatures.
The γ’ phase consist of nickel, Aluminum and Titanium (Ni3 (Ti, Al)) in the form of
Face Centered Cubic (FCC) crystalline structure. This phase is one of the secondary
phases of the super alloy, it also increases the mechanical strength of the alloy. This
initial nucleation starts in the grain boundaries and distributed as fine particles in the
γmatrix [20]. The gamma prime also increases the ductile strength and increases the
fracture toughness. Also, it improves the resistance to creep at elevated temperature
of the superalloy [21]. The δ phase is a combination of nickel and niobium (Ni3Nb)
in the form orthorhombic crystal structure. The δ phase is thermodynamically stable
phase of γ” phase and its precipitation begins at 900 to 1100 °C. The δ phase controls
the grain growth and also controls the formation of carbides and nitrides [22]. The
formation of delta (δ) phase reduces the formation of γ” phase and delta phase formed
by the intermediate γ” phase [23]. The increase in the aluminum and titanium ratio
decreases the formation of the δ phase. The δ phase precipitates in the form of needle
or plate within the grain and in the grain boundaries [24]. The primary phase of
gamma (γ) in the form of austenitic face centered cubic structure. When compared
to BCC structure the FCC has lower diffusivity because of its closely packed struc-
ture. This structure is the key to predominant qualities and improves the stability of
the alloy at higher temperature [25]. This phase usually consist of high percentage of
solid-solution elements such as Co, Cr, Mo, and W [26]. The IN718 has numerous
mechanical characteristics such as toughness at low temperature, strength at high
temperature and extraordinary corrosion resistance in various conditions due to its
FCC crystal structure [27].

Themachiningof Inconel 718was poor due to its high strength, toughness, thermal
resistant and work hardening properties of the alloy [28]. Machining is the process
broadly used in industries to produce various size and geometries for modern appli-
cations. The machining process is time consuming, rough surface finish and costliest
process. The problems in machining the Inconel 718 produce built-up-edge and
high cutting force, which reduces the tool life [29]. The tool life is reduced due
to the maximum temperature increase in the tool face and tip of the tool which
in turn produces the built-up-edge in the tool face and chip interface. The higher
cutting speed also reduces the tool life [30]. Therefore, the solution to fabricate
the sophisticated structures and complex geometries of hard superalloy by additive
manufacturing processes. The weld ability of the super alloy is good in age hardened
and solutionized condition. The Inconel718 superalloy has good resistance to fusion
zone cracking, heat affected zone and heat treatment cracking [31]. The resistance in
strain cracking ability of the alloy, the superalloy is mostly in the aero space appli-
cation such as gas turbine components. The additive manufacturing is layer by layer
scale welding. The Inconel718 superalloy can bemanufactured by additive manufac-
turing [32]. The microstructure and mechanical properties of the nickel based alloy
is upgraded by proper heat treatment. The nickel based alloys have standard heat
treatment process such as homogenization, Solutionizing and age hardening [33].
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Table 12.1 The element weight % of IN718 super alloy

Element Ni Fe Cr Nb Mo Ti Al Si C Co Cu W

Weight
%

52.44 19.78 17.13 4.77 3.38 1.11 0.59 0.13 0.05 0.16 0.23 0.23

The corrosion resistance of additively manufactured Inconel718 in aqueous solu-
tion is an essential problem for consideration, due to the difference in the microstruc-
ture of the additivemanufactured alloy. Generally, in a corrosive atmosphere galvanic
corrosion may take place. The aim of this work is to show a correlation between the
commercial alloy and additive manufactured alloy. The microstructure and electro-
chemical behavior at 3.5% NaCl solution was discussed with the effect of heat treat-
ment.Also, in thiswork the tensile and impact strength of the additivelymanufactured
alloys are highlighted.

12.2 Materials and Method

12.2.1 Materials and Fabrication

Materials of 3-D printed samples were procured from INTECH DMLS, Pvt Ltd,
Bangalore. The EOS M280 DMLS machine has been used to fabricate the DMLS
samples by additive manufacturing techniques. The optimum process used to fabri-
cate the DMLS alloy are power 285 W, hatching distance 0.15 mm, layer thickness
40 μm, scan rate 970 mm/s and beam diameter 80 μm. The supplier’s quality test
certifications are validated for the procured sample. The average surface roughness of
the printed samples is 2μm (Ra), with homogeneity seen over the entire surface. The
chemical combination of Inconel718 used for manufacturing the sample is shown in
Table 12.1.

12.2.2 Heat Treatment

Figure 12.1 shows thegraphical representationof heat treatment cycle.Heat treatment
was carried out at heating rate of 10 °C/min. In HT 1 plan, the sample is one hour
at solutionizing temperature (980 °C). Further, samples were heated up to 720 ˚C
for 8 h ageing. The second ageing started continuously after a temperature dropped
down to 620 ˚C (55 ˚C/h) after double ageing process was completed, the samples
were cooled in furnace. In HT 2, the sample is homogenized temperature at 1100 ˚C
for 2 h. The ageing process began at 845 °C at 24 h and then the sample is cooled in
furnace.
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Fig. 12.1 Schematic heat treatment process for DMLS and commercial alloy

12.2.3 Mechanical Property Evaluation

The Vickers Hardness (diamond indentation) scale was used to determine the micro
hardness of the samples with a load of 300 g and a dwell time of 10 s. Each hardness
value was the average of six random indentations. The tensile properties of heat
treated sampleswere examined based on theASTM-E8 standard. The test was carried
out in UTM machine with system control under the load of 100 kN and cross head
speed at 1 mm/min. The ASTM E23 standard the sample size of 10 mm × 10 mm
× 75 mm, impact test was carried out in Izod.

12.2.4 Electrochemical Property Evaluation

The potentiostat/galvanostat (ACM instruments GillAC, UK) electrochemical polar-
ization identification test was conducted with the assistance of three electrode cells
positioning a reference of saturated calomel electrode, counter electrode assigned as
a platinum sheet and the sample was assigned as a working electrode. ASTM G3-14
standard was followed for conducting experimentation with 1 cm2 on a particular
room temperature on the area of exposure [34]. The 3.5% NaCl solution was used
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as the medium of exposure for corrosion measurement of alloy. After a particular
time, when the open circuit potential becomes constant then the sweep voltage limits
were set to the −250 to +250 mV with 1 mV/s seep rate. Once the electrochem-
ical polarization measurement was finished, finally the tafel plot was obtained. Once
the polarization measurement was finished the finished samples were subjected to
characterization studies.

12.2.5 Surface Characterization

The sampleswere polishedwith emery paper up to 2000 grit, after that themicrostruc-
ture of heated and non-heated samples were observed using optical microscope.
The metallographic etching was carried out by 87 Glyceregia (ASTME 407 STD)
consisting of 15 ml HCl, 10 ml Glycerol and 5 ml HNO3. With the help of scan-
ning electron microscope, the corrosion morphology samples were investigated
(This microscope was used to analyze (Make: Zeiss–FE SEM) the energy-dispersive
spectroscopy (Make: Brukers EDS)).

12.3 Results and Discussion

12.3.1 Micro Structural and XRD Examination

Bare

Themicrostructure of the IN718without heat treatment process is shown in Fig. 12.2.
According to Fig. 12.2a, the layer by layer material manufacturing can be observed
of alloy processed by DMLS without heat treatment. The columnar dendrites were

Fig. 12.2 Optical image of the bare IN718 a, DMLS alloy b commercial alloy
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Fig. 12.3 XRD analysis of the bare IN718 a, DMLS alloy b commercial alloy

produced on the bare DMLS alloy owing to rapid cooling. Also, these dendrites
are formed due to the solidification on the substrate of the each layer. These
columnar dendrites microstructures are formed along the direction on the build direc-
tion of deposition. The microstructure overlapping is formed on the DMLS alloy.
Figure 12.2b shows the microstructure of the bare commercial IN718 alloy. The
coarse grains are formed with edge dislocations and twin boundaries.

The X-ray diffraction pattern of the bare DMLS alloy and commercial alloy are
shown in Fig. 12.3. The diffraction phases are γ, γ’ and γ” intensity is high for the
DMLSalloy evaluatedwith commercial alloy. In commercial alloy themetal is heated
to molten state and solidified, therefore the δ phase is produced on the commercial
alloy. The δ phase found in the alloy may reduce the strengthening phase of γ, γ’
and γ”. In DMLS alloy, the metal is sintered at 950 to 1050 ˚C, therefore the γ, γ’
and γ” phases is high.

HT 1

The microstructure of the HT 1 of DMLS alloy and commercial alloy is shown in
Fig. 12.4. The microstructure of the DMLS alloy is shown in Fig. 12.4a, the grains
are formed within the boundary of the each arc. The grains are formed as elongated
columnar grains and in the arc boundary the small grains are formed. These small
grains formed on the boundary due to the rapid cooling, takes place at the boundary
of the arc. The microstructure of the commercial alloy is shown in Fig. 12.4b, the
grains are refined to equal size on the grain boundary. Large numbers of twins were
formed on the surface due to the solutionizing of the alloy.

Figure 12.5 shows the X-ray diffraction pattern of the heat treated segment of
HT 1 of DMLS and commercial alloy. The precipitation of δ, γ, γ’ and γ” phase
are improved by the heat treatment. The intension of strengthening phase of γ, γ’
and γ” is high for DMLS alloy when evaluated with commercial alloy. Also, for the
commercial alloy the δ phase is improvedwhen evaluatedwith bare commercial alloy.
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200μm

(b)(a)

Fig. 12.4 Optical Image of the HT 1 IN718 a, DMLS alloy b commercial alloy

Fig. 12.5 XRD analysis of the HT 1 IN718 a, DMLS alloy b Commercial Alloy

The δ phase in the alloy improves the grain boundary strength alloy, but reduces the
mechanical strength of the alloy [35]. Therefore, theDMLSalloyhas highmechanical
strength when compared to commercial alloy. From the TTT diagram the γ” phase
precipitation takes place at the ageing temperature at 620 and 720 ˚C [36].

HT 2

The microstructure of the homogenized heat treatment plan of HT 2 of DMLS alloy
and commercial alloy is shown in Fig. 12.6. The HT 2 DMLS alloy is fully homoge-
nized as shown in Fig. 12.6a. Figure 12.6b shows the commercial alloy heat treated
at HT 2. The large grains are formed in the commercial alloy and elongated columnar
structure is formed on the DMLS alloy.

Figure 12.7 shows the XRD pattern of the HT 2 of DMLS and commercial alloy.
The δ phase is found on the both DMLS and commercial alloy. The sample is heated
to 1100 ˚C for 2 h which induces the development of δ phases. The XRD pattern
for δ phase for DMLS alloy is (211) pack and δ phase for commercial alloy is (012)
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200μm

(a) (b)

Fig. 12.6 Optical image of the HT 2 IN718 a, DMLS alloy b commercial alloy

Fig. 12.7 XRD analysis of the HT 2 IN718 a, DMLS alloy b commercial alloy

peak [37]. The δ phase formation may reduce the formation of strengthening phase
γ” which reduces the mechanical properties of the alloy. The γ” phase formation is
high for DMLS alloy when evaluated with commercial alloy. The γ and γ’ formation
is high for commercial alloy and the γ” is high for DMLS alloy in HT 2 sample.

12.3.2 Mechanical Characterization

Hardness

Figure 12.8 shows the hardness value of bare and heat treated sample. When evalu-
ating the as-built sample, the hardness value increased dramatically after heat treat-
ment. The hardness value heat treated 1 (HT1) sample is increased up to 45% and
heat treated 2 (HT2) sample is increased up to 33% at the same time hardness value
of bare sample and heat treated sample value also changed respectively.
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Fig. 12.8 Average Vicker
hardness of DMLS alloy

Tensile Strength

The properties of tensile load, maximum displacement and maximum strain of heat
treatedDMLS IN718 and non-heat treatedDMLS IN718 is compared in Fig. 12.9. Its
shows that, the properties of heat treated DMLS alloy was increased when compared
with non-heat treated alloy. The tensile load of HT1 DMLS alloy was 47.34 kN and
for the HT 2 DMLS alloy it is 45.2 kN, based on this it was found that, the strength
of DMLS heat treated alloy has increased slightly. From the graph its shows that,
DMLS HT1 has high tensile load when evaluated with bare and HT 2 DMLS alloy.
In the HT l, the micro-segregation of the γ′ and γ′′ phases has substantially enhanced,
resulting in a rise in the alloy’s tensile load. The ductility property for DMLS HT 1
alloy has decreased, due to the significant precipitation of the strengthening phases.
Due to presence of δ phase in the HT 2 DMLS alloy, the property of the material has
decreased. Due to presence of Nb and Ti in the alloy, there is a reduction of ductile
property of material [38]. Table 12.2 shows the value of tensile, impact and hardness
test. After prolonged exposure of the sample, the precipitation of γ′ and γ′′ phase has
been decreased which leads to development of δ phase which develops the tensile

Fig. 12.9 Load versus displacement and tensile load of bare, HT 1 and HT 2
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Table 12.2 Characteristics of tensile, impact and hardness test

Condition Tensile load
(kN)

Max.
dispalcement
(%)

Max. strain
(%)

Impact
strength (J)

Hardness (HV)

Bare 43.35 27.40 91.27 96 264.15

HT 1 47.34 13.81 70.48 25.33 385.55

HT 2 45.2 18.52 72.34 27.33 352.43

property of thematerial and it reduces the ductile property of heat treated sample (HT
1 and HT 2). Anderson et al. has examined that, the precipitation of δ phase in IN718
and concluded that, development of δ phase enhances the tensile load, hardness and
decreases the ductility of HT 2 DMLS alloy [39].

Impact Strength

Figure 12.10 shows the impact strength of the sample. The non-heat treated sample
has the high impact strength of 96 J, DMLSHT1 sample has 25.33 J andHT 2DMLS
sample has 27.33 respectively. When evaluated with heat treated DMLS alloy, bare
DMLS alloy has higher impact strength. This may be due to layer by layer bonding of
grains in horizontal orientation in non-heat treated sample has better tensile strength.
During the heat treatment process of DMLS alloy the grain boundaries were refined
and formation of brittleness were occurred which leads to reduce the impact strength
of the material when compared to non-heat treated sample.

Fig. 12.10 Impact atrength
of bare, HT 1 and HT 2
DMLS alloy
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Fig. 12.11 Fracture surface of tensile test a bare alloy; b HT 1; c HT 2

12.3.3 Fractograpy

Tensile Strength

Figure 12.11 illustrates on the scanning electron microscope analysis of the fractured
surface of a tensile sample at high magnifications. It was found that, micro cracks
and separation of the layer was found on the non-heat treated sample, which leads to
reduce the strength of the material [(12a)]. In the HT 1 [12(b)] sample fine dimples
alone was found which may increase the strength of the material but in the HT 2
[12(c)] dimples and micro cracks are present which leads to reduce the strength of
the material.

Impact Strength

Figure 12.12 shows the scanning electron microscope of impact test sample at the
magnification. It was found that, crack formations are present in the non-heat treated
sample. In HT 1 sample dimples alone were present but in HT 2 sample, fine dimples
and cleavage cracks are present which leads to reduce the properties of the sample.
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Fig. 12.12 Fracture surface of impact test a bare alloy; b HT 1; c HT 2

12.3.4 Electrochemical Corrosion

Potentiodynamic Polarization Analysis

The corrosion kinetics of the cathodic and anodic reaction of IN718 alloy at 3.5%
NaCl solutionwas studied using electrochemical analysis for DMLS and commercial
alloy. The polarization data and graph were obtained from the inbuilt software is
shown in Table 12.3 and Fig. 12.13. The corrosion density was very low for DMLS

Table 12.3 Polarization data obtained for 3.5% NaCl solution

Condition Rest potential
Rp (mV)

Corrosion
potential Ecorr
(mV)

Corrosion
density Icorr
(mA/cm2)

Corrosion rate
CR (mm/yr)

DMLS alloy Bare 1.87 −132.65 2.762E−05 0.0004858

HT 1 66.65 −127.56 2.205E−05 0.0003879

HT 2 57.11 −117.15 1.842E−05 0.000324

Commercial
alloy

Bare −268.90 −333.57 0.002652 0.0466481

HT 1 −218.90 −213.61 0.0019949 0.0350906

HT 2 −218.60 −272.18 0.0019422 0.0341636
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Fig. 12.13 Polarization data obtained for 3.5% NaCl solution a bare alloy; b HT 1; c HT 2

alloywhen evaluatedwith commercial alloy. Therefore, the corrosion ratewas low for
DMLS alloy. The corrosion rate was low for HT 2 alloy for DMLS and commercial
alloy. The corrosion rate of the alloy was found very small for HT 2 alloy since
the corrosion density is very low and corrosion potential is high for both DMLS
and commercial alloy. The corrosion resistance was very low for commercial alloy
when evaluated with DMLS alloy. The higher corrosion potential and low corrosion
density leads to the reduction in the corrosion rate. The corrosion resistance of the
DMLS alloy and commercial alloy in descending order is HT 2 >HT 1 >Bare, which
is directly influenced the corrosion density.

Corrosion Morphology

The surface analyses of the electrochemical sample were investigated through scan-
ning electron microscope (SEM). Figure 12.14 shows, the corrosion morphology of
the DMLS and commercial alloy exposed in the 3.5% of NaCl solution. The pitting
corrosion mechanism has been found in the entire sample. Figure 12.14a, b shows,
the surface morphologies of the bare DMLS and commercial alloy. Based on obser-
vation from Fig. 12.14b, d, f, severe galvanic corrosion takes place in the commercial
alloy. Therefore, severe pitting corrosion has taken place in the commercial alloy,
when compared to DMLS alloy. Also, when compared with the heat treatment plan,
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(a) (b)

(c) (d)

(f)(e)

Fig. 12.14 Corrosion morphology of alloy exposed in 3.5% NaCl solution a bare DMLS alloy; b
bare commercial alloy; c HT 1 DMLS alloy; d HT 1 commercial alloy; e HT 2 DMLS alloy; f HT
2 commercial alloy

the HT 2 treated alloy of DMLS and commercial alloy gives good corrosion due to
the δ phase intention in the alloy. The intension of γ’ and γ” is low for the commercial
alloy which also affects corrosion resistance. It was also found that, the corrosion
resistance of the alloy mostly depends on the strengthening phase, but the δ phase
improves the corrosion resistance.
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12.4 Conclusion

In this study, the outcome of heat treatment on the microstructure, mechanical and
corrosion resistance of the IN 718 superalloy manufactured by DMLS were studied
and the following results can be drawn:

1. The columnar grain structures were indicated from DMLS sample on the over-
lapping region of every layer. Once, when the heat treatment process completes
the grains are refinedwithin the boundary ofHT1,HT2 from fully homogenized
DMLS alloy.

2. The X-ray diffraction pattern is compared with commercial alloy and found
that, δ phase is found on the commercial alloy which reduces the strengthening
phase of the alloy. The strengthening phase of the alloy is high for HT 1 DMLS
alloy.

3. After, the heat treatment process tensile strength, and hardness parameter of
DMLS fabricated IN718 alloy has increased. Considering the brittleness factor
of both heat treatments 1 and 2, HT 1 alloy are more brittle compared to HT
2 alloy, because of γ’ and γ” strengthening phase present in the HT 1 DMLS
alloy. In HT 2 DMLS alloy small delta (δ) phase is presented.

4. The impact strength results are replicated similar to the tensile strength results.
Once when the heat treatment process is completed, the DMLS alloy impact
strength is simultaneously reduced. It has been identified as very high because
of horizontal orientation layer by layer fabrication method.

5. In HT 1DMLS alloy the strengthening phase of γ’ and γ” intensity was high and
the hardness value attained at 385.55 HV and with low intensity γ’, γ” phase
and additional δ phase present in the HT 2 DMLS alloy resulting the hardness
is increased to 352.43 HV.

6. The corrosion resistance is high for HT 2DMLS alloy due to the δ phase formed
on the sample which strengthens the grain boundary.

7. Even though the presence of δ phase formation is high for commercial alloy the
corrosion resistance of the commercial alloy is very low due to the very low
intensity of strengthening phase.
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Chapter 13
Machinability of 3D Printed Materials

Şenol Bayraktar and Erhan Şentürk

13.1 Introduction

The methods used in manufacturing and the management of the manufacturing
process are changing day by day. Accordingly, manufacturing practices in the
industry stand out as a field of activity that is constantly changing. In short, the
evolution of industries is driven by innovative research activities related to produc-
tion processes, materials and product design [1]. AM is an advanced technology that
is constantly developing in accordance with the intended use of enterprises which is
among the most up-to-date manufacturing processes today. AM reveals great poten-
tial for energy savings and cleaner environmental manufacturing due to the reduc-
tion in material and tooling requirements in traditional manufacturing techniques
over the last decade. It is an efficient technique for the manufacturing of workpieces
with high flexibility and complex geometry with waste material and time savings
[2]. It also attracts a lot of attention from industrial practitioners/businesses as it
enables rapid product development or product improvement in shorter timeframes
[3, 4]. Smart production makes it important for production to be sustainable and
effective due to the developments in production technologies in this modern age
[5]. As a result of the emergence of new business models and leaner supply chains
market demand for highly customized objects creates the need for AM technologies
[3]. Manufacturing processes are generally divided into five categories: subtractive,
additive, joining, dividing and transformative. Subtractive technology is defined as a
method in which layers of material are removed to create a desired geometry. Addi-
tion technology is the addition of layers of material to create the shape of a desired
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298 Ş. Bayraktar and E. Şentürk

workpiece. Joining technology refers to the physical joining of two or more work-
pieces to form the required shape such as the welding process. Dividing technology
is used to prepare workpieces for different operations such as the sawing process.
Transformative technology is preferred for changing the structural and mechanical
properties of workpieces such as heat treatment and cryogenic cooling [1]. Although
there are different machines for AM, the general construction of these machines is
similar in that they can combine two-dimensional slices to form three-dimensional
shapes. Themain AM applications are LaserMelting/Laser Sintering, Fused Deposi-
tion Modeling-FDM, Stereolithography (SLA), Material Jetting, Binder Jetting and
Electron Beam Melting. Each of these processes presents its own advantages and
limitations in terms of the quality of the printed part, the mechanical property, the
performance of the component, and the range of materials that can be manufactured.
Complex industrial components which are difficult to manufacture with traditional
manufacturing techniques, can be manufactured easily with AM technique [6, 7]. It
is possible to produce especially lighter products usingAM. Sincemolds are not used
during manufacturing, labor and cost savings are obtained in terms of mold design
and manufacturing. While a mold modification process is required due to design
changes in mechanical components produced by conventional casting methods or
molds, this situation is eliminated using AM. Although AM has many advantages,
its applications are still limited due to its low precision and longer production times
compared to the machining technique in CNC machines [1]. Similar to casting and
wrought techniques workpieces manufactured using AM must have a certain toler-
ance range and surface quality (SQ) in order to be used as a final product in some
cases. For this reason, in this book chapter, it is planned to reveal the machining
characteristics of the workpieces manufactured by the AM technique in the literature
and have different structural properties.

13.2 Importance of AM

AM includes processes by which complex 3D geometries can be created directly
using raw materials [8]. Manufacturing can be carried out using AM without the
traditional manufacturing constraints of material wastage, the difficulty of manu-
facturing complex shapes and the need for special tools. Engineers can increase
design freedom with this technique. They can also find practical solutions for cross-
sections and complex geometries [9]. Assembly time, supply chain, storage need and
costs are reduced depending on the reduction in the number of parts in mechanical
systems [8]. AM started out as a way for design engineers to realize design concepts
without investing heavily in downstream manufacturing stage. Advances in Rapid
Prototyping (RP) have contributed to the conversion of parametric CAD (computer
aided design) data into physical prototypes that can be tested to check whether they
ensure the design criteria. This not only saves time, but also allows more than one
model to be tested [5]. Thus, AM applications began to be used in other fields such
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Fig. 13.1 Industrial adoption of AM [9]

as space, aviation, automotive, energy, medicine, defense industry products, and art
and architectural design (Fig. 13.1).

The need for AM’s use in different industries arose from extensive development
and innovation in manufacturing processes. As the accuracy and versatility of the
processes has been proven, the focus of industry has shifted towards the process of
manufacturing complex parts with a rapid prototyping device [10]. AM applications
are of great interest for the development of industrial applications in the aviation
industry. Large enterprises such as Airbus, Boeing, NASA and Lockheed Martin are
investing heavily in the development of this technology. One of the main factors
in improving the manufacturing process in the aerospace industry is reducing the
weight of components [3]. However, it is necessary to pay attention to the cost
of light structural materials such as high-performance aluminum, titanium-based
alloys and composite materials used in this sector. Therefore, ratio (Buy to fly-BTF)
between the mass of raw materials required for a given production and the final mass
of the manufactured part must be developed. Currently, the BTF ratio for aerospace
components in conventional manufacturing (CM) processes is in the range of 12:1–
25:1. This causes very poor material efficiency [3]. On the other hand, the use of light
materials contributes to the reduction of fuel emissions and environmental impacts
[9]. AM has the potential to manufacture lighter and higher-strength parts compared
to traditional manufacturingmethods. Acoustic applications such as sound insulation
can be optimized with AM [11]. AM is used in the manufacture of components that
make the most sense due to performance, time and cost. Businesses such as Boeing
use three main criteria to measure the impact of AM versus conventional machining
using CNC. These are workpiece performance, cost and delivery time. In the past,
metal AMprocesses were expensive and slow tomanufacture. Today, new generation
AM technologies can compete with traditional metal machining methods in terms of
speed and cost. This increases the importance of a more comprehensive comparison
of the twomanufacturingmethods.Machining requires highmaterial waste, machine
cost and programming time. In addition, machining times and tool wear (TW) for
hard materials such as raw titanium and tool steel are very high. Because of these
limitations, businesses prefer more cost-effective processes such as casting, wrought
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and molding for mass production. AM is a process-based manufacturing method
that additives metal only where it is needed by building the workpiece layer by layer.
Manufacturing of optimized designs using AM can be much faster than the complex
programming processes in conventional CNC machining methods. There is no need
for cutting tools, fixtures, stock material, experimental setup, labor or equipment
changes in AM. Therefore, it is predicted that it can be an alternative to traditional
subtractive manufacturing methods.

13.3 Theory of AM and Its Techniques

The ASTM F42 Technical Committee defines AM as “the process of combining
materials to make objects from three-dimensional (3D) model data by adding
layer upon layer as opposed to subtractive manufacturing methodologies” [5]. 3D
printing (3DP), rapid prototyping (RP), direct digital manufacturing (DDM), addi-
tive layer manufacturing, layer-based manufacturing (LBM), rapid manufacturing
(RM), and solid free-form manufacturing (SFF) terminologies are used to describe
AM processes [1]. AM processes are based on manufacturing components using 3D
computer data or Standard Tessellation Language (STL) files containing informa-
tion about the geometry of the object [1]. The 3D model created in CAD software
is divided into layers. Layer data in STL format is transferred to the AM machine.
This machine produces material by adding layer upon layer (Fig. 13.2) to create 3D
objects based on STL data [12].

The first patent on AM dates back to 1920 with Ralph Baker’s application to
US Grant US1533300A entitled “Method of making decorative products”. Patents
for AM processes since the late 1960s have been made possible by the invention of
computers, resin polymers, andCNCmachines due to the development ofCAD/CAM
systems [3]. MIT developed the groundbreaking 3D printing process in 1989. Other
AM processes have also been developed due to increased private research study and

Fig. 13.2 Process of AM techniques [12]
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industry interest. As professional 3D design and modeling becomes more common,
the next generation of powerful computers has enabled AM technologies to be used
for manufacturing purposes. Today, different AM technologies are available indus-
trially [3]. AM technologies for metal materials are categorized by feedstock mate-
rial and energy source type (Fig. 13.4). Wire feedstock and powder materials are
widely used for metal AM technologies. Directed Energy Deposition (DED) and
Powder Bed Fusion (PBF) techniques among the different metal AM technologies
(Fig. 13.4a) are the most used methods of powder as raw material. Selective laser
melting (SLM) and selective laser sintering (SLS) methods are two different PBF
methods in which the laser is used as an energy source. Existing laser-based PBF
systems are equipped with optical fiber lasers instead of CO2 or Nd:YAG lasers.
This increases the stability and power of the laser. Another PBF technique is elec-
tron beam melting (EBM), which uses a high-power electron beam as energy input
instead of a laser. Unlike the laser-based PBF process which requires an inert gaseous
printing medium for the EBM parts are produced in a vacuum chamber. The powder
bed is preheated before each layer is printed with an electron beam in the EBM
process. This contributes to the prevention of residual stresses in the manufactured
workpiece and the formation of a martensitic phase due to rapid cooling. The latest
PBF systems can achieve powder layer thicknesses as low as 20 μm and a minimum
feature size of 100–150 μm. Fine resolution can greatly improve the density and
quality of manufactured workpieces thanks to the surface finish. Schematic view of
the PBF technique is given in Fig. 13.3. Four different stages occur in the formof solid
mechanics, solid state transformation, thermal fluid and particle dynamics during the
application of this technique. These consist of powder particle dynamics from gas
expansion and thermal fluid dynamics that occur in solid-liquid-vapor conversion
when interacting with the laser. It also includes solid mechanics to deal with the
damage mechanism such as precipitation and internal heat treatment-like solid state
transformation and cracking when remelted. For example, the powder interacts with
all four possible states of matter such as solid, liquid, gaseous vapor and plasma
when the laser comes into contact with metal. The nature of rapid and repetitive
thermal cycles causes intense thermal gradients. Therefore, it triggers metallurgical
defects of the material by causing metastable chemical, structural and mechanical
states [13].

DED technique is metal AM technology that feeds the powder with carrier gas
directly to the focus of the laser. As the laser scans the surface of the molten zone, the
previous molten pool tends to solidify rapidly to form a built structure. Modern DED
component includes optical fiber lasers for energy input to optimizeworkpiecequality
and increase reliability. Another significant feature of the DED system is that the
powder feed rate of each powder feeder can be individually controlled. This feature
is extremely useful for the production of multi-material structures. Moreover, DED
systems use a five or free axis CNC table instead of three axes. The deposition head
modified by the existing coaxial powder deposition method, shows a better powder
convergence, which improves the efficiency of powder use at the focal point. Recent
technology also includes various monitoring devices such as melt pool sensors, laser
power and layer control monitor added to the metal AM system. These provide better
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Fig. 13.3 A schematic view of PBF used in AM [13]

Fig. 13.4 Different AM technologies for metal materials, a Powder, b Fed powder, c Fed wire,
d Ultrasonic consolidation and e Friction freeform [14]

control of the process and process parameters. The concept of wire-based deposition
(Fig. 13.4b, c) is very similar to powder-based DED. Electron beam is an arc and
laser-based energy source in AM technique applied using metal wire. There are also
different techniques than AM which is perform using powder and wire. These are
ultrasonic consolidation and friction freeform (Fig. 13.4d). Thin metallic foils are
used as feedstock. These foils contribute to obtaining a strong binder between the
layers. In addition, a certain amount of load that causes atomic diffusion between
metal-metal interfaces during binder formation creates high-frequency ultrasonic
vibrations. The friction freeform technique (Fig. 13.4e) with a consumable rod is
very similar to traditional friction welding. In this technique, it is rotated at high
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speed under a certain load in contact with the substrate surface using a consumable
rod. Hereby, frictional heat arises. Thus, the accumulation of layers is provided with
this heat [14].

13.4 Machining of Components Produced Using AM

Today,metalAM is among the importantmanufacturing techniques that have become
widespread in wide sectoral applications, especially in the manufacture of compo-
nents with complex geometries. However, although AM technology has some advan-
tages compared to traditionalmanufacturing techniques, these components are gener-
ally not used directly in cases where the SQ is insufficient [10, 15]. The ladder effect
occurs due to the layering of the additive techniques. Partially welded feedstock
causes surface defects or irregular surface morphology due to spatter or insufficient
fusion effects. This irregularity in the surface morphology directly affects the oper-
ating costs due to the decrease in the dimensional accuracy and service life of the
manufactured parts. Therefore, a great effort has been made recently to improve
the SQ of metal workpieces manufactured using AM [10]. In particular, scientists
working in the field of machinability focus on this issue in order to improve the SQ
of workpieces manufactured with AM technologies. This is due to two reasons. The
first of these is the SQ and geometric tolerances of the workpieces produced with
AM. Second, there are differences in microstructures when compared to convention-
ally machined materials with the same chemical composition. Surface roughness
(SR) can be controlled by optimizing AM process parameters. However, in practice,
some finishing operations are needed to improve the functional surfaces of almost
all AM parts [16]. The differences in the microstructure of the workpieces affect
the machinability properties as well as the mechanical properties [16]. Machining
parts manufactured using AM is a demanding process. Because the layer orienta-
tions in the workpiece can exhibit different machinability characteristics under the
same machining parameters [11]. As a result, workpieces manufactured with AMed
exhibit poor surface morphology, poor SQ and out-of-tolerance dimensional stability
values. These factors negatively affect the usability of the components. Therefore,
secondary subtractive machining operations must be applied to achieve high SQ
and dimensional stability or geometric tolerance outputs. Thus, it is ensured that
workpieces produced using AM can be used as high quality products in precision
engineering applications [17].

13.4.1 Machining of Ti-6Al-4V Alloy

Titanium (Ti) alloys arewidely used in industrial areas that have critical load carrying
capacity and require lightweight materials. Ti-6Al-4V is a prominent alloy in the
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aerospace and medical industries due to its high specific strength, corrosion resis-
tance and hypoallergenic features for biomedical implants among them. However,
since the machinability of Ti alloys is poor, the AM method is an excellent solution
for the manufacturing of titanium alloys with complex geometry [18]. Machining
operations are carried out so that the Ti alloys manufactured by this method can be
used as the final product. In some studies in the literature, AbdulmajeedDabwan et al.
revealed the impacts of cutting speed, feed rate and radial depth of cut on cutting force
(CF), SR, microhardness, microstructure, chip and surface morphology in milling
Ti-6Al-4V material manufactured by EBM method. They stated that different layer
orientations according to the tool feed direction can be effective on the experimental
outputs. Therefore, they investigated the cases of TILP (tool movement in a layer
plane), TLP (toolmovement perpendicular to layer planes) andTPLP (toolmovement
parallel to layers planes) (Fig. 13.5). It has been determined that various orientations
have various effects on themachined surface, 29%better SQ is obtained inmachining
along TLP than TILP and TPLP, and the surface morphology is improved. Although
ARCAM-optimized values were used on the side and top surfaces of the workpiece,
it was found that the SR increased significantly. While the CFs were higher in TLP
compare to other orientations, it was determined that they were lower in TILP. It has
been determined that the deformation depths on the machined surfaces are measured
in TLP, TPLP and TILP orientations, from highest to lowest, respectively. It was
found that this situation showed a similar trend with the CF and subsurface hardness
values. The highest saw-tooth chip was formed in TLP (Fig. 13.6) due to the effect of
large CFs, followed by TPLP and TILP, respectively. Minimum grooves, feed marks
and micro-chip accumulation occurred in TLP in terms of surface morphology [11].

Fig. 13.5 Workpiece manufactured by EBM, a EBM build direction, top and side faces, b TILP, c
TPLP, TLP and EBM layers [11]
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Fig. 13.6 Effect on the chip formation of layer orientations, a TILP, b TLP and c TPLP [11]
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Chenbing et al., investigated impacts of laser scanning directions (0°, 67.5° and
90°) and machining surfaces (top and front) (Fig. 13.7) on milling performance
using different cutting speed (1000–2000–3000 and 4000 rpm), feed (0.01–0.02 and
0.03 mm/tooth) and depth of cut (0.2 mm) parameters in SLMed and ASTM B235
annealed Ti-6Al-4V alloys. They stated that CF causes surface morphology and
roughness on various machining surfaces due to the highly anisotropic structure of
the SLMed alloy. While the machined SQ on the top surfaces of 0° and 90° SLMed
Ti-6Al-4V alloys was significantly better than the front surface at low cutting speed,
it was determined that the SQ on the front surface was slightly better than on the top
surface in 67.5° laser scanning. It has been revealed that the SR of the top and front
surfaces of SLMed Ti-6Al-4V alloys has a different growth tendency as the feed rate
increases. In addition, it has been determined that the SR of these alloys is more
sensitive in terms of cutting speed compare to the annealed alloy (Fig. 13.8) [17].

Lizzul et al. investigated the anisotropic effect on the SQ of Ti-6Al-4V alloy
manufactured by L-PBF AM technique in both vertical and horizontal directions
after milling. Tests were carried out using different cutting speed (30 and 60 m/min),
feed rate (0.01 and 0.05 mm/tooth), constant depth of cut (0.2 mm) and diameter of
2 mm uncoated tungsten carbide cutting tools. In general, it was observed that the
0° orientation was comparable in SR to the 90° orientation, and higher peaks were
observed in the 0° orientation samples with increasing feed per tooth (Fig. 13.9).

Fig. 13.7 Scanning schemes and SLMed workpiece, a 0° scanning view, b 90° rotational scanning
view, c 67.5° rotational scanning view and d 67.5° SLMed workpiece [17]
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Fig. 13.8 Machined SR of various SLMed and annealed workpieces depending on spindle speed
and feed rate, a and c Top surface, b and d Front surface [17]

It has been found that defects in machined surfaces are more affected by cutting
parameters rather than orientations, and αGBs aid in stock removal by reducing
dislocation motions that promote burr formation. According to chip morphology
analysis, lower CF and cutting power were suggested for machining 0° samples
instead of 90° orientation. This is underlined by the obtaining of chips with larger
bend radius, which indicates the plastic flow of the material at high cutting speeds
[16].

Zhang et al., examined the impacts of different cutting speed (150–200 and
250 m/min), feed (0.05–0.07 and 0.09 mm/tooth) and constant axial depth of cut
(0.5 mm) conditions on CF, cutting temperature, chip morphology, SQ and TW in
milling ofDMLSAMedTi-6Al-4V alloy. It has been determined that the feed rate has
more effect on the CF and cutting temperature than the cutting speed. It was observed
that continuous and free-broken chip structure was formed during machining. It has
been stated that ideal SQ can be obtained on surfaces machined at high cutting
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Fig. 13.9 3D SR graphs, a 0° orientation, b 90° orientation and c SR profiles for 0° and 90°
orientations [16]

speeds, except for tool edge marks. It has been determined that micro chipping and
chip adhesion wear occur due to mechanical and thermal loads [19].

13.4.2 Machining of Nickel-Based Alloys

Nickel is a versatile element that can alloy with most metals. The wide solubility
ranges between iron, chromium and nickel make many alloy combinations possible.
The face-centered cubic structure of the nickelmatrix (γ) can be strengthened by solid
solution hardening, carbide precipitation or precipitation hardening. Nickel-based
alloys such as Inconel are preferred in marine, nuclear and aerospace applications
where high corrosion resistance and operating temperatures are required due to their
Ni and Cr content. Especially, it is preferred for IN 625 and IN 718 AM due to its
good weldability [18]. Machining is required in the second step in order to meet the
dimensional stability and SQ requirements of laser additive manufacturing (LAM)
parts in practical applications in industrial areas [20]. The machinability index of
Inconel 718 is 12 which means that it is difficult to machine compared to low carbon
steel (AISI 1018) with a value of 100. Therefore, this material is defined as “diffi-
cult to cut” in the literature [21]. Current studies in the literature on the machining
of nickel-based AMed alloys are still going on. Karabulut and Kaynak investigated
the surface properties obtained by drilling Inconel-718 produced by wrought and
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SLMed. They used different cutting speed (15 and 30 m/min), feed rate (0.025–
0.05 and 0.075 mm/rev) and uncoated carbide drill diameter of 6.8 mm. It has been
stated that the hole surface properties of the drilled using AMedworkpieces are poor.
Therefore, it is stated that these surfaces must be machined after the SLM process.
It was determined that the SR values changed between 1.5 and 3 μm after drilling.
Minimum feed rate and maximum cutting speed are suggested for optimum exper-
imental outputs. It has been determined that scratches and microhardness increase
on the machined surfaces at high cutting speed and feed rates. In addition, it was
stated that the SR of the AMed alloy was higher than the wrought alloy under the
same cutting conditions [22]. Chen et al. investigated the machinability properties
of Inconel 718 superalloys manufactured using DLMS and wrought techniques in
turning with cementite and coated carbide inserts. It has been observed that coated
carbide tools are suitable for DLMS workpieces. In the machining of DLMS work-
pieces with these tools, the CF, cutting temperature and cutting vibration values
were found to be 9.63%, 6.29% and 16.67% less, respectively compared to the
wrought pieces. When machining DLMS workpieces with coated cutting tools, it
exhibited 12.41 min longer tool life due to crater and notch wear (Fig. 13.10) and
nose breakage. It has been determined that 3.28 min shorter tool life is exhibited in
the machining of wrought workpieces. It has been revealed that the machined SR

Fig. 13.10 Structure of coated carbide insert after cutting, a DLMS surface, b DLMS subsurface
and c Wrought 718 [20]
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values of the alloys manufactured with both manufacturing techniques are similar.
When machining DLMSworkpieces using coated carbide tools, it was observed that
it performed 29.78% and 7.04% better than sintered cutting tools in terms of CF and
cutting temperature, respectively [20].

Fei et al. revealed the effects of orientation direction onCF, chip formation and SQ
during milling of Inconel 625 alloy manufactured using L-PBF. Therefore, they used
different cutting speed (30–60 and 90m/min) and feed rate (0.1–0.15 and 0.2mm/rev)
parameters and Ti(C,N)+Al2O3+TiN coated carbide insert. It has been revealed that
the CF increases with the increase of cutting speed and feed rate, cutting process
along the BD (build direction) or perpendicular to the BD in AMed workpieces has
an effect on theCFs due to physical andmicrostructural properties, and themachining
forces are higher if SRR=90º has been done. It has been observed that the chip has
a saw-tooth structure along its inner and outer edges, and edge chipping wear type
occurs on the cutting edge [23]. Jarosz et al. modeled the mechanical forces in the
face milling process of Inconel 625 alloy manufactured using the L-PBF method.
It has been determined that the effects of the feed per tooth value on the CF vary
depending on the cutting speed and the cutting tool orientation with respect to the
build direction. In addition, it was determined that the accuracy of the estimated
model created for 3D CAD uncut chip models and uncut chip cross-sectional areas
was high. It was stated that the error rate of the predicted model did not exceed
2.69%, and according to the experimental data it did not exceed 0.4% for the CF
[24].

13.4.3 Machining of Al-Si Based Alloys

Al-Si alloys are widely used in automotive applications as well as in aerospace
systems [25] to develop fuel economy by reducing vehicle weight [26]. Al–Si alloys
are preferred for the manufacture of pistons and different critical equipments due to
their excellent castability and wear resistance [27].

Elements are added to improve the structural, mechanical and tribological prop-
erties of these alloys. These alloys which can be produced with different casting
methods can also be produced using AM technology today. Al alloys produced using
AM usually consist of a combination of alloying elements such as Mg, Si or Cu.
Today, while AlSi10Mg alloy is manufactured by casting technique, it is also widely
manufactured using AM. It has good weldability due to its Si content close to the
eutectic composition. Microstructural images of AlSi10Mg and Al 6061 alloys are
given in Fig. 13.11. As a result of the conventional and AM methods have been
studied the microstructural properties of these alloys in detail in the literature [18].

Considering the current studies on themachinability of Al-Si alloysmanufactured
using AM in the literature, Struzikiewicz et al. revealed effect of different cutting
speeds (200 and 300m/min), feed rate (0.058–0.115–0.173 and 0.249mm/rev), depth
of cut (0.5 and 1 mm) and cutting-edge radius (0.2 and 0.4 mm) values on the CF, SR
and surface structure in turning of casted and DLMS AMed AlSi10Mg alloy. They
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Fig. 13.11 Conventional andAMed alloys, aCastAlSi10Mg,bSLMedAlSi10Mg, cConventional
Al 6061 and d SLM Al 6061 [18]

found that while the average SR of AMed parts increased with increasing feed rate, it
decreased with increasing cutting speed (Fig. 13.12). It has been found that the CFs
are higher in the cast alloy at all cutting speeds and the CFs for both alloys decrease
with the increase in cutting speed. Low depth of cut and tip radius are recommended
for optimum average SR, while high depth of cut and tip radius are recommended
for CF in DLMS alloy [28].

Zimmermann et al., found machinability properties of two different L-PBF
(L-PBF-1 and L-PBF-2) AMed processed, as-casted and T6 heat treated casted
AlSi10Mg alloys using different feed per tooth (0.03–0.06 and 0.09 mm/tooth),
constant cutting speed (250 m/min), depth of cut (1 mm) and diameter of 8 mm
diameter cemented carbide end mill. Build up direction and cutting tool movement
directions are taken into account in the cutting process (Fig. 13.13). It was observed
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Fig. 13.12 Machined surface structures, a DLMS AMed workpiece and b Casted workpiece (f =
0.058 mm/rev, ap = 0.5 mm, Vc = 200 m/min) [28]

Fig. 13.13 Machining strategy of AMed workpieces, a Experimental mechanism and b Tool
movement and build-up directions [29]
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that there was no difference in the chip formation mechanism for all materials,
however, spiral chip segments were observed for AMed workpieces, while the chip
form was discontinuous in the cast alloy. Higher CFs were measured compared to
AMed workpieces, despite 7% less hardness in the milling of casted alloy. They
determined that this may be high degree of plastic deformation effect due to the
rough microstructure of the cast alloy. While it was determined that the SR in the
machining of cast alloys was less than that of AMed parts, it was observed that the
material with 60 μm layer thickness (L-PBF-1) did not depend on the direction of
the tool movement according to the build-up direction. It was determined that the
SR increased in the case of build-up direction perpendicular to the tool movement
direction in AMed workpieces with 30 μm layer thickness (L-PBF-2). In addition, it
has been stated that burr formation is observed in the inlet and outlet side edges of the
casted workpieces, while in no case burrs occur in machining of AMed workpieces
[29].

Struzikiewicz and Sioma revealed the SR and defect formation after machining in
the turning of DLMS AMed AlSi10Mg alloy using carbide inserts, different cutting
speed (200 and 300 m/min), feed rate (0.06; 0.12–0.17 and 0.25 mm/rev), insert tip
radius (0.2 and 0.8 mm) and depth of cut (0.5 and 1.0 mm). The optimum values
for the SQ were determined as feed rate of 0.06 mm/rev, depth of cut of 1 mm
and insert tip radius of 0.8 mm. It was determined that the SR decreased with the
increase of cutting speed. In addition, it has been found that the cause of breaches
and deformations (Fig. 13.14) on the machined surface is the layer structure of the
sintered aluminum and the method and conditions of joining the material particles
during sintering [30].

Fig. 13.14 Breaches and deformation in machining of AM workpiece (f :0.25 mm/rev, ap:0.5 mm,
Vc:300 m/min, rε:0.8 mm) [30]



314 Ş. Bayraktar and E. Şentürk

13.4.4 Machining of Other AMed Workpieces

Iron-based alloys are among the most common engineering materials used today
[18]. It is widely used due to its hardness, corrosion and wear resistance as well as
low price factors. Today, a large number of various steels can be manufactured using
AM techniques. Various matrix structures, phases (austenite, ferrite, martensite) and
precipitation stages contribute to obtain structural and mechanical properties. This
also applies to steelmaterialsmanufactured usingAM[31].Hardness andmechanical
properties come to the fore in the machining of steels. The change in the properties
depending on microstructural changes also affects the machinability of these mate-
rials. Although there are differences in the internal structures of the materials manu-
facture using AM, manufacturing-related defects also occur. Therefore, it is impor-
tant to shape the materials manufactured using the AM method to be used as a final
product. In some studies, in the literature, Bai et al. microhardness, CF, SR, TW and
chip formation in milling without heat treatment and heat-treated of maraging steels
(18Ni300) manufactured using SLMed with constant cutting speed (245 m/min),
feed rate (468 mm/min) and depth of cut (0.15 mm) with PVD-TiCN+TiN coated
carbide inserts analyzed. As-built top (ABT) and as-built side (ABS) criteria were
taken into account according to the milling direction during machining (Fig. 13.15).
It was stated that the microhardness after machining increased in both as-built and
heat-treated condition. It has been observed that the CF, TW and surface hardness
of the ABT workpiece are higher than the ABS workpiece. While the CFs and TW
increased sharply after aging treatment, it was determined that there was a small
change in the workpieces subjected to as-built and solution treatment. It was found
that the SR of as-built workpieces decreases after machining, and aging treatment
causes adhesion on the tool surface and a high amount of chip curling (Fig. 13.16).
As-built and solution treated workpieces exhibited smaller serration and continuous
chip structure, while larger serrations occurred in aging treated workpieces in terms
of chip morphology [15].

Tamura ve Matsumura analyzed the CF in milling of wrought and SLMed AISI
420 stainless steel workpieces using different cutting speed (20 and 50 m/min), feed
rate (0.05 and 0.1 mm/tooth), constant depth of cut (1 mm), two-fluted uncoated

Fig. 13.15 Schematic views for the post-processing ofmachining: a Top surface and b Side surface
of maraging steel manufactured by SLM [15]
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Fig. 13.16 TW formations on the cutting insert, a Adhere and abrasion in HT4 (520 °C and 12 h)
part by 5 passes, b Adhered chip on the rake face in HT4 part by 5 passes, c Adhered, abrasion
and flank wear in HT4 part by 10 passes, d Chipping and adhered structure in HT4 sample by 10
passes, e Flank wear and adhered in HT6 (900 °C and 1 h) sample by 10 passes and f Breakage and
chipping in HT6 part by 10 passes [15]

straight and helical carbide end mills. As a result of the tests, it was determined that
the CFs of both materials were equal and the shear angle of SLMed was greater than
the orthogonal cutting [32]. Bai et al., stated machinability properties in turning of
ASTM A131 steel manufactured using DED (top and side) (Fig. 13.17a, b) and hot
rolled (HR) (Fig. 13.17c) with PVD TiCN+TiN coated carbide inserts at different
cutting speeds (150 and 250 m/min), feed rate (286 and 477 mm/min) and constant
depth of cut (0.3 mm). It was revealed that the microhardness is 30% higher than
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Fig. 13.17 ASTMA131 workpieces, aDED-top face of workpiece, bDED-side face of workpiece
and c Hot rolled A131 [33]

Fig. 13.18 TW on the cutting edge, a DED-top (Vc: 250 m/min), b DED-side (Vc: 250 m/min)
and c HR (Vc: 250 m/min) [33]

HR in the machining of DED-top face, and the highest CFs are measured in DED-
side workpieces due to the interaction between the cutting tool and the melt-pool
boundaries that restrict the material flow. It was observed that while TW is more
(Fig. 13.18) in machining of DED workpieces, burr formation is less. In addition, it
was stated that high cutting speed improves SQ in all materials and Ra = 0.41 μm
was measured for DED workpieces [33].

13.4.5 Machining Quality and Its Performance

Machining covers many different manufacturing processes. These manufacturing
processes are determined according to needs. The aim is to get maximum efficiency
from a product in the operation environment. For this, it is extremely important to
use the optimum manufacturing method for product quality. AM method is among
the current manufacturing techniques. Unlike subtractive processes such as turning,
milling and drilling, it is based on addition. It can also be preferred for manufacturing
that is not possible with subtractive methods or for prototype-based manufacturing.
In addition, it is not possible to use the product manufactured with this technique in
the final systems or to obtain the desired SQ in some cases. Therefore, subtractive
manufacturing techniques are used as a secondary process. AMed workpiece quality
should be determined by optimizing many factors such as laser scanning speed,
laser power, scanning strategy, hatch spacing, laser spot size and layer thickness. In
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many studies, it has been determined that different methods are used in materials
manufactured using AM. However, it has been demonstrated that the laser scanning
strategy and direction affect the anisotropy of the material. It has been observed that
this situation causes differences in the performance ofmachining outputs (such asCF,
SR, TW,machined surface hardness) on different surfaces of AMed parts. It has been
observed that the performance of AMed parts is compared with other manufacturing
methods such as casting and wrought. As a result of machining different oriented
surfaces with the effect of anisotropic properties of AMed workpieces, negative
effects of machining performance are observed due to low SQ. It is necessary to
evaluate in two stages; before-AMed and after-AMed. It is extremely important to
optimize the AM process parameters in the before-AMed process and the machining
parameters in the after-AMed process. AMed parts will be able to be used as a
high performance product in mechanical systems in terms of product service life by
controlling these processes.

13.5 Concluding Remarks

Thanks to AM, it is possible to create physical parts with digital data by using the
innovations provided by advanced technologies. Rapid prototyping, the ability to
manufacture complex geometries, freedom of design and similar geometric proper-
ties increase due to AM methods. However, this technique also includes negative
effects such as undesirable microstructural defects, dimensional tolerance errors,
poor SQ and morphology. Secondary machining processes such as turning, milling
and drilling are required for AMed workpieces in order to achieve optimum product
quality, SQ and geometric tolerance. In the literature, it has been determined that the
microstructure, mechanical and machinability properties of titanium, aluminum and
stainless steel materials generally manufactured using AM have been investigated.
It is observed that alloys such as Ti6A14V, Inconel 625, Inconel 718, AlSi10Mg,
18Ni300, AISI 420, AISI 316L and ASTMA131 are among them. It has been stated
that the anisotropic structure of the material, the machining direction, the process
parameters and AMed techniques are generally effective on the machinability prop-
erties of the applied machining methods to use these alloys as the final product
mechanical systems. EBM, SLM, DED, DLMS ve L-PBF have been widely used in
terms of AMed techniques. It was revealed that the SQ of the workpieces using AM
was improved by machining. It was stated that 0°, 67.5° and 90° are used in terms of
scanning strategies and different machinability outputs are measured in CF, SR, TW,
surface morphology, burr formation and chip morphologies according to machining
direction andmaterial combinations. Literature studies have shown that combinations
of high cutting speed and low feed rate improve machinability outputs. In addition,
the effects of different heat treatment (T4, T5 and T6) properties on experimental
outputs are also presented. The machinability properties of AMed workpieces are
generally compared to workpieces manufactured by wrought and casting in terms of
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manufacturing methods. Thus, alternative options are presented for mass or proto-
type production. Current researches on AM is still going on. According to current
machinability studies, it is predicted that AMed parts can be used as mechanical
components in machine systems.
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Chapter 14
Challenges Involved in Framing Additive
Manufacturing Standards

V. S. Rajashekhar and R. Ruban

14.1 Introduction

Additive Manufacturing (AM) is a bottom-up method of building 3D objects and
assemblies. It is also known as three-dimensional printing. This method is commonly
referred to as 3Dprinting.A layer by layer technique is used in thismethod that results
in building custom parts and components using various materials like ceramics,
composites, metals and polymers. In the recent years, advanced materials like bio-
materials, semiconductors, smart materials [1] (like piezoelectric ceramics, shape
memory alloys and magnetostrictive materials) and nano-engineered materials [2]
are also being used for AM. This broadens the scope for adopting AM processes.

In the past decade, standards are being framed forAMprocesseswhichwill enable
theAMtechnology to attainmassmanufacturing capabilities. Theusageof computers
for simulating and controlling the feedstock materials during AM processes is a
common practice [3] which involves various process parameters of the AM device to
be considered. When computers are being used, manufacturing systems face secu-
rity challenges due to the recent developments in networking [4] for implementing
Industry 4.0 [5]. The importance of cyber security for digital manufacturing has
been emphasized in the recent years [6, 7] due to the highly competitive product
based market. It is also due to Industry 4.0 [8], which uses modern technologies
for automating traditional methods in manufacturing. With the increasing rate of
industrial control systems being subjected to cyber attacks in the past decade [9],
importance has to be given to detect [10, 11] and prevent them from occurring. The
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taxonomy models [12] help in identifying the impact of threats, attack and vulnera-
bility to industrial control systems. The AM process chain has to carefully handled
to prevent theft of data at all levels [13].

In this chapter,we discuss the role of standardization forAM technologies. Further
we focus on the challenges faced at various stages in the AM process chain that will
help us in framing better universal standards and guidelines. This chapter is orga-
nized as follows: The Sect. 14.2 discuses about the current standards and processes
being used in AM technology. In the Sect. 14.3, the challenges involved in mate-
rial selection, their limitations and the Cyber-Physical security of AM devices are
discussed. In Sect. 14.4, the future directions that would help in framing better stan-
dards and guidelines for a foolproof AM technology are given. The chapter ends
with the concluding remarks made in Sect. 14.5.

14.2 Standardization of Additive Manufacturing
Technology

14.2.1 Standards

The additive manufacturing technology is going to be used for industrial production
in the near future [14]. The activities for standardization at all levels of this tech-
nology is being carried out by various international organizations [15]. By setting
the standards for AM technology will be useful for several purposes like process
selection, equipment design, defect identification and inspection [16]. In the year
2009, American Society for Testing and Materials (ASTM) formed Committee F42
on Additive Manufacturing Technologies to develop standards for AM technologies
[17]. The roadmap for standardising the additive manufacturing process has been
laid by ASTM [18]. The committee accepts ideas for new standards and is also open
for modifying existing documents. The ASTM F42/ISO TC 261 standards for AM
include:

1. AM process and equipment standards.
2. General standards.
3. Application specific standards.
4. Feedstock material standards.
5. Finished AM part standards.
The technical subcommittees of Committee F42 onAdditiveManufacturingTech-

nologies deal with the test methods, design specifications, materials and processes
standards, terminologies, strategic planning and Technical Advisory Groups (TAGs)
to International Organization for Standardization (ISO). Since the year 2011 both
ISO and ASTM collaboratively work to develop International Standards for the addi-
tive manufacturing industry. These standards should be followed for the ease of
implementing AM processes considering their technical and economic aspects for
industries.
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14.2.2 Process

Several AM processes have been developed in the past three decades [19, 20] which
finds applications in the aerospace [21, 22], robotics [23, 24], medicine [25] and
construction industries [26]. The AM processes approved by ASTM—Committee
F42 on Additive Manufacturing Technologies include:

1. Binder Jetting.
2. Directed Energy Deposition.
3. Material Jetting.
4. Material Extrusion.
5. Powder Bed Fusion.
6. Sheet Lamination.
7. Vat Photo Polymerization.
It is to be noted that these processes relay on automation and computer control

which leads tomonitoring of several parameters in the AM system. The selection of a
suitableAMprocess should be based on the type ofmaterial and their properties, tech-
nological limitations due to the nature of material, surface quality, post-processing
requirements and tolerance levels of the part to be fabricated [27]. A study on usage of
industrial robots for AM reports that robots are viable for certain AM processes [28].
In the recent past, several robot-assisted AM processes like directed energy deposi-
tion, photo polymerization and other extrusion based method have been carried out
[29]. These robot assisted AMprocess find applications in the construction industries
[30] as it is proving to be economical.

The stages involved in a particular AM process depends on several factors such
as the nature of feedstocks. The general AM process chain is shown in Fig. 14.1. It
starts with the preparation of CAD models in contrast to the traditional methods that
involve preparation of drawings. The 3D file formats proposed for AM include STEP,
X3D (VRML), PLY, SAT, OBJ, DXF, 3DS and SLC [31]. Then the CAD model is
converted to a file format (mostly STL format) that contains various information
about the part such as surface geometry to be produced like meshes [32]. Although
the STL format contains flaws [33], it is being widely used since it is a simple and
portable format. In the next stage, the STL file is sliced using a slicing software.
It generates the tool path file (also known as G-Code) that can be read be the AM

Fig. 14.1 The additive manufacturing process chain
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machine. The AM machine executes the instructions given to it and produces the
finished part. This part is sent for post processing and inspection. It is then tested
using non-destructive methods such as ultrasonic testing [34] and Laser ultrasonic
technique [35] to evaluate various properties that can ensure part quality. The process
chain for AM has to be decided in the early stages of product development for better
work-flow.

14.3 Challenges in Additive Manufacturing Process Chain

14.3.1 Materials Selection

The phase diagrams play an important role in understanding the correlation between
various properties of an alloy. The properties of a new alloy has to be thor-
oughly understood by studying their phase diagrams. This will enable to under-
stand their mechanical properties. Understanding of these properties would give
knowledge about various phenomena that is important during AM process [36].
Application centred development of metal alloys for AM [37] will aid in immediate
commercialisation.

The common feedstockmaterials formetal used inAMmethods aremetal powders
and metal rods [3]. The challenges for metals being used for AM are their reaction to
atmosphere in their powder form, their reflective and thermal behavior to heat source,
and their residual stresses that lead to deformation of parts [38]. Characterization and
flowability studies have to be done for metal powders in order to match their prop-
erties to a particular AM machine. This would aid in consistent production. A metal
powder that is fit for AMmethod should have good predictable flowability properties
(for layer generation) to ensure good quality products [39]. The methods and equip-
ments used for evaluating the flowability properties of new metal powders should be
emphasized rather than focusing on their nature and properties. When flowability of
different metal powders were studied using different methods, they exhibited similar
behavioural changes [40]. A detailed review highlighting the progress of new mate-
rials forAM[37] reports preparationmethods formetals like aluminium,magnesium,
titanium, steel and other inter-metallic compounds to adapt for theAMenvironments.
Therefore the selection of metals and their alloys for different AM processes have to
be dealt with at most importance.

14.3.2 Materials and Design Limitation

The materials that have smaller grain size are harder and stronger. The relation
between the yield strength and grain size is given by Hall–Petch equation which
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Fig. 14.2 The AMed parts without support materials: a An additively manufactured whistle
(without any internal supportmaterial) that can be used during emergency; bAn articulated design is
being built with hollow parts on an AMmachine which are light in weight and requires no assembly
post printing

considers the grain diameter as a variable [36]. This relation has to be given impor-
tance while preparing metal powders. The main challenge is to obtain desired prop-
erties for AMed compoments by designing their rawmaterial [37]. Although the role
of AM is to give design freedom, the design standards for AM is yet to established
[41]. This causes differences in the Computer- Aided Design (CAD) and component
that is produced. Therefore a mapping method has to be created which can create a
relation between the CAD model, materials and the AM process to be used.

The tolerances during assembly of AMed parts should be considered during the
design stages. In certain cases, the design can be AMedwithout any internal supports
like a whistle that is shown in Fig. 14.2a. In order to make the AMed parts lighter in
weight and buoyant, hollow designs can be created. The Fig. 14.2b shows an hollow
part being AMed. The properties of certain metals like aluminium such as poor
flow ability, high thermal conductivity and high reflectivity makes it challenging for
AM [41]. The reduction of grain size enhances the strength and toughness in many
alloys. The quality of the fabricated part depends on the AM device conditions,
environmental conditions and the material properties. The fabricated part can suffer
due to shrinkage during secondary processes which is unpredictable. This is due to
non-uniform cooling and results in 0.8–2% shrinkage [39]. Therefore the limitations
ofmaterials for a particular design andvice-versa should be studied for better decision
making during prototyping phases.

14.3.3 Cyber-Physical Security

The AM devices are either controlled or monitored by computer based processes.
They form a cyber-physical system which are prone to attacks. With the future
focusing on Industry 4.0 which would lead to digital transformation of AM, the
focus should also be towards the threats that it would pose for industries. The theft
of proprietary designs, intellectual property [42, 43] and the material characteristics
from the AMdevices would create unpredictable problems. Asmentioned in [44, 45]



326 V. S. Rajashekhar and R. Ruban

the AM devices could be used as weapons of destruction. Although the challenges
in securing the AM devices from cyber-physical attacks is important [46], less focus
is given to the related research areas.

In the recent times, the AM devices can be attacked in two aspects [47] as follows:
(1) Damaging the AM related hardware and software (2) Altering the process param-
eters of the AM devices. The first aspect of damaging the AM device can be done by
attacking the supply chain, altering the software features by auto-updating the soft-
ware and firmware, and modifying the CAD models. The second aspect of altering
the process parameters at different stages include.

1. Varying the scale of CAD models to cause assembly problems.
2. Modifying the G-Code properties to alter the build characteristics [48].
3. Changing the orientation of the 3D object during slicing in-order to increase

the build time.
4. Altering the feed rate of wires/filament to produce poor quality parts.
5. Modifying the temperature of heating element in the AM device during critical

stages of the process to alter the quality of part being produced.
6. Modifying the support material characteristics to hamper the build quality.
With Internet of Things (IoT) starting to play a role in AM [49], prevention of

security breach at any level of the AM process chain is crucial. Therefore steps must
be taken by framing guidelines and setting standards to ensure safety and security of
AM process chain that paves way for intelligent production systems [50].

14.3.4 Standards and Guidelines

Identifying the levels of continuity and isotropy in an AMed part is crucial for setting
inspection and test standards [51]. The development of standards for AM technology
is primarily hampered due to the lack of testing and inspection procedures for AMed
components [52]. To prevent threats for the AM devices, standards for communi-
cation protocols have to be established at all levels of the process chain to identify
the causes, effects and the actions to be taken. A thorough study has to be done
about the existing methods to frame the guidelines to be followed in order to prevent
cyber-physical attacks. This can be done by analysing the attack descriptions using
a language such as Cyber-Physical Attack Description Language (CP-ADL) [53] or
using Petri net modelling to tackle coordinated attacks [54]. Attacks on AM systems
during run-time to modify the control and physical parameters can be detected using
Kinetic Cyber-Attack Detection (KCAD) method [10]. This method has been has
been experimentally tested resulting in 77.45% accuracy.

Calibration of various AM devices and materials is a tedious task. In Fig. 14.3a,
an AM key using a wrong material is made due to lack of calibration methods for
the initially intended material. In Fig. 14.3b, a calibration cube is produced using a
particular material to assess the status of a AM device. The same cube is place over
light source in Fig. 14.3c to check the material nature. In Fig. 14.3d, the delamination
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Fig. 14.3 Standards for materials selection and AM machines calibration have to be done often to
reduce defects: a A multi-purpose additively manufactured key that can be used during pandemics
made using awrongmaterial; bAcalibration cube havingX, Y and Zmarkings is printed to evaluate
the alignment of AM machine axes; c The calibrated cube is being checked for issues related to
material by placing it over bright light; d White light passes through the printed part indicating
layer delamination due to below normal extrusion temperature

of the cube is identified. The other properties of AM processes can be considered for
inspection only when standards are established.

The design standards have to be framed which would help the designers to
while modelling the parts for AM. The articulated designs are fabricated using AM
machines as a single part in an assembled nature. The Fig. 14.4 shows various types
of failures during the initial stages of AM process. In Fig. 14.4a the failure is due
to poor clearance in the part design. The slipping of the AM machine axes causes
offset in prints which is as shown in Fig. 14.4b. The fabricated parts fail due to rigid
joints and material shrinkage in articulated designs like the case shown in Fig. 14.4c,
d respectively. The intended print is shown in Fig. 14.4e which has smooth joints.

The standards for Geometric Dimensioning and TolerancingGD and T system has
to be set in order to control the deviations in AMed components in AM devices [55].
The AMed parts fail to meet the expected standards when the CAD model is scaled.
The AMed parts with scaled down designs are fragile due to thin wall structures. A
case where the AMed part has broken due to this reason is shown in Fig. 14.5a. In
cases where the CAD model of the part which is to be AMed is designed without
considering the AM machine parameters, the parts fail due to several reasons like
excessive flow of feedstock material in to the gaps in the model. The case shown in
Fig. 14.5b shows such a failure of AMed part due to inappropriate CAD model. In
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Fig. 14.4 Failure of parts that occur while printing articulated designs: a The series of chains start
overlapping due to poor clearance in the CADmodel. bThe base layer is being offset due to slipping
of an axis in the AM machine. c The fabricated part is broken due to rigid joints. d Shrink fit of
joints in the printed articulated assembly causing it to be rigid. e The perfectly printed articulated
assembly

Fig. 14.5 Failure of parts related to scaling of design: a Broken fragile printed part due to scaling
down of design. b Higher nozzle temperature causes the excessive material to flow in gaps during
print. c By scaling up the design, better print quality is obtained for the same design as shown in
the previous image

certain cases, this failure can be avoided by scaling up theCADmodel. The Fig. 14.5c
shows the same part being printed with a better quality. Failures of this kind can be
prevented by setting up of design standards for a specific AM process and in some
cases for a AM machine.

The STL file format, although not a standard format for AM [47], is being
widely used to transfer CAD models to the slicing software. This file format is
exposed to vulnerable attack since it is easily editable [56]. Guidelines for secured
outsourcing models in the AM process chain have to be framed. The data needed
to be transfer among design owners, manufacturing process tuning experts and AM
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machine owners should be included in these outsourcing models [57]. An interna-
tional standard protocol has to set for AMdevice owners.Many places like theUnited
Kingdom, the AM device owners are exempted from IP constraints such as patents,
trademarks and copyright if they are for non-profit and personal use [58]. Hence
establishing standards and guidelines will help in sorting violations and disputes for
industries that uses AM devices.

14.4 Future Directions

A lot of research works have been based on Laser based AM. In powder based AM
techniques, laser source should be able to chosen properly such that the absorptivity
of the powder can be increased [59]. A deeper understanding of new materials for
AM process [37] is required for immediate use in various applications. The works
related to electron beam melting should be focused [41] since it can be used for
wide range of materials. The gaps in framing standards for AM technologies can
be bridged by establishing university-industry collaboration which ensures contin-
uous progress [60] of updating the recent advances. The combination of merits in
subtractive manufacturing methods and additive manufacturing techniques can be
combined in to hybrid manufacturing which can produce better products.

14.5 Conclusions

The significant contribution of additive manufacturing processes to reduce the time
taken during product development stages requires focus of standardization proce-
dures in additive manufacturing technology to face the mass production phase. The
process of standardizing various elements of the AM process chain will help in
creating and improving the AM technology by adopting new findings in the field of
material sciences. The challenges involved in material selection and their limitations
have been discussed in detail. With the Industry 4.0 playing a significant role in AM,
the threats posed to cyber physical systems should be considered while setting the
standards for AM technology. The other possible threats for AM technology should
be identified and reported. This will help in setting the communication standards
that would help in securing AM process chain. Therefore the standards for AM tech-
nology needs to be updated regularly for the additive manufacturing technology to
flourish in the manufacturing sector.
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