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The book highlights mechanical, thermal, electrical, and magnetic proper-
ties, and characterization of additive manufactured products in a single 
volume. It will serve as an ideal reference text for graduate students and 
academic researchers in diverse engineering fields including industrial, 
manufacturing, and materials science.

This text:

•	 Explains mechanical properties like hardness, tensile strength, impact 
strength, and flexural strength of additive manufactured components.

•	 Discusses characterization of components fabricated by different 
additive manufacturing processes including fusion deposition model-
ling and selective laser sintering.

•	 Highlights corrosion behaviour of additive manufactured polymers, 
metals, and composites.

•	 Covers thermal, electrical, and magnetic properties of additive manu-
factured materials.

•	 Illustrates intrinsic features and their influence on mechanical proper-
ties of additive manufactured products.

This text discusses properties, wear behaviour, and characterization of 
components produced by additive manufacturing technology. These prod-
ucts find applications in diverse fields including design, manufacturing and 
tooling, aerospace, automotive industry, and biomedical industry. It will 
further help the readers in understanding the parameters that influence the 
mechanical behaviour and characterization of components manufactured 
by additive manufacturing processes. It will serve as an ideal reference text 
for graduate students and academic researchers in the fields of industrial 
engineering, manufacturing engineering, automotive engineering, aero-
space engineering, and materials science.
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Preface

The development of industries relies on innovative cutting-edge technologies 
related with the materials, manufacturing processes and product design. 
Currently, manufacturing industries are connected to complex product 
requirements, shorter life cycles, customized products and shorter delivery 
times. Therefore, there is always a need for design and development of new 
manufacturing processes. Additive manufacturing has the ability to con-
vert any virtual shape design developed by CAD software into a real-time 
product. Additive manufacturing (AM) is a technique of merging materials 
layer by layer due to fusion, binding or solidification. The commonly used 
materials are resins, plastics and metals that may be in the form of pow-
ders, liquids or solids. Additive manufacturing develops components layer 
by layer using the three-dimensional CAD model. Terminologies such as 
Direct Digital Manufacturing (DDM), 3D printing (3DP), Solid Freeform 
Fabrication (SFF), and Rapid Manufacturing (RM) are used to describe 
additive manufacturing processes. AM is suitable for high design com-
plexity, low production volumes and areas that require frequent changes 
in design. Additive manufacturing technology has exploited many areas 
like aerospace, automobile, transportation, health care, military and so on. 
Additive manufacturing will be the future for production in engineering 
and manufacturing processes.

In the current scenario, research work is going on in the area of addi-
tive manufacturing components for various applications like automobile, 
aeronautical, electronics, electrical, medical, engineering, etc. This book 
primarily focuses on the mechanical properties such as tensile strength, 
impact strength, flexural strength, hardness, wear, surface roughness, and 
material characterization of the components fabricated by different additive 
manufacturing technologies. Tremendous research is also taking place in 
the medical industry using additive manufacturing. This book also focuses 
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on the properties and characterization of components used for engineering 
and medical applications. We believe that the book will serve as a reference 
for all the researchers in the domain of additive manufacturing.

Dr. K. Ravi Kumar
Dr. S. C. Vettivel

Dr. R. Subramanian
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1.1  INTRODUCTION

Nearly three decades have passed since the invention of 3D printing tech-
nology. While the additive manufacturing industry advances new applica-
tions, materials, and 3D printers, another technology is gaining traction. 
It is called 4D printing, which is a futuristic technology. 4D printing is the 
process by which the structure of a 3D printed object changes in response 
to an external energy source such as heat, light, or other environmental 
stimuli. Consider applying 4D printing on a very small scale, for exam-
ple, in sectors such as medicine. 4D printed proteins may be an excellent 
application because they are self-configuring. Self-folding protein is another 
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novel material on which researchers are currently working. Another possi-
ble application of 4D printing in medicine is in the design of sentinel organs. 
Stents could be programmed to travel through the human body and auto-
matically open upon arrival. This chapter discusses the numerous health 
care applications of 4D printing technology.

1.2 � FOUR-DIMENSIONAL PRINTING’S ADVANTAGES 
OVER THREE-DIMENSIONAL PRINTING

4D printing enables the creation of products whose characteristics and 
properties change over time in response to environmental changes such as 
temperature (1–3). Among the numerous benefits of 4D printing are the 
following:

Capabilities of printed intelligent products: Four-dimensional printing 
enables users to create products using smart material, which has a wide 
range of applications in engineering, medicine, dentistry, and material sci-
ence (Figures 1.1 and 1.2).

Modification of the product’s shape to meet the specifications: The shape 
of a 3D printed model changes over time as a result of environmental 
parameters such as temperature, humidity, and so on.

1.2.1  Size changing

The most apparent benefit of 4D printing is that it enables items that are 
bigger than printers to be produced as just one component. This is accom-
plished by computational folding. Because the items that are printed in 4D 

Figure 1.1 � Some of the medical applications of 4D technology.
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may change shape, they can shrink and unfold, which allows for objects 
that are too huge to fit in a printer to be compressed into its secondary form 
so that it can be produced in 3D.

1.2.2  Innovate

This technology advances the product’s design and development phases. 
Additionally, research is successfully conducted using the technology. The 
most important results of adopting 4Dinnovations are the chances afforded 

Figure 1.2 � Diagrammatic representation of (a) shape memory behaviour of printed 
structures like aeroplane (top), ultrasonic motor, and pagoda using SMPI. 
(b) Application of SMPI to print self-folding box (top) and gripper (bottom). 
Copyright (2020), Elsevier.
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by the fostering of feedback loops that reduces the transactional distance. 
The possible consequences increases throughout the planning effort due to 
the obvious resultant of the added interactions with members of the con-
struction group or client team. This tends to increase the quality and truth-
fulness of the plan that is generated.

1.2.3  Self-assembly

The objective of the self-assembly and configurable material technology is 
to rethink construction, manufacturing, the assembly of goods, and perfor-
mance. Printing in four dimensions is used in a variety of fields, including 
medical, engineering, and others. Proteins that have been printed in four 
dimensions might be a useful application. Because this technology makes 
use of smart materials, it frequently results in products with self-assembly 
material properties (Figure 1.3).

1.3  FABRICATION PROCEDURE FOR 4D PRINTING

By layering material atop a digital CAD model, the process of “4D print-
ing” produces a three-dimensional physical replica of a smart material. The 
important stages in the process of using 4D printing in the medical field are 
listed in the subsequent sections.

1.3.1  Scanning and imaging

A medical image is created using a variety of scanning technologies, 
including computed tomography (CT), magnetic resonance imaging 
(MRI), and scanners. Additionally, these technologies are used to anal-
yse the defect and broken bone of the patient (4–14). Multi-dimensional 
scanning methods, such as 4D CT and 4D MRI, enable the detection 
of even the smallest deviations from the norm. These scanning methods 

Figure 1.3 � Four-dimensional printing of octagonal shapes developed at MIT’s self-assem-
bly laboratory.
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create a video replay of the scan pictures. Thus, they aid in the observa-
tion, tracking, and analysis of internal body motions. Scanners like this 
are the next stage in imaging, and they’re very precise and speedy. Smart 
material is used to build 3D physical products/implants by layering it on 
top of each other, receiving input from computer-aided design (CAD) 
data. When temperature, humidity, or pressure varies, the geometry of 
the smart material changes with it.

1.3.2 � Transformation of data into a three-dimensional  
digital model

To convert scan data to a three-dimensional model, software such as 
OsiriX, 3D slicer, Mimics, Magics, 3D doctor, and In Vesalius must be 
used. It is critical to convert data to a 3D model before printing or modify-
ing a design.

1.3.3  Design modification and simulation

During the design modification stage of the product design process, various 
modifications are made to the designs of medical implants and devices. These 
modifications are done in line with the philosophy of the product design pro-
cess. We are able to employ mechanical simulation to investigate the particu-
lar component of the body that is designed to carry out the essential task.

1.3.4  Printing in four dimensions

This process involves layer-by-layer printing of medical implants in the 
desired shape and size using smart materials. This technology fabricates 
complex-shaped medical devices efficiently and models them according to 
each patient’s unique anatomy. It enables greater flexibility in the fabrica-
tion of an internal structure.

1.4 � IMPLEMENTATION OF PRINTED MODEL  
IN THE MEDICAL FIELD

The goal of 4D printing is to be of benefit to medical practitioners, particu-
larly in areas that are not covered by technology associated with 3D print-
ing. 4D printing is a method that assists in the production of a 3D physical 
object by building it up layer by layer using intelligent material with com-
puter-aided design. The technique of 4D printing is especially utilized to 
make implants, which are then implanted in the patients. Because of this 
procedure, surgery is simplified, and its success rate and dependability are 
both increased. Following surgical intervention, the patient may experience 
improved comfort as a result of the placement of a smart material implant 
produced using 4D printing technology (Figure 1.4).
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1.5 � THE STATE OF THE ART IN 4D 
PRINTING RESEARCH

According to Scopus data, the number of research publications on 4D print-
ing is increasing. We identified 171 articles on this technology up until 
September 2018. The first research article on 4D printing was published in 
2007, wherein only one article on the subject was published. In 2008, 2009, 
2010, and 2011, there was not a single article published. In 2012 and 2013, 
one article each was published, while 2014 saw an increase to six articles. 
In 2015, 13 articles on 4D printing were published; in 2016, 26 articles 
were published; in 2017, 66 articles were published; and, through September 
2018, 55 articles on 4D printing were published. As a result, we observed that 
research increased significantly in 2016, 2017, and 2018. Numerous journals 
and other publications have featured articles on four-dimensional printing. 
With nine publications, the International Journal of Precision Engineering 
and Green Manufacturing Technology is the most prolific. The same eight 
articles were published in both the Smart Materials and Structures and the 
Virtual and Physical Prototyping journals. Six publications appear in ACS 
Applied Materials & Interfaces, while Assembly Automation and Materials 
and Design each have five. Three papers were published in each journal, 
3D Printing and Additive Manufacturing and Materials. Three research 
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pH 

Figure 1.4 � Types of stimuli and responses observed in smart materials.
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articles have been published in the scientific reports journal. Additionally, 
the remaining journals and sources have published articles on 4D printing.

1.6 � THE STATE OF RESEARCH IN THE FIELD 
OF 4D PRINTING IN MEDICINE

There is a dearth of research in the field of 4D printing in medicine. We 
found only 13 articles published between September 2017 and September 
2018 that contained the keywords “4D Printing” and “medical.” The first 
article was published in 2012; no publications were reported in 2013 or 
2014. One article was published in 2015; two articles were published in 
2016, three articles were published in 2017, and six articles have been pub-
lished in this field as of September 2018.

Materials science makes a maximum contribution of 33% to the field of 
“4D printing in the medical field.” Engineering journals contribute 15%; com-
puter science, medicine, physics, and astronomy journals each contribute 11%; 
chemical engineering journals contribute 8%; chemistry journals contribute 
7%; and mathematics journals contribute 4% via 4D printing technology.

1.7  MEDICAL APPLICATIONS OF 4D PRINTING

The use of 4D printing might result in the creation of stents that, when 
exposed to the heat of the patient’s body, can expand and assume the desired 
form. The most recent remedy may be used to immediately save a patient’s 
life during a challenging operation. Time and temperature both have an 
effect on the form that something takes. This burgeoning technology may 
be used to build intricate three-dimensional organs and for printing organs 
on which the patient’s own cells may be placed in order to save the patient’s 
life. It is an encouraging approach to the problem of organ scarcity. Because 
of this, the possibility of the material that can change its form will also be 
created. The possible use of this technology might include medical implants 
or tissue engineering to create structures that can alter their form while they 
are within the body; They can also be used for the regeneration of tissues 
such as muscle, bone, and cartilage, which are characterized by dynamic 
changes in their mechanical properties while the body is in motion. Babies 
who are having difficulty breathing may have their lives saved because of 
technological advancements. It swiftly produces a medical implant that is 
capable of changing form over time to accommodate growing infants and 
to assist those newborns in maintaining their breathing.

By making use of the smart material, 4D printing will one day be able to 
reproduce internal organs such as the heart, kidneys, and liver. It has the 
ability to print these components, which have a high degree of elasticity as 
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Figure 1.5 � Future perspective in bio-printing.

well as a precise fit and a perfect genetic match. It offers a wide range of 
opportunities to print skin grafts in a colour that is similar to the patients’ 
natural skin tone. It is also helpful for patients who have suffered burns 
since the tissue is simple to implant in the patient’s body and continues to 
develop normally (15–17). With the help of this technology, it is possible to 
produce 3D printed versions of complicated, intelligent medical equipment 
that have superior functional features, adapted to the needs of the surgical 
procedure with regard to timing. It is possible that it might build a haptic 
model that represents not only the look but also the movement of the body. 
In the not-too-distant future, it may find use in more complex surgical pro-
cedures that are now beyond the capabilities of conventional manufacturing 
technologies. Through the use of a smart material and with the assistance 
of CT and MRI scans, it is possible to construct a model that can exactly 
imitate the movement of the hand or another body part (18–21). It is able to 
depict anatomical features in a way that is both exact and accurate. Printed 
medical models may alter form and function over time thanks to a new 
4D bio-printing process that includes time-of-use into 3D bio-printing. The 
model’s ramifications for biological scaffolds and other key applications are 
also noteworthy (22–27) (Figure 1.5).

In medicine, precise anatomical detail is required to improve clinical 
outcomes, reduce effective duration, minimize donor site morbidity, and 
minimize overall operative complications (28,29). 4D printing has a lot of 
potential in biomedical applications such as self-bending stents and other 
self-shrinking/tightening staples. In orthopaedics, the use of 4D printing 
technology has the potential to fundamentally alter the surgeon’s approach 
to diagnostic and treatment planning (30).
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1.8  CONCLUSIONS

4D printing is an advanced version of 3D printing, a cutting-edge tech-
nique for creating smart medical implants and devices that adapt to the 
patient’s growth using a smart material. CT, MRI, and other scanning 
technologies are used to collect patient data, which is then printed layer 
by layer using four-dimensional printing technology. The implant’s shape 
may change over time or in response to the growth of the human body. It 
is uniquely capable of fabricating stents and organs that can adapt their 
shape in response to changing conditions. This technology has the poten-
tial to significantly improve patient outcomes and provide a more viable 
alternative to severe organ shortages. It has enormous potential in the field 
of tissue engineering and intelligent implants. 4D printing has been inves-
tigated for its potential application in medicine, with the goal of custom-
izing intelligent multi-material printing and clearly demonstrating multiple 
body parts in a 3D printed model. It resolves infants’ breathing problems 
by combining a precise fit and perfect genetic match of the heart, kidney, 
and liver with the increased flexibility of the printed material. 4D printing 
is an excellent method for printing a variety of intelligent medical tools 
and devices, as well as natural colour skin grafts. It is used for extremely 
complex surgery, has a high success rate, and has the potential to save a 
patient’s life.
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2.1 � INTRODUCTION TO ADDITIVE MANUFACTURING

Additive manufacturing (AM) is a special manufacturing process controlled 
by a computer that creates objects by depositing materials layer by layer. 3D 
printing technology has become a common application in many industries 
such as aerospace and medical component manufacturing and medicine. 
3D printing has many potential uses in medicine and the fabrication of tis-
sues and organs, customized prosthetics, implants, and anatomical models, 
as well as pharmaceutical research regarding drug dosage forms, delivery, 
and discovery. The three most produced custom-made medical equipment 
and products are SLS, TIJ, and FDM.

A 3D CAD file, in which a geometrical model of the part is stored, is 
directly used for additive fabrication. Several commercial 3D modellers can 
be used to design the part model, which is exported in STL format [1]. 
Titanium alloys are suitable research materials because of their excellent 
properties like corrosion resistance, low modulus, high fatigue strength, 
low density, and good mechanical properties.

2.1.1 � Advantages

AM process is fast and accurate. 
There are separate core materials for components and removable material 

for supports. 
There is no requirement for jigs, fixtures, mould, or other tools [2]. 
Material wastage is minimum. 
Product development time is reduced considerably.

2.1.2 � Limitations

The limitations of AM process include expensive hardware and expensive 
raw materials, which result in costly parts, and post-processing is required.

2.1.3 � Materials used in additive manufacturing

2.1.3.1 � Polymers and metals

Polymers and metals consist of PLA, ABS, nylon, fibre, fibre glass, HSHT 
fibre, bakelite, delrin, titanium, zirconium, cobalt, stainless steel, silver, 
aluminium composite, silver, and gold.
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Biocompatibility is the foremost requirement of AM materials. Frequent 
materials used are cobalt–chromium alloy, titanium alloy and zirconia, gold, sil-
ver, stainless steel, and titanium-based biomaterials to fabricate mini-implants.

The structure of a normal bone is distinctly different from osteoporotic 
bone having lesser density. The performance of the implant depends on the 
right combination of mechanical and physical properties. In conventional 
arthroplasty surgery, stainless steel was considered a viable implant mate-
rial mainly because of its availability and processing ease. The manufactur-
ing of an artificial bone with different densities at different portions called 
functionally graded material is possible with AM process.

2.1.4 � Classification of additive manufacturing

The AM process is classified according to fusion as melting, sintering, and 
photopolymerization. The types are as follows:

	 1.	Material extrusion (FDM)
	 2.	Binder jet process (no need to heat the raw material)
	 3.	Powder bed fusion (LM, DMLS, EBM, SLS, SLA)
	 4.	Sheet lamination (LOM, UAM, DED)
	 5.	Wire arc additive manufacturing (WAAM)

2.2 � COMPONENTS FOR MEDICAL APPLICATIONS

2.2.1 � Equipment and instruments

2.2.1.1 � Glaucoma screener

To measure eye pressure and monitor the condition of glaucoma, a small 
tip is gently rubbed on the surface of the eye. When measuring eye pres-
sure, a fixed area of the cornea is gently flattened to estimate the force 
required. A small tip gently touches the surface of the eye. The sensitivity 
of the components in the glaucoma screener is important when design-
ing for the sleek elegant human-centric screener. The portable glaucoma 
screener weighs around 5 kg and takes 2 minutes for the visual field screen-
ing test. The body of the screener, like a robot is three axes, adjustable to 
suit different structured patients and to hold various types of lenses in line 
screen (Figure 2.1). Materials used to produce the body and parts of the 
glaucoma screener are aluminium and zinc extrusion, ABS in the SLA, 
SLS, and DMLS processes.

2.2.1.2 � Endotracheal block detector

An endotracheal block detector is a flexible plastic tube placed to deliver 
oxygen to the lungs through the nose or mouth into the trachea and 
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connected to a ventilator unit. Figure 2.2 shows the trachea tube, windpipe, 
end cap, and balloon.

If the tube moves beyond a distance set by the operator, the opt-
endotracheal tube generates a visual and audible warning. For displacement 
prediction, it is found to have an accuracy of at least 1.0 mm. ETT tube 
sizes ranging from 2 to 10 mm (smaller ones) are used for babies. ETT tube 
with non-return valve has an indicator to facilitate the cuff inflation and 
deflation; the smooth cuff inflates symmetrically, eliminating any risk of 
hernia; smooth front end, pilot balloon, and tiny tube for pressure measure-
ment are critical. Materials selected are optical fibre, light-emitting diode, 
photodetectors, polyurethane tubes, and connectors. Processes suitable for 
manufacturing the ETT are SLS and SLA.

Figure 2.1 � The overall image of a glaucoma screener with 3D-printed parts for monitor-
ing the condition of glaucoma of patient.

Figure 2.2 � An endotracheal block detector made by additive manufacturing processes 
with trachea tube, windpipe, end cap, and balloon shown at the left side and 
tube assembly at the right side with precise parts.
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2.2.1.3 � Smart stethoscope

The instrument is used to listen to the sounds produced within the heart 
or lungs of patients. The challenge in robust stethoscope manufacturing 
is optimized for low manufacturing and maintenance costs. Reducing the 
number of parts movement leads to efficient performance of high sensitivity 
noise transduction in the instrument. In Figure 2.3 the additively manufac-
tured stethoscope is shown with its parts.

Three major parts of a smart 3D-printed stethoscope are a chest piece with 
the diaphragm, stem, bell, an air-filled tube with a Y tube, and a connector 
tube headset consisting of an aural metal tube and ear tip. The total weight 
of the complete stethoscope is 160 g approximately. As the diaphragm on 
touching the body of the patient vibrates, an acoustic pressure wave is cre-
ated inside the hollow stem. The sound is then routed through an air-filled 
tube to the ear tips at the end of the headset, where it reaches the listener.

The materials used are stainless steel for aura tube in headset and chest 
piece, ABS for ear tips, and polyethylene for diaphragm in the chest piece. 
Thermoplastic elastomers for tubing are used as flexible connectors. The 
parts are customized to the individual listener’s adjustment and easiness to 
maintain cleaning and replacement of the diaphragm. In 3D printing, the 
parts produced in a modular design improve sensitivity to noise transduction. 
The precision parts are manufactured in FDM, SLS, and SLA processes.

2.2.1.4 � Scaffold for diabetic foot ulcer

A scaffold is a three-dimensional porous, fibrous, permeable biomaterial 
intended to transport body liquids and gases, which promotes cell interac-
tion, viability, and extracellular matrix deposition with the least amount 

EARPIECECHEST PIECE 

Y TUBE AURAL TUBE 

Figure 2.3 � 3D-printed stethoscope assembly comprising the tube, ear tip, stem, 
and bell (chest piece) avoids loss of sound waves and their detailed view 
near to the assembly.
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of inflammation, and dissolves at a controlled rate. Figure 2.4 shows the 
flow of scaffold preparation [3]. Materials for the scaffold are fine polymer, 
graphene fed in FDM, and SLS processes.

2.2.1.5 � Screener for diabetic foot

Diabetic foot screeners are used to assess loss of protective sensation in dia-
betic feet. The screener helps identify patients at risk of developing diabetes 
[4]. Infections, injuries, and abnormalities of the bones of diabetic patients 
are examined. Figure 2.5 shows the leg on the diabetic screener. The mono-
filament 10g is a simple and objective instrument for identifying the loss 
of protective sensation in diabetic feet. To ensure that 10g of linear force 
is applied, a properly calibrated device needs to be used. The pressure will 
ensure an accurate measurement. Monofilament is a synthetic fibre made of 

Polymers

3D Scaffold Graphene
3D printed organs

Figure 2.4 � 3D-printed scaffold mixed with graphene for the preparation of organ in tis-
sue engineering shown by the added content and process by arrow marks.

Figure 2.5 � A patient’s right foot is scanned for sensation using a diabetic foot screener 
having accurate 3D-printed sensors.
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a single filament. Polymers are melted and mixed to create a monofilament. 
Polymer mixtures are then extruded through 3D printers, creating lines of 
various thicknesses.

2.2.1.6 � Surgical guide

Surgical guides assist the surgeon in drilling implants into the bone with 
optimal accuracy. Just like jigs and fixtures, using sleeves, the surgical 
guide guides surgical instruments and implants to the correct location once 
placed in a patient’s body. Surgical guides were fabricated from acrylic resin 
using the processes of 3D printing SLA. Figure 2.6 shows a skull fitted with 
a 3D-printed fixture.

2.2.2 � Prosthetics and orthotics

Orthotics are supports that assist an existing body part, whereas prosthet-
ics are artificial replacements for missing body parts. Orthotics is of health 
care technology concerned with the design, manufacture, and application 
of orthoses. A prosthesis is an external fitting device used to replace wholly, 
or in part, an absent or deficient limb segment.

2.2.2.1 � Examples of orthotics

Shoe insert, knee brace, braces for teeth, neck brace, weightlifting belt, 
orthopaedic boot, and splint.

2.2.2.2 � Examples of prosthesis

Artificial hand, foot, finger, and toe prostheses, artificial breast, hearing 
aids, artificial eyeballs, ear, nose, or eye socket, and artificial soft or hard 
palate.

Figure 2.6 � A demonstration model shows a 3D-printed customer-specific fixture with 
suitable support provision during skull surgery.
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2.2.3 � Orthotics

2.2.3.1 � Splints

Splints are medical equipment used to prevent an injured body part from 
moving and to prevent further damage. Broken bones are commonly 
treated with splints; fractures, sprains, tendon injuries, and injuries await-
ing orthopaedic treatment can be treated with a splint [5]. There are two 
types of splints: static, which prevents motion, and dynamic, which allows 
controlled motion. Stabilizing splints are usually made from flexible materi-
als and consist of poles or pole-like structures.

Low-temperature thermoplastics and studies with a wide range of vary-
ing materials, from nylon to resins to epoxy photopolymers, are used in 
the SLS 3D printing process. Figure 2.7 shows the additively manufactured 
splints for the wrist, lower leg, and knee joint.

2.2.3.2 � Respiratory face masks

The virus is efficiently prevented by 3D-printed high-end respiratory face 
masks [6]. Figure 2.8 shows a high-end mask’s exploded view. The world 
now sees what it can do to save lives, and how easily it enables smartness 
and adaptability which push forward for manufacturing the patient-specific 
masks by the FDM process to improve quality of life and public safety.

2.2.3.3 � Menstrual cup

The cup is made from TPU/TPE filament rubber or silicone and is inserted 
into the vagina to catch and collect period fluid. Menstrual cups are reus-
able feminine hygiene products. It is easy to fold this cup multiple times. 
Figure 2.9 is normal menstrual cup in firmness and softness. It opens with 
some force and is also easy to fold. Shore hardness recommended is 80–90 
A. Material is processed in FDM.

Figure 2.7 � Different types of 3D-printed patient-specific splints fitted on wrists (white 
flexible material and black net-shaped material), lower arm with grey colour 
polymer support, and leg with pad-like support.
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2.2.3.4 � Insole

An insole is the part of a shoe that runs under the foot and supports it; it is 
also called footbeds. Proper footwear removes pain from the heel, arch, ball 
foot, plantar fasciitis, and Achilles problems. Figure 2.10 shows the patient-
specific pattern from the image to data acquisition.

Indigenous insoles for individuals with a different kind of spring geom-
etry produced from the software are manufactured by 3D printing process. 
The pressure area of the foot gets this levelled-out responsiveness in the 
insole [7]. Material for the insole is TPU; it has recycled possibility pre-
pared under ISO 18562 Standards and the AM Process is SLS.

2.2.4 � Prosthesis

2.2.4.1 � Cornea of the eye

The transparent part of the eye is called the cornea which covers the iris 
and the pupil and allows light to enter. The anatomy of the eye shows the 

Figure 2.8 � �3D-printed hygiene respiratory face mask fitted on a face and the parts 
holder, front frame, back frame, and middle filter are explored at the right 
side.

Figure 2.9 � �Two flexible menstrual cups made by additive manufacturing process, held 
vertically, show the fixing position.
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outside and inside of the eye including the eyelid, pupil, sclera, iris, cornea, 
lens, ciliary body, retina, choroid, vitreous humour, and optic nerve.

The replacement of the cornea involves implementing sensor function 
for real-time monitoring and connected feedback. Figure 2.11 shows the 
cornea in the eye anatomy and cornea. Recent advances in 3D printing 
and electronics have brought us closer to sensors with multiplex advan-
tages, and additive manufacturing approaches offer new scope for sensor 
fabrication [8]. A 3D-printed artificial cornea is suitable for transplanta-
tion made with the help of an aluminium mould, an FFF 3D printer to 
fabricate a PVA-chitosan corneal construct with light-bending properties. 

Figure 2.10 � (a) Diabetic patients use specific individual insoles as their feet are scanned 
for body pressure. (b) Patient-specific scanned image of body pressure. (c) 
The scanned image is converted to programmable file as resolution data. (d) 
3D-printed functionally graded pattern of sole exactly match the required 
foot pressure of the patient. Centre red portion meant high-pressure vari-
ety of insole structures with variable holes from 10% to 20%.

3D printer head

Cornea

Cornea

a cb

Figure 2.11 � (a) Position of cornea in the eye anatomy shown in white colour front side. 
(b) The process showing the 3D printing of cornea at centre of the bed in 
FDM printer and the tools removing the finished cornea. (c) Completed 
cornea placed on a masked finger.
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Chitosan is a biopolymer, which is an amino polysaccharide derived from 
the N-deacetylation of chitin. Decellularized human tissue is a natural poly-
mer because of the presence of the degradable enzyme chitosan. Chitosan 
is blended with synthetic polymer PVA with formaldehyde to enhance ther-
mal stability.

2.2.4.2 � Knee prosthetics

The knee joins the thigh with the leg and consists of the top joint and the 
bottom joint. The top joint is between the femur and tibia whereas the bot-
tom joint is between the femur and patella, and it is the largest joint in the 
human body too.

The knee joint comprises the lower end of the thigh bone (femur), the 
upper end of the lower leg (tibia), and the kneecap (patella). The ankle 
joint is the connection point of the lower end of the lower leg bone (tibia) 
and upper foot bone (talus). Normally, the ends of these bones are made 
up of cartilage that allows the joints to move in smooth, painless motion. 
Arthritis is a painful and degenerative condition of the joints [9]. The most 
common cause of ankle and kneecap arthritis is trauma, such as a fracture 
of the calcaneus (heel bone). Knee joint replacement surgery is to replace a 
knee joint with a man-made artificial joint. Advanced arthritis that is very 
painful has been treated primarily with bone fusion. This procedure oblit-
erates the ankle joint completely. Pain is relieved but at the cost of absolute 
stiffness. Figure 2.12 shows the human implanted 3D-printed tibias and 
patella. Cobalt, chromium, and titanium porous powder are recommended 
as per FDA use in the DMLM production process [10].

2.2.4.3 � Ankle prosthetics

2.2.4.3.1 � Talus

The ankle joint is connected to the foot by the talus, which helps transfer 
weight and pressure forces across it. Joint surfaces are largely covered by 

3D printer bed

Tibia cut section

Patella

Figure 2.12 � (a) 3D-printed tibias complete with supports at the bottom during additive 
manufacturing. (b) 3D-printed tibias with inner supports in hollow portion 
shown through cut section. (c) 3D-printed patella fitted on the defective 
bone of the lower leg and tibia.
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articular cartilage, a slippery white substance. The cartilage between the talus 
and its neighbouring bones allows it to move smoothly. Figure 2.13 shows 
talus in the ankle and 3D-printed talus implant in the ankle. Total ankle 
replacement involves removal of arthritic bone and cartilage and replacement 
with metal implants and strong plastics [11]. These components allow the 
ankle joint to move smoothly, mimicking the cartilage that was lost.

CT scan images are converted into.stl data which is an input for selec-
tive laser sintering machine to develop the talus using the cobalt–chromium 
powder. Material – Cobalt – Chromium, process – SLS.

2.2.4.4 � Mandible

The mandible is the largest bone in the human skull for achieving a better 
shape of the face. It holds the lower teeth in place, assists in mastication, 
and forms the lower jawline. The mandible is composed of the support 
frame and the ramus and is located inferior to the maxilla. The implant is 
remedial for hourglass facial deformity. Figure 2.14 shows the human man-
dible and 3D-printed patient-specific mandibles.

Talus
3D printed talus

Implanted talus

Figure 2.13 � (a) Nomenclature of an ankle showing a normal talus in the ankle. (b) 
3D-printed talus implant in the ankle made from Cobalt – Chromium mate-
rial and shown separately at the right side with the fixing on it.

Figure 2.14 � (a) Normal human mandible shape and profile with teeth on it. (b) 
3D-printed patient-specific mandibles replaced the defective area with suit-
able 3D-printed metal portions matching the mandible shape.
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The material used is titanium because of biocompatibility, strength to 
weight ratio, and direct structural and functional connection to bone and 
best suitable process is DMLS.

2.2.4.5 � Hip joint

The hip joint is a ball-and-socket joint that allows motion and gives stability 
to bear body weight. The socket area (acetabulum) is inside the pelvis. The 
ball part of this joint femur joins with the acetabulum to form the hip joint 
as a ball and socket. The femoral head is the ball and the acetabulum (part 
of the pelvis) is the socket. These surfaces of the ball and socket are cov-
ered by articular cartilage, which is a specialized lining allowing pain-free 
motion at the contact surface [12]. Damage to this lining disturbs the smooth 
motion and results in arthritis. Figure 2.15 displays the hip joint overview, 
3D-printed stem parts, 3D-printed hip implant assembly, and acetabular 
made from EBM and LRM. The joint is lined by a specialized synovial layer, 
which secretes fluid. The artificial hip has two bearing parts that carry out 
the whole function. These bearings can be metal-on-polyethylene, metal-
on-metal, ceramic-on-polyethylene, or ceramic-on-ceramic. Using titanium 
powder, implants are manufactured by EBM, DMLM process with complex 
geometries and porous structures to encourage bone growth. Lattice struc-
tures are designed for a clinically optimized pore size of 650 μm.

2.2.4.6 � Spinal joint

The spinal cord is the backbone of our body and carries nerves and signals 
from the brain to the body. It is a long tube-like structure composed of a 
band of tissue and bones. The damage of the structure affects nerve signals 
that do not help to feel sensations and move our body. The spine encloses 
the spinal cord and the fluid surrounding the spinal cord that allows articu-
lation motion to facet joints.

Figure 2.15 � (a) Front view of a hip joint showing the thigh bones at bottom, socket area 
near to it, hip bone at centre, spinal discs at top. (b) Exploded views show 
nomenclature separately of thigh joint with its parts made from both metal 
and ceramic material. (c) 3D-printed hip implant assembly shows the position 
of femoral head, acetabular cup, and femoral stem of one side thigh joint.
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The spine is a flexible joint composed of 33 bones, called vertebrae, 
divided into five sections according to the connectivity, which is cervical, 
thoracic, lumbar spine sections, sacrum, and coccyx bones. The cervical 
section named C1–C7 of the spine is made up of the top seven vertebrae in 
the spine, and is connected to the base of the skull. The other sections consist 
of 26 bones called vertebrae; each vertebra has a strong stub by the section 
that supports our weight, and a hole for the spinal cord to pass through, 
which has three main parts, cervical (neck), thoracic (chest), lumbar (lower 
back). The lightweight, strong high strength weight ratio material titanium 
is mostly used in the production of spinal cord disc and the process is SLS 
3D printing [13]. Figure 2.16 shows spinal joint overview, vertebrae and disc 
position and model and joint, disc herniation, and 3D-printed disc implants.

2.2.4.7 � Dental prosthesis

Dental prostheses are artificial fittings that are used to restore a missing or 
damaged tooth. It is also utilized to restore an unattractive or unfunctional 
tooth. Dentures, bridges, and crowns are types of dental prostheses that 
significantly improve the patient’s quality of life and health.

2.2.4.7.1 � Dentures

Dentures are dental plates for artificial teeth. Generally, it is acrylic resin, 
chrome cobalt metal, or nylon polymer suitable to attach false teeth. By 
attaching it to some of the natural teeth with metal clasps or fitting it per-
manently, it is usually held securely in place in the mouth by clipping onto 

Vertebrae and 
disc position 

Model for 
3D printer 

3D printed implants 

Spinal joint overview 

Herniated disc 

Sectional view 

Normal disc 

Figure 2.16 � (a) Front view and side view (three disc portions of spinal) vertebrae.  
(b) Spinal disc normal and herniated damage at top with leakage of nucleus. 
(c) SLS printed titanium discs made for implant.



Additive manufactured components for medical applications  27

some of your natural teeth. A denture is typically quite durable, and it 
can handle a high amount of pressure while chewing all kinds of foods. 
Nevertheless, they are designed to handle that pressure. The dentures are 
made from acrylic resin by SLA printing process. Figure 2.17 shows addi-
tive manufactured dentures with supports.

2.2.4.7.2 � Dental implant

An implant is a medical device surgically implanted into the jaw to restore 
an individual’s chewing ability and aesthetic appeal. They provide support 
for false teeth against biomechanical forces created during chewing action. 
The maximum chewing force applied on the molar tooth, at the time of 
chewing the food, noted by dentists is 150 N minimum and 700 N maxi-
mum. Lab simulations using computed tomography determine the position 
of the implants with adjacent teeth. The life of the implant is estimated as 
10–15 years.

Dental implant systems consist of a dental implant body, abutment, and 
abutment fixation screw. The dental implant body is surgically inserted in 
the jawbone in place of the tooth’s root and the abutment is attached to the 
body by the screw and extends through the gums into the mouth to support 
the attached artificial teeth [9]. Figure 2.18 shows the dental implant posi-
tion adjacent to teeth and components of the dental implant. Titanium and 
ceramics are used as powders in a tub of selective laser sintering in a 3D 
printing machine to produce dental implants.

2.2.4.7.3 � Crowns

The crown restores the tooth’s shape, size, strength, and appearance. The 
dental crown is cemented into place on the tooth, and it covers the visible 

Figure 2.17 � A denture produced after 3D printing process and before removing the 
vertical supports between bottom of the denture and bed of the 3D printer.
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portion of the tooth. The most used materials for dental crown are porce-
lain, porcelain fused to metal, gold, and zirconium.

The preparation of the existing defective tooth is important to halt nerve 
damage. Filing the tooth too thin may affect the nerve root and too abra-
sive crown is also destructive to the adjacent teeth. Figure 2.19 shows the 
zirconium crown with metal insert. The 3D printing processes SLA, SLS, 
and DMLS are used according to the material selected.

2.2.4.8 � Aortic branches

Blood is supplied to the heart by the coronary arteries, which is the branch 
of the ascending aorta. Blood flows to the head, neck, and arms through the 
aortic arch. The ascending aorta arises from the heart and is about 50 mm 
long.

Crow

Bottom screwed body

Support

Figure 2.18 � A dental implant front of the jaw position adjacent to real teeth and compo-
nents of dental implants are explored.

Figure 2.19 � A zirconium crown shows top and metal protected bottom portion made as 
per 3D printer scanner profile.
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The multilayered blood vessels are fabricated with TPU and bio-ink by 
the triple-coaxial 3D cell printing technique. The blood vessels that have 
the unique biomolecules needed to transform into functional blood vessels 
when they are implanted were formulated from smooth muscle cells from 
a human aorta and endothelial cells from an umbilical vein. The result is 
a fully functional blood vessel with a dual-layer architecture that outper-
forms existing engineered tissue and brings 3D-printed blood vessels several 
fundamental steps closer to clinical use. Figure 2.20 shows the aorta and 
mesenteric artery in the heart, aortic branch, and 3D-printed aortic branch.

2.2.4.9 � Hearing aid

Hearing aids make sound audible to a partial hearing person to improve 
hearing. Sound waves are converted into electrical signals and then made 
louder with analogue hearing aids. The digital aid works as sound waves are 
converted into numerical codes like computer codes, then they are ampli-
fied and usually less expensive and have simple volume controls. The main 
parts of a hearing aid are the microphone that receives sound and converts 
it into a digital signal. An amplifier increases the strength of the digital sig-
nal. And a speaker produces the amplified sound into the ear.

The conventional method of manufacturing the parts is with injec-
tion moulding techniques. These are replaced based on a laser scan of 
an impression of the inner ear and on an intra-aural scan in 3D printing 
techniques. A hollow shell with the internal space is configured to accom-
modate the functional electronic hearing aid unit [3]. Figure 2.21 shows 
conventionally manufactured hearing aid parts and additively manufac-
tured hearing aid. Low-viscosity photopolymer is used in the SLA 3D 
printing machine to create toughened, water-resistant shell part to the 
hearing aid.

BIO
INK 2 

3Dprinted layered aorta 
branch-cross section 

BIO
INK 1 

Aorta Heart 

 coronary arteries 
[Aorta] 

3Dprinter

Figure 2.20 � (a) The position of natural aorta and mesenteric artery shown in red colour 
in the heart. (b) The aortic branch is made for replacement by the 3D print-
ing process using bioinks. (c) The anatomy and cross section of natural aor-
tic branch zoomed separately at the right side.



30  Mechanical Properties and Characterization of Additively

2.2.4.10 � Nose prosthesis

Patients who have a partial nose or traumatic injury need a nose prosthesis. 
Figure 2.22 shows the nose made up of silicon with stereolithography 3D 
printing process. The nose is retained by the adhesive especially made for 
biocompatibility. These prostheses help humidify the nasal cavity during 
breathing and like a real nose protects the delicate mucosal tissue that lies 
below. 

MICROPHONE
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PROCESSOR &

BATTERY
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Figure 2.21 � (a) Conventionally manufactured hearing aid with its functional parts more 
or less equal to an ear size fitted on the right side of a man. The parts 
necessary for a hearing aid device are named on a hearing aid device.  
(b) An additively manufactured smart minimized hearing aid device with all 
the necessary parts held in the hands.

Figure 2.22 � A customer-specific nose prosthetics made from silicone using 3D printer.
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2.2.4.11 � Myoelectric hand

Myoelectric-controlled prostheses are powered by electrical signals emitted 
by muscles and controlled with those signals. A myoelectric hand detects 
electrical signals in a stump’s muscles and converts them into movement. 
A spinal cord injury affects both the hand and locomotion and patients 
with the injury are being provided with new medical technologies, includ-
ing wearable devices, as well as rehabilitation treatments. A major advan-
tage of 3D printing is that it can produce low-cost, personalized devices 
with scientific advancements. Using electromyography signals the research-
ers developed a novel 3D-printed hand prosthesis. Patients suffering from 
cervical injuries can use this device to assist with grasping. 
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Figure 2.24 � The figure shows the parts of myoelectric device made up of additive manu-
facturing process to be fitted on the natural hand. The detailed view of 
ring part, hand part, dorsal forearm splint, volar forearm splint shows the 
structures and the positions on the top and bottom portions of the hand.

Figure 2.23 � A demonstration shows the movement of natural hand’s fingers in closed 
position at left side operates the same as the 3D printed myoelectric fingers 
in closed position. Similarly in open position at right side w.r.t electromyog-
raphy signal from the hand.
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Figure 2.23 shows the 3D-printed myoelectric fingers in closed open posi-
tion synchronized to electromyography signal from hand weaned device, 
and Figure 2.24 shows the additive manufactured myoelectric parts and 
positions on the hand. The parts consisting of ring, hand part, dorsal splint, 
and volar splint are manufactured with polylactic acid filament in fused 
deposition modelling 3D printing machine. 

GLOSSARY

DMLM: Direct metal laser manufacturing
DMLS: Direct metal laser sintering
EBM: Electron beam melting
ECM: Extracellular matrix
FDA: Food and Drug Administration
FDM: Fused deposition modelling
LOM: Laminated object manufacturing
LRM: Laser rapid manufacturing
SLA: Stereolithography
SLS: Selective laser sintering
TIJ: Thermal inkjet printing
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Chapter 3

Mechanical property of additive 
manufactured stainless steels

K.A. Ramesh Kumar, K. Prakash,  
P. Maadeswaran, and A. Ganapathi
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3.1  INTRODUCTION

Additive manufacturing techniques are used for various fields such as aero-
space industry, medical, automobile and for jigs and fixtures design. So 
there is a need to develop awareness of AM process [1]. The fundamen-
tal principles and innovative ideas are required to know the complicated 
geometry for the construction of machinery. Industry and research need to 
collaborate with modern manufacturing techniques. The most important 
metal processes are selective laser melting and selective laser sintering [2].

The commercialization of additive manufactured products has pre-
dominantly increased in the past few decades. This increases the market 
competition of manufacturing [3]. The manufacturing process shows the 
transformation of technology. This gives freedom for the designers and 
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engineers to attain almost exact solution for the problems. New design 
methods are required to understand the transformation of modern technol-
ogy. So there is a need to impart knowledge for those who are the future 
creators [4]. The selection of additive manufacturing techniques requires 
some parameters that will enhance the solution. Analytic hierarchy method 
is used to select the correct technology for the correct product [5].

Three-dimensional objects with simple geometry were manufactured by 
material extrusion process. It is purely dependent on flow rate of melted 
polymer. The temperature and viscosities will cause shear on flowing poly-
mer. The constant flow with low shear can give extrusion rate in nozzle 
to attain optimized output of product [6]. Novel methods are used for 
the production of acoustic fibre incorporated with natural fibre compos-
ites. Natural fibre composite gives perfect replacement of synthetic-based 
absorbers. Panels designed are biodegradable after the usage [7]. Fusion 
Deposition Modelling technology for three-dimensional printing has major 
advantages over other AM methods. This method has not been preferred 
due to economic aspects since 2000. Atomization brings flexibility in man-
ufacturing [8]. In the framework of paediatric medicine, 3D printing is 
capable of providing a measure of individualization and converting the pre-
cision medicine approach into practical implementation. Important quality 
features and process factors still have to be greatly enhanced for this new 
technology to be understood. The good news is that commercial start-ups 
and consortia are actively working on the requisite technological break-
throughs [9].

Bulk metallic glasses and high-entropy alloys are both important multi-
component alloys in additive manufacturing. The microstructures and 
exceptional properties make them promising for applications in many 
industries. With the introduction of metal additive manufacturing, new 
potential for fabricating geometrically complicated objects have emerged 
[10]. Increased laser power lowers porosity in printed objects, but it also 
causes glassy alloy devitrification. During the procedure, re-melting of 
powder bed layers was discovered to be critical in ensuring dense and crack-
free material [11].

3.2 � TYPES OF STAINLESS STEEL FOR ADDITIVE 
MANUFACTURED PRODUCTS

3.2.1  Austenitic stainless steels

Superior corrosion resistance, biocompatibility, and ductility of austen-
itic stainless steels make them a popular choice among industrial alloys. 
Biomedical, aerospace, defence, oil and gas, and petrochemical sectors are 
only few of the areas where they may be used. AM has been found to have 
promising qualities; however, there are still several obstacles to overcome.
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3.2.1.1  Mechanical properties

In its as-built state, 304L stainless steel (304LSS) exhibits fatigue quali-
ties comparable to those of commonly produced materials. Selective laser 
melting methods may be used to produce 316L cyclically loaded compo-
nents. SLM-processed 316L has no substantial influence on its monotonic 
characteristics after stress-relieving heat treatment. In tensile testing, AM 
austenitic stainless steels exhibit behaviour that is distinct from that of 
traditionally manufactured components. When it comes to 304L stainless 
steel, LPBF has proved that it can create a product that is stronger and more 
ductile than its wrought/cast equivalent [12]. There are certain structural 
reliability difficulties because of a lack of knowledge of additive manufac-
turing process–structure–property interrelationships. The unique micro-
structural properties of the additively formed stainless steel alloy result in 
optimized fatigue resistance compared to wrought iron. Thermal behaviour 
of steel is affected by internal porosity. Figure 3.1 shows the ductility of 
LB-PBF is better to have higher yield stress [13].

The wear qualities of selective laser-melted 304LSS were examined to 
determine the wear characteristics with impact of the microstructure. From 
RT to 600°C, wear tests were performed by utilizing a ball on disc setup 
with an alumina counter-ball in that configuration. Applications that need 
wear-resistant stainless steel at high temperatures may be able to benefit from 
SLM316L. SLM316L SS had a smaller deformation area below the curve 
than typical 316 SS, which had a lower deformation zone of 27–30–40 m. Its 
shows the strain behaviour on reversing loads up to failure. The creation of 
persistent oxide glazing layers in SLM SS reduces the wear rate by two orders 
of magnitude compared to ordinary 316SS at 300°C, 400°C, and 600°C [14].
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Figure 3.1 � Comparison of ductility for laser beam powder bed fusion 304LSS and 
wrought 304LSS.
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3.2.1.2  Corrosion properties

Stainless steel pitting and crevice corrosion caused by sulphide inclusions 
is discussed in detail. Manganese sulphides, especially those with a central 
oxide core, are ideal for pitting. Pit initiation becomes more difficult when 
manganese is replaced by chromium in the sulphide. Pitting happens at the 
less active inclusions when the ecosystem deteriorates. Finally, it may be 
stated that altering the sulphide composition can increase pitting and crev-
ice corrosion resistance usefully but limitedly [15].

For fused coatings, fragmentation of MnS inclusions reduced metasta-
ble pit formation and stable pit transition susceptibility. Due to the tensile 
elastic strain in grains, the film stability was degraded, resulting in elastic 
strain. By using Ar shielding gas, SFC might enhance corrosion resistance 
by improving the overall stability of the passive film [16].

Sulphur-rich inclusions have been shown to predominate as pit nucle-
ation sites, and the life span of unstable pits has been demonstrated to be 
correlated with the size of the inclusion particle. Sulphur produced from  
the inclusions may stabilize pit expansion, according to the researchers. The 
pitting resistance of type 304L stainless steel was significantly improved 
via laser surface melting (LSM). Pit nucleation in diluted neutral chloride 
solutions on type 304L stainless steel occurs mostly at sulphur-rich inclu-
sions, according to microstructural characterization. Pitting susceptibil-
ity is determined by the size and distribution of sulphide inclusions in an 
alloy, not the total sulphur concentration. Quick evaluation and ranking 
of alloys based on pitting resistance may be done by collecting data on 
unstable pitting activity [17]. Austenitic stainless steel 316L is manufac-
tured by 3D printing. Specimens were tested for corrosion resistance using 
potentiodynamic and potentiostatic methods. Laser power and scanning 
speed were used to create the different specimens. The porosity of each 
specimen was examined and correlated with its cyclic polarization and 
metastable pitting properties. These specimens are more resistant to pit 
formation than wrought 316L specimens. When comparing porosity of 
specimens, the 3D-printed product has less pit formation. In other words, 
in specimens with a larger porosity, repassivation following stable pitting 
caused by anodic polarization was less preferred. This contradicts the idea 
that greater corrosion resistance is associated with lower metastable pit 
frequency [18].

3.2.2 � Maraging and precipitate hardening stainless steels

A laser beam is used to fuse small metal powder particles together through 
layer-by-layer scanning cross sections obtained from a 3D computer-aided 
design model. SLM can process a broad variety of materials, including 
steels, titanium, aluminium, and cobalt–chromium alloys. Materials such 
as maraging steel 300 (18Ni-300) are typically used in situations where high 
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fracture toughness and strength are needed or where dimensional changes 
must be kept to a minimum. Testing on specimens made with a combina-
tion of SLM and laser re-melt processing is conducted. The temperature 
and time ageing were varied to attain better hardness within a short time 
period. It may be inferred that dense portions of 18Ni (300) maraging steel 
with better strength and hardness can be produced [19]. 

The usage of ultrahigh strength steels in important aviation and aero-
space structural applications has grown in recent years. A high-strength 
NiSiCrCoMo with low-alloy steel was described in this research. Tonnage 
scale melts have shown the reproducibility of desirable strength and tough-
ness parameters. In the softened state, this steel has excellent forming and 
machining properties. After a certain time, SLM components lose their duc-
tility and Charpy impact energy, which need more investigation as shown 
in Figure 3.2 [20].

As a result of its excellent printability and wide variety of applications, 
high-performance stainless steel has been concentrated on 17-4 PH, a single 
alloy that provides high strength with corrosion resistance. The casted 17-4 
PH pieces are treated with a solution for removal of stress by annealing heat 
treatment process. Although thicker samples need longer reaction periods, 
this is commonly done at 1040°C for 1 hour [21].

3.2.2.1  Mechanical properties

The tensile strength, fluctuating load withstanding ability, and fracture 
resistance of Ti–6Al–4V and 15-5 PH steel samples were examined and 
compared in this study utilizing selective laser melting. The tensile charac-
teristics of the materials were superior to those of the vertically constructed 
samples. Due to the variation in surface quality, selective laser-melted PH1 
steels have a 20% lower endurance limit than conventional PH1 material. 
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The strain hardening behaviour of vertical and horizontal oriented SLM 
process has a 34% increase in UTS for LPBF at 593°C; however, this is off-
set by an almost 50% reduction in flexibility for LPBF, which is measured 
at a 9% extension to failure. According to the results of another investi-
gation, horizontally constructed samples of 15-5 PH that had undergone 
an age hardening heat treatment had a 10% higher YS than ASM worked 
samples [22].

A combined experimental analysis and simulation technique was used to 
evaluate the room temperature and impact behaviour of 3D-printed stain-
less steel. It was found that the experimentally observed impact energy 
was 10,851.20 J/cm2, which is equivalent to the impact energy of normally 
worked and non-heated stainless steel. The impact load was simulated using 
a Computational Fluid Dynamics based on the Johnson–Cook model with 
damage parameters. At room temperature, the surface indicates that the 
specimen was fractured [23].

3.2.2.2  Corrosion resistance

In light of the benefits of AM over conventional metal production pro-
cesses, a number of relevant research have been conducted. Stainless 
steel AM-fabricated corrosion properties are the only topic of this exten-
sive research study. The most important articles in direct laser deposition 
focused on the influence of heat treatments on passive films and the amount 
of chromium in these films. Other AM technologies, including wire arc 
additive manufacturing, do not have a corrosion effect. The corrosion of 
SS was influenced by factors such as grain size, grain porosity, chromium 
distribution, surface roughness, and embedded components. The corrosion 
investigations of SS manufactured by the AM methods other than SLM 
and DLD have not shown a distinct trend. New AM methods like WAAM 
and droplet-based 3D printing are expected to see an increase in corrosion 
research [24].

3.2.3  Ferritic/martensitic steels

Manufacturing technology known as additive manufacturing, or 3D print-
ing, has the potential to revolutionize the industry. Layer-by-layer construc-
tion of intricate technical components is possible, utilizing a high-energy 
heating source and feed materials such as powder, wire, or sheet [25].

A martensitic 420 stainless steel with allowable stress of 1.67 GN/m2, 
yield stress of 0.6 GN/m2, and displacement of 3.5% was successfully 
manufactured using selective laser melting. A scanning electron micro-
scope and X-ray diffraction revealed that the microstructure was composed 
of 0.5–1 μm-sized cells and submicron austenite-rich martensitic needles. 
Ultrahigh strength and great ductility were achieved by heat treating the 
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material at 400°C [26]. The quality of the product is ensured by the high 
carbon equivalent of 4140 steel. Additive manufacturing processes using 
laser powder bed fusion for steel or iron powder have been investigated. An 
average tensile strength of 1.482 GN/m2 and an impact toughness of 33 J at 
18°C were achieved using as-welded AM constructions [27].

When it comes to additive manufacturing, the nuclear sector has been 
sluggish to take use of its apparent advantages. Nuclear-relevant materi-
als, such as ferritic-martensitic steels, are being evaluated by ORNL using 
possible additive manufacturing processes. Before any functional compo-
nents can be manufactured and deployed, there are a number of difficul-
ties that need to be resolved. The problem is that there are no certification 
and qualifying processes or standards for these components. The near-
net-shape creation of complicated geometries is made possible by additive 
manufacturing. Unique potential exists for site-specific control of chemis-
try and grain structure, as well. New designs for fusion reactors may be 
developed using additive manufacturing in order to increase efficiency by 
improving heat removal. Before any functional component can be created 
and deployed, the behaviour of additively generated steels under neutron 
and ion irradiation must be investigated [28].

3.2.4  High-strength low-alloy steels

Wire and arc additive manufacturing (WAAM) is an effective method for 
producing big and complicated components. For the microstructural devel-
opment of the samples as they grew in height, the complicated thermal 
cycles operating on the material were used to rationalize component fab-
rication of high-strength low-alloy steel using WAAM. Using an infrared 
camera, it is discovered that heat input affects cooling rates, interlayer tem-
peratures, and residence periods in the 800°C–500°C range [29].

3.2.5  Carbon-bearing tool steels

Layer-by-layer orientation according to a structure model is a unique pro-
duction approach in additive manufacturing, particularly laser additive 
manufacturing. The benefits of lamination method are too quick proto-
typing, customization, better material consumption, and tendency to 
build complicated structures. Alloys, such as titanium and aluminium, are 
included in the list of metallic materials under research. The constraints 
and limits of LAM are discussed, as well as the anticipated development 
trend in the future.

The automobile, aircraft, architectural, biomedical, and electronics sec-
tors all use AM to varying degrees of success. There are three main kinds 
of AM for metal fabrication: LAM, EBAM, and WAAM. Selective Laser 
Sintering is regarded as the oldest powder bed forming AM technology; 



42  Mechanical Properties and Characterization of Additively

it is only suitable for alloys and cannot print with pure metal. SLM, on 
the other hand, can be used on almost all metallic materials because of its 
development from SLS [30].

3.2.6 � Transformation-induced plasticity and 
twinning-induced plasticity steels

An inherent constraint in standard processing prevents the use of alloys 
with superior mechanical characteristics such as HMnS. Additive manu-
facturing offers a different way to use HMnS’s unique features owing to 
drastically different processing conditions. At this time, there is no well-
established way for customizing metallic alloys for additive manufactur-
ing. Compression testing shows the alloy X30MnAl23-1 with the lowest 
specific energy absorption and the highest deformation behaviour. Grain 
boundary embrittlement suppression makes HMnS for future use in AM. 
Thermally induced martensite formation in X30Mn23 and the simultane-
ous activation of transformation-induced plasticity and twinning-induced 
plasticity in the microstructure were both triggered by the segregation of 
Mn and C. Figure 3.3 shows the stress–strain curves of the X30MnAl23 
alloys in Laser Metal Deposition condition [31].

Materials with complicated geometries may be produced using selective 
laser melting (SLM) technology. An SLM-based method for processing a 
high-manganese steel was investigated to characterize the microstructure 
and element distribution in order to find the solidification behaviour [32].

Using selective laser melting, metastable austenitic Fe–Cr–Ni steel was 
produced with essentially random crystallographic microstructure. Despite 
the existence of porosity, tensile loading, and neutron diffraction with better 
ductility and a prominent strain-induced martensitic transition, mechanical 
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data shows a secondary hardening as a result of the martensite bearing a 
large load when it formed [33].

Under uniaxial deformation, strain-induced martensite formation was 
detected in selective laser melting-processed 304L material that was created 
with low laser power and checkerboard laser scanning pattern. Despite the 
apparent porosity, ductility and martensite production were clearly seen [34].

High yield strength and excellent ductility may be achieved despite the 
material’s high porosity via additive manufacturing (AM) of 316L stain-
less steel. Using 3D printing, nitrogen gas is responsible for the majority of 
twinning. Deformation twinning is thought to be influenced by the pres-
ence of N solute atoms, which reduce the stacking fault energy of the steel. 
When developing microstructures, AM can provide for a fresh approach.

3.3  APPLICATIONS

Automotive and Aerospace Manufacturing: As a result of AM’s capacity to 
shorten product design and development cycles, automated manufacturers 
have been able to get new items into the market swiftly and predictably, 
using this aspect of this technology. Aerospace is interested in these tech-
nologies because the titanium parts are manufactured without tooling. In 
the aviation and aerospace sectors, both EBM and SLS are presently in use. 
Lightweight automobiles and planes are the primary objective of automotive 
and aerospace industries; hence these AM-based technologies are particu-
larly capable of producing lightweight components. In the aircraft business, 
there are several instances of the usage of AM technology. Design verifica-
tion of an aircraft electrical generator, fabrication of an impeller compressor 
shroud casting pattern, and flight-certified production castings are examples. 
AM has been used to prototype gearbox housings for design verification, 
construct engine blocks, and create a rear wiper motor cover production 
tool. Manufacturing amphibious AM techniques is compared to gravity die 
casting, cross-drilling, electrochemical deburring, and hole blanking to cre-
ate aerospace and vehicle components. The same item manufactured using 
AM utilized 40% less material than with the traditional method.

3.4  CONCLUSION

Austenitic stainless steels are the most commonly utilized in AM. Nano-
inclusions and low angle grain boundaries restrict dislocations, making 
them robust and ductile. Due to AM’s quick solidification, these steels are 
more resistant to pitting corrosion because MnS inclusions are less likely 
to occur. 17-4 PH stainless steel is the most extensively used PH stain-
less steel in AM because of its printability and versatility. AM can trigger 
“in situ” phase shifts like tempering and precipitation. Surface temperature 
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and post-AM heat treatment modify ferritic/martensitic steel microstruc-
ture and properties. Because of their crack-prone nature, carbon-bearing 
tool steels present a particular challenge while being processed by AM. 
Up to 6.9% silicon steel has been successfully produced by AM and has 
shown interesting magnetic characteristics. With AM, the hardening stage 
for C-bearing tool steels might be eliminated. Compared to their wrought 
equivalents, AM parts have a larger density of volume defects such as holes 
and cavities, lamellar structures, and higher O contents. Because of AM’s 
ability to affect local chemistry and consequently stack fault energy, the 
predominant deformation process is determined. In structural engineer-
ing, steel is the most widely used material because of the numerous design 
options it provides by systematically controlling allotropic changes dur-
ing heating and cooling. It is possible to create new steel microstructures 
thanks to extreme temperature gradients, high cooling speeds, and inherent 
chemical heterogeneity in AM. Although AM steel has a promising future, 
more work must be done before AM can completely replace conventional 
steel production in additional applications.
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4.1  INTRODUCTION

Also known as 3D printing, additive manufacturing (AM) is a procedure 
that uses a computer-aided design model to generate 3D objects by add-
ing materials one at a time. An array of items from medical gadgets to 
aerospace construction may be reimagined via the use of this technology, 
which has the potential to revolutionize the industry. To develop and fabri-
cate unique three-dimensional devices, engineers may use a broad variety of 
functional materials when fabricating three-dimensional components in a 
layer-by-layer manner. Because of these unique capabilities, engineers may 
design structures that are both light and strong, as well as assemble several 
components into a single 3D printed item that can be functionally used. 
With the goal of providing an overview of existing AM methods and a fun-
damental scientific knowledge of this growing technology, the course is pre-
pared. In the previous several decades, 3D printing technology has grown 
rapidly, enabling a wide variety of inventive projects and new production 
and prototype procedures [1]. To create a three-dimensional object, addi-
tive manufacturing uses material to build it from the ground up. Originally 
designed for fast prototyping, this manufacturing service has expanded 
over the years to serve a broad range of sectors and is increasingly gaining 
traction as a tool for mass customization of complicated end products. The 
evolution of 3D printing technology may be summarized as follows: 

1800s – Early additive manufacturing concepts began in the 1800s, and 
3D scanning concepts began to take form in their own unique manner. 
When François Willème created “photographic sculpture” in 1859, he used 
24 cameras at various angles to create 3D representations of humans. This 
method of making three-dimensional topographical maps was first pat-
ented in 1892 by Joseph E. Blanther.

1990s – Technologies developed and innovations grew. Many new tech-
nologies emerged in the 1990s, including Direct Metal Laser Sintering and 
Binder Jetting. The development of bioprinting, which uses 3D printing to 
precisely arrange layers of cells and their supporting structures to generate 
functional tissue, also started around this time. Researchers at Wake Forest 
University’s Institute for Regenerative Medicine developed a human blad-
der in 1999, making it the first organ to be grown using stem cells. As a 
result, they 3D printed the bladder using synthetic, biodegradable scaffolds 
that were covered with the patient’s own cells. Medical 3D bioprinting and 
printing would be able to take form as a result. Machine prices began to fall 
in the early 2000s, and 3D printing became more widely available. With 
rapid prototype (RepRap), Adrian Bowyer created the first low-cost desk-
top printer capable of printing its own components for building a second 
version of itself. RepRap’s “Darwin” was initially published in 2007, and 
there are now innumerable variations of the printer.

2000s – Increase in accessibility to 3D printing. Because Shapeways makes 
high-quality 3D printing technology available to people and companies, 3D 
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printing services like Shapeways have grown in popularity. There are a lot 
of cutting-edge technologies and 75+ materials available via Shapeways’ 
services for designers and companies to use. Because of the internet, 3D 
printing has become more widely available to anyone who wants to make 
use of it. More and more firms are turning to 3D printing and Shapeways to 
create high-quality items in-house rather than paying for expensive outside 
vendors [2].

4.2  THE NEEDS OF ADDITIVE MANUFACTURING

•	 Create parts with greater complexity: In contrast to conventional 
manufacturing processes, additive manufacturing may produce more 
complex components with increased functionality. Typical straight 
cooling channels in injection molds, for example, result in a slower 
and less uniform cooling of the finished product. A more uniform heat 
transmission may be achieved by re-designing the cooling channels 
using 3D printing to produce more complicated or curved designs. As 
a consequence, the cooling qualities of a mold are enhanced, resulting 
in better quality components and longer mold life [3].

•	 Minimal material waste: Tools such as lattice structures and topology 
optimization may help accomplish this goal to some extent. Topology 
optimization may be used to determine the ideal form for a compo-
nent and reduce unneeded material without affecting its structural 
integrity. Rather than adding more material, subtractive approaches 
would merely remove the existing one.

•	 Simplified assembly: A third game-changing advantage of additive 
manufacturing is the ability to consolidate parts. Traditional manu-
facturing necessitates the production of several components before the 
final product is assembled. It is possible to create a full unique item in 
one go because of 3D printing’s ability to combine several tiny parts 
into one larger one. As a result, the assembly process is greatly reduced 
or eliminated at times. A consolidated part removes the need to pro-
cure and store extra subcomponents or replacement parts, therefore 
decreasing inventory and maintenance expenses.

•	 Material innovation: In recent years, new materials have been devel-
oped thanks to advances in material science. TPU filaments and metal 
superalloy powders are two examples of 3D printing materials that 
are difficult to process or mold. 3D printing using thermoplastics 
developed for engineering purposes is shown here. To save weight and 
money, some of these high-performance materials may even be used 
in place of metal components.

•	 Cost-effective customization: By making design iterations swift and 
inexpensive, 3D printing opens up hitherto unimaginable vistas of 
personalization. It takes much less time to produce components using 
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additive manufacturing than with traditional subtractive methods. 
This implies that corporations will be able to develop customized 
items more quickly and cost-effectively in the future [4].

•	 Minimum support structures: Part orientation is one of the most 
advantageous features to consider while creating a design for 3D print-
ing. A shorter printing and post-processing time and fewer supports 
are also possible when component orientation is carefully considered 
during design. To save time and materials, it’s best to use as few sup-
port structures as possible when designing complicated 3D printed 
items. By doing so, post-processing may be faster and less wasteful.

4.3 � CLASSIFICATION OF ADDITIVE MANUFACTURING  
TECHNOLOGIES

	 1.	Binder jetting: Alternating layers of finely ground powdered material 
and liquid binder are applied by way of 3D printing-style heads that 
move in all three directions.

	 2.	Directed energy deposition: Ceramics, metals, and polymers are just 
a few of the materials that may be utilized in additive manufacturing 
using direct energy deposition. It’s possible to build up material by 
using a horizontally moving beam of an electric arc, a laser, or an 
electron beam cannon.

	 3.	Material extrusion: These polymers are spooled and used in an AM 
process that either extrudes or draws them via a heated nozzle on a 
moving arm. As the nozzle and bed move vertically and horizontally, 
the melted material is built up layer by layer. Thermal or chemical 
bonding agents are used to keep the layers together.

	 4.	Powder bed fusion: AM methods such as direct metal laser melting, 
selective laser sintering, selective heat sintering, and electron beam 
melting are all part of powder bed fusion. Using electron beams, 
lasers, or thermal print heads, thin layers of material are melted or 
partly melted, and superfluous powder is blasted away.

	 5.	Sheet lamination: Laminated object manufacturing (LOM) and 
ultrasonic additive manufacturing (UAM) are two methods of sheet 
lamination. In order to create visually appealing products, laminated 
object manufacturing employs alternating layers of paper and glue. 
It is possible to weld aluminum, stainless steel, and titanium using 
UAM, a low-energy, low-temperature procedure that employs ultra-
sonic welding to unite metal sheets.

	 6.	Vat polymerization: The item is built layer by layer in a vat of liquid 
resin photopolymer. In order to cure consecutive layers of resin using 
photopolymerization, mirrors are utilized to focus ultraviolet light.

	 7.	Wire arc additive manufacturing: Welding arcs are used in conjunc-
tion with manipulators to form 3D shapes using arc deposition. Using 
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a predefined route to construct the desired form, it is often done using 
wire. Robotic welding equipment is often used to execute this kind of 
additive manufacturing.

4.4  AM TECHNOLOGY IN PRODUCT DEVELOPMENT

One of the first steps in product development is prototyping. Prototyping a 
product might take a long time, depending on the complexity of the final prod-
uct. A significant amount of time may be saved by using 3D printing. A printed 
object speeds up the product development process significantly, regardless of 
whether it is used to create a functioning or just aesthetic prototype. Picture 
showing an investor or prospective consumer an early prototype of your new 
product before it is ready to be released in the market. With 3D printing, this 
is possible [5]. Having something tangible in your hands, rather than just a 
picture on a computer screen or printed on paper, may do wonders when it 
comes to creating an impression on a potential employer. In addition to saving 
time and money, 3D printing can manufacture items in a manner that was 
previously unimaginable. From safety gear to prosthesis, custom-made items 
are available. Multiple iterations in fast succession allow for all problems to 
be ironed out before the product goes into mass production. Innovators would 
be well to embrace 3D printing as the new wave of manufacturing. Inventors 
who don’t possess a device of their own may still benefit from the technology, 
and there is no excuse for not using it to its utmost potential.

4.5  MATERIALS FOR AM TECHNOLOGY

	 1.	Biochemicals: Silicon, calcium phosphate, and zinc are examples of 
biochemicals that are used in AM. Additionally, bio-inks that are pro-
duced from stem cells are now being researched. These materials are 
often utilized for medical-related purposes.

	 2.	Ceramics: AM makes use of a wide variety of ceramics, such as alu-
mina, tricalcium phosphate, and zirconia, in addition to powdered 
glass, which, when combined with adhesives and baked, may produce 
new varieties of glass products.

	 3.	Metals: The additive manufacturing technique uses a variety of met-
als and metal alloys, including gold, silver, stainless steel, and tita-
nium. These are used to make jewelry and aeronautical metal parts.

	 4.	Thermoplastics: There are a wide range of thermoplastic polymers, 
each with its own benefits and uses that are routinely utilized in addi-
tive manufacturing. Plastics such as acrylonitrile-butadiene-styrene 
(ABS), polylactic acid (PLA), and polycarbonate (PC) may be used to 
give brief support before being dissolved, as can water-soluble polyvi-
nyl alcohol (PVA) [6].
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4.6  APPLICATIONS OF AM

Wearable technology (WT) demands are comparable to those of AT, but 
product strength and fatigue resistance aren’t quite as high. SLA or DLP 
may be used for tiny products that need high resolution and strong surface 
finish, whereas FFF can be used for bigger objects where low resolution and 
surface quality are not a problem. The more costly MJ, on the other hand, 
has excellent resolution and a smooth finish. MJ, SLA, and DLP products 
are vulnerable to UV and heat damage. Printing several materials simulta-
neously is possible with FFF and MJ, which is a benefit. Some SLA printers 
can also print multi-materials; however, this isn’t normal for this kind of 
printing. 

Hand tools: When suitable for public usage, tool handles and pHMIs 
need to be sturdy, fatigue resistant, and perhaps disinfection fluid resis-
tant. High-resolution, complex-geometry printing may be necessary for 
pHMI, whereas tool handles need a strong strength-to-weight ratio [7]. 
Multimaterial printing and a high-quality surface finish may be beneficial 
to both industries. 

Assistive technologies: When designing prosthetics, orthoses, and exo-
skeletons, it is important to consider their capacity to tolerate strong stresses 
and frequent usage, as well as their biocompatibility of portions that come 
into contact with skin. Additionally, it is possible that disinfection fluid 
resistance and huge construction volumes, complicated geometry, a good 
surface polish, and an affordable end-product pricing will be critical con-
siderations. Where extremely high forces are present, PA and TPU printed 
with SLS or titanium produced with SLM/DMLS/EBM is most suited to 
meet these requirements. PA and TPU FFF is only suitable for non-load-
bearing components that are not subject to recurrent mechanical loading 
because of the anisotropic nature of printed products. 

Medical devices: The sterilizability and physical and mechanical features 
of medical equipment used in invasive operations must be maintained fol-
lowing sterilization, as well as their biocompatibility. It is critical that they 
be impact- and mechanical stress resistant. Surgeons’ tools, on the other 
hand, must be fatigue resistant, strong for their weight, and have a high 
surface polish in order to be effective during surgery. Biological inertness 
is often required for medical equipment, yet intricate geometric forms are 
also a plus [8].

4.7  REVERSE ENGINEERING

Through the combination of 3D printing and reverse engineering, it is pos-
sible to create an exact copy of an existing item or component. Scan a 3D 
item and convert it into a file that can be 3D printed to produce an identical 
copy or a piece of spare equipment. Many old machines are sitting idle in 
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the manufacturing industry because certain components have failed and 
the firm has been unable to get them from the original manufacturer. It is 
possible to scan and 3D-print the components in such circumstances, which 
would allow the equipment to work again. Some of the numerous fields that 
use reverse engineering include aerospace and defense as well as general 
engineering. As a result of reverse engineering, outdated components that 
are no longer manufactured, complicated existing parts that don’t need to 
be designed in CAD software, reduced machine downtime, improved effi-
ciency of existing parts, and cost savings may all be realized [9]. The steps 
for reverse engineering are 

(i) Determine units and take part dimensions: The first step in reverse 
engineering is to figure out what units are being used. In order to determine 
whether or not a piece is in the Metric or Imperial system of measure-
ment, gather information about where it was manufactured and created. 
Take data from the existing portion after you’ve figured out what units are 
being utilized. Begin by obtaining measurements of the main body’s length, 
breadth, and diameter. 

(ii) Plan for your design and understand the object thoroughly: The next 
step is to begin designing needed 3D metal printing design. Understanding 
the object’s complicated form is essential for certain goods. If the compo-
nent is part of an assembly, you must ensure that the functioning of the 
part does not interfere with the interrelationship of the other parts. During 
disassembly, keep an eye out for the pieces’ fit and feel. Having a clear idea 
of what you’re doing from the beginning will make it much simpler to plan 
and create. 

(iii) Laser-scan and start CAD designing: 3D scanning technology 
such as laser scanners, structured light digitizers, or industrial CT scan-
ning must be used to capture the actual component or item. A polygonal 
model is created using the point cloud or mesh that was acquired from 
the scanner by CAD software packages. Clean, smooth, and accurate 
mesh is produced as the result of mesh cleaning and sculpting. The next 
step is to identify any design problems in the CAD model, as well as 
any necessary design revisions. In addition, you must identify the regions 
where printing alterations are needed, such as the addition of support 
structures in areas where there is a danger of breaking. Stacked 2D layers 
are created from the 3D CAD model by converting the model to an STL 
file. In order to send the STL file to the printer, a specific piece of machine 
software is used. 

(iv) 3D-print the CAD file: In the last stage, all you have to do is send 
the STL file to a 3D printer and wait for the 3D item to be printed out. The 
printer is configured with printing settings once the file and material are 
loaded. The material is deposited layer by layer by the 3D printer to form 
the model. Second layer: The powder is added to the first layer after it has 
been built. Repeat this procedure until the project is finished [10]. Finally, 
post-processing takes place, and the final product is sent out.
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4.8  DATA PROCESSING FOR AM

There are several procedures that may be utilized to make a three-dimen-
sional item using the phrase 3D printing. Layers of material are laid down 
by a machine that is directed by a computer. Virtual designs and all the 
measurements required to make a real thing are created using CAD soft-
ware. Alternatively, a 3D scanner may be utilized to build the template for 
printing if there is already an item in existence. The usage of 3D scanners 
and 3D printers is on the rise. They are used in gadgets like the Kinect 
for Xbox or smartphones that employ scanners to collect hand gestures as 
command functionalities by companies like Microsoft and Google. This 
technology will soon make it possible to create a 3D item by taking a photo 
and uploading it to an online 3D printer. Even while some types of 3D 
printers cost thousands of dollars, there are currently several that are inex-
pensive enough for home usage to be practical. The computer divides the 
picture into a large number of horizontal layers, which are subsequently 
transferred to the 3D printer. The printer builds a 3D picture by laying 
down layers of material. To suggest that this technology is a significant deal 
in product development would be an understatement [11].

4.8.1  CAD model preparation

Prior to printing a product, the designer must first construct a 3D model of it 
using CAD software or a 3D scanner. Since the component is a reproduction 
of the 3D model, it is critical that all of its exterior geometry be described 
precisely [12]. Designing for additive manufacturing may be more flexible 
than designing for traditional manufacturing techniques, but there are still 
constraints and standards to follow when designing for the best outcomes. 
AM can print complicated pieces. Each additive manufacturing process and 
material has its own design guide. AM technology service providers and 
equipment manufacturers both provide substantial design guidelines. 

Part orientation and support generation: The CAD file is converted by the 
user into a standard AM file format known as standard tessellation language 
(STL). This format was established by 3D Systems in the late 1980s specifi-
cally for use in their stereolithography (SLA) manufacturing equipment.

4.8.2  Model slicing

In order to produce the item, the 3D printer uses the STL file’s coarseness 
setting. Of course, as the triangles become smaller, the approximation gets 
better, resulting in higher-quality prints. However, the number of triangles 
required to cover the surface grows as the triangle’s size decreases. There is 
a chance that this may produce enormous STL files, which certain slicing 
tools will find difficult to deal with as sharing or uploading such large files is 
difficult as well. The appropriate balance between file size and print quality 
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is thus very essential. This cannot be done forever, since the human eye will 
be unable to distinguish between the many print quality variations. In most 
CAD programs, you may choose from a variety of options for exporting 
STL files. The size of the facets, and hence the print quality and file size, 
may be adjusted using these options. On the left, a perfect spherical surface 
is approximated by tessellations, as seen in this image [13]. The coarse model 
shown in the image to the right is the consequence of using large triangles as 
shown in Figure 4.1. The image in the middle, on the other hand, makes bet-
ter use of smaller triangles and so provides a more accurate representation.

4.8.3  Tool path generation

CAD tools are required to model and integrate the linkages between 
construction processes and structures and their associated properties for 
each kind of material and procedure. Deposition route topology and fair-
ness have a significant impact on the quality of AM-produced materials. 
Vacuum or gaps may form between neighboring passes or layers when a 
poorly designed route is used. Two common toolpath planning procedures 
in AM technology are seen in Figure 4.2: they are zigzag pattern and the 

Figure 4.1 � Model slicing.

Figure 4.2 � Tool path in AM technology.



56  Mechanical Properties and Characterization of Additively

contour offsetting pattern. The zigzag route pattern and the contour offset-
ting path pattern are both discontinuous, which may lead to overfilling at 
turn points and uneven surfaces during deposition. An acceleration and 
slowing occurs at the turning locations as a result of the irregularity of the 
zigzag and contour offsetting paths [14].

4.9  SOFTWARE FOR AM – MIMICS, MAGICS

The use of additive manufacturing software, or AM software, facilitates 
effective 3D printing tasks by preparing all work, optimizing designs, low-
ering design to production lead times, and reducing the total cost of opera-
tions via minimum printing time and material usage.

For 3D printing, additive manufacturing software transforms CAD data 
into a format that can be used by the printers. When preparing for print-
ing, a number of steps are taken: optimization techniques, constructing 
adequate supports to avoid build failure, simulations of different printing 
strategies, determining the optimal print strategies and scan-path calcula-
tions. Then, everything is sent to the printer and printed! Adhesive manu-
facturing software may also assist your firm manage the order turnaround 
time and optimize machine utilization rates by tracking the workflow of an 
additive manufacturing process.

Printing three-dimensional products from a digital design is referred to 
as additive manufacturing, or 3D printing. At the conclusion of the design 
cycle, you may use additive manufacturing software to try out different 
ideas and see how they print. Metals, ceramics, foams, and gels are the 
most often utilized additive manufacturing materials, as are polymer com-
posites and metals.

Features of CAD software for additive manufacturing include the fol-
lowing: Use numerous elements and specs to create a 3D model of the 
final product. Simulation: Use topology optimization and lattice struc-
tures to uncover a material arrangement that can be optimized within a 
particular design space, utilizing specified loads, boundary conditions, 
and restrictions. Simulation: Keep track of which 3D printing projects 
have been ordered, how long they’ve been printing, and whether or not 
they’re ready to be dispatched. Consider the cost of each work, the time 
it will take to complete, and the supplies required. Offer an estimate 
for a certain order of 3D printing parts. Orders: Manage them. Get an 
overview of all of the current production orders and any shipments of 
materials such as alloys, elastomers, and plastics required to finish the 
project. Make sure that all machines are set up and ready to go at dif-
ferent times of the day to optimize throughput. Improve machine plan-
ning by ensuring that the personnel, equipment, and materials required 
for the specified construction time are available at the moment they 
are needed. The amount of material generated during a manufacturing 
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run may be managed using batch management software. Ascertain that  
sufficient materials are on hand to fulfill all manufacturing runs. To keep 
manufacturing costs down, group together comparable production tasks. 
Post-processing: Ensure orders are processed and sent to the correct  
parties for distribution.

4.10 � TECHNOLOGIES IN ADDITIVE MANUFACTURING

4.10.1  Liquid-based system (SLA)

Among stereolithography machine’s components are the following: in order 
to create the component in layers, a laser source is needed. A container is 
filled with liquid resin, and when the laser lands on the resin, it solidifies. In 
order to construct parts, you need a platform. The platform is able to move 
in both directions. Thus, the platform travels down throughout component 
creation so that fresh layers of liquid resin solidify on top of the previous 
hardened layers. Figure 4.3 depicts the SLA’s process flow diagram. When 
the laser arrives, it will fall onto the liquid resin above the platform, where 
it will vaporize. Liquid resin on top of the platform is hardened as a result 
of the laser action. A fresh layer of liquids solidifies on top of the previous 
one as the platform descends. It is via this process of layering that the plat-
form is lowered and the product is raised to the surface [15]. It is possible to 
make precise parts with a smooth surface using the SLA method because of 

Figure 4.3 � SLA process.
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the reduced material waste. As opposed to more traditional methods, this 
one needs much more effort and money up front. Among the uses of SLA 
are investment casting patterns, rapid tooling, jigs, and fixtures; scale and 
exhibition models; optical and transparent coverings; molds and casting 
patterns; and rapid tooling.

4.10.2  Solid-based system (FDM)

Using a polymer filament inserted into an extruder nozzle and heated to 
a high temperature, FDM is an additive manufacturing process that cre-
ates a component as shown in Figure 4.4. Layers of filament are applied 
to a building platform and heated before being extruded into an object. 
This technology, which is both inexpensive and dependable, has witnessed 
a surge in popularity in recent years, thanks to the proliferation of desktop 
consumer versions. Its advantages include inexpensive cost, ease of usage, 
and little post-processing requirements. It is true that bad surface quality 
and low resolution are the main drawbacks of FDM [16]. Among the pos-
sible uses are: models for product dimensions and functional validation; 
parts made from certified aeronautics materials; the ability to chromate 

Figure 4.4 � Fusion deposition modeling process.
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ABS components; the production of small series (low-volume manufactur-
ing) of pieces; and the production of lower-cost components.

4.10.3  Laminated object manufacturing

The construction platform is illustrated in Figure 4.5. The illustration is 
used to roll out sheets of material for laminated item manufacture. To melt 
the glue, a feeding roller is used to cover the materials with an adhesive coat-
ing. Using this method, each layer may then be bonded to the one before it 
in order to construct an item from scratch. The object’s shape is drawn out 
using a blade or laser, and extra material is cross-hatched to make waste 
removal easier.

Layers are bonded in place and measurements are drawn before moving 
the construction platform down to insert another layer of material using 
the hot roller. This procedure is continued until the model or prototype is 
finished. Sanding may be necessary if a printed product is made of layers 
of paper, which have wood-like qualities. Paint or lacquer is often used to 
seal paper things to keep out moisture. It is possible to produce prototypes 
and other items quickly and cheaply with the help of the LOM. With the 
use of a computer-generated model of a product, companies may rapidly 
produce a prototype from affordable materials like paper, which makes it 
superior to other production techniques, such as 3D printers [17]. With the 
LOM technique, it is possible to build both solid and hollow items, including 
huge components, quicker and at a lower cost than with ordinary additive 
manufacturing. Large pieces may be produced with relative ease since no 

Figure 4.5 � �LOM process.
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chemical reaction occurs during the construction process, and no support 
material is required because the laminated material supports itself while 
curing before the finished product is cut off. Paper models have wood-like 
properties, which means that they may be manipulated and polished in the 
same manner as wood models. However, there are still some drawbacks. 
Due to the fact that LOM is a subtractive process, it is more difficult to 
create complicated geometric designs than it is with other 3D printing tech-
niques. This is due to the fact that accessing and removing extra material 
from inside an item is not always viable. As a result, interior structures and 
undercuts might be challenging to implement when working with LOM. In 
comparison to stereolithography and selective laser sintering, LOM delivers 
less dimensional precision. In addition to having a poor surface polish, LOM 
components and delicate paper parts may have limited strength, depending 
on the material used. Untreated paper LOM components may also easily 
absorb moisture. The speed and cheap cost of LOM make it a good choice 
for conceptual prototyping in spite of its drawbacks. Color inks and paper 
may also be used to make affordable but eye-catching 3D advertising goods, 
while laminated object manufacturing can be used to construct scale models.

4.10.4  Selective laser sintering (SLS)

An additive manufacturing process known as selective laser sintering (SLS) 
may be used to create powder bed printing devices. By layering nylon pow-
der over a laser-fused CAD model, it builds up the part’s shape from the bot-
tom up, working its way up from the part’s center. An industrial 3D printing 
technology known as selective laser sintering (SLS) is capable of produc-
ing accurate and quick prototypes and functioning production components 
within a matter of hours or even days [18]. Various nylon-based materials 
may be used to make very durable end products. Layer by layer, the SLS 
machine starts sintering each piece of geometry into a hot bed of nylon pow-
der. Rolling over the bed of powder is done after each layer has been bonded. 
Layer by layer, the construction progresses is illustrated in Figure 4.6.

To break the powder bed apart and remove its assembled components, 
a breakout station is used. This station raises the powder bed so that it 
may be smashed apart. The bulk of the loose powder is removed manually 
with a first brushing. Bead blasting is used to remove any leftover powder 
residue from the parts before they are sent to the finishing department for 
final polishing.

Selective Laser Sintering’s advantages include its low cost, high degree of 
size and form precision, suitability for certain functional tests, and ease with 
which it can copy complicated geometries. The most important ones are 
included below [18]. There are a vast number of products and uses for selec-
tive laser sintering, which is employed in a wide range of fields. Aerodynamic 
components, fans, and smaller turbines are often made using this material. 
Interior parts of automobiles are often made of this material as also hinged, 
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electrical housings, and sporting equipment. In addition to being a common 
option for tubing in a wide variety of sectors, such as automotive, aerospace, 
medical, and oil and gas, it has a wide variety of materials and qualities.

4.10.5  Laser-engineered net shaping (LENS)

On top of the moving substrate, the deposition nozzle is shown to be station-
ary as shown in Figure 4.7. The deposition nozzle forms a melt pool on the 
substrate surface, then quickly distributes powdered material into the region 
through a tight dry powder stream. There is a molten pool that develops 
around the deposition nozzle axis, which solidifies as the substrate passes 
over it. Control over grain structure enables the method to be used to repair 
high-quality, functioning components. Although repair applications may 
sometimes compromise speed for high precision and a predetermined micro-
structure, a balance is required between surface quality and speed [19].

4.10.6  Electron beam melting

Using an electron beam to melt a powder bed is known as Electron Beam 
Melting (EBM). In contrast to Laser Powder Bed Fusion (LPBF), an electron 
beam is used to fuse metal particles and build the required portion layer by 
layer. Since the heat source utilized in LPBF technology is different, this is 
the major difference. An electron beam is generated by an electron cannon 

Figure 4.6 � Selective laser sintering process.
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in this instance of EBM technology. Under vacuum, electrons are extracted 
from the filament and projected at high speed onto the metallic powder 
layer formed on the 3D printer’s build plate. Those electrons will then be 
able to selectively fuse the powder, resulting in the creation of the compo-
nent. The first step is to generate a 3D model of the desired component. 3D 
scanning, CAD software, or downloading a model of your choosing are all 
options for creating a model of it. This model is then submitted to a slicer, 
which will cut it according to the physical layers of material that have been 
deposited during the course of the 3D model. It will then transfer this infor-
mation straight to the 3D printer, which may then begin the production 
process itself. The machine’s tank may be filled with metal powder in the 
manner seen in Figure 4.8.

Figure 4.7 � LENS deposition.

Figure 4.8 � Electron beam melting process.
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The electron beam will fuse the tiny layers of material that have been 
deposited. It’s at this point that the 3D-printed part’s cantilever sections 
get a boost in support. As many times as required, the machine repeats 
these operations in order to produce the full component. Using a blowgun 
or brush, the operator takes the finished product from the machine and 
disposes of the unmelted powder. Afterward, the printing supports may be 
removed and the component detached from the construction platform as 
shown in Figure 4.8. Surface machining, polishing, and other post-printing 
procedures are possibilities. Aeronautics and medical implants are two of 
the most common uses of EBM technology [20]. Titanium alloys are espe-
cially noteworthy because of their biocompatibility and mechanical quali-
ties, which allow them to be both light and strong. To create turbine blades 
or engine elements is a common usage of CAD technology. Parts can be 
made more quickly using Electron Beam Melting than with Laser Powder 
Bed Fusion (LPBF), but the process is less precise and the finish is worse 
since the powder is more grainy, making things quickly. The electron beam 
is capable of heating the powder in many locations at once, resulting in a 
considerable increase in manufacturing speed. A laser, on the other hand, 
has to go across the whole surface in one pass. When the power is preheated 
before melting, it is less likely to distort, which means fewer reinforcements 
and supports are needed throughout production. Compared to the laser, the 
electron beam is a bit less precise at the powder level.

4.11  CONCLUSIONS AND FUTURE OUTLOOKS

The new technology and materials are developed constantly for additive 
manufacturing to keep the demand of the market to get the desired char-
acteristics based on the application requirement. With this technological 
advancements, single-step fabrication of machines and components is pos-
sible. At present, 4D material printing is in its beginning stage in most 
of the countries. Researchers are involved in developing smart materials 
which are capable of adopting the requirements based on the surroundings. 
A dedicated 4D printing technique and printers may be developed for some 
critical applications in the field of medical applications. Biocompatible and 
biodegradable smart materials may be printed with a new and dedicated 
printing setup in organ and tissue engineering followed by cell culturing 
and implantations.
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5.1  INTRODUCTION

The long-term use of a biomaterial in a system to treat or replace tissue, 
organ, or physiological function is a significant concern. From a physi-
ological standpoint, few materials are fully inert; most materials have a 
spectrum of components that may be harmful or irritating. Settling the sub-
stance may potentially result in adverse effects due to chemical reactions. 
There are a number of conditions that must be met before a biomaterial 
may be employed in an application. Different organizations and researchers 
suggest various tests to validate this functionality [1]. These tests should be 
done as indicated to verify this feature. Tests like this are used to determine 
the safety of experimental substances for human clinical use by following 
a series of research protocols published and controlled in various countries. 
A biomaterial’s biocompatibility can be defined as the “ability of a biomate-
rial to perform its desired function concerning a medical therapy, without 
eliciting any undesirable local or systemic effects in the recipient or benefi-
ciary of that therapy, but generating the most appropriate beneficial cellular 
or tissue response to that specific situation and optimizing the clinically 
relevant performance of that therapy” [2].

AM includes the computer-controlled layering of material layers to pro-
duce complex-shaped structures. CAD (Computer-Aided Design) software 
or biomedical imaging techniques can help. It may be used to generate 3D 
models, allowing the building of 3D structures unique to each person. Initial 
application of STL, which stands for “Stereolithography” and “Standard 
Tessellation Language.” This is done for the AM machine to use it. After 
mesh data is given to the machine, the sequence of material deposition is 
established by digitizing and slicing the mesh data into 2D layers [3].

The ISO/ASTM 52900:2015 standard describes additive manufacturing 
as follows: Methods that may be employed include directed energy depo-
sition, material extrusion, sheet lamination, binder jetting, powder bed 
fusion, material jetting, and vat photopolymerization [4]. This group of 
methods permits the manufacturing of TE structures with patient-precise 
designs that are likewise customizable to the surgeons who will use them. 
Due to the capacity to control the size and shape of the pores, these scaf-
folds may be constructed to possess the same structural, physical, and bio-
logical properties as native tissue [5].

5.1.1 � Levels of biocompatibility assessment of AM materials

The goal of biocompatibility testing has been to make a broad set of bio-
logical tests for biomaterials so that researchers can compare the results of 
different studies with more confidence and accuracy. The exams at levels I, 
II, and III are categorized as primary (level I), secondary (level II), and pre-
clinical (level III) [6]. These three groups correspond to tests, which exam-
ine the cytotoxicity and irritant potential of systemic toxicity in animals via 
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intramuscular or subcutaneous implants and use tests by observing tissue 
reactions after insertion of the material into human teeth.

Level I examinations might involve in vitro and in vivo testing. The quali-
ties of a chemical may be studied in a culture of living cells utilizing in vitro 
testing. Several formerly believed cytotoxic substances may be changed or 
their use limited. For in vivo testing, substances are implanted into rats and 
rabbits and studied over time to see how the implanted chemical affects the 
tissues.

Various results were discovered in clinical investigations. In vitro stud-
ies have shown no impact, less harm, or severe damage. This highlights 
the value of in vivo research, but it does not diminish the significance of in 
vitro studies. This is a notable disparity. In vitro research may still be used 
to study adverse reactions seen in clinical research. In vitro cell cultures 
lack the complex physiology necessary for multitasking by living organ-
isms. Consequently, a biomaterial that may buffer the fluid and cellular 
systems of an organism may not operate in vitro but may be safe and effec-
tive in vivo. Both in vitro and in vivo studies are necessary to accurately 
determine the toxicity of complex compounds through laboratory assess-
ment of the biocompatibility of materials that have been manufactured by 
AM processes.

Cytotoxicity testing is one of the fastest, most accurate, and most often 
used procedures for identifying whether a substance is hazardous or has a 
high concentration of chemicals that might be harmful to people. Due to 
the separation of cells and the lack of physiological processes that protect 
cells in vivo, it is possible to achieve a high degree of sensitivity. Utilizing 
a physiological solution that can extract a wide range of chemical struc-
tures, not just those that are water soluble, is the ideal strategy for remov-
ing chemicals from potentially released materials. Cell lines generated from 
human and mouse fibroblasts, lymphocytes, keratinocytes, mouse odonto-
blast-like cells, mouse macrophages, and rat submandibular salivary gland 
acinar cells may be used in cytotoxicity research.

Level II substances are evaluated on animals by breathing a compound 
that may cause, among other consequences, systemic toxicity and cutane-
ous irritation. The drug is administered subcutaneously or intramuscularly. 
Skin toxicity assessments are required because people are exposed to so 
many toxins daily. The toxicity may be reduced by exchanging or diluting a 
dangerous agent with a less toxic one.

Before using novel materials on people, animal studies must be conducted 
to understand how they affect living beings. These studies are expensive, 
controversial, and challenging to carry out. Numerous features of clini-
cal and biological processes are not replicable in vitro. These results from 
animal studies do not represent a risk to human health. Animal research is 
less expensive, takes less time, and is subject to more laws since it may be 
arranged similarly to human clinical trials. There is a chance that animals 
might be exposed to substances or breakdown products that people find 
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undesirable. Embryos and “children” may be investigated in ways that are 
not possible with human subjects, and reactions that are unethically chal-
lenging or impossible to test on people can be explored on animals.

Biomaterials are primarily determined by their functionality and com-
patibility with living organisms. The human host has been the last test 
for these characteristics in several respects. If a chemical is “biocompat-
ible,” it is incapable of causing mutations or influencing inflammatory 
mediators in a way that causes systemic reactions such as poisoning, tis-
sue damage, or other similar consequences. These goods must not include 
allergens that might trigger allergic reactions in those sensitive to them. 
After a chemical has cleared stages I and II, it should be tested on humans 
(level III) to see how it performs in the real world and also to test its harm-
ful effects.

5.2 � BIOCOMPATIBILITY EVALUATION OF AM MATERIALS

5.2.1  Direct cytotoxicity assay

To assess direct cytotoxicity, mouse fibroblast 3T3 cells were grown for 
24 hours on the surface of samples. The same circumstances and medium 
were used for cell growth in the indirect cytotoxicity test. Following a 
10-minute pre-incubation in culture media, 4,104 cells were spread over 
each plate. According to the manufacturer’s instructions, the live/dead cells 
were assessed through a viability/cytotoxicity test to evaluate if the cells 
were still alive after 24 hours using equations (5.1 and 5.2) [7,8]. The sam-
ples with attached mouse fibroblast 3T3 cells were rinsed with PBS and 
stained for 30 minutes in the dark at room temperature with 2 mol/ethid-
ium homodimer-1 and 4 mol/calcein-AM dissolved in PBS. Using fluores-
cence microscopy, the samples were then investigated. Using a comparison 
of images of living (green) and dead (red) cells, the toxicity of the chemical 
was determined. Before SEM analysis, the cell-seeded samples were washed 
in PBS and then fixed at room temperature for 30 minutes in a glutar-
aldehyde solution containing 2.5% glutaraldehyde. After dehydrating the 
samples in a gradient of ethanol/PBS solutions for about 10 minutes, they 
were air-dried in the room. The SEM was then used to investigate the shape 
of the adherent cells on the surface of the sample.

	 Cytotoxic reactivity (%)  
Control treated

Control
100= −








× 	 (5.1)

	 Viability of MG 63 cells (%)    
Treated
Control

  100− = 







× 	 (5.2)

All compounds displayed moderate cytotoxicity against MFCs, with a dis-
cernible trend toward increasing cell viability from day 1 to day 7. E-Guard 
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clear and Dental LT had the most significant cytotoxicity among the groups, 
while the material exhibited the least [9]. On day 7, Invisalign demonstrated 
the highest degree of cell viability and no cytotoxicity (94.07% of cell via-
bility). There was no statistically significant difference between Dental LT 
and E-Guard material regarding viability percentage. The material (poly-
urethane) was more biocompatible than directly printed aligner materials 
(polymethylmethacrylate) [10]. All substances exhibited a higher level of 
cytotoxicity on the first day and a decreasing trend after that. Despite the 
low degree of cytotoxicity, the results indicate an increase in material leach-
ing throughout the initial term of usage. Direct interaction of the tested 
material with the ADT test resulted in the absence of harmful effects on any 
cell culture. The tested substance had no cytotoxic effect on both cell lines 
after 3 days of eluate extraction using the MTT assay. Still, it exhibited a 
moderate cytotoxic impact after 5, 7, and 21 days.

5.2.2  Indirect cytotoxicity assays

Using indirect cytotoxicity assays, the samples’ toxicity was determined. 
Each sample was put through three tests. In each well of a 96-well plate, 
3,000 murine fibroblast 3T3 cells were placed. Following 12 hours of cell 
growth, the sample extracts were applied. Using the MTT test, the cell 
viability of samples collected at 0, 24, 48, and 72 hours was determined 
(Sigma). As a negative control, an unmodified DMEM culture media was 
used. The MTT test was then conducted by the manufacturer’s instructions. 
Then, a reagent, 20 μL of MTT (5 mg/mL in Phosphate-Buffered Saline, or 
PBS), was put to each well of the 96-well plate containing 200 μL of culture 
media at various intervals, and the dish was allowed to rest for 3 hours. The 
medium was withdrawn to dissolve the formazan crystals, and 300 μL of 
dimethyl sulfoxide (DMSO) was added to each well [11]. Then, 200 μL of 
the colored solution was transferred to a fresh 96-well plate. After measur-
ing the absorbance of each well with an EL 800 plate reader (Biotek, USA) 
at 570 nm, the results were analyzed using GEN 5 software (Ver 1.08.4).

5.2.3  Antibacterial evaluation of AM scaffolds

Using the agar contact method and a growth-inhibition experiment in a liq-
uid media, bacterial activity against Staphylococcus aureus and Escherichia 
coli was evaluated in vitro. The agar diffusion technique may demonstrate 
that scaffolds possess antibacterial properties by examining the bacterial 
inhibition zone. Ag@Polycaprolactone/Gel and Ag/Zn@Polycaprolactone/
Gel exhibit prominent antibacterial activity against S. aureus and E. coli, 
while PCL/Gel and Zn@Polycaprolactone/Gel do not exhibit any evident 
antibacterial behavior [12]. For Ag@Polycaprolactone/Gel, the diameters 
of the zones of inhibition for E. coli were 1.82 cm, and for S. aureus, 
they were 2.43 cm. Ag/Zn@Polycaprolactone/Gel inhibited the growth 
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of E. coli (2.290 cm) and S. aureus (4.190 cm) more effectively than Ag@
Polycaprolactone/Gel. A similar conclusion was reached in the growth-
inhibition test: magnetron sputtering significantly enhanced the antibacte-
rial action. In terms of destroying bacteria, Ag/Zn@Polycaprolactone Gel 
was 97% efficient against E. coli and 97.2% effective against S. aureus 
(Figure 5.4d). Ag/Zn@Polycaprolactone/Gel is the most effective antibacte-
rial agent against S. aureus and E. coli.

The agar disc diffusion test (Figure 5.1) showed that PLA-Col-MH and 
PLA-Col-MH-cHA effectively stopped bacterial growth, with inhibition 
zone diameters of about 26 mm, which is about the same as the diameter of 
the positive antibiotic control (30 g of MH), which was about 29 mm. The 
sample without antibiotic, PLA-Col, and the negative control both had no 
inhibition zone (distilled water).

5.2.4 � Cell adhesion capability of 3D-printed biomaterials

MCT3T-E1 cells were submitted to MTT tests after 1, 3, 5, and 7 days 
of growth on 3D PCL scaffolds to assess their viability. A shorter ECP 
scaffold with the same pore size as CP800 was used for a more real-
istic biocompatibility evaluation. The cells attached to and changed the 

Figure 5.1 � Evaluation of the activity against S. aureus (ATCC 25923) of the PLA-Col, PLA-
Col-MH, and PLA-Col-MH-cHA scaffolds; (a) Agar disk diffusion test with 
distilled water as a negative control and MH (30 μg) as a positive control [13].
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scaffolds’ geometry to show the biocompatibility of the scaffolding. MTT 
test results indicated that CP800 scaffolds contained more cells than 
MP800 scaffolds over both time periods. Three days later, an FESEM 
examination of cells from the CP800 group that were connected to porous 
filaments indicated that they had a diversity of morphologies, as shown in 
Figure 5.2a–d. However, there were much fewer cells at the connections 
between the MP800 filaments. Even though the cells in the EMP group 
were more stretched after 7 days, the ECP scaffolds included more cells, 
and their shape was more stretched. The use of ECP-fabricated PCL scaf-
folds instead of EMP-fabricated scaffolds may improve biocompatibility, 
cell adhesion, and cell proliferation.

Using the following approaches, the viability of cells on 3D-printed sur-
faces was evaluated:

Short-term cell growth: For 6 days, the total number of cells in each 
dish was counted every 24 hours to measure the growth rate of 3T3 
(100,000 cells per plate, 0.1 × 106 cells per cm2). For hemocytometer 
counts, small volumes of Trypan blue-stained detached cell solution 
were utilized [15].

Figure 5.2 � Cell adhesion results. The SEM investigates cell adhesion (a) 3 days on the 
MP800 scaffolds (b), the cell morphology (in red) is seen on the CP800 scaf-
folds (c) and after 7 days on the MP800 scaffolds (d) [14].
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Cumulative population doubling level (cPDL): Three sets of 3T3 cells 
were seeded (0.05 × 106 cells per cm2 or 50,000 cells per 3D-printed 
plate), and the medium was replaced every 2–3 days to determine the 
rate of cell growth. Since 3T3 cells divide every 21 hours, they attain 
confluence in a few days. Each week, the cells were transferred to a 
new culture dish of the same kind so that a shortage of room would 
not inhibit their development [16]. This is known as “passage.” During 
passes, the total number of cells was determined, and an equation was 
used to calculate the cPDL by equation (5.3),

(log10 log10 )
0.031

= −
n

F I 	 (5.3)

where F represents the number of cells at the end of one passage, and I 
represents the number of cells planted at the start of one passage. The 
number of times the population doubles is denoted by n.

5.2.5  Osteogenic integration of 3D polymer scaffolds

The level of alkaline phosphatase activity increased significantly through-
out the testing period. The PCL/HA/BG and PCL/HA groups and their 
scaffolds exhibited a significant increase on day 7 compared to the con-
trol group, TCPs. Alkaline phosphatase assay activity was more effective in 
PCL scaffolds containing nanoparticles on day 14 compared to TCPs and 
PCL scaffolds alone. On day 21, PCL/HA/BG scaffolds had the greatest 
enzyme concentration.

The capacity of cell-filled hydrogels to differentiate in the laboratory was 
evaluated using ARS staining. The prints grew in a DMEM medium for 
2–3 days after printing. The printed hydrogels were then washed with PBS 
buffer, given 200 mL of media for osteogenic differentiation, and allowed 
to develop for 7–14 days. Figure 5.3 shows the SEM pictures of osteoblast 
morphology on 3D-printed PEEK after 24 hours incubation under different 
conditions. Mineralization potential was greatly enhanced when 5 V–1 Hz 
(0.62 mT) EMFs were utilized as stimuli. However, mineralized nodule for-
mation was enhanced in the presence of a PAI-1-loaded 3D scaffold [17]. 
This indicated that growth factors and electromagnetic field (EMF) stimu-
lation might synergistically transform SCAPs into osteoblasts.

Cells were planted on Bio or C-Bio scaffolds for the assays. To establish 
that cAD-MSCs were transforming into osteoblast-like cells, ALP activ-
ity (reported as U/mL) is the amount of enzyme that contributes to the 
hydrolysis of 1 mole of p-nitrophenyl phosphate (pNPP) per unit mL, tested 
under all cellular settings. At 21 and 28 days following growth, the scaf-
folds containing graphene exhibited significantly greater extracellular ALP 
concentrations than the controls (p 0.05). After 28 days of development, the 
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expression of the ALP, OSX, RANKL, and RUNX genes was considerably 
(p 0.05) greater on the graphene surface than on the control surface [19].

After 1 week of osteogenic differentiation, hAD-MSCs cultured with hPL 
displayed an abundance of ALP-positive cells. The HS lineage included less 
ALP-positive cells. A modest number of ALP-positive cells existed in the 
absence of FCS. While 2D hAD-MSCs were growing on the cell culture 
surface, hPL-induced osteogenic differentiation of hAD-MSCs was almost 
twice as high as that of 2D hAD-MSCs. Unlike the cells on the culture 
plate, the cells on the HS-coated constructs did not differentiate [20].

5.2.6  Stem cell response to 3D printed biomaterials

Bio-ink is a biomaterial having viscoelastic qualities that may be utilized 
for cell printing. Cell-filled three-dimensional structures are created for 
implantation into patients so that desired tissue may regenerate. Medical 
and engineering fields contribute to the rapid progression of cell bioprint-
ing. Bioremediation (e.g., removing phenol waste) and medical applications 
(e.g., in situ biosynthesis) may benefit from the innovative use of a 3D bio-
printing method that places bacteria in hydrogel to create “functional bio-
ink.” Printing cells in three dimensions may be used for several purposes in 
tissue engineering shown in Figure 5.4. However, it is most often utilized to 
create three-dimensional constructs that resemble human tissue. Extracting 

Figure 5.3 � SEM pictures of osteoblast morphology on 3D-printed PEEK after 24 hours 
incubation under different conditions [18].
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cells from donor tissue, placing them in the proper polymeric matrix, and 
then printing at a 10–100 nm precision replicate how heterogeneous tissue 
components are assembled [21].

It took a long time to print 3D models since they could not be made with 
great accuracy and detail. Additionally, it was discovered that the viabil-
ity of the cells increased from 33.8% to 68.1% after 24 hours. Because gel 
cross-linking must occur in quiet settings for 45 minutes, cell injury during 
printing and the necessity for stillness may contribute to a poor cell survival 
rate (45 minutes) [22].

5.2.7 � Simulated body fluid response on 3D bio-printed  
materials

Numerous frequent and deadly osseous tissue abnormalities are the result 
of trauma. Even while conventional clinical methods such as allografts and 
autografts are effective, they are not without flaws. As a result, we need 
improved methods for treating bone tissue abnormalities. The difficulties 
with host tissue integration will be resolved by using a novel elastomeric 
filament to produce bioactive scaffolds from FDM. The present technol-
ogy was used to capitalize on the many advantages of fast prototyping and 

Figure 5.4  The cell printing paradigm [23].



Biocompatibility of additively manufactured materials  77

investigate the application of biomimetic nanomaterials for osteogenic reg-
ulation in human fetal osteoblasts [24]. SBF nucleation was also used to 
enhance the functionality of hFOB cells and the development of osseous 
tissue. As shown in Figure 5.5, SEM analysis revealed that 14 days after 
implantation on porous PEEK, cells had proliferated and had extended 
lamellipodia and filopodia.

5.3 � CONSIDERABLE FACTORS FOR IMPROVING THE 
BIOCOMPATIBILITY OF 3D-PRINTED IMPLANTS

3D printing was used to test new and improved alloys for orthopedic, den-
tal, fracture therapy, spinal, and cardiovascular implants. The automotive 
and aerospace industries manufactured stainless steel, titanium, and cobalt–
chrome for their strength, fatigue resistance, and corrosion resistance, not 
for their physical performance. Frequently, metal implants are overly sen-
sitive to metal ions and do not function well with the body’s tissues to 
promote quicker healing. Various coatings have been tried to enhance the 
surface quality of implants. However, poor bonding with the underlying 
metal has resulted in many interface failures and repair operations. This 
prompted the group of specialists to propose new alloys with enhanced 
biocompatibility (i.e., biological performance).

Here are some ways that 3D-printed implants can be more compat-
ible with the body. Existing tantalum-coated implants demonstrate that 
the metal is biocompatible and may be utilized to enhance the interaction 
between tissues and materials. Attempts were made to combine tantalum 
with titanium via 3D printing. This was done because tantalum has a very 
high density, a very high melting point, and is somewhat more costly than 
titanium. Tantalum is challenging to manipulate, but an alloy composed of 

Figure 5.5 � Fourteen days after implantation on porous PEEK, cells had proliferated and 
had extended lamellipodia and filopodia [25].
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tantalum and titanium is easier to manage and maintains the same density. 
Tests demonstrated that a combination of 90% titanium and 10% tantalum 
was as toxic to living organisms as pure tantalum. Therefore, we would 
only require a minimal quantity of tantalum [26].

5.4 � RECENT APPROACHES USING CERAMIC BIOMIMETIC AM

Because its chemical components resemble bone, hydroxyapatite (HA) 
is well known and often used in medicine. Nano-sized HA is more bio-
compatible than micron-sized HA due to its structural similarity to HA 
crystals in bone. HA nanorods that resemble bone were created utiliz-
ing a 3D bioprinter and the hydrothermal technique in a type I collagen 
matrix. It was reported, however, that the nanorods were weaker than 
typical. Ca7Si2P2O16 was manufactured by using a coaxial 3D printing 
approach. Polymeric infiltration was then applied to these scaffolds to 
replicate the flexible collagen structure of genuine bone. This scaffold 
was loaded with biodegradable polymers such as gelatin, PVA, and PCL, 
making it more potent, more bioactive, and more effective in facilitating 
bone movement [27].

Collagen hydrogels have been created utilizing numerous different pro-
cesses. Electrospinning is used to make aligned wall composite fibers from 
collagen and other protein fibers because mixing them with electrospun 
fibers makes them more biocompatible. Biocompatibility of PLA-based 
scaffolds including bovine amniotic epithelial stem cells, osteoblast-like 
human bone fibroblast (MG-63) cells, and nano-hydroxyapatite/PLA scaf-
folds with human bone marrow-derived mesenchymal stem cells has been 
studied in recent years (hMSCs) [28].

5.5 � RECENT TRENDS OF AM IMPLANTS 
IN BIOMEDICAL APPLICATION

Currently, AM technologies such as Inkjet Printing (Polyjet), 3D Printing 
(3DP), Stereolithography (SLA), Selective Laser Melting (SLM), and 
Bioprinting, which is their category, have been utilized to manufacture bio-
implants. They are separated depending on the sort of energy they consume 
and how they are manufactured, among other factors. The emerging bio-
medical areas where the AM techniques are needed are discussed below.

5.5.1  Drug delivery

To optimize the synthesis or functioning of precursors, composition con-
ditions of production, and drug encapsulation technology, a customized 
drug delivery strategy must suit the desired release kinetics. The drug or 
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other nutrient should be supplied at a regulated rate and dose by ensuring 
that size, shape, surface morphology, bioavailability, and biodegradability 
are suited for the target site. Biomimetic nanoparticles of different sizes 
were loaded with medicinal substances. Such precise nanomedicine carri-
ers helped inflammatory image locations in molecular form and resolved 
inflammations and immune responses [29].

5.5.2  3D-printed bone prostheses and scaffolds

A high-performance scaffold is required for a method to be successful in 
scaffold-based bone tissue creation. A key objective of the discipline is to 
develop scaffolds for bone tissue engineering with the ideal shape, struc-
ture, physical, chemical, and biological characteristics for improved bio-
logical performance and regeneration of complex bone tissues. Because 
they are physically, structurally, and chemically comparable to bone apa-
tite, which is the primary component of normal bone tissue, 3D-printed 
bioceramic scaffolds have been utilized extensively as bone tissue engineer-
ing scaffolds [30].

5.5.3  3D printing of vascularized tissue

The most challenging aspect of maintaining the viability of 3D-printed tis-
sues is ensuring that they have intricate circulatory networks for transfer-
ring nutrients and eliminating waste. In the last several years, 3D-printed 
organs and tissue have made significant stride toward the perfection of 
circulatory networks. This is due to the rapid rate of science and technol-
ogy advancing and making discoveries. Currently, there are two primary 
methods for including blood arteries in bio-printed material. The first 
of these depends on the regulated release of angiogenic factors, which 
aid in the growth of blood vessels in 3D-printed tissues. This technology 
has been used in current research whose primary objective is to implant 
printed material into the patient. The second strategy includes printing 
vascular scaffolds directly. The target tissue cells will then be printed 
directly onto or around the scaffold to produce an organoid with blood 
vessels [31].

5.5.4  Tissue engineering

3D bioprinting gives us a new way to industrialize the bio-fabrication of 
tissue, making it possible to make tissue constructs with different kinds 
of cells and structures. It was first utilized to construct scaffolds for bone 
tissue engineering. It is being used to produce cartilage, skin, and heart 
valves. Using 3D bioprinting, hollow channels have been created in the 
hydrogels to aid in developing blood arteries. After 28 days of conditioning 
in a bioreactor, the Organovo company has printed a blood vessel conduit. 
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In vivo bioprinting, in which human tissues are produced in three dimen-
sions outside the body, has made reversible progress. Layers of cells may be 
3D-printed directly onto a wound or even within the body. This is accom-
plished using modern surgical procedures [32].

5.6 � FUTURE TRENDS FOR BIOCOMPATIBILITY 
OF AM IMPLANTS

Various in vitro approaches are used to discuss the advantages and disad-
vantages of a variety of potential novel biomaterials produced via “addi-
tive manufacturing.” It may be claimed that the existing materials have 
limitations and that more refined multifunctional materials are required to 
meet the biocompatibility of various medical applications. Bioactive com-
pounds are favored due to their compatibility with the bone around them. 
However, biotolerant materials can also be used to make implants. When 
implants come into contact with human tissues and fluids, there are sev-
eral host–implant material interactions. These reactions also influence the 
biocompatibility of the substance. Concerns about biocompatibility include 
(i) thrombosis, which is when blood clots and blood platelets stick to the 
surface of a biomaterial, and (ii) fibrous tissue wrapping around biomateri-
als implanted in soft tissues. When the surface of an implant cannot osseo-
integrate with the surrounding bone or other tissues due to minute motions, 
the implant becomes loose [33].

5.6.1  Poly (methyl methacrylate), PMMA

PMMA is a hard, brittle polymer that isn’t good for most therapeutic uses, 
but it does have a few good qualities. It can be produced at room tem-
perature, allowing it to be utilized in an operating room or dentist’s office. 
Therefore, it is used in dentures and bone cement. Many joint prostheses 
rely on the performance of PMMA cement. During surgery, this cement is 
created by combining powdered polymer with monomeric methyl methac-
rylate to form a dough that can be inserted into the bone [34].

5.6.2 � Ultra-high-molecular-weight polyethylene  
(UHMWPE)

Ultra-high-molecular-weight polyethylene possesses more mechanical 
strength, less wear rate, and biocompatibility; ultra-high-molecular-
weight polyethylene is one of the most often used polymers for orthopedic 
implants. Numerous studies are being conducted on the wear characteris-
tics of ultra-high-molecular-weight polyethylene. In total joint arthroplasty, 
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it is used as the bearing surface. In the past 15 years, metal on polyethylene 
has had a 90% success rate. However, submicron particles were detected 
in periprosthetic tissues in the presence of polyethylene wear. The wear 
resistance characteristics of ultra-high-molecular-weight polyethylene may 
be enhanced by increasing its crystalline structure and cross-linking. Even 
while cross-linking makes the material more resistant to deterioration, it 
also reduces its tensile strength, fracture toughness, and resistance to the 
propagation of fatigue cracks. Increasing the crystallinity of ultra-high-
molecular-weight polyethylene enhances its elastic modulus and fracture 
resistance [17].

5.6.3  Zirconia (ZrO2)

Zirconia is one of the promising biomaterials because of its excellent 
mechanical property and resistance to fracture. Zirconia ceramics have 
better benefits than other ceramics because of how their microstructure 
changes and makes them stronger. This is seen in the components manufac-
tured from them. More than 20 years ago, researchers began investigating 
the viability of zirconia ceramics as biomaterials. Today, zirconia is used in 
complete hip replacements, although it is still undergoing development for 
usage in other medical devices [35].

5.7  CONCLUSION

Implementing high-resolution additive 3D printing in the biomedical area is 
a valuable technique with several advantages, including the customization 
of medical instruments, implants, and equipment; improved accessibility; 
better cost-effectiveness; and vertical design-to-manufacturing integration. 
Metals and ceramics made with 3D printing are already used in the medi-
cal and life science fields. However, 3D-printed polymers, which make up 
82% of the 3D printing market and are the most accessible, fast, and cheap 
3D-printed material, have not yet been used in biological devices because 
they are toxic to cells. Even though 3D printing was invented in the early 
1980s, plastic polymers show that they can’t interact with biologically active 
systems, and key properties like biodegradability, cell attachment, cytotox-
icity, and biocompatibility haven’t been well defined. Recent researches have 
revealed the good cytotoxicity and cell viability in 3D-printed and other 
additively manufactured scaffolds and various medical implant application 
materials. Improvement in structures of the implants through AM processes 
provides excellent biocompatible results. Thus, biocompatibility of the AM 
materials is an excellent candidate for cell viability and minimum toxic 
effect as well as improved cell adhesion properties and stem cell responses.
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6.1  INTRODUCTION

In recent years, technology has been in great demand in order to support 
the progress of future generations. As a result, a decent product that will 
satisfy customers must be developed in a cost-effective, high-quality man-
ner while remaining competitive among competitors. A material for the 
new product is critical in engineering industries in order to meet the pres-
ent scenario. Thus, there is a need for quality, economy, and feedback to 
meet the current needs. In the past, polymers, metals, ceramics, and com-
posite materials are examples of massive materials that have emerged in 
recent times.

6.2  MANUFACTURING METHODS

In practice, VARTM is created by laying alternate layers of metal and 
fiber prepared in the mold. The construction is then cured at the proper 
temperature and pressure, or using an autoclave. However, there is a high 
possibility of blow holes or bonding failures in this procedure, and these 
fabrication processes are costly and only suitable for limited specimens. 
We prepared our specimens using the VARTM technique, a specialty from 
Anna University’s Manufacturing Technology Lab, to retain high precision 
in bonding at a cheap cost.

Basalt fiber drilled sheets of 300 × 300 mm and three layers of basalt 
fiber are piled such that the top and bottom layers are basalt with alternat-
ing natural fiber sheets. VARTM uses polyester resin and HY5/3 hardener 
in a 1:10 ratio combination as a binding agent to obtain the desired basalt 
through cold mold buildup. The aforementioned mixture was pushed 
through vacuum cannon into the stacked die at 5 bar pressure and left to 
cure for about a day. The appropriate test specimens for ASTM standards 
were cut from the resulting plate using an abrasive water jet machining 
setup.

6.2.1  Tensile test

Universal testing equipment may be used to determine the tensile quali-
ties. Tensile load will be greatest when the amount of stress applied to 
the laminate causes it to stretch initially and subsequently break down 
the specimen. The specimen’s reaction to axial stress applied in either 
direction tends to shatter the specimen at a specific stage. The tensile 
test is performed in accordance with ASTM D638 guidelines. The pro-
duced composite laminate is blanked in accordance with the tensile test 
dimension criteria, and so conforms to standards. Figure 6.1 depicts the 
ASTM requirements for the tensile test to be performed on the composite 
sample.



Fusion deposit molding composite material  87

Figure 6.2 depicts universal testing equipment with digitalized load and 
displacement data. The test is run to produce the outcome at relative humid-
ity, and the stress versus strain is shown. The outcome of tensile breaking is 
recorded as a rise in gauge length, with the minimum keeping length for the 
test ranging from 100 to 150 mm.

During tensile test, a force is applied in either direction, and the specimen 
breaks at a specific point, with the related data reported and graphs drawn. 
The tensile tested specimen is shown in Figure 6.3.

Figure 6.1 � ASTM standards for tensile test [ASTM D63].

Figure 6.2 � Universal testing machine.

Figure 6.3 � Tensile tested specimen.
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6.2.2  Flexural test

The Universal Testing Machine is used for flexural testing, often known as 
three points bending testing. A tensile test can be used to calculate flexural 
strength. It is the capacity to bear a load when deformed. The main prereq-
uisites for performing flexural tests are to determine its interlaminar shear 
strength where short beam shear tests are performed and it can be achieved 
by performing three point bending test in which the two ends of the speci-
men are supported like simply supported beam and the load is applied at the 
middle of the specimen, and as the load progresses continuously, it tends to 
bend to a maximum where it can tolerate and then the composite begins to 
fail due to failure. Figure 6.4 shows the ASTM D790 standards for flexural 
test to be carried out in the composite sample.

The behavior of specimens subjected to flexural stresses is affected by 
this fracture. Because of the creation of the concave shape, the highest ten-
sion will be produced in the outer layer of the fiber, while it will be mini-
mum in the inner layer. The test is carried out in accordance with ASTM 
D790 guidelines. MPa is the measurement unit for flexural strength. The 
test is always done in a room temperature environment. The flexural speci-
men is shown in Figure 6.5.

6.2.3  Double shear test

To assess the composite’s shear strength, a double shear test is performed. 
The ASTM D5379 standard is used to conduct the double shear test. When 

Figure 6.4 � ASTM standards for flexural test [ASTM D790].

Figure 6.5 � Flexural tested specimen.
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bending stresses are calculated on a loaded beam, the shear stress is ignored. 
The ASTM requirements for the composite sample’s double shear test are 
shown in Figure 6.6.

The test is done using a universal testing machine in which the special 
fixture is developed and designed to hold the work piece, thereby it can per-
form shear test, i.e., by applying the load axially in the opposite direction to 
each other until shear develops. The failure of the specimens is the ultimate 
breaking load and the corresponding graphs are plotted against load and 
displacements. Figure 6.7 shows the shear test setup and specimen.

6.2.4  Impact test

For impact testing with Charpy arrangement, an impact testing machine 
is employed. It is done to determine the composite’s impact strength. The 
impact test is performed in accordance with ASTM D256 specifications as 
per Figure 6.8.

This test also determines the overall amount of energy absorbed in joules 
during the material’s fracture on impact. It is the decisive factor in which 
the specimen composite’s life is dependent. The specimen is struck suddenly 

Figure 6.6 � Double shear test [ASTM D5379].

Figure 6.7 � (a) Double shear test. (b) Tested specimen.
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with the oscillating pendulum swinging back and forth, recording the great-
est amount of energy absorbed during impact. The material’s toughness 
determines the fracture. The specimen is hit with a blow that causes it to 
fail at a certain point. The maximum energy absorption in joules has been 
recorded, and the related graphs have been drawn. The ASTM require-
ments for impact testing in the composite sample are shown in Figure 6.9.

6.2.5  Hardness test

It is primarily determined by the material property in which the desired 
area tends to absorb unexpected shock, resulting in material hardness test-
ing. ASTM D2583 is the ASTM standard for hardness testing.

6.2.6  Inter delamination test

The purpose of this test is to assess the composite’s internal strength. Layer 
separation is the mode of failure that occurs when a structure is subjected 
to heavy loads. This separation leads to loss of strength internally, which 
delaminates physically. This test is carried out as per ASTM: D5528 stan-
dards. The load is applied on the composite laminate until it breaks and 
delaminates, the corresponding breaking load is determined and the cor-
responding graphs have been plotted. Figure 6.10 shows the delaminated 
test specimen.

Figure 6.8 � ASTM standards for impact test [ASTM D256].

Figure 6.9 � (a) Charpy test machine. (b) Impact tested specimen.
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6.3 � TENSILE ANALYSIS WITH MORPHOLOGICAL  
HANDOUTS

Morphological analysis is utilized to examine the specimen’s interior fiber 
behavior. It aids in the detection of fiber fracture, voids, fractures, fiber 
bonding, matrix homogeneity, fiber separation, and other characteristics 
in composite laminates. It is possible to investigate the surface features. 
Each test sample is collected, dried for a while, and then coated with gold 
of roughly 15 nm thickness. The interior structure is next investigated using 
the appropriate equipment. The structure shows strong bonding, which has 
been explored in depth. Finally, it is expected to go to the next level of 
development and application (Figure 6.11).

6.3.1  Tensile fracture

SEM images show a tensile valve and a tensile SEM fracture; 107.47 N/mm2 
is the ultimate tensile strength based on Table 6.1. The material’s strength 
is displayed as ductile characteristics. As a result, the material has a high 
tensile strength. The maximum displacement is also 5.52 mm. As a result of 
the material’s high ballistic load, the displacement exceeds 4 mm. The bal-
listic characteristics are more than covered by the tensile displacement. As 
a result, the SEM was obtained at various magnifications.

The fiber appears as a ductile fracture in the SEM picture as shown in 
Figure 6.12. Porosity and voids are also more difficult to regulate. The 
hexothermal cavities were also visible in the SEM picture, which had not 
been visible before. As a result, the material’s outstanding ballistic qualities 
were demonstrated.

Figure 6.10 � Delaminated specimens.
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6.3.2  Flexural fracture

In a tabular column, the flexural valve is presented; 0.012 kN/m2 is the 
greatest flexural stress. As a result, the material has excellent bending quali-
ties. The maximum load is 0.58 kg. It is clear that the material has a high 
bending strength. The estimated formula for bending valves is 2 × flexural 

Figure 6.11 � Graphical correlation of UTS, maximum displacement and percentage of 
elongation.

Table 6.1  �Tensile test observations

Sl. no.
Ultimate tensile strength 

(N/mm2)
Ultimate load 

(kN)
Max displacement 

(mm) % Elongation

1 103.215 5.81 5.52 6.68
2 79.588 4.48 3.68 3.33
3 107.479 5.85 5.03 6.68
4 89.925 4.85 4.89 6.61
5 101.315 5.82 5.32 6.21

Figure 6.12 � SEM images of fractured tensile specimen.
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value. As a result, the material possesses excellent bending qualities and the 
SEM was obtained at various magnifications. The fiber appears as a ductile 
fracture in the SEM picture. Porosity and voids are also more difficult to 
regulate. In addition, the SEM picture revealed hexothermal cavities that 
were not visible in the image. As a result, the material’s outstanding ballistic 
qualities were demonstrated (Table 6.2).

6.3.3  Microform of basalt and reckoning of wear loss

Figure 6.13 depicts the macro picture. The macro photograph depicting the 
microscopic view of fiber inter delamination was obtained. Macro photos of 
tensile and flexural samples were captured. The macro photos are displayed 
in the order of observation. There is no magnification or resolution on the 
macro picture. The graphic depicts the material’s great bonding strength. 
There is no longer any porosity or voids as depicted in Figure 6.13. There 
are no hexathermal characteristics in the picture. As a result, the photos 
were employed as high-resolution ballistic materials (Table 6.3).

The wear properties were done by pin on disc apparatus. The apparatus 
was made by Ducom instrument. The pin on disc test used high hardness 

Table 6.2  �Observations of the flexural test of the specimen

Sl. no. Ultimate stress (kN/m2) Ultimate load (kN) Max displacement (mm)

1 0.009 0.49 0.49
2 0.01 0.48 0.48
3 0.012 0.56 0.56
4 0.011 0.52 0.52
5 0.012 0.58 0.58

Figure 6.13 � Microstructural analysis of basalt fiber.
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disc. The wear sample was prepared by ASTM D9 or D12 standard. The 
disc maximum diameter is 165 mm and thickness 4 mm and concerted hole 
has 10 mm full depth. The pin on disc apparatus initially had a minor load 
applied (without load condition); and the friction properties were analyzed. 
Finally major load was given. Hence the test will be conducted using dif-
ferent samples.

The pin on disc maximum wear loss is 0.0038 kg. The tolerance limit was 
0.0005 kg. In this limit the test was achieved. The weight loss properties are 
calculated by

	 Wear loss (Initial load final load)kg= − 	

Table 6.3  �Observations of wear test using pin on disc apparatus (Frp-L27, velocity 
1 m/s, track diameter 60 mm, pin diameter 10 mm)

Sl. no. Load (kg)
Disc speed 

(RPM)
Time for 

sliding (mm)
Before 

weight (kg)
After 

weight (kg)
Weight 
loss (kg)

1 0.5 159 13 6.5488 6.5480 0.0008
2 0.5 159 17 6.5480 6.5475 0.0005
3 0.5 159 20 6.4014 6.4009 0.0005
4 0.5 318 7 6.4009 6.4003 0.0006
5 0.5 318 8 6.3142 6.3138 0.0004
6 0.5 318 10 6.3138 6.3134 0.0004
7 0.5 478 4 6.5394 6.5391 0.0003
8 0.5 478 6 6.5391 6.5387 0.0006
9 0.5 478 7 6.0923 6.0918 0.0005
10 1.0 159 13 6.0918 6.0911 0.0007
11 1.0 159 17 6.6605 6.6593 0.0012
12 1.0 159 20 6.6593 6.6581 0.0012
13 1.0 318 7 6.0841 6.0818 0.0023
14 1.0 318 8 6.0818 6.0801 0.0017
15 1.0 318 10 6.4334 6.4307 0.0027
16 1.0 478 4 6.4307 6.4295 0.0012
17 1.0 478 6 6.4898 6.4874 0.0024
18 1.0 478 7 6.4874 6.4854 0.0020
19 1.5 159 13 6.0223 6.0202 0.0021
20 1.5 159 17 6.0202 6.0178 0.0024
21 1.5 159 20 6.4752 6.4725 0.0027
22 1.5 318 7 6.4725 6.4702 0.0023
23 1.5 318 8 6.3410 6.3374 0.0036
24 1.5 318 10 6.3374 6.3333 0.0041
25 1.5 478 4 6.2876 6.2845 0.0031
26 1.5 478 6 6.2845 6.2807 0.0038
27 1.5 478 7 6.4816 6.4774 0.0042
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The initial load was taken before testing the material and final load was 
taken after test completion. Hence the material was proved to be a high 
wear resistance material.

6.4  CONCLUSION

The internal energy and effective plastic strain of sample 3 are compara-
tively higher using hybrid composite of jute and banana instead of FRP 
bumper. This indicates that the jute-banana hybrid composite may absorb 
tension and disperse it as gas pressure. As the headlamp bracket and chassis 
ends, the effective plastic strain is also reduced. As a result, we may deduce 
that the responses at these sites are fewer than those experienced by bum-
pers made of hybrid composite.
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7.1 INTRODUCTION

Additive manufacturing is one of the significant manufacturing techniques 
because of its quick processing and applications [1–4]. Fused Deposition 
Modeling method is mostly utilized by many industries because of its min-
imum operating cost, better environment-friendly and cheap equipment, 
etc. [5,6]. The thermoplastic and thermosetting polymers are utilized as 
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raw materials for the FDM process. The thermoplastic polymers include 
Polycarbonate, Polyamide, Polylactic Acid, and Acrylonitrile Butadiene 
Styrene [7]. But pure polymers are not suitable for new applications [8]. 
Hence polymer composites solve such issues. Especially, metal fibers and 
glass fibers are utilized as reinforcement for polymer composites [9–11].

The tensile property of the carbon-fiber-reinforced plastic composites 
manufactured via FDM was analyzed by Ning et al. [12]. They analyzed 
the tensile behavior by varying its velocity and layer thickness. Even though 
FDM fabricated parts have better mechanical properties, the surface qual-
ity is the main drawback [13]. The hot cutter machine was utilized by 
Pandey et al. [14] to minimize the surface roughness. They obtained an 
87% assured level of output.

To minimize the surface roughness of the fabricated part, laser polishing 
technique was introduced. This process involves heating the material sur-
faces with a laser source. It is a non-contact method, with adaptable polish-
ing velocity by remelting the surfaces [15,16]. To minimize the oxidation of 
inert gases utilized for laser polishing technique, the material surfaces are 
rapidly polished by the laser source owing to fluid pressures within the melt 
region. The parts which are not polished by conventional techniques, such 
as complicated parts, is easily polished by laser irradiation [17]. Owing to 
these benefits, the conventional technique has been replaced by the laser 
polishing technique in several applications.

The surface roughness of the PLA produced via the FDM process was 
minimized by 68% by Chai et al. This was achieved at 150 mm/s scanning 
velocity and with the aid of a CO2 laser [18]. Yung et al. [19] established an 
actual technique to decrease the roughness of CoCr alloys with multipart 
geometry surface up to 93% when the hardness of the laser-polished speci-
mens was improved by 8% rather than the SLM apparatuses. He et al. [20] 
attained a supreme decrease in roughness to 0.156 nm with no impairment 
for bonded silica. Wang et al. [41] indicated that laser-polished AM CoCr 
alloy apparatuses could get 0.45 μm of roughness and around 30% resis-
tance to corrosion compared with few mechanical specimens.

In this investigation, Polylactic Acid-Aluminum fiber (PLA-Al fiber) 
composites produced via the FDM technique were subjected to laser pol-
ishing. Literature from the preceding works exhibited that no work had 
been performed to find the surface roughness and mechanical properties 
of PLA-Al fiber composite. The characteristics of surface and mechanical 
effects of the polished PLA-Al fiber composite were analyzed at the vari-
ous speeds of laser scanning. The characterization of the prepared samples 
was analyzed using energy-dispersive spectrum (EDS) analysis. The sur-
face roughness of the PLA-Al composites was analyzed by profilometry. 
The tensile study, as well as dynamic mechanical analysis, was conducted 
to compare the behavior of both unpolished and polished specimens at 
various velocities.
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7.2  EXPERIMENTAL DETAILS

7.2.1  Material and specimen preparation

The 1.7 mm diameter PLA/Al filament was utilized to fabricate the samples. 
The PLA/Al filament involves a 6.9 wt% Al fiber. The PLA/Al composites 
were fabricated using the FDM-type 3D printer. ASTM D5023-15 and 
ASTM D638-14 standards were followed to prepare the DMA and tensile 
samples separately. A temperature of 201°C was applied to the nozzle and 
61°C was maintained in the bed. The nozzle feeds the required quantity of 
melted filament along the route with a velocity of 999 mm/min.

7.2.2  Laser polishing technique

The prepared specimen was polished with the aid of a fiber laser 
(λ = 1069 nm) and 199 W powder. The polishing process was carried out 
by pulse laser, which is controlled by employing an on/off type diode. The 
positions of deposition and scanning path are vertical to each other. Once 
the laser was applied, the PLA/Al composite surfaces were melted. The 
vale regions were filled by the liquid material coming from the top sur-
faces. Then the PLA/Al composites were solidified by stopping the laser 
source. This process supports minimizing the roughness of the surface. 
This process is carried out at three varying scan speeds such as 50, 100, 
and 150 mm/s.

7.2.3  EDS characterization

Figure 7.1a and b indicates the EDS characterization of unpolished PLA/
Al composite and polished PLA/Al composite at 100 mm/s scan velocity, 
respectively. Al and Au are the two main elements identified in Figure 7.1a 

(a) (b)

Figure 7.1 � EDS of PLA/Al composites: (a) unpolished specimen and (b) polished specimen 
2 (scan velocity 100 mm/s).
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and b. Au appeared in the EDS because of the gold sputter. The C and O 
elements are also present along with Al and Au. Hence EDS results confirm 
the presence of the element in the PLA/Al composites.

7.2.4  Experimentation

7.2.4.1  Surface roughness test

The roughness of the PLA/Al composites was determined utilizing the pro-
filometry tester. The arithmetical mean height (Sa) and arithmetic mean 
deviation (Ra) parameters were measured via stylus type contact profilome-
ter. The experiments were conducted at a velocity of 0.6 mm/s with the help 
of a 5 μm radius containing diamond stylus probe. The conditions adopted 
for testing are listed in Table 7.1.

7.2.4.2  Tensile and dynamic mechanical test

The ASTM D638-14 standard was followed to conduct the tensile test uti-
lizing UTM (Universal Testing Machine). The velocity of the crosshead was 
maintained at 1 mm/min. The DMA device is used to analyze the dynamic 
mechanical behavior of the PLA/Al composites. DMA analysis was carried 
out concerning the temperature for a distance of 30 mm. The conditions 
adopted for DMA analysis are listed in Table 7.2.

Table 7.1  �The conditions adopted for the surface roughness test

Measuring range : 160 μm
Radius of stylus : 5 μm
Material of stylus : Diamond
Measuring speed : 0.6 mm/s
Evaluation length : 8 mm

Table 7.2  �The conditions adopted for DMA analysis

Temperature range : 29°C–174°C
Rate of heat : 2°C/min
Frequency : 1 Hz
Dynamic strain : 1%
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7.3  RESULTS AND DISCUSSION

7.3.1  Surface roughness analysis

The 2D roughness results of unpolished PLA/Al composites are shown in 
Figure 7.2a and b. The consequences of the laser scanning velocity in the 
roughness of the PLA/Al composite surfaces are expressed in Figure 7.2c–h. 
Figure 7.2c and d indicates the roughness profile of laser-polished PLA/Al 
composite surfaces at 50 mm/s velocities. Figure 7.2e and f indicates the 
roughness profile of laser-polished PLA/Al composite surfaces at 100 mm/s 
velocities. Figure 7.2g and h indicates the roughness profile of laser-polished 
PLA/Al composite surfaces at 150 mm/s velocities. Because of the FDM 3D 
printing the vale and peak were identified from Figure 7.2a and b and it 

(a) 

(c) 

(b) 

(d) 

(e) (f) 

(g) (h) 

Figure 7.2 � Roughness profile of the PLA/Al composite surfaces with distinct laser scan-
ning velocity: (a and b) unpolished PLA/Al composite, (c and d) 50 mm/s, 
(e and f) 100 mm/s, and (g and h) 150 mm/s.
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has an Ra value of 23.31 μm. Similarly, the 50, 100, and 150 mm/s laser-
polished PLA/Al composites have Ra values of 4.53, 3.02, and 3.31 μm, 
correspondingly. It confirms that the polished PLA/Al composite surfaces 
have the very minimum Ra values rather than the unpolished composite. 
Especially, 100 mm/s laser-polished composite consists of lower Ra values.

The unpolished composite has a Sa value of 22.93 μm. But, the 50, 100, 
and 150 mm/s laser-polished PLA/Al composites have Sa values of 6.43, 
5.44, and 5.92 μm correspondingly. It confirmed that the polished PLA/Al 
composite surfaces have very minimum Sa values rather than the unpol-
ished composite. Especially, 100 mm/s laser-polished composite consists of 
lower Sa values. Even though the laser-polished composites had minimum 
roughness value, the tiny vale and peak were present. During the laser pol-
ishing process, the allowed solidified time is minimum. Hence, the tiny vale 
and peak were formed.

Initially, the quality of the PLA/Al composite enhances the scanning 
velocity. Thereafter, the quality of the PLA/Al composite diminishes 
the  scanning velocity. This is because of the additional time obtained 
in the minimum scanning velocity to be solidified. These results exactly 
match the references [21,22].

7.3.2  Tensile behavior

The tensile behavior of PLA/Al composites at distinct laser polishing veloc-
ities is represented in Figure 7.3. The stress-strain graph confirmed that 

Figure 7.3 � Tensile stress-strain curvature of PLA/Al composites. Laser scanning speed: 
50 mm/s for specimen 1; 100 mm/s for specimen 2; and 150 mm/s for specimen 3.
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the laser-polished composites have higher tensile strength rather than the 
unpolished composite. The tensile strength of the unpolished composite is 
40.93 MPa. But the 50, 100, and 150 mm/s laser-polished PLA/Al compos-
ites have the tensile strength of 47.97, 52.03, and 51.15 MPa correspond-
ingly. Figure 7.3 confirms that the scanning velocity has an adverse effect 
on the tensile property. The polished PLA/Al composites have higher ten-
sile strength rather than the unpolished composites. This is because laser 
polishing provides good bonding strength among the layers. The tensile 
strength is minimum in the low and higher scanning velocities because at 
minimum scanning velocity, the liquid zone is affected by heat and at maxi-
mum laser velocity, porosity occurs in the zones.

7.3.3  Dynamic mechanical behavior

Figure 7.4 indicates the dynamic mechanical behavior of the PLA/Al com-
posites. It expresses the disparity of E′ (modulus of storage) concerning the 
change in temperatures. At the minimum temperature, the E′ value is higher 
for the polished PLA/Al composites rather than the unpolished compos-
ites. The 100 mm/s scanning velocity PLA/Al composites contain a higher 
E′ value compared with the others. This is because of the strong bonding 
between the PLA and Al layers. The E′ of unpolished composite is 3.37 GPa. 
But the 50, 100, and 150 mm/s laser-polished PLA/Al composites have E′ of 
4.73, 4.98, and 4.47 GPa, correspondingly. It confirms that the same conse-
quences were found for the tensile strength.

Figure 7.4 � DMA analysis of the PLA/Al composites. Laser scanning speed: 50 mm/s for 
specimen 1; 100 mm/s for specimen 2; 150 mm/s for specimen 3.
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7.4  CONCLUSION

In this investigation, the surface roughness, tensile behavior, and dynamic 
mechanical behavior of the unpolished and laser-polished PLA/Al compos-
ites were examined. The following conclusions were made:

•	 The PLA/Al composites were fabricated via the FDM 3D printing 
technique. The EDS examination confirms the presence of PLA and 
Al elements.

•	 The surface roughness of the PLA/Al composites was reduced by using 
the laser polishing process. The laser-polished composite with 100 
mm/s scanning velocity exhibits better surface quality. The roughness 
parameter of PLA/Al composites was minimized by 87.04% using 
laser polishing.

•	 The laser-polished PLA/Al composites exhibit good tensile strength 
rather than unpolished composites. In particular, 100 mm/s scanning 
velocity composite possesses higher tensile strength of 52.03 MPa. 
This is due to the better bonding strength between the two layers.

•	 The laser-polished PLA/Al composites exhibit a good dynamic 
mechanical behavior rather than unpolished composites due to their 
higher modulus value concerning temperature.
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8.1  INTRODUCTION

3D printing is defined as a technique of joining materials layer by layer to 
fabricate products using 3D CAD data. The process is initiated with the 
designing of a 3D computed design of a part, complete with dimensions 
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and tolerances, which is then split into numerous layers computationally. 
An AM process is used to convert these sliced G-code layers into physical 
layers [1,2]. Metal 3D printing is a revolutionary path for fabricating a 
functional engineering metallic object. In the medical field, it has improved 
outcomes in the form of creating patient-specific medical implants [3,4]. As 
the technology grows, some image capturing techniques arise that help in 
creating an almost similar digital design for an implant to be produced. But 
the aspect that essentially needs to be considered is its cost. Generally the 
implants manufactured using AM technology need some post-processing 
to become a quality product and compared with conventional technique-
based similar product it costs higher. Some examples are metal-based hip 
or knee implants. The need for AM-based technique arises when there are 
complex or intricate parts to be manufactured. Products that are needed 
to achieve a unique solution help in facilitating surgery so that the healing 
process can be accelerated and provide reduction in strain to patient. For 
such designs, high cost for product is even justifiable.

Although there are a range of materials for manufacturing a product, if 
we move towards biocompatibility, then the range is indeed limited. This 
chapter discusses about some of the metallic alloys that can be utilized 
for biomedical application using AM technology. The selection of material 
depends on the application which signifies what sort of property is desired 
from the product such as impact strength, wear resistance, compressive 
strength etc. They need to be compatible with bones and/or tissues, and 
their effect after post-processing also needs to be considered [5].

In the case of biomaterials, selection criteria also involve their chemical 
composition or the base material used to prepare specific design material. In 
the case of metal powders, their size as well as their morphology need to be 
accurate and precise; presence of porous properties and impurities should 
be properly documented. The base material and final composition need to 
be tested before use; their origin needs to be studied and various other fac-
tors to make outcomes as much true as possible.

After processing, the materials need to be tested for cracks or remaining 
porous on the micro level. Their chemical composition again needs to be 
verified and compared with their base material or initial alloy material. In 
a later stage, the micro-structural properties of the material, such as grain 
size and distribution, as well as the crystallographic phases and distribution 
of its texture, must be ensured. It can be understood by linking the micro-
structure with dynamic mechanical qualities such as internal stresses that 
are formed during the processing of an additively made component. These 
internal stresses then need to be relaxed utilizing desired thermal treatment 
such as annealing, etc. Another value, i.e. surface roughness, needs to be 
reduced and should be properly taken care of to avoid release of loose par-
ticles as well as improve fatigue properties.
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Finally, after considering everything related to materials, the biocompat-
ibility of metallic devices also needs to be considered for any loose particles, 
surface roughness, and partially attached materials (i.e. its cleanliness). 
If the foreign particle or loose particles on devices interact with the mate-
rial, it may cause toxicity to overall component leading to healthcare prob-
lems on the short or long term.

Metallic implants prepared using additive manufactured principle can 
be removable or permanent (depending on bodily requirement) [6,7]. Also, 
there are possibilities where material can be resolved with body parts 
termed as bioresorbable materials. Probabilities for material are in the form 
of bulk or porous or can be a consolidation of both. The materials used for 
implants have been constructed with titanium (Ti)-based alloys or cobalt 
(Co)-chromium (Cr)-based alloys, Ni (nickel)-titanium (Ti) and in some 
cases stainless steel or tantalum. These implant materials can be studied 
based on their time of use or on the basis of their densities. Among per-
manent materials, titanium-based alloys have least density (4.3–5.1 g/cm3). 
Figure 8.1 demonstrates the overview of titanium alloys used in biomedical 
applications.

Based on the brief draft, metallic biomaterials that have been mentioned 
above and are processed by AM will be studied in detail within the chap-
ter. This explanation reviews both materials that are already available on 
a commercial scale for biomedical applications or those that are going to 
be great built-up materials in the future. They are discussed in a way that 
each material is been categorized with its own properties, its strength or 

Figure 8.1 �Biomedical applications of 3D-printable titanium alloys.
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potential and drawbacks. They have been explained using clinical exam-
ples, where possible. This chapter aims at fulfilling below listed objectives:

	 i.	To investigate the biocompatibility of titanium-based alloys for clini-
cal applications.

	 ii.	To review and analyse the functional and mechanical characteris-
tics of 3D printable titanium and its alloys which results in selec-
tion of appropriate biomaterial after systematically reviewing the 
literature.

	 iii.	To provide a convenient framework for scientific study and engi-
neering applications of titanium-based alloys produced by additive 
manufacturing for researchers and professionals working in simi-
lar area.

8.2 � FUNCTIONAL AND MECHANICAL 
CHARACTERISTICS OF 3D PRINTABLE 
TITANIUM AND ITS ALLOYS

Titanium is a metal with a remarkable combination of mechanical char-
acteristics and great biocompatibility, and used as biomaterials on a large 
scale. Titanium which is carrying stable and protective oxides on its surface 
is capable of providing osseointegration and in this way it is favourable for 
providing a direct connection among implant surface and the part of bone 
attached with implant [8]. Titanium exhibits two types of crystal structure 
because of its allotropic nature – one is hexagonal closed packed (hcp-α-
phase) and other body-centred cubic structure (bcc-β-phase) which helps it 
in developing a relatively huge variety of Ti alloys with explicit character-
istics. Some alterations can also be performed to alter their chemical com-
position using alloy addition, or some heat treatment processes resulting 
in variation of phase combination and microstructure leading to ultimate 
change in mechanical properties.

Figures 8.2 and 8.3 show mechanical characteristics of first- and 
second-generation biocompatible titanium alloys respectively. It is seen that 
mechanical attributes of two-phase (α/β) titanium alloys depend upon mor-
phology, distribution and number of phases. One such commonly known 
alloy of Ti is Ti-6AI-4V with two phases (α/β) yielding a special mixture 
of strength, low specific weight, excellent biocompatibility, toughness and 
corrosion resistance [9,10]. To reach certain desired characteristics of alloy, 
certain mechanical or thermal treatments are performed [11–14]. Figure 8.4 
depicts that the nature of human bone is anisotropic and the value is higher 
in case of cortical bone, compared with more porous cancellous bone. Bone 
compatibility with the orthopaedic implant and importance of complex 
design is illustrated.
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Figure 8.2 � Mechanical characteristics of first-generation titanium alloys.

Figure 8.3 � Mechanical characteristics of second-generation titanium alloys.

Figure 8.4 � Mechanical characteristics of natural bone.
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8.2.1  Ti-based alloy additive manufacturing

Techniques that are generally used for manufacturing of customized tita-
nium (Ti)-based components based on rapid prototyping are electron beam 
melting (EBM), direct energy deposition (DED), laser power bed fusion 
(LPBF), and direct metal laser sintering (DMLS).

To summarize, in SLM, a laser beam travels through a metal powder 
composition of bed in safe environment; in EBM, a vacuum atmosphere is 
required, and later in a fast preheating stage, an electron beam scans powder 
bed. In primary step, the powder bed is heated up for about 610°C–710°C by 
an electron beam source. SLM and EBM methods provide different micro-
structures and associated properties because of various solidification con-
ditions and connected with different cooling rates. More research work is 
carried on processing Ti-6AI-4V alloys compared to that of β-titanium alloys.

8.2.2 � 3D Printing and expansion of novel Β-type  
titanium alloys

Current modifications on Ti-based AM materials that are being used for 
implant utilization involve blueprint of novel beta alloys which have less 
modulus of elasticity. The goal of these modifications is to reduce the stress 
shielding behaviour when compared with other traditional alloys that con-
sist of a huge portion of more rigid hexagonal phase. Another criterion 
that has been taken into consideration for alloying elements with reducing 
the rigidity of alloys is that it should be non-poisonous and, preferably, 
biocompatible with living bone, tissues or blood. This is one of the factors 
that has been taken into consideration. Refractory and transition metals of 
group Vb, VIb and IVb, such as Ta, Hf, Mo, Nb and many others, as well 
as specific combinations of these elements are among the most often utilized 
stabilizing elements for applications in the biomedical area. Because of the 
high Nb content that is present (about 45 wt%), the β-phase has been com-
pletely stabilized, which has led to the formation of extremely well cellular 
Ti sub-grains inside laser melted tracks. Some of these β-titanium alloys 
were acquired right after the SLM process was completed. The mechanical 
characteristic is represented in Figure 8.5.

When comparing a material based on Ti-6Al-4V refined with SLM there 
is significantly higher tensile fracture strain and modulus of elasticity. Yield 
values and ultimate tensile strength for SLM-processed Ti-6Al-4V materi-
als have been nearly 50% higher than for β-Ti alloys.

8.2.3 � Biomedical aspects in 3D printing of titanium alloys

Titanium’s protective and stable oxides make it capable of promoting osseo-
integration and minimizing discharge of potentially cytotoxic elements 
(like V and Al of Ti-6Al-4V), which enables anatomical and functional 
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connections to be made between bones and implants [15]. In certain ways, 
the most dangerous consequence that must be addressed during implan-
tation surgery is the possibility of a bacterial disease developing at the 
boundary among the tissues and implants that are in close proximity to it. 
These diseases are not predefined, they can occur immediately or have pos-
sibility to occur years after maxillofacial or orthopaedic surgery and can 
cause serious implications for patient health. That is why, it is an essential 
requirement to functionalize implant surfaces with antibacterial properties, 
which is an excellent strategy to reduce chances of infections. Another way 
is to combine a variety of materials on a particular implant. To make a 
heterogeneous implant, various materials are layered onto a single implant 
zone that improves the body’s response to the implant.

One method or possibility is to reduce bacterial infections in the use of 
Cu-coated implant [23], but the outcomes are not appropriate. Cu-coated 
pins are toxic for bacteria and also for healthy human cells. That is why, a 
minute amount (~1 wt%) of copper content is suggested in Ti-xCu alloys. In 
this manner, it efficiently restricts the release of Cu-ions to such an extent 
that it only destructs bacterial cells, while allowing other ions to be bio-
compatible with healthy human cells. One experiment used a Ti-1Cu alloy 
implanted into all eight of the rabbits’ mature bodies during an in vivo 

Figure 8.5 � Mechanical properties of β-titanium alloys processed using SLM.
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research; the results have been positive, showing good antibacterial prop-
erties and good biocompatibility [23]. Similar to this, copper deposition 
onto titanium disks done using electrochemical deposition method is also 
performed to form an antibacterial agent [15]. Based upon these results, a 
study has been performed recently on Ti-6Al-4V-xCu (where x = 0%–6%) 
with successful results. In that material 4 and 6 wt% Cu are processed using 
SLM method, resulting in strong antibacterial properties, and showing 
good cytocompatibility with bone marrow stromal cells [16].

8.2.4 � Current and future trends in fabrication of Ti alloys

As per recent studies, factors that are being worked upon for new titanium 
alloys, more specifically for using in additive manufacturing techniques, are 
(i) achieving the most optimized condition of mechanical requirements as 
per the required design for strength, ductility with elastic stiffness values 
compatible with human bone, and (ii) prevention from alloying elements of 
potential toxicity. To achieve lower value of stiffness, beta-titanium alloys are 
widely studied. An alloy of titanium Ti-Nb-Ta-Zr has much lesser value for 
elastic modulus near 48–55 GPa, if compared with widely used Ti-6Al-4V 
alloys then modulus is nearly half [17]. Till now, titanium alloy that has been 
reported with lowest value of elastic modulus for biomedical application is 
Ti-35Nb-4Sn alloy [18]. For obtaining further lower value of rigidity, a spe-
cific extent of porosity has also been provided in manufactured constituent. 
As an example, SLM-based Ti-45Nb provided with 13% porosity will pro-
vide a completely non-poisonous alloy having compressive modulus of elastic 
value nearly 11 GPa (which is nearly comparative to rigidity of cortical bone) 
[19]. The maximum fatigue limit and the maximum fatigue life for metals 
that have been treated by AM is another significant attribute that needs to be 
examined and investigated in depth. This is especially true for lattice struc-
tures. When subjected to fatigue loading conditions, the struts have a high 
surface roughness because they were created in a layer-by-layer manner. This 
causes the struts to behave as stress concentrating points. In a compression-
compression fatigue test, the fatigue strength of a porous Ti-6Al-4V scaffold 
structure might be improved with the use of a few mechanical techniques. 
The test was run for 106 cycles. The removal of material must occur concur-
rently with the consideration of mechanical treatment [20].

8.3 � MATERIAL CONSIDERATIONS OF 3D-PRINTED  
TI-6AL-4V

The electron beam’s energy density is high enough to melt a huge range of 
metals. The technique of electron beam melting possesses the capability to 
print a huge span of materials, including Al alloys, Co-based super-alloys 
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and stool steel among others. On the other hand, Ti-6Al-4V is the alloy that 
has been investigated the most for EBM technique and several additional 
metal AM processes.

8.3.1 � Surface characteristics of 3D-printed  
Ti-6Al-4V alloy

The lack of a high level of surface polish, in comparison to machined sur-
faces, is a major problem for various methods of metal additive manufactur-
ing, together with EBM. This is caused by two concerns: (i) particles on the 
surface that have only partially melted; (ii) staircase among surface layers 
caused by layer-on-layer printing process. As a consequence of this, post-
processing is frequently crucial in order to fix dimensional mistakes and 
accomplish the necessary level of surface quality [21]. EBM components have 
a surface arithmetic average roughness Sa value of 30–68 μm [22,23]. This 
is significantly higher than the 7–16 μm that SLM parts have [24,25]. Since 
2003, Arcam has improved the layer thickness from 200 to 100 μm, then to 
70 μm, and finally to 50 μm. As a result, using the best specifications, Sa can 
be decreased to 27 μm [26]. Karlsson et al. [27] provided visual confirmation 
that the particle size as well as the layer thickness had a substantial impact on 
the surface topography of EBM Ti-6Al-4V components. In addition, support 
structures that are installed under overhanging surfaces with the intention of 
reducing curling can contribute to the finish’s deterioration [28].

8.3.2 � Porosity of Ti-6Al-4V alloy fabrication via electron  
beam melting

Many researchers analysed that using Arcam-supplied GA powder, the 
EBM method can generate Ti-6Al-4V components having a theoretical 
density of 99.4%–99.8% [29–31]. Arcam’s porosity results are represented 
in Figure 8.6 [32]. Pores are usually divided into two types: elongated and 
spherical. The absence of fusion between two powder layers results in the 
formation of pores that are elongated and aligned along the direction of 
the powder layers. It is possible to get rid of these pores by optimizing the 
parameters of the EBM process, such as the scanning techniques and the 
layer thickness. Spherical pores with nearly perfect spheroidicity are caused 
by argon gas that has become trapped within the GA nanoparticles [33,34]. 
When it is necessary to eliminate both types of pores from components that 
were produced using EBM, a hot isostatic pressing (HIP) procedure must 
be carried out. A common HIP approach for AM Ti-6Al-4V entails apply-
ing 100 MPa of pressure between 900°C and 920°C for 2 hours. According 
to Gaytan et al.’s research, even if a single typical HIP cycle is capable of 
removing the majority of voids, low bubble (gas) pressure and surface ten-
sion make it impossible to remove all of the remaining void completely [33].
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For AM Ti-6Al-4V, a standard HIP route with 100MPa pressure at 
900°C–920°C for 120 minutes is followed. It was shown by Gaytan et al. 
that a single typical HIP cycle may eliminate the majority of voids; never-
theless, remnants cannot be entirely removed because of low bubble (gas) 
pressure and surface tension [33].

8.3.3 � 3D-printed Ti-6Al-4V Alloy with consideration  
to corrosion

As a result of production of a particularly solid and uninterrupted oxide 
film on the surface, conventional cast and wrought alloys of Ti-6Al-4V 
known for a long time to be highly corrosion-resistant materials have been 
used effectively in industrial domains that demand a high level of anti-
corrosion ability, such as the healthcare and aquatic areas. Despite the fact 
that several implants made with EBM technology, such as knee and hip 
joints, are in widespread usage across the globe [35], their corrosion behav-
iour has yet to be thoroughly studied. Using an electrolytic approach and 
a potentiostatic polarization technique, Koike et al. analysed the corrosion 
characteristics of a variety of Ti-6Al-4V alloys in a refined Tani-Zucchi 
synthetic saliva having constituents mainly potassium chloride, baking 
soda, sodium dihydrogen phosphate, potassium thiocyanate and lactic acid 
at 37°C [36]. The results of their investigation are presented in Figure 8.7 
where the values listed are the parameters’ means (SD) for the alloys which 
have been tested. There are no significant differences if the letters are iden-
tical (p > 0.05). There were no discernible variations in any of the param-
eters between the produced and the EBM specimens, cast Ti-6Al-4V ELI 
specimens or any two. Within the region of oxidation state that the normal 
human mouth cavity possesses, the 3D-printed specimens demonstrated 
corrosion performance.

Further, Abdeen and Palmer used both potentiostatic and potentiody-
namic tests on additively fabricated metal Ti-6Al-4V in 3.5 wt% brine 
solution [37]. In order to determine temperature at which pitting becomes 
critical, several tests were carried out. For providing a point of reference, 
the same tests have been carried out on wrought samples. According to the 

Figure 8.6 � Demonstration of the porosity of Ti-6Al-4V-ELI and Ti-6Al-4V.
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results of their investigation, both the EBM and the wrought samples show 
remarkable resistance to corrosion in NaCl solution and have been capable 
of having a huge potential at temperatures as high as 85°C. In addition to 
this, it was discovered that EBM samples with irregular as-built surfaces 
have been resistant to the effects of hostile chemicals. Immersing in NaCl 
solutions of various pH the condition is observed. In addition, they reached 
the realization that a temperature of 30°C is essential for Ti-6Al-4V in order 
to keep a strong pitting potential while it is immersed in NaCl solution.

8.4 � CONCLUSION

The present proposed work has proficiently examined the functional and 
mechanical characteristics of additively manufactured titanium-based 
alloys on the basis of extensive literature review. The biocompatibility, cor-
rosion resistance of titanium alloys is also studied. Additively manufactured 
titanium alloys utilized as a biomaterial in various biomedical applications 
along with current and future trends are also described. Various mechanical 
properties of 3D-printed Ti-6Al-4V (as-built surface characteristics, poros-
ity, corrosion behaviour) have been successfully discussed which results in 
adoption of suitable material according to the requirements.
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9.1  INTRODUCTION

Additive manufacturing (AM) or 3D printing has become one of the emerg-
ing fields for the manufacture of 3D and complex components [1]. The addi-
tive manufacturing (AM) process involves the deposition of powder metals or 
liquid polymers in layer-by-layer method to obtain the finished object [2,3]. 
This method is most widely used for the production of complex shapes which 
is very difficult to manufacture using conventional manufacturing process.
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In additive manufacturing the powder materials or polymer wires are 
melted using laser or electron beam sources and deposited layer by layer as per 
the 3D design which is fed into the system [4,5]. Hence the main advantage of 
AM when compared with other traditional manufacturing processes are obvi-
ous; the foremost advantage is the ability to produce most complex compo-
nents along with very minimal material wastage. The other major advantage 
is less production time for complex shapes compared to conventional process. 
Because of the abovementioned advantages the AM process is widely used for 
the production of complex aerospace components [6]. In the recent past, addi-
tive manufacturing (AM) process has improved a lot and a variety of alloys 
can be developed using AM process. However, it is necessary to explore the 
different properties of AM manufactured alloys such as mechanical, tribologi-
cal and corrosion-resistant properties [7,8]. Even though there are more stud-
ies which help us understand the mechanical properties of AM manufactured 
metals and alloys, there are very few studies which let us know about the cor-
rosion behaviour of alloys developed using additive manufacturing process.

The additive manufacturing of metals and its alloys is classified into two 
main categories, namely powder bed fusion systems and powder-fed sys-
tems. The powder-fed systems are also known as direct laser deposition 
(DLD) technique. In the DLD method metal powders and heating will be 
supplied to the substrate simultaneously [9–13]. The powder bed fusion sys-
tems are further classified into selective laser melting (SLM), selective laser 
sintering (SLS) and electron beam melting (EBM) [14,15].

Selective laser melting works in a bed in which metal powders are fed 
through the powder dispenser. The high-energy laser is rastered on to the 
powder bed as per the computer-aided design (CAD) so as to produce the 
components layer by layer. Figure 9.1 shows the schematic representation of 
SLM machine setup. Here the powders are fed into the building platform 
using recoater arm and then high-energy laser is used to raster the layer 
for consolidation. After successful consolidation of one layer, this process 
is repeated to form another layer. The approximate thickness of layers is 
80 μm [16]. The entire process was carried out inside the vacuum chamber 
under argon or nitrogen atmosphere so as to avoid oxidation [17]. The alloys 
obtained through SLM techniques exhibit fine and smooth microstructure 
as the result of high cooling rates, which are greater than 6 × 106°C/s. The 
cooling rates also play a vital role in achieving good surface roughness (Ra) 
which is in the range of 9–16 μm in SLM produced alloys [18,19].

The electron beam machining (EBM) process is similar to LM process 
but utilizes electron beam as the source of heating as shown in Figure 9.2. 
The production of electron beams requires very high vacuum up to 10–6 
torr. The vacuum chamber also helps in reduction of oxidation of metals 
and alloys [21]. It is to be noted that in all types of additive manufactur-
ing process, the microstructures of the alloys obtained depend upon the 
different production parameters. Thereby the microstructure of the alloys 
controls the important properties such as mechanical, tribological and cor-
rosion-resistant properties [22,23].



Corrosion behaviour of manufactured materials and composites  123

In powder bed fusion such as SLM, EBM, and SLS the major parameters 
are the intensity of laser or electron beans, laser/electron spot size and speed 
of transverse motion. Other important factors which affect the alloy ther-
mal properties are pattern of scanning, thickness of different layers and the 
temperature of the powder bed. On the other hand, in direct laser deposi-
tion powders of size 50–150 μm are fed into the built substrate along with 
heating through laser source. Also argon gas is passed into the vacuum 

Figure 9.1 � Pictorial representation of selective laser melting (SLM) process [20].

Figure 9.2 � Schematic representation of electron beam machining (EBM) process [24].
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chamber so as to maintain inert atmosphere [25,26]. The important param-
eters which control the microstructure of the DLD alloys are laser energy, 
powder size and the amount of powder injected through the nozzle. The 
raster speed of laser scan and laser spot size also play a vital role in refining 
the microstructure of the DLD alloys [27,28]. Figure 9.3 shows the pictorial 
representation of DLD process. It is also to be noted that SLM technique 
is used to machine stainless steels, titanium-based alloys, aluminium-based 
alloys, whereas the DLD and EBM methods are widely used to machine 
titanium-based alloys and stainless steels [29–32].

9.2 � EFFECT OF DIFFERENT PROCESS PARAMETERS 
ON THE REFINEMENT OF MICROSTRUCTURES 
AND CORROSION-RESISTANT PROPERTIES

As discussed earlier the AM processed alloys possess a different and refined 
microstructure compared to other conventional manufacturing process 
because of the influence of different parameters involved in the AM pro-
cess. In the case of SLM method, the metal powders fed into the powder 
bed undergo intensive heating normally greater than 2,000°C which is then 
followed by very fast-paced solidification process [34]. Due to this heating 
many thermal cycles are involved as the result of heat transfer between pow-
der particles as well as with the surrounding. Due to the high-temperature 
exposure and very fast cooling rate along with the heat transfer, thermal 
cycles result in improved and refined microstructures. But as the result of 

Figure 9.3 � Pictorial representation of direct laser deposition (DLD) process [33].
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this rapid heating and cooling there may be formation of few defects such as 
cracks, surface roughness and porosity [35,36]. Hence these defects might 
play a vital role in determining mechanical, tribological and corrosion resis-
tance properties of AM manufactured alloys.

9.2.1  Porosity of AM Manufactured alloys

There are few studies which explain the effect of laser energy and scanning 
rate on the porosity of alloys developed through AM process. Selective laser 
melting (SLM) method was employed by Shang et al. [37] to study the effect 
of laser scanning rate on the porosity of 316L stainless steel specimens. In 
this study the laser energy was kept constant at 195 W, whereas the scanning 
rate of laser beam is varied in the order between 700 and 1,082 mm/s. The 
results show that porosity is directly proportional to the scanning rate. The 
increase in scanning rate results in improper melting which in turn affects the 
porosity of the alloys. The porosity which occurs in AM manufactured alloys 
may influence the corrosion-resistant properties of the metals and alloys [38]. 
The porosity of the additive manufactured alloys, especially Selective Laser 
Melting method, is classified into two types. One type of porosity can be 
found at the surrounding of improperly melted powders and another type of 
porosity is due to the presence of gases in between powder particles during 
atomization (gas) process, therefore by controlling the machining parameters 
we can reduce the porosity of additive manufactured alloys which in turn can 
reduce the corrosion behaviours of the additive manufactured alloys [39–41]. 
Another more accurate way to study the influence of machining parameters 
on porosity of additive manufactured  of powders, also known as volumetric 
energy density (EV) which is calculated by equation (9.1).

	 =E
e

rdt
V 	 (9.1)

where e is the energy of laser,
r is scanning rate,
d is hatch diameter,
t is thickness of powder layer.

The energy density of laser plays a vital role in controlling the porosity of 
additive manufactured alloys [42,43]. The Ti6Al4V alloys were produced 
with porosity less than 0.1% by Hang et al. at an energy density of 120 J/mm3. 
The laser density of 105 J/mm3 was enough to produce 316L stainless steels 
with porosity of approximately 0.3% using Selective Laser Melting (SLM) 
process [36]. It is also to be noted that laser energy density is not the only  
factor reducing the porosity of additive manufactured alloys. Other param-
eters such as diameter of laser, scanning rate and hatch style are also very 
important in controlling the porosity of the additive manufactured (AM) 
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alloys as shown in Figure 9.4. Hence more studies should be carried out to 
find out the exact relationship between process parameters and porosity.

Porosity is one of the major causes for pitting corrosion in additive manu-
factured components, especially in selective laser melting (SLM) of 316L 
stainless steel in acidic media. The corrosion normally initiates at the loca-
tion of pores [38]. Schaller et al. [46] employed electrochemical corrosion 
analysis to study the corrosion behaviour of 17-4 PH stainless steel manufac-
tured using SLM process. The results showed that the porosity larger than 
50 μm results in pitting corrosion, whereas when the porosity was around 
10 μm there is no pitting corrosion. But when the normality of acids was 
increased and also when highly acidic acids such as sulphuric acid was uti-
lized there is evidence of pitting corrosion in 316L stainless steels [45]. The 
size and shape of the pores also have a significant effect on the pitting cor-
rosion performance; moreover, the pores which are irregular in shape will 
corrode easily due to the accumulation of ions at the edges and the corners. 
However, there are very few studies based on size distribution of pores, and 
hence more studies are required to be carried out to understand the effect of 
porosity, which includes size of the pores and l/d (aspect ratio) of the pores, 
on the corrosion behaviour of additive manufactured components.

9.2.2  Surface roughness of AM processed alloys

The selective laser melting (SLM) manufactured components have very high 
surface roughness (Ra). Wang et al. [47] reported that surface roughness 
(Ra) of the metals and its alloys are in the range of 10–30 μm, which is 

Figure 9.4 � Graphical representation (a) porosity vs laser scanning speed [44] (b) porosity 
vs laser energy density of various SLM manufactured 316L stainless steel [45].
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very much higher than that of surface roughness produced by conventional 
process such as milling. He also found that the energy density of laser (ω) 
plays a very important role in deciding the surface roughness of SLM manu-
factured components. He reported that when the ω value is around 100–160 
J/mm3, the surface roughness is low around 10 μm, but when the ω values is 
reduced to 70 J/mm3, the surface roughness increases up to 15 μm.

The main reasons for high surface roughness in SLM process are the 
evaporation and Marangoni force that exists because of melting of pow-
ders. The expansion of entrapped gases stops the flow of melt and thereby 
increases the melt pool which is highly unstable. This melt pool increases 
the surface roughness (Ra). When the layers of powders are thick, more 
gas expansion takes place. Hence the surface roughness can be reduced 
by decreasing the powder layer thickness [45,48]. However, by decreas-
ing the layer thickness, the overall time for completing the machining 
increases rapidly. The improper melting of powders and formation of 
metal droplets also known as balling effect are the major reason for 
increase in surface roughness [49]. When the power of laser is very low 
the metallic powders are not completely melted and few solid particles 
stick on to the surface of the solidified components. Hence the increase 
in laser power can increase the melt rate and thereby increase wettability 
which in turn reduces the balling phenomenon [50]. Thus surface rough-
ness can be reduced when the energy density of laser is high enough to 
melt the powder particles as shown in Figure 9.5. It is also to be noted 
that if the laser intensity is very high it can also reduce the surface finish 
of the components.

Normally the morphology of the surface is very important for the cor-
rosion resistance properties. The corrosion rate increases with increase in 
surface roughness of the additive manufactured alloys such as copper, Mg 
and Al-based alloys [51,52]. Therefore, improving the surface finish by 
overcoming all defects was the major challenge for 3D printed or additive 
manufactured components. Thus many research works should be carried 
out to study the effects of post-processing surface treatments on additive 
manufactured components.

Figure 9.5 � The relationship between surface roughness and (a) laser scanning speed, (b) 
powder layer thickness [44] and (c) heat input [45].
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9.3 � CORROSION BEHAVIOUR OF ADDITIVE 
MANUFACTURED ALLOYS

In this section various types of alloys manufactured through additive 
manufacturing technique are summarized and their corrosion behaviour is 
explored so as to provide an insight for young researchers who are trying 
to study the corrosion behaviour of additive manufactured alloys. Recent 
developments in additive manufacturing (AM) processes have made it ver-
satile and a wide variety of metal alloys can be now prepared using additive 
manufacturing methods. The common types of alloys are titanium-based 
alloys, iron-based alloys and aluminium-based alloys.

9.3.1  Titanium-based additive manufactured alloys

Titanium-based alloys have very large industrial applications because of 
their properties. But a major disadvantage is their machining cost and a 
very large machining time when machined using conventional manufac-
turing processes. Hence titanium and its alloys are widely considered for 
manufacturing through additive manufacturing (AM) process [53–56]. 
Dehoff et al. [57] reported nearly 50% reduction in production cost for 
the titanium alloy-based engine bracket manufactured using AM process. 
Ti6Al4V alloy was one of the titanium alloys which was widely utilized 
for the production of biomedical, dental and automobile applications. It is 
also reported that Ti6Al4V alloys fabricated using Selective Laser Melting 
(SLM) have very minimal pitting corrosion, approximately around 150 mV, 
in sodium chloride solution. It also exhibits passivation curves which is the 
measure of corrosion resistance [58]. This improvement in corrosion resis-
tance is due to the presence of aʹ-martensite as shown in Figure 9.6. The 
rapid cooling process was the reason for the formation of aʹ-martensite and 
it also possesses β-grains. Normally in SLM manufactured Ti6Al4V alloys 

Figure 9.6 � (a) Potentiodynamic polarization curves (tafel curves) of SLM manufactured 
Ti6Al4V alloy and Grade 5 alloy in NaCl solution (3.5 wt.%) [58]. (b) TEM 
image of SLM manufactured Ti6Al4V alloy [61].
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the β-phase contains more vanadium presence along with oxides; hence, the 
β-phase is more stable compared to the α-phase. The stable β-phase plays a 
vital role in increasing the corrosion resistance of Ti6Al4V alloys [59]. But 
the percentage of β-phase present in additive manufactured Ti6Al4V alloys 
is very less compared to conventional manufacturing process. So it can be 
concluded that the SLM manufactured titanium alloys show very poor cor-
rosion resistance [60].

9.3.2  Aluminium-based AM alloys

The selective laser melting (SLM) technique was broadly utilized for the 
manufacture of various aluminium-based alloys such as Al-Zn, Al-12Si, 
Al-50Si, Al-Cu and Al-10Si-M alloys [62–64]. Among these alloys 
Al-10Si-Mg alloys were widely studied by the researchers [65,66]. It is also 
noted as shown in Figure 9.7a and b. The corrosion potential of Al and Si 
particles differs, that is, Si has higher corrosion potential compared to that 
of Al which has low corrosion potential. This difference in corrosion poten-
tial leads to galvanic corrosion as shown in Figure 9.7c. Hence to overcome 

Figure 9.7 � (a)STEM image of SLM manufactured Al-10Si-Mg alloy, (b) EDS mapping of Al 
and Si [68], (c) SEM image of corroded surface [45].
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this galvanic corrosion the SLM manufactured Al-10Si-Mg alloys are sub-
jected to heat treatment so as to improve the bonding of alloys and also to 
enable the formation of intermetallics, which thereby improve corrosion 
resistance [67]. 

9.3.3 Iron-based AM alloys

Stainless steels (austenitic) such as 316L and 304L will have austenitic phase 
when machined using SLM process, whereas only α-phase is formed if it is 
machined using Direct Laser Deposition (DLD) process [69–71]. The dis-
location in grains also plays an important role in improvement of hardness 
of the alloy steel. It is also to be noted that nanoscale oxide formation has 
influence in deciding the mechanical and corrosion resistance of iron-based 
alloys [72]. Some studies also show that there is not much impact of poros-
ity in corrosion behaviour of 316L stainless steel manufactured using SLM 
process as shown in Figure 9.8. Sander et al. [39] reported the corrosion 
behaviour of SLM-fabricated 316L stainless steel. They fabricated the 316L 
specimens at different scan rates and laser energies. The results exhibit that 
the scan rate and laser energy do not have any effect on corrosion resistance 
of 316L stainless steel, whereas the increase in porosity due to the faster 
scan rate and improper melting resulted in reduction in passivation poten-
tial, and hence increase in corrosion rate of 316L stainless steel samples as 
shown in Figure 9.9. The corrosion analysis of normal 316L SS samples and 

Figure 9.8 � Relationship between Vol % of porosity and corrosion potential (Ecorr), repas-
sivation potential (Er), breakdown potential (Eb) and corrosion current den-
sity (iCorr) of SLM manufactured alloys [74].
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heat-treated SLM manufactured 316L SS was carried out by Hemmasian 
Ettefagh et al. [73] who reported that the heat treatment process has elimi-
nated the residual stress, thereby increasing the corrosion potential. The cor-
rosion behaviour of Laser Powder Bed Fusion (LPBF) manufactured 316L 
samples in 0.1 M HCl solution was studied by Trelewicz et al. [4]. Corrosion 
current density of LPBF manufactured 316L SS samples was much higher 
compared to wrought samples, when studied using potentiodynamic polar-
ization test. The main reason for the decrease in corrosion resistance was the 
microstructure of LPBF manufactured 316L SS.

9.4  SCOPE FOR FUTURE WORKS

•	 The review gives an insight into the corrosion behaviour of AM alloys, 
many research articles are explored and their findings are reported. 
Most of the studies are not systematic and concentrate on one specific 
area and lack in-depth analysis of corrosion phenomena. Hence based 
on the studies, the following gaps have been identified:

•	 Corrosion analysis of additive manufactured alloys was carried out in 
different acidic and brine media and also with various concentration 
and pH levels, and hence it is very difficult to compare studies on one 
alloy with other.

•	 In the same way, corrosion analysis of additive manufactured alloys 
was carried out using different corrosion studies such as weight loss 
method, potentiodynamic polarization method, electrochemical 

Figure 9.9 � Porosity vs corrosion potential (Ecorr) and corrosion current density (iCorr) [39].
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impedance analysis etc.; hence, it is very difficult to compare studies 
on one alloy with other.

•	 The lack of standards for carrying out corrosion test was also one 
of the important factors to be addressed. Many studies compared 
wrought or cast irons with AM counterparts but few studies show 
the difference in properties between cast and AM alloys. Similarly, 
few studies compared only the different types of alloys produced by 
AM process but not discussed the alloys prepared by other methods. 
Hence the conclusions derived from the study may not be conclusive.

•	 There are very few studies on the exposure of AM alloys to nuclear 
radiation and also there are very minimal studies on the effect of gases 
especially hydrogen in AM manufactured alloys. 

•	 Similarly, the corrosion analysis of AM manufactured alloys is limited 
to materials such as titanium alloys, aluminium alloys and iron-based 
alloys. But AM process can be utilized to even wide range of metals 
and their alloys.

•	 The work has a deficiency in parting the variables, i.e., it is very 
tedious to show trends from changes in porosity and also chemical 
factors simultaneously.

9.5 CONCLUSION

An outline of the recent status of some metal matrix alloys manufactured 
employing additive manufacturing was presented with a focus on corre-
lating the relationship between the defects caused due to the microstruc-
ture and their effects on corrosion resistance properties. We can conclude 
that the high temperature evolved during manufacturing using SLM results 
in high dislocation densities and refinement of grain size, which in turn 
improves the tensile strength. Corrosion properties depend on the forma-
tion of alpha and beta phases and their structure compared to that of alloys 
fabricated using conventional methods. In the coming days, many materi-
als can be manufactured using AM process, and hence the optimization 
of various parameters involved such as laser density, raster velocity and 
size of powder particles is very important in reducing the surface rough-
ness, porosity and also to increase the strength of the alloys. However, the 
intrinsic relationship between the microstructural characteristics and the 
corrosion behaviour of the AM-fabricated components should be actively 
focused as well. The qualities of the input powder material and their effects 
on the fabrication process should be the first focus of research. It is critical 
to include the following three major components when describing a powder: 
particle microstructure, particle morphology and particle chemistry [75]. 
The focus of the current research is on the morphological characterization 
of powders and their impact on the characteristics of manufactured parts. 
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The mechanical and anti-corrosive qualities of the final consolidated com-
ponents may be impacted by whether the feedstock powders are argon or 
nitrogen atomized, and whether the construction chambers are in argon 
or nitrogen atmosphere [76]. Figure 9.10 is a pictorial representation of 
AM-produced component powder, microstructure and related corro-
sion behaviour. The relationship between important structural properties 
and corrosion resistance must be established. For instance, typical MnS 
additions formed in wrought 316L SS were exchanged by Mn-Si oxides 
of nano regime in the SLM manufactured components, which reduces 
the vulnerability to pitting [77] and also the microstructural irregulari-
ties in the SLM manufactured components which otherwise lead to diverse 
growth rates (SCC) [78]. For the corrosion testing methodologies, there’s 
an egregious lack of norms for which standardized experimentations are 
enforced, and presently, a wide range of distinct corrosion experimenta-
tion techniques (weight loss method, impedance analysis, potentiodynamic 
polarization) are indeed very difficult to compare. The standardization of 
testing methods and procedures as formulated by some professional bodies 
will be a solution for standardization problems. In general, the defects in 
the SLMed parts (such as pores and MPBs) usually comprise the corrosion 
resistance; therefore, a heat treatment process combining the hot isostatic 
pressing should be carried out to homogenize the composition and refine 
the microstructure, thereby reducing the porosity of the alloys. Thus, fur-
ther exploration in this area is also warranted. Another post-processing 
method involves surface treatment, but surface treatment has lot of chal-
lenges which have to be addressed with the SLM manufactured metals. The 
various other techniques such as alkali-acid heat treatment, sandblasting, 
electrochemical etching and electrochemical deposition can be considered 
according to the properties of the raw material used. Conversely, the porous 

Figure 9.10 � Pictorial representation of relationship between powder, microstructure 
and corrosion properties of AM manufactured alloys.
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materials manufactured using AM process cannot be easily surface modi-
fied compared to solid materials. Therefore, we have very little choice for 
selecting the methods of manufacture. Therefore, additional exploitation in 
this area is also required.
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10.1  INTRODUCTION

Over the last several years, matrix aluminium hybrid composite materials 
have steadily displaced traditional engineering materials. Researchers are 
developing aluminium metal matrix with a high strength-to-weight ratio, 
stiffness and resistance to abrasion and corrosion for structural applications, 
particularly in engineering aircraft and automobiles [1]. For this applica-
tion, Al7075 alloy is employed; however, they have some substantial draw-
backs in terms of strength and stiffness. By incorporating hard intermetallic 
compounds further into aluminium alloy, the requisite characteristics are 
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enhanced [2]. Silicon carbide (SiC) is a ceramic particle that is chemically 
compatible with aluminium. It does so by establishing a non-intermetallic 
link between the matrix and the reinforcement. High thermal conductivity, 
superior workability, simplicity of machining and lower cost are all benefits 
[3]. The lattice matching of titanium carbide (TiC) particles is sufficient for 
direct aluminium nucleation, and they have a low friction coefficient, high 
energy density and exceptional wettability [4]. TiC may combine different 
aluminium alloy matrix because of its high wettability.

Reinforcement is placed in matrix alloy using a variety of production 
methods. Stir casting was among the most promising methods for mass-
producing large-scale components [5]. The two-step stir casting procedure 
was utilized in this study to create a hybrid composite with homogeneous 
particle dispersion [6]. The wear of Al7075 composites reinforced with 
B4C was examined using the stir casting process, and this was observed 
by improving the weight percentage of reinforcement improved wear [7]. 
The tensile strength of the 5 and 13 m SiC particles was greater than that 
of the Al7075/SiC (5, 13 and 60 m) composite-based alloy [8]. After fix-
ing the Al7075/SiC composite via squeeze casting, the 10% SiC-reinforced 
composite was discovered to have the maximum hardness, tensile strength 
and bending strength through both casting and heat-treated conditions 
[9]. Stirring casting was utilized to manufacture the Al7075 mixed metal 
matrix composite. Hardness, tensile strength, bending strength and wear 
resistance are all improved by greater than the weight percent of Al2O3 
strengthening [10]. When the mechanical and physical characteristics of 
the two-phase material Al/Al7075 were examined, it was discovered that 
lowering the base metal boosted tensile and compressive strengths while 
decreasing ductility [11]. We investigated the relationship among true stress 
and true strain in an Al7075 composite reinforced with SiC [12].

The wear rates of Al7075 composite reinforced with TiC were investigated 
under various load settings [13]. Using additive manufacturing, Al-Mg alloy 
is combined with SiC and Zr to improve performance [14,15]. The direct 
energy deposition method was used to create the Al-Mg-Sc-Zr alloy (DEDM). 
This fabrication produced an equiaxed crystal structure. Oxides served as 
solidification nuclei during the SLM fabrication of Al-Mg-Sc-Zr alloy [16]. 
This research examined the mechanical characteristics of Al7075/TiB2/MoS2 
composites made using Direct Energy Deposition Method.

10.2  MATERIALS AND METHODS

Aluminium 7075 alloy with 2 μm is utilized in structural applications 
owing to its high wear resistance, improved corrosion resistance, specific 
strength and fatigue resistance. Because of its poor mechanical properties, it 
is unsuitable for use in the aerospace, marine and automobile industries. As 
a consequence of this approach, Al7075 was identified as a matrix material 
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for the present inspection job. The Al7075 matrix powder was supplied by 
M/s Metals Company in Madurai, Tamil Nadu, India. Table 10.1 repre-
sents the chemical composition of Al7075 alloy.

Titanium diboride and molybdenum disulphide are two reinforcing par-
ticles mixed in with the base metal. The particle size of TiB2 and MoS2 rein-
forcements are 10 and 2 μm, and the reinforcements are used to improve 
the material qualities of the matrix. With the help of Subra Scientific 
Company in Bangalore, India, the reinforced powders were bought from 
Sigma Aldrich. Titanium diboride (TiB2) is a ceramic substance defined by 
its melting point, hardness, corrosion resistance and wear resistance. The 
composition of TiB2 is given in Table 10.2.

In nature, molybdenum disulphide is an inorganic chemical with the for-
mula MoS2 found in the mineral molybdenite. Its hexagonal layered crystals 
have a graphite-like composition. Because of its purifying properties, this 
chemical is useful. Because of its layered structure, hexagonal MoS2 is a good 
dry lubricant. MoS2 is an excellent lubricant due to its layered nature and low 
friction coefficient. The composition of MoS2 is shown in Table 10.2.

Table 10.3 displays the parameters of matrix and reinforcing materi-
als. Direct Energy Deposition Method is used to fabricate the Al7075 

Table 10.1  Material composition of aluminium alloy 7075

Elements Cu Zn Si Mn Ti Mg Fe Cr Al

Wt.% 1.5 5.6 0.08 0.06 0.07 2.4 .24 0.20 Bal.

Table 10.2  �Elements composition of TiB2 and MoS2

Elements Ti B O Fe C N Mo S Fe Cu

TiB2 wt.% 68.50 30.14 0.46 0.09 0.24 0.26 – – – –
MoS2 wt.% – – – – – – 59.94 40.05 0.005 0.001

Table 10.3  Properties of matrix Al7075 and reinforcing materials

Properties Alloy 7075 MoS2 TiB2

Particle size (μm) 2 2 10
Density (g/cm3) 2.80 5.06 4.52
Modulus of elasticity (GPa) 72 254 410
Tensile strength (MPa) 241 226 336
Melting point (°C) 555 1,185 2,248
Purity 98.5 99 98
Poisson ratio 0.3 0.23 0.28
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matrix-based composites. The Al7075/12 wt.% TiB2/x wt.% MoS2 (x = 0, 
1.5, 3, 4.5 and 6) composites are manufactured under the conditions men-
tioned in Table 10.5. The LDM8060 (YuCheng Tech. Ltd., Beijing, China) 
equipped with a 2,000 W fibre laser with a 1-mm spot size was used to 
prepare the DED samples. A semiconductor fibre laser, a powder feeder, a 
purification system and a control system are all included in the setup. The 
optimum processing parameters were established during the laser deposi-
tion process and the parameters are 2,000 W laser, 10 mm/s scanning, 
0.6 mm layer thickness, 1.2 mm scanning distance and 1.2 r/min powder 
feeder. Under an argon atmosphere, serpentine reciprocating scanning was 
used to create specimens with dimensions of 60 × 60 10 mm on a hybrid 
composite substrate. Surface grinding and polishing were performed on the 
printed DED samples.

The DEDM manufactured specimens were cut into required ASTM 
with the help of wire cut EDM. When compared to traditional machin-
ing methods, wire cut EDM reduces dislocation of composite particles 
and avoids changes in the bonding structure of composite particles when 
machining. Microstructural analysis identifies matrix reinforcement 
interfacial bonding and reinforcement distribution. Each specimen end is 
polished with abrasive grade sheets of 600, 800 and 1,000. The contrast is 
enhanced by Keller’s reagent. At various magnifications observed by scan-
ning electron microscope, the microstructure of reinforced Al7075 com-
posites and unreinforced Al7075 was identified. SEM (HITACHI Model 
S-3000) is used to guarantee that the reinforcements in the matrix mate-
rial are spread uniformly and that defect-free composites are generated. 
EDAX tests are also used to assess the presence of Al7075 matrix material 
and reinforcements in manufactured composites. The density of Al7075/
TiB2/MoS2 composites was determined using Archimedes’ principle. The 
specimens are weighed in open and submerged in filtered distilled water 
that used a Contech Precision Scale CA Series type electronic weighing 
equipment with a 0.0001 g accuracy. All produced specimens’ theoretical 
density is determined using the mixing rule. The microhardness, tensile 
and compressive tests are conducted on all manufactured samples. Each 
sample composite was tested for hardness using Vickers hardness tester. 
The hardness is tested by applying a weight of 0.5 kg for 15 s. During 
hardness test, three trials were conducted on Al7075-based composites. 
The compressive strength is determined using a computerized FMI-F100 
series UTM with a capacity of 200 kN. The ASTM E09 standard was 
followed for compressive tests. The load and displacement resolutions are 
5 N and 0.01 mm, respectively. Tensile tests are performed on Al7075 and 
its composites according to ASTM E-08 [17]. A small Universal Testing 
Machine by way of a load-carrying capacity of 200 kN is used for the 
tensile test (TUE-C model, Fine manufacture).
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10.3  RESULTS AND DISCUSSION

The Al7075 matrix-based hybrid composites are manufactured with the 
help of Direct Energy Deposition Method. The fabricated Al7075 matrix-
based hybrid composites are subjected to EDAX test and SEM test.

Density test, microhardness test, tensile and compression test are used 
to confirm the weight percentage of elements, study the microstructure, 
determine the density, find the microhardness and determine the tensile and 
compressive strength of the Al7075 matrix-based composites. EDAX exam-
ines the elements in both reinforced and non-reinforced specimens (Al7075, 
TiB2 and MoS2). It’s a subjective and quantitative investigative approach for 
separating the components in samples.

In general, Al7075 alloy contains various chemical constituents such as 
aluminium (94.05%) and zinc (5.95%), as shown in Figure 10.1 and the 
values are presented in Table 10.4.

Figure 10.1 � EDAX of Al7075 alloy.

Table 10.4  Al7075 EDAX results

EI AN Series Norm.C (wt.%) Unn.C (wt.%) Atom.C (wt.%) Error (%)

Zn 30 K. Series 5.9 5.70 5.2 2.19
Al 13 K. Series 94.1 92.53 94.8 6.97
Total 100 98.23 100 –
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All aluminium alloys have these peaks. Multiple constituents of the 
Metal Matrix Composite are shown in Table 10.5, as Al7075 alloy is 
strengthened with 12% TiB2. Al (84.94%), Ti (9.23%), B (3.98%) and Zn 
(2.65%) are the distinct elements contained in this hybrid composite, as 
shown in Figure 10.2.

The different elements included in Al7075/12 wt.% TiB2/1.5 wt.% MoS2 
hybrid composite are Al (83.77%), Ti (5.23%), Mo (2.19%), B (4.18%), 
S (2.83%) and Zn (1.80%), as represented in Table 10.6 and indicated in 
Figure 10.3.

The various components detected in Al7075/12 wt.% TiB2/3 wt.% MoS2 
hybrid composite are Al (79.65%), Ti (6.23%), Mo (3.29%), B (3.88%), S 
(3.83%) and Zn (3.12%), as shown in Table 10.7 and Figure 10.4.

Table 10.5  Al7075/12 wt.% TiB2 EDAX results

EI AN Series Norm.C (wt.%) Unn.C (wt.%) Atom.C (wt.%) Error (%)

Al 13 K. Series 84.09 84.94 84.09 5.36
B 5 K. Series 3.98 3.31 3.63 2.65
Ti 22 K. Series 9.23 9.40 9.09 3.01
Zn 30 K. Series 2.65 2.35 2.94 0.16
Total 100 96.60 100 –

Figure 10.2 � EDAX of Al7075 alloy 12 wt.% TiB2.
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Table 10.6  Al7075/12 wt.% TiB2/1.5 wt.% MoS2 EDAX results

EI AN Series Norm.C (wt.%) Unn.C (wt.%) Atom.C (wt.%) Error (%)

Al 13 K. Series 83.77 82.79 81.45 4.17
Mo 42 K. Series 2.19 2.04 2.68 0.83
S 13 K. Series 2.83 1.16 1.79 0.57
B 5 K. Series 4.18 3.29 2.72 2.10
Ti 22 K. Series 5.23 8.32 7.26 2.31
Zn 30 K. Series 1.70 2.40 4.10 0.22
Total 96.5 100 100 –

Figure 10.3 � Al7075/12  wt.% TiB2/1.5 wt.% MoS2 EDAX.

Table 10.7  Al7075/12 wt.% TiB2/3 wt.% MoS2 EDAX results

EI AN Series Norm.C (wt.%) Unn.C (wt.%) Atom.C (wt.%) Error (%)

Al 13 K. Series 79.65 78.61 78.01 3.93
S 13 K. Series 3.83 1.56 1.99 0.51
Mo 42 K. Series 3.29 1.94 3.58 0.85
B 5 K. Series 3.88 3.98 3.73 2.01
Ti 22 K. Series 6.23 7.63 8.06 2.51
Zn 30 K. Series 3.12 2.88 4.69 0.19
Total 100 96.0 100 –
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The various components detected in Al7075/12 wt.% TiB2/4.5 wt.% MoS2 
hybrid composite are Al (79.65%), Ti (6.23%), Mo (3.29%), B (3.88%), S 
(3.83%) and Zn (3.12%), as shown in Table 10.8 and Figure 10.5.

The various components detected in Al7075/12 wt.% TiB2/6 wt.% MoS2 
hybrid composite are Al (79.65%), Ti (6.23%), Mo (3.29%), B (3.88%), S 
(3.83%) and Zn (3.12%), as shown in Table 10.9 and Figure 10.6.

Table 10.8  Al7075/12 wt.% TiB2/4.5 wt.% MoS2 EDAX results

EI AN Series Norm.C (wt.%) Unn.C (wt.%) Atom.C (wt.%) Error (%)

Al 13 K. Series 80.72 78.18 78.13 3.97
S 13 K. Series 2.08 2.14 1.95 0.54
Mo 42 K. Series 2.15 2.19 2.17 0.87
B 5 K. Series 4.08 4.02 3.98 2.05
Ti 22 K. Series 8.01 7.63 9.06 2.65
Zn 30 K. Series 2.86 2.54 4.71 0.19
Total 100 96.0 100 –

Figure 10.4 � Al7075/12 wt.% TiB2/3 wt.% MoS2 EDAX results.
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Figure 10.5 � Al7075/12 wt.% TiB2/4.5 wt.% MoS2 EDAX results.

Table 10.9  Al7075/12 wt.% TiB2/6 wt.% MoS2 EDAX results

EI AN Series Norm.C (wt.%) Unn.C (wt.%) Atom.C (wt.%) Error (%)

Al 13 K. Series 80.72 78.18 78.13 3.67
S 13 K. Series 2.98 2.94 2.95 0.64
Mo 42 K. Series 2.95 2.89 2.97 0.77
B 5 K. Series 4.08 4.02 3.98 2.15
Ti 22 K. Series 8.01 7.63 9.06 2.55
Zn 30 K. Series 2.86 2.54 4.71 0.18
Total 100 96.0 100 –

Figure 10.6 � Al7075/12 wt.% TiB2/4.5 wt.% MoS2 EDAX results.
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Microstructural analysis of newly fabricated is performed by scanning 
electron microscope, and the diversity of the samples is determined by 
scanning electron microscope. SEM images of Al7075 alloy and composites 
are depicted in Figure 10.7. The SEM images reveal that TiB2 and MoS2 
particles are evenly dispersed throughout the matrix. Furthermore, SEM 
pictures appear to show that the particles TiB2 and MoS2 are all bonded 
to the aluminium matrix and that their concentrations are extremely low 
in each composite. Each specimen’s end has been polished with a 600, 800 
and 1,000 grade abrasive board. The surfaces of the reinforced and unre-
inforced specimens were captured in SEM at various scales and magnifi-
cations. At a magnification of 100 μm, Figure 10.8 shows a SEM photo 
of Al7075 aluminium alloy. According to microstructural testing, par-
ticle distribution in the matrix is stable. Due to a shrinking matrix dur-
ing solidification, the substance is porous. The Al7075, Al7075/12% TiB2/
MoS2 (X = 0, 1.5, 3 and 4.5) specimens are analysed using scanning electron 
microscopy. The SEM photograph of Al7075-strengthened composites is 
shown in Figure 10.8. The elements in the aluminium matrix are bonded 
with titanium diboride and Molybdenum Disulphide, according to the SEM 
images of all composites. The SEM images show that titanium diboride 
and Molybdenum Disulphide are distributed uniformly in the aluminium 
matrix. Sulphur escapes from the hybrid composite during the solidifica-
tion process, resulting in porosity. Furthermore, during cooling in a humid 
environment, the conversion of MoS2 to MoO3 generates an oxide on the 

Figure 10.7 � SEM picture of Al7075.
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surface of the composites. Figure 10.8 shows how Titanium Diboride bonds 
strongly to the Al7075 matrix material. In the SEM photos of Figure 10.8, 
titanium diboride and Molybdenum Disulphide form a strong contact with 
the Al7075 matrix material.

Figure 10.8 � SEM picture of Al7075/12 wt.% TiB2/x wt.% MoS2 (x = 0, 1.5, 3, 4.5 and 6).



152  Mechanical Properties and Characterization of Additively

The experimental density of DEDM-fabricated Al7075 hybrid compos-
ites was determined by Archimedes theory. The theoretical density of com-
posites is calculated using the mixing law [18]. The experimental density of 
the generated composites is speculative at best. Table 10.10 compares the 
experimental and theoretical densities of aluminium alloy 7075 composites.

The addition of titanium diboride and Molybdenum Disulphide to 
produce composites enhances their density [19], as seen in Table 10.5. 
Because of the high density of molybdenum disulphide, the Al7075 com-
posite density increases as the weight percent of molybdenum disulphide 
increases [20].

On Al7075, Al7075/TiB2 and Al7075/TiB2/MoS2 composites, a micro-
hardness test was performed in a Vickers hardness tester at a loading rate 
of 0.5 kg for 15 s. Each sort of composite formed is put through three tri-
als before an average value is calculated. The microhardness results are 
shown in Table 10.6. The effects of the TiB2 and MoS2 reinforcement par-
ticles on the composite hardness obtained by the hardness test are shown 
in Table 10.11. The addition of particles like TiB2 and MoS2 considerably 
improved the hardness [21,22].

Table 10.10  Comparison of theoretical and experimental density 

S. no. Material
Theoretical density 

(g/cm3)
Experimental 

density (g/cm3)

1 AL7075 2.833 2.830
2 AL7075/12 wt.% TiB2 2.850 2.846
3 AL7075/12 wt.% 

TiB2/1.5 wt.% MoS2

2.861 2.855

4 AL7075/12 wt.% 
TiB2/3 wt.% MoS2

2.877 2.874

5 AL7075/12 wt.% 
TiB2/4.5 wt.% MoS2

2.894 2.892

6 AL7075/12 wt.% 
TiB2/6 wt.% MoS2

2.884 2.882

Table 10.11  Microhardness of Al7075-based composites

S. no. Material Microhardness

1 AL7075 92
2 AL7075/12 wt.% TiB2 105
3 AL7075/12 wt.% TiB2/1.5 wt.% MoS2 112
4 AL7075/12 wt.% TiB2/3 wt.% MoS2 119
5 AL7075/12 wt.% TiB2/4.5 wt.% MoS2 126
6 AL7075/12 wt.% TiB2/6 wt.% MoS2 121
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The microhardness test findings revealed that adding TiB2 and MoS2 to 
reinforced Al7075 composites increases their hardness. Because of its high 
hardness, the inclusion of Titanium Diboride improves the hardness of the 
composites formed. Due to its firm attachment to the thickness of the lat-
tice, and Titanium Diboride fortification, molybdenum disulphide improves 
the material hardness. The normalized conveyance of Titanium Diboride 
with molybdenum disulphide in the Al7075 grid material increases the 
durability of the composites. During a microhardness test, the excellent 
bond of titanium diboride and molybdenum disulphide to Al7075 pre-
vents particle dislocation, which increases hardness. When molybdenum 
disulphide is added, the microhardness benefit increases to 4.5% and then 
drops to 6%. The addition of 6 wt.% molybdenum disulphide to Al7075/
TiB2 composites reduces the microhardness. During microhardness testing, 
further MoS2 aggregation leads particles to dislocate quickly, resulting in 
substantial wear loss.

For determining the compressive strength of Al7075, Al7075/TiB2, and 
Al7075/TiB2/MoS2 composites, compressive tests were performed. The 
compressive strength of Al7075 is improved by adding TiB2 and MoS2 par-
ticles [23], as illustrated in Table 10.12.

Titanium Diboride is resistant to high compression because it bonds 
strongly to the Al7075 matrix components. The compression strength of 
Al7075-based composites is improved by better distribution and incorpora-
tion of Titanium Diboride in the matrix material. A large weight percent-
age of Titanium Diboride incorporation decreases the compressive strength 
of Al7075-reinforced composites due to the discontinuity of TiB2 bonding 
with Al7075 matrix content [23].

The addition of up to 4.5 wt.% MoS2 to Al7075/TiB2 improves 
the  matrix’s bonding power while lowering it by 6 wt.%. Because of 
the high weight percentage of MoS2 (over 4.5 wt.%) in Al7075/TiB2, the 
compression strength of the composites is reduced. The load-carrying 
capacity of molybdenum disulphide is restricted, and it cannot traverse 
or resist the burden as well as Titanium Diboride. The SEM picture of 

Table 10.12  Compression strength of Al7075-based composites

S. no. Material Compressive strength (MPa)

1 AL7075 257
2 AL7075/12 wt.% TiB2 346
3 AL7075/12 wt.% TiB2/1.5 wt.% 

MoS2

352

4 AL7075/12 wt.% TiB2/3 wt.% MoS2 368
5 AL7075/12 wt.% TiB2/4.5 wt.% 

MoS2

374

6 AL7075/12 wt.% TiB2/6 wt.% MoS2 362
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compression-tested fractured surface of Al7075, Al7075/12 wt.% TiB2/x 
wt.% MoS2 (x = 0 and 4.5) is shown in Figure 10.9.

Tensile strength was determined by testing Al7075, Al7075/TiB2, and 
Al7075/TiB2/MoS2 specimens. Table 10.13 displays the tensile test results 
for specimens Al7075 and Al7075/TiB2. Tensile test results for Al7075/
TiB2/MoS2 composites are presented in Table 10.13. The Al7075/12 wt.% 
TiB2/4.5 wt.% MoS2 composites are more unique than other Al7075 com-
posite mixtures.

The Al7075 hybrid composites’ tensile strength is reduced by adding 
6 wt.% MoS2 and increased by adding 4.5 wt.% MoS2 [24]. The large 
quantity of MoS2 in the matrix or MMC decreases the composites’ bond-
ing capability. The SEM pictures of fractured tensile-tested Al7075, 
Al7075/12 wt.% TiB2 and Al7075/12 wt.% TiB2/4.5 wt.% MoS2 are 
depicted in Figure 10.10.

10.4  CONCLUSION

The hybrid Al7075-based composites are fabricated successfully with the 
help of Direct Energy Deposition Method (DEDM). The fabricated com-
posites are cut into required ASTM size with the help of wire cut EDM. 

Figure 10.9 � Compression-tested fractured surface.
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The DEDM-fabricated composites are subjected to EDX analysis, SEM 
test, density test, microhardness test, compression test and tension test. 
The EDAX analysis confirms the presence of elements in the composite. 
The SEM pictures show the uniform distribution of molybdenum di sul-
phide in the Al7075/12 wt.% TiB2 composites. The density, microhard-
ness, compressive and tensile strength of composites improved by 4.5 wt.% 
and decreased by 6 wt.% MoS2. The high accumulation of molybdenum 
disulphide decreases the density, microhardness, tensile and compression 
strength of the fabricated alloys.

Table 10.13  Compression strength of Al7075-based composites

S. no. Material Compressive strength (MPa)

1 AL7075 191
2 AL7075/12 wt.% TiB2 277.6
3 AL7075/12 wt.% TiB2/1.5 wt.% MoS2 286
4 AL7075/12 wt.% TiB2/3 wt.% MoS2 293
5 AL7075/12 wt.% TiB2/4.5 wt.% MoS2 306
6 AL7075/12 wt.% TiB2/6 wt.% MoS2 298

Figure 10.10 � Tension-tested fractured surface.
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11.1  INTRODUCTION

The global community is running behind the fabrication of components 
for meeting the needs of various sectors including aerospace industries, 
automobile sectors, bio-medical fields and production industries [1]. The 
requirement of components in all sectors has been increasing day-by-day 
due to the increase in population across the globe. Therefore, a stan-
dard method of fabrication of components is of primary importance and 
Additive Manufacturing (AM) has been identified as of primary interest 
by the worldwide fabrication community. AM has received ample con-
sideration over the past few decades in the manufacturing and fabrica-
tion industries to make part models and prototypes [2]. This technique 
is a fabrication of desired components as per the desired shape and size 
including three-dimensional components. During AM fabrication, the 
component is built on the principle of adding one layer over another layer 
to produce the three-dimensional component [3]. Thus, this fabrication 
involves the building of materials as layers; this AM technique can also be 
referred to as 3D printing.

In these modern times, 3D printing or Additive Manufacturing is basi-
cally a transformative method to conventional industrial fabrication of 
models and prototypes that takes us to the creation of light as well as 
strong components simply by adding the material layers. The concept of 
3D printing is famous now not only in the manufacturing sector but also 
in the construction field. AM is a leading process currently engaged in 
the widespread industries to the subtractive methods such as forming and 
machining [4]. AM is illustrated in Figure 11.1 for a better understanding 
of the principle.

Figure 11.1 � Illustration of AM.
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11.1.1  Different additive manufacturing processes

Different familiar AM processes include Binder jetting, Directed Energy 
Deposition (DED), Material extrusion, Sheet lamination processes such as 
Laminated Object Manufacturing (LOM), Ultrasonic Additive Manufacturing 
(UAM) and Powder bed fusion methods such as Direct Metal Laser Melting 
(DMLM), Direct Metal Laser Sintering (DMLS), Electron Beam Melting 
(EBM), Selective Laser Sintering (SLS) and Selective Heat Sintering (SHS) and 
also the photopolymerization techniques such as sintering, melting and stereo-
lithography techniques. DED has types such as Laser-based DED, Electron 
beam-based DED, Plasma or Electric arc-based DED, Powder-based DED and 
Wire-based DED. Further, this DED shall be used for almost entire materials 
including metals, ceramics and polymers [5].

11.1.2  Wire arc additive manufacturing (WAAM)

Wire Arc Additive Manufacturing (WAAM) is a subtype under DED which 
uses the electric arc from a welding process as an energy source for melt-
ing the metal, preferably solid wire metal, and deposits the melts in layers 
to fabricate the metal component. Commonly in DED, the energy sources 
such as electric arc, electron beam and laser are utilized for melting the 
feed material in which the metal component is fabricated either in the form 
of solid filler wire or powder [6]. Because of the reason of employing any of 
the welding processes for melting the metals in the form of wire, it is gen-
erally called Welding-based Additive Manufacturing (WAM). Moreover, 
because electric arc is used during the welding to deposit the metal, this 
is preferably called Wire Arc Additive Manufacturing (WAAM) [7] and 
Figure 11.2 illustrates the basic GMAW-based WAAM process to acquire 
the idea about the working of WAM.

Figure 11.2 � Illustration of GMAW-based WAAM process.
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In WAAM, the metal component is fabricated by employing a suitable 
welding process. The very familiar welding processes identified for WAM 
include Gas Metal Arc Welding (GMAW), Gas Tungsten Arc Welding 
(GTAW) and Plasma Arc Welding (PAW). Thus, the metal component is 
fabricated by any of the suitable welding processes. One who fabricates the 
metal components using WAM should use a substrate for building compo-
nent, suitable weld conditions and various welding process parameters [6]. 
Many researchers have reported that the final chemical composition of weld 
deposits and properties at weld layers is strongly affected by the welding 
process employed. This phenomenon is severe when using different sub-
strate metals compared to weld metal. Therefore, it can also be incidental 
that the post-weld thermal properties of components fabricated in WAM 
also may be varied [6–8]. Therefore, a clear text is of fundamental impor-
tance to reach the effect of welding processes on the metal component’s 
properties.

11.1.2.1  Welding processes for WAAM

The selection of an appropriate welding process is instrumental to the 
WAAM fabrication process. WAAM actually makes use of any suitable 
welding process to melt the metal to be fabricated in the form of metal solid 
wire or powder and deposits over the substrate. This procedure is repeated 
till the achievement of the final shape and size of the metal components. 
Generally, welding processes selected for WAAM would give high deposi-
tion rates and therefore, WAAM could represent the best alternative AM 
process for available traditional AM processes. The increasing interest of the 
entire world in WAAM is mostly due to the advances in robotic controls and 
modern electronic control circuit systems for different welding machines.

The controlled short arc processes with reduced heat input are referred 
to as Cold Metal Transfer (CMT) technology, which is purposefully estab-
lished nowadays as a CMT-GMAW process by Fronius International, a 
firm that manufactures the welding machines worldwide, especially for the 
WAAM. Plasma Arc Welding (PAW) and Tungsten Inert Gas (TIG) weld-
ing processes could also be employed because of the separation of mass and 
energy input for specific materials. Laser-assisted welding is also used apart 
from standard arc welding processes frequently for the WAAM. Most com-
monly, GMAW is preferred for a high deposition rate comparing GTAW 
even though process stability and quality of fabrication are slightly lower. 
But PAW gives enough energy density arcs for welding suitable materials 
and provides high travel speeds and high-quality welds with minimum 
weld distortion. This PAW needs high capital expenses. Some of the famous 
welding processes employed for metal components fabrication are listed 
below [6,9].
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	 1.	Gas Metal Arc Welding (GMAW)
	 2.	Plasma Arc Welding (PAW)
	 3.	Gas Tungsten Arc Welding (GTAW)
	 4.	Laser-Assisted Welding
	 5.	Submerged Arc Welding (SAW) etc.

Generally this chapter provides the available AM processes and neatly illus-
trates the Welding-based Additive Manufacturing (WAM) called WAAM. 
Also, there is the need to study various thermal properties on WAAM com-
ponents. The use of Laser Flash Apparatus (LFA) for the thermal property 
measurement is presented with clear explanation. The procedure followed 
for the measurement of thermal properties in LFA is given lucidly. It is 
believed that this text would be a better one in assisting any layperson 
who decides to go for the thermal property measurement of the WAAM 
components.

11.2 � THERMAL PROPERTIES AND THEIR MEASUREMENTS

Thermal properties of a material under different thermal environments 
have to be revealed well before its use. These properties are majorly con-
sidered under a broad banner called thermo-physical properties. Generally 
most of the thermal properties would be measured during heat treatment 
[10]. Thermo-physical properties are defined as the properties of materials 
disturbing the transfer and storing of heat, which differ with the pressure, 
temperature, composition of mixtures etc., without changing the chemical 
individuality of the material [11].

11.2.1  Need for the measurement

The accurate measurement of heat energy transferred in many of the ther-
mal equipment is needed in various thermal environments. Thermal con-
ductivity, specific heat capacity and thermal diffusivity are believed to be 
the important thermal properties of a welding metal and also in the weld-
ing-based fabrication. These thermal properties have the ability to influence 
the residual stresses, temperature distribution and thermal distortion in the 
weld metal structures [10]. Final post-weld chemical composition and prop-
erties of weld metals are already proved to be affected by welding. The same 
phenomenon could also be extended to thermal properties of welding-based 
layer depositions. It is apparent from previous studies that the thermal prop-
erties of weld deposits would not be the same especially after the welding 
process [8]. Some reasons such as the effect of welding process parameters, 
metallurgical changes, chemical compositions and welding conditions have 
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the strong ability to alter the properties of weld deposits. Therefore, the 
thermal properties of WAAM fabrications are essentially to be evaluated to 
ensure the ability for working at different thermal environments smoothly.

11.2.2  Thermal properties

Important thermal properties as addressed by thermal professionals are 
thermal expansion, specific heat capacity, thermal conductivity and thermal 
stress. The measurements of thermo-physical properties are not easy as that 
of some mechanical properties like tensile strength and hardness [12]. Some 
of the thermal properties as listed below are the crucial post-weld properties.

	 1.	Specific heat capacity
	 2.	Thermal conductivity
	 3.	Thermal diffusivity etc.

11.2.2.1  Specific heat capacity

Specific heat capacity is the quantity of heat per unit mass required to raise 
the temperature by 1°C. The specific heat capacity is defined as the quantity 
of heat energy (J) absorbed per unit mass (kg) of the material when tem-
perature increases by 1 K or 1°C. The SI unit familiarly used for specific 
heat is J/kg-K. The values of specific heat capacity for few commonly used 
metals are furnished in Table 11.1 [12].

11.2.2.2 Thermal conductivity

The thermal conductivity of a material is defined as a measure of the ability 
of the material to conduct heat. The thermal conductivity of a material is 
the rate at which heat passes through a unit area per unit time with a unit 
degree temperature gradient per unit distance. It is generally denoted with 
letter “k.” SI unit of thermal conductivity is W/m2-K.

In general, thermal conductivity, = ∆
k

T
L

Table 11.1  �Specific heat values of few common materials

S. no. Material Specific heat capacity (J/kg-K)

1 Aluminium 900

2 Stainless steel 500

3 Brass 375

4 Copper 390
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11.2.2.3  Thermal diffusivity

Thermal diffusivity is the thermal conductivity divided by the density and 
the specific heat capacity at constant pressure. It actually measures the abil-
ity of a material to conduct thermal energy in the form of heat relative to 
its ability to store thermal energy. High diffusivity means that the heat is 
transferred very quickly. It is denoted by “α.” SI unit used for thermal diffu-
sivity is m2/s. Especially in WAAM-fabricated metal components, the focus 
is essentially to be given on this property because the welding processes by 
virtue of process parameters and many more have high possibility to change 
this property and thereby other allied thermal properties also.

11.3  DEPOSITION OF WELD BEADS USING WAAM

In order to fabricate the metal components, a number of weld beads are 
to be deposited over another. As already discussed, WAAM is a fabrica-
tion process by which metal components of needed shape and size could be 
fabricated by laying required numbers of weld beads. As an example, AISI 
316L grade of austenitic stainless steel weld bead is deposited to fabricate a 
component in GMAW-based WAAM process.

Generally there are two options readily available to fabricate metal 
plates. Usually in arc-welding-based AM, component is prepared by 
layer-by-layer concept. Another typical AM method of fabrication could 
be used when particularly the height of the fabricating component would 
be lesser than the weld bead thickness of single weld bead. For example, 
if one considers fabricating a thin-walled plate, the thickness of the plate 
could be attained with single weld bead itself but the required length of the 
plate shall be accomplished with multiple depositions to cover this length. 
Standard WAAM and typical WAAM options available for the plate fab-
rication could be understood easily while referring Figure 11.3, and the 
plate component to be fabricated in welding-based AM is indicated in red 
coloured box. After depositing the additive weld beads, the metal plate is 
to be cut using any of the suitable methods [13]. Such a fabrication and the 
thermal properties of the fabricated plate are included as a case in this text. 
Illustration of WAAM options for the thin-walled plate component fabrica-
tion is represented in Figure 11.3.

11.3.1 � Thin-walled plate component fabrication  
by typical WAAM

A thin-walled 316L grade of austenitic stainless steel plate component is 
fabricated as detailed below. It is decided to go with the typical WAAM 
to fabricate the plate because of its lesser thickness needed to be produced. 
It is decided that the said plate could be fabricated with the dimensions 
50 × 30 × 6 mm. As the length of the plate is more than that of the possible 
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single weld bead dimension, multiple number of weld beads are needed to be 
deposited. The main reason to go with the typical WAAM is that the thick-
ness of plate seems to be less enough and this thickness could be achieved 
with single weld bead deposition. Therefore, three weld beads were decided 
to be deposited in transverse direction to cope up with typical WAAM pro-
cess and breadth of 30 mm could be controlled by weld gun motion so that 
the required size of the plate could be well fabricated.

Gas Metal Arc Welding (GMAW) operating parameters such as open 
circuit voltage, wire feed rate, welding speed, nozzle-to-plate distance and 
electrode angle have been selected to control the process based on impacts 
of these process parameters on various properties of weld deposits. The 
experimental work for the fabrication of thin-walled plate was done 
using GMAW machine of Ador made at Welding Research Laboratory, 
Coimbatore Institute of Engineering Technology, Coimbatore, India. A 
three-axis welding manipulator is used for achieving the linear motions so 
that deposition layers could be well controlled for the fabrication.

Low-carbon high tensile structural steel (ASTM A 105/IS: 2062) was 
used as substrate for building component. Austenitic stainless steel 316L 
was unanimously used as filler wire material. The 316L stainless steel filler 
wire of 1.2 mm diameter was used and was fed in the wire feeder. The pro-
cess parameter values used for control are given in Table 11.2. There were 

Table 11.2  GMAW process parameter values used

Process parameter Value used

Open circuit voltage 34 V

Wire feed rate 13 m/min

Welding speed 0.34 m/min

Nozzle-to-plate distance 21 mm

Electrode angle 15°

Bu
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Figure 11.3 � Illustration of WAAM options for thin-walled plate component fabrication.
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three weld beads laid as typical additive layers in the traverse direction to 
meet the size designed for thin-walled plate component. Effective weld bead 
overlap was maintained with the naked eye. The inter-pass temperature 
between the layers is maintained carefully to avoid warping [14]. Then, 
the component fabricated was sent to machine the required size in milling 
machine. Finally, 316L stainless steel thin-walled plate component was fab-
ricated. The final thin-walled component is shown in Figure 11.4.

11.4 � THERMAL PROPERTIES’ EVALUATION OF  
POST-WELD THIN-WALLED PLATE COMPONENT

Different methods exist for the measurement of various thermal properties 
of metals. Some of the famous methods are given below.

	 1.	Guarded hot plate method
	 2.	Hotwire method
	 3.	Heat flow meter method
	 4.	Laser flash method

Laser Flash Method (LFM) was identified to be more suitable for mea-
suring the post-weld thermal properties of WAAM components because 
of sample size of weld metal, fabrication of the samples, temperature 
ranges and time duration [8]. Comparison of abovementioned methods 
with respect to the temperature range and metals is presented in Figure 
11.5. Laser flash method is a popular method to determine the key ther-
mal properties of a variety of metals at various temperature levels. This 
method is also suitable for weld metals. Thermo-physical properties such 
as thermal conductivity, specific heat and thermal diffusivity were evalu-
ated by LFA in this text.

(a)                                                                          (b) 

Fabrication

Figure 11.4 � Thin-walled plate component fabrication by typical WAAM.
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11.4.1  Laser flash apparatus (LFA)

The LFA works on the principle of laser flash method. The schematic draw-
ing of a typical LFA 447 apparatus is presented in Figure 11.6.

The sample holder, which could grasp 1–4 samples at a time, is situ-
ated at the centre. The heat source is generally the xenon lamp which is 
located at the bottom. The infrared detector is positioned on the top por-
tion of sample holder. The temperature at the sample holder is handled by 
a furnace and that temperature may be set between the room temperature 
and high temperature. This is to be in cooled condition with the help of 
liquid nitrogen to avoid the warmth of IR detector. The casing of infrared 
detector is to be levelled with liquid nitrogen. Generally, the liquid nitro-
gen endures for approximately 4–6 hours of measurements, if filled once. 
The sample holders in the LFA are appropriate for circular samples with 
12.7 mm diameter and/or 10 × 10 mm2, especially in matrix mode. The 
samples thickness shall be 1–3 mm [11]. A strong recommendation is that 
the trial samples shall be of the same thickness of reference samples as pos-
sible. The graphite spray is to be employed on the entire outer surfaces of 
samples to control light transmission. Special care is taken as the accuracy 
of specific heat measurement could be affected. The specification details of 
the apparatus used are given in Table 11.3.

Figure 11.5 � Comparison of thermal properties measurement methods.
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Table 11.3  Specifications of laser flash apparatus

S. no. Factors Specifications

1 Temperature range Ambient to 300°C

2 Standard sample size
Up to 25.4 mm diameter, or 6 mm/ 
8 mm/10 mm/12.7 mm2, up to 3 mm 
thick, specials on request

3 Dimensions of LFA 61 cm × 56 cm × 43 cm

4 MTX version
Scanning range: 50 mm × 50 mm, 
resolution: down to 0.1 mm; operation at 
room temperature

5 Thermal conductivity 0.1 W/(m·K) to 2,000 W/(m·K)

6 Thermal diffusivity range 0.01–1,000 mm2/s

7 Repeatability Thermal diffusivity: ±2%; specific heat: ±3%

8 Accuracy Thermal diffusivity: ±3%; specific heat: ±5%

9 Flash source
Xenon flash lamp, wavelength: 150–2,000 nm
Pulse energy: up to ≈10 J (selectable by 
voltage and pulse length)

10 Sensor type IR detector with integrated dewar

Figure 11.6 � Laser flash apparatus (LFA).
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11.4.2 � Measurement of thermal properties 
of deposited weld beads

AISI 316L austenitic stainless steel weld deposits have been deposited as 
explained above. Thermal properties of the sample fabricated have been 
assessed using LFA which is detailed in the previous sections.

11.4.2.1  Sample preparation

The fabrication from Section 11.3.1 is further processed with the Electric 
Discharge Machine (EDM) into 10 mm × 10 mm square plate samples. The 
difficulty was observed while shaping the samples because of low thermal 
conductivity of stainless steel and presence of some inclusions during the 
welding process. However, the situation was managed to prepare the sam-
ples at required dimensions to suit LFA with enough surface qualities [10]. 
The dimensions of the final prepared deposit samples were assessed with 
digital vernier caliper to calculate the bulk density of fabricated samples 
and the correctness was ensured. 

11.4.2.2  Measurement of thermal properties in LFA

A sample as required by the apparatus is prepared for the LFA analysis and 
weighed by the electronic weighing balance scale and mass (m) of the metal 
sample is calculated. Moreover, volume (V) of the prepared square sample 
is calculated as per their geometric sizes. Bulk density (ρ) value of sample 
is derived from the equation, /ρ = m V  by following LFA procedures. Thus, 
the measurements for thermal properties such as thermal diffusivity, spe-
cific heat and thermal conductivity were made at room temperature using 
NETZSCH LFA 447 Nanoflash™ system shown in Figure 11.7, which is 
available in Indian Institute of Technology, Kanpur, India [8].

Post-weld thermal properties of weld deposit sample assessed in LFA are 
presented in Table 11.4. The thermal diffusivity value measured from LFA was 

Figure 11.7 � Photographic view of Netzsch LFA 447 apparatus used for the measurements.



Key thermal properties of stainless steel deposits  171

5.27 mm2/s. This is the clear indication that heat-carrying capacity of sample is 
quiet acceptable. The specific heat capacity value was found to be 0.5 J/g-K. The 
thermal conductivity value has been calculated to be 17.76 W/m2-K. Therefore, 
it is quite clear from the result that the value of thermal conductivity slightly 
differs after the welding. Thus, it is understood that the thermal conductivity 
value of deposit might fall between the values of parent and filler metal as they 
are fusing in the weld pool [15]. Therefore, it is strongly suggested that the use 
of substrate material may be similar compared to the filler wire material/mate-
rial of the component [16], unless this change in different thermal properties 
could be possible due to the weld dilution as reported in previous studies.

11.5  CONCLUSIONS

This text includes the details of different methods for AM. Also, work has 
been carried out by a variant WAAM process called typical WAAM and 
the key thermal properties have been lucidly presented by studying the few 
thermal properties of weld deposits in this text. Also, it is seen that the Laser 
Flash Apparatus (LFA) is a trendy and feasible simple technique to be used 
for measuring the post-weld thermal properties, especially the fabricated 
components by WAAM. The results mainly show that the thermal proper-
ties could be affected by the welding processes and therefore much care 
should be given during the fabrication of metal components using WAAM. 
Hope this text would help budding engineers from industries to fabricate 
the metal components depending upon the different environments.
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12.1  INTRODUCTION

According to ISO/ASTM 52900:2015, additive manufacturing (AM), 
commonly called as 3D printing, is the industrial process used to gener-
ate three-dimensional forms from 3D model data layer by layer [1]. There 
are many characteristics for the implementation and adoption of 3D print-
ing in the industry, including [2]: structural flexibility, component useful-
ness, cost-effective low-volume production, and ecological responsibility. 
Computer-Aided Design (CAD) is used to generate the necessary digital 
data information for printing [3,4]. The method consists of printing lay-
ers of materials such that they are formed one on top of another. Charles 
Hull invented stereolithography (SLA) in 1986, and additional technologies 
such as powder bed fusion (PBF), fused deposition modelling (FDM), inkjet 
printing, and carving have evolved. AM technology enables the construc-
tion of lightweight and intricate structures which are difficult to replicate 
using conventional manufacturing methods. The extrusion-based Stratasys 
FDM method [5] is one of the additive manufacturing (AM) methods. This 
AM method is now the most popular on the market [6]. The economic and 
environmental advantages of additive manufacturing, such as decreased 
material use, saved energy, individualized production, and prolonged prod-
uct longevity, are increasing the technology appeal. In the beginning, archi-
tects and designers used 3D printing to make prototypes for their projects 
since it was a fast and cheap way to test out different designs. Producing 
products that are uniquely suited to each customer has proven challeng-
ing for manufacturers because of the significant expenses associated with 
doing so. Additional expenses incurred during product development are 
now lower thanks to 3D printing. Though 3D printing has been around 
for a while, it is only lately that technology has seen widespread applica-
tion in a broad range of industries, producing anything from prototypes 
to final products. But AM can 3D print small quantities of customized 
items at a low cost. The biomedical field, which typically requires unique 
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patient-specific commodities, places a premium on this. Wohlers Associates 
predicts that during 2020, over half of all 3D printing will be used for 
commercial product production [7], with the majority of this time spent on 
producing unique functional objects. Medical professionals are intrigued 
by this technique because it might be used to manufacture a wide range 
of medical devices based on CT-scanned tissue replicas [8]. 3D printing is 
gaining popularity over traditional methods because of its ability to manu-
facture complicated geometries with more precision, greater material sav-
ings, greater creative freedom, and greater potential for personalization. 
Metals, polymers, ceramics, and even concrete may all be used in modern 
3D printing. Polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) 
are two common polymers used in 3D-printed composites. Traditional 
methods are too time-consuming, labour-intensive, and costly for wide-
spread usage in the aerospace sector, hence high-tech metals and alloys are 
often used instead. Additive manufacturing in construction often uses con-
crete, although ceramics are commonly utilized for 3D-printed scaffolding. 
Several advantages of 3D printing over conventional techniques contribute 
to its growing popularity. These include the ability to precisely manufac-
ture complex geometries, to save materials to the maximum extent pos-
sible, to have complete creative control over the design process, and to add 
a unique, personalized touch to products. Traditional manufacturing pro-
cedures, such as casting, are difficult to apply to complex geometries like 
lattice systems and need extra equipment and post-processing time, while 
AM eliminates these barriers to mass production. Conversely, improved 
machine design is required to increase production rates while simultane-
ously decreasing costs. Another issue that prevents AM from being used 
for mass production is the high cost and lengthy nature of the process. The 
aim of this chapter is to offer a high-level introduction to 3D printing by 
discussing its fundamental principles, common materials, current state, and 
wide range of applications. The research limitations and implementation 
difficulties of this technique will also be discussed in this chapter.

12.2  AM CLASSIFICATION

Additive manufacturing (AM) is a technique for constructing complicated 
geometries and structures using 3D model data. It is also known as digi-
tal fabrication technology, rapid prototyping, layer manufacturing, and 
solid-free form fabrication, among others [9]. This methodology was devel-
oped to speed up the process from the initial idea to the finished prod-
uct [10]. Furthermore, low-volume custom gadgets and goods may be 3D 
printed using AM technology. Multiple authors have used various additive 
manufacturing (AM) techniques, including selective laser sintering (SLS), 
stereolithography (SLA), electron beam melting (EBM), fusion filament fab-
rication (FFF), selective laser melting (SLM), and inkjet printing, in the 
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course of product development (IJP). As the material is deposited in suc-
cessive layers, the desired object is gradually built up. This is true of all of 
these technologies. Some of the materials now in use in AM are: ceram-
ics, wax, metals, concrete, polymer powers, acrylonitrile butadiene styrene 
(ABS), adhesive-coated sheets, and polylactic acid (PLA). Scaffolding used 
in 3D printing is often made of ceramics or concrete. Mechanical quality 
and anisotropic properties of additive-produced components continue to 
limit AM’s viability on a large scale. An improved AM pattern is needed 
for controlling anisotropic behaviour and susceptibility to defects. Changes 
to the printing conditions have an influence on the produced goods’ quality 
[11]. In the near future, a wide range of AM tactics will be implemented in 
today’s enterprises. Polymer filament is the primary material used in FDM, 
the most popular AM method. SLS, SLA, LOM, EBM, SLM, and IJP are 
just a few of the many AM techniques available. There are merits and draw-
backs to every possible strategy. When deciding on the best AM process for 
a given application, it is crucial to take into account the fabrication cost, 
time, and accuracy [12]. Generally speaking, AM technologies may be cat-
egorized as indicated in Figure 12.1.

12.2.1  Stereolithography

In 1986 [13], the rapid prototyping technique known as stereolithography 
(SLA) gained widespread use. It uses ultraviolet (UV) light and an elec-
tron beam to start off the chain reaction of the monomer solution on the 
resin layers (EB). Epoxy and acrylic are the two examples of UV-activated 
monomers that undergo a dramatic transformation into polymer chains 
after activation. After polymerization, the resin layer hardens to secure 
subsequent layers. This method is utilized to create high-tech nanocompos-
ites [14] since it just requires one step, is less costly, produces high-quality 
components that are slow, and generates no waste. A schematic diagram is 
shown in Figure 12.2.

According to  

Additive Manufacturing Process

Type of feedstock 
material & Process 

Solid based -FDM
Liquid based –SLA. IJP
Powder based –SLS. EBM

UV laser Beam (SLA)
Electron Beam (EBM)
Laser Beam (LOM)
C02 Laser Beam (SLS)
Internal Energy (FDM)

Point: 3DP
Lilie: SLS
Dimensional: LOM
& SLA

SLS: 3D system
IJP: Micro Fab
EBM: Area
SLM: Micro Fab
SLA: CMET Inc.

Type of Beam 
Used 

Dimensional 
Order 

Material 
Provider 

Figure 12.1 � Classification of additive manufacturing [136].
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12.2.2  Fusion deposition modelling

Scott Crump developed fusion deposition modelling (FDM) in the 1800s, 
and a company in the United States (Stratasys) popularized it in the 1990s 
[15]. Advanced techniques in thermal energy, surface chemistry, and layer 
creation form the basis of this method. The filament material, which is 
obtained as (uncoiled/unwound) metal wire, is heated to a semi-liquid con-
dition, produced, and sprayed on a substrate using a specially designed mov-
ing head on the base (platform). Once the print job is complete, the melted 
filaments are fused together and allowed to cool to room temperature. Layer 
thicknesses may be anywhere between 50 and 500 mm when using FDM 
filaments with diameters ranging from 1.75 to 2.85 mm. Mechanical prop-
erties of printed components are profoundly affected by processing param-
eters such as layer width, layer thickness, orientation, and others. Another 
reason mechanical inadequacy exists is because of interlayer distortion. The 
key advantages of FDM are its speed, ease of use, minimal equipment cost, 
and ability to create customized goods. Poor mechanical characteristics, 
poor surface quality, longer production time, a layer-by-layer appearance, 
and so on are only some of the problems with this approach [16]. A sche-
matic design of the FDM approach is shown in Figure 12.3.

12.2.3  Inkjet printing

For additive manufacturing (AM) of ceramics, composites, and metals, 
inkjet printing (IJP) is a significant non-contact approach [17]. Typically, 
more complex ceramic structures, such as scaffolds for tissue engineering 
purposes [18], are printed using the IJP approach. Wax support materials 
and thermoplastic building materials are maintained in a molten state in 
two heated reservoirs, a setup developed by Solidscape Inc. The IJP head 
(X, Y planes) takes these materials as input and fires droplets in the right 

Figure 12.2 � Stereolithography.
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direction, creating a uniform layer of chemicals. At the same time as both 
substances cool and solidify, a layer is formed. Therefore, for each layer, 
the same process is carried out once more. Once a part is removed, the 
wax shims supporting it are melted [19]. Inkjet printing (IJP) is efficient, 
rapid, flexible, and capable of generating high-quality printing and intricate 
structural designs at low cost. Major limitations of this method include 
low-quality printing, poor durability in the printing head, poor adherence 
between layers, and an inability to print in large quantities. In Figure 12.4 
we see a simplified diagram of the inkjet printing method.

Figure 12.3 � Fusion deposition modelling.

Figure 12.4 � Inkjet printing.
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12.2.4  SLS (selective laser sintering)

To create a form using selective laser sintering (SLS), material such as ceram-
ics, metals, polymers, hybrids, and composites in powdered form is heated 
without melting and then dispersed uniformly, layer by layer, over the mod-
el’s supporting structure. After being sliced into a cross-section of a CAD 
model by a laser system, powder particles sinter together to form the final 
product. This procedure is repeated until a finished model is achieved [20]. 
Solid-Liquid-Sintering (SLS) offers excellent mechanical properties, is fast, 
does not need support, and has good layer adhesion. The primary problem 
of this method is the need for post-processing due to the inner porosity of 
the structure. Additionally, large, flat surfaces and microscopic holes can-
not be printed consistently [21]. Particle sizes in SLS processes typically fall 
in the range of 10–50 μm [22]. Figure 12.5 presents a simplified layout for 
the SLS (Selective Laser Sintering) method.

12.2.5  Selective laser melting

Bridges and crowns for teeth may now be made with remarkable precision 
using a technique called selective laser melting (SLM). Materials suitable for 
the powder-based fusion method include metals, polycarbonate (PC), poly-
mers such as PLA, ABS, wax, and powdered plastics [23]. Furthermore, 
this technique employs powder layers that are just nanometres thick and 
are densely packed on top of a base. As the laser beam moves away from 
the melt pool, the liquid substance solidifies. Because of this, a substantial 
structure takes shape. An additional layer is applied after the powdered 
material layer has melted and fused the layer underneath it. Figure 12.3 
shows that the process is repeated to create the whole structure. Important 

Figure 12.5 � Selective laser sintering.
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aspects of SLM include the chemistry of the binder, the particle shape and 
size, the interaction between the binder and powder, the rate of deposition, 
and the processing that comes afterwards [24]. However, the superior print 
quality and high resolution of SLM make it a fantastic option for producing 
elaborate graphics. Figure 12.6 depicts a simplified layout of the Selective 
Laser Melting method.

12.2.6  Electron beam melting (EBM)

It’s an electron gun and a computer-controlled process for making highly 
thick 3D components from metal powder [25]. First introduced to the market 
was the EBM printing machine by Arcamin Sweden [26]. The powder feed-
stock is fed to the construction container from hoppers next to it, creating 
a nearly vacuum environment in which the parts are fabricated. Figure 12.7 
depicts the overall framework of the electron beam melting method.

Figure 12.6 � Selective laser melting.

Figure 12.7 � Electron beam melting.
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12.3  3D PRINTING MATERIALS

Additive manufacturing today utilizes a wide variety of materials, including 
ceramic, polymers, metals, plastics, and their hybrids. However, improve-
ments are continually being made to advanced materials [27]. A variety 
of 3D-printable materials are available for use in creating a wide range of 
parts. The several categories of AM materials are shown in Figure 12.8.

12.3.1  Metal and alloy

Among its many impressive properties, the metal utilized in AM has excep-
tional physical properties, including high compressive strength and resil-
ience to fatigue, which allow for the creation of intricate designs. Not only 
is it used to manufacture aeroplane parts, but also human organs. Essential 
metals include those based on cobalt, aluminium, nickel, stainless steel, tita-
nium, and many more. In particular, cobalt-based alloys are recommended 
due to their high specific stiffness, elongation, durability, and recovery 
capacities [28]. Thus, it finds widespread use in the dental industry.

12.3.2  Ceramics

Creating high-end ceramics for use in tissue engineering and biomaterials 
like dental and bone scaffolds is becoming more common thanks to AM 
technology [29]. To date, AM has been utilized to make fracture- and pore-
free 3D prints out of materials like ceramics and concrete. Ceramics are 
fireproof and endure a long time. It may be used in the aerospace industry, 
in hospitals, and in dental practices. Ceramic materials include alumina, 
zirconia, and bioactive glasses. In contrast, alumina finds widespread use 
in a number of industries and fields [30].

12.3.3  Polymer

Prototypes of fully functional buildings and polymers are often employed 
in AM’s component creation process [31]. It has a lot of advantages, 

Bio Material 

Metal and alloy 

(Ti, Co, Steel, Cr, Au etc.) 

Polymer  

(PLA, PC, ABS, PCL etc.)

Ceramics 

(HA, Ti & Al Oxides, etc.)

Composites 

(Polyethylene, dental filling) 

Plate, screw, Pin, 

Orthopedic Implants 

Drug delivery, 

bone Implant 

Dental Implant 

Dental filling 

SLM/DMLS/ 

Binder jetting

Thermoplastics–FDM/SLS 

Thermoset –DLP/SLA

Figure 12.8 � Various classifications of AM materials.
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including portability, affordability, durability against chemicals, adapt-
ability in manufacturing, and so on [32]. Polymers are used in the creation 
of biomaterials, medical devices, and orthopaedic implants [33]. Tissue 
engineering, cartilage healing, as well as other applications continue to use 
polymers [34].

12.3.4  Composite

For a number of years, a wide variety of industrial applications have 
been researching the potential for additive manufacturing to be used in 
composite materials (construction of buildings, the medical field, the toy 
industry, and aerospace) [34]. Traditional materials are heavier and less 
versatile than composite materials, which are lighter and more adaptable. 
Composite materials, for instance, have transformed industries for the 
purpose of achieving increased performance owing to the exceptionally 
low weight and adaptability of these materials. The most prevalent types of 
composites are carbon fibre-reinforced polymer composites and glass fibre-
reinforced polymer composites [35]. As a result of its remarkable proper-
ties, carbon fibre composites find the majority of their applications in the 
aircraft industry (high strength, corrosion resistance, and superior fatigue 
performance).

12.3.5  Biomedical materials

To diagnose and cure medical conditions, biomedical engineers work on a 
wide range of tools and technologies. Among the many biomedical appli-
cations are replacement organs such as kidneys, heart, teeth, knees, eyes, 
ears, noses, and hips. Printing for these medical uses paves the way for 
individualized, complex implant geometries and on-demand fabrication, 
both of which have the potential to reduce both inventory and production 
costs. Further, because no specialized equipment is needed for 3D printing, 
the unit cost is uniform across all products. This kind of cost analysis has 
proven useful in the field of biomedical orthopaedics. Biological uses for 
this technology are on the rise as researchers discover its many advantages. 
In the field of medicine, applications include implants and tissue engineer-
ing [36]. Applications for 3D printing in medicine may be constructed out 
of a variety of different materials. In addition to its other desirable qualities, 
the perfect biomaterial would be simple to print, biocompatible with living 
organisms, and morphologically indistinguishable from real tissue. Metals 
and alloys are used for orthopaedic implants, plates, screws, and other 
components that need to have a high level of strength. Ceramics have the 
potential to be used in the production of bioactive orthopaedic implants. 
Porous orthopaedic implants often make use of composite, which is a bio-
logical material that has outstanding mechanical qualities. On the other 
hand, polymers are the kind of chemicals that are used in the medical field 
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the most often. Biomaterials made from polymers are the most popular 
kind, about 86% [37].

Different implant applications call for different materials to be used for 
biological objectives. To choose the best material for medical AM applica-
tions such as personalized implants, surgical equipment, prosthetic limbs, 
tissue scaffolds, and so on, one must consider the final product’s function 
and desired characteristics. Nylon and acrylonitrile butadiene styrene (ABS) 
are great materials for use in medical devices because of their high strength, 
long life, and versatility. Polylactic acid (PLA) is, nevertheless, a biodegrad-
able polymer with applications in medicine. An ideal biomaterial would 
have several desirable properties, such as being easy to print, biocompat-
ible, having a comparable morphology to genuine tissue, being nontoxic, 
etc. Metals and alloys are used in the construction of orthopaedic implants, 
plates, screws, and other structural components. Exceptional mechanical 
qualities of ceramics utilized in porous orthopaedic implants may allow 
for their usage in the creation of bioactive orthopaedic implants. On the 
other hand, polymers are by far the most common substance utilized in 
healthcare. Over 86% of all biomaterials now in use are polymer based. 
However, tissue engineering makes use of biomimetic materials. Scaffolds 
are the focus of a number of ongoing efforts to enhance them utilizing time-
tested techniques including salt leaching and phase separation. However, 
bone tissue engineering plays a crucial role in the treatment of wounded tis-
sues and harvested tissues, and has been the subject of a number of process 
techniques, including rapid prototyping (RP), electrospinning, and others. 
It is common practice to use polymers (polycaprolactone, poly (lactic-co-
glycolic) acid) and ceramics (wollastonite bredigite) in bone tissue engineer-
ing [38,39].

12.3.6  Smart materials

Smart materials are capable of changing shape and structure when sub-
jected to external forces (water and heat). A self-evolving structure and 
soft robotics system are the most prominent examples of additive-produced 
items developed with the help of smart materials. There is a subgroup of 
smart materials known as 4DP materials [40]. Biomedical prostheses and 
micro-electro-mechanical systems both make use of shape memory poly-
mers and alloys (Ni–Ti) [41].

12.3.7  Plastics

FDM, SLS, and SLA may all use plastics as their material of choice. 
Acrylonitrile butadiene styrene (ABS) filament is the most common kind 
of plastic used to make car, phone, and electronic appliance housings. 
However, the polybutadiene-based thermoplastic component utilized in 
elastomer production gives it resilience to stress and pliability. ABS plastic, 
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which is often used in additive manufacturing, is melted at temperatures 
between 230°C and 260°C. ABS may be made in a chemical process and has 
high strength and toughness and can be recycled several times. However, 
it is not biodegradable and it loses volume when exposed to air. Therefore, 
heating the printing base is necessary to prevent warping. The ABS plus 
material, however, is used in all state-of-the-art Stratasys FDM machines. 
If you’re looking for a transparent material with the same impact resistance 
as regular ABS, you have a few options. You may use ABS and PC together 
in certain FDM machines. Polylactic acid (PLA) is used in AM because of 
its many desirable properties. These include low printing temperatures, bio-
degradability, and decreased shrinkage (190°C–230°C). However, PLA is 
more challenging to deal with because of how quickly it cools and solidifies 
after being handled. Polyethylene terephthalate (PET), polycarbonate (PC), 
and other polymers are also utilized in 3DP [42].

12.4  MECHANICAL PROPERTIES

Large-scale printing is still restricted because of the poor mechanical quali-
ties and anisotropic behaviour of the component created by AM. Therefore, 
an optimal AM component arrangement is necessary for regulating aniso-
tropic behaviour and defect sensitivity. On the other hand, AM has the 
capability of producing components in a diverse array of dimensions (micro 
to macro scale). Saroha et al. [43] used an electrodeposition method to 
deposit Ni coating on ABS material. This was done in order to compare 
their results to those of other researchers who use metallization. Ni-coated 
ABS improved its microhardness by 27.1% and reduced its wear rate by 
95.5% compared to pure ABS. Numerous studies have shown that apply-
ing a metal coating on AM components is one approach to improve their 
mechanical qualities.

12.4.1  Metals

The manufacturing of metal additives has significant potential for expansion. 
The number of firms supplying additive manufacturing systems expanded 
from 49 in 2014 to 97 in 2016, with 49% of those companies active in the 
production of metal AM products [44]. Research, prototyping, or other 
specific applications, such as Boeing’s fabrication of the F-15 pylon Rib [45], 
were the most common uses for this technology in the aerospace sector[45]. 
It has found applications in the fields of both medicine and transportation. 
Metal additive manufacturing (AM) offers a great deal more freedom than 
conventional manufacturing methods when it comes to the design of intri-
cate geometries and one-of-a-kind connections. In order to provide both 
structural and protective solutions, multi-functional components may be 
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developed. In metal 3D printing, one of the first steps involves melting pow-
der particles or wire using a laser or an electron beam. This is an essential 
phase. The molten substance is cooled and solidified layer by layer, starting 
at the bottom and working its way up. Powder bed fusion (PBF) and direct 
energy deposition (DED) are the most common techniques for printing met-
als. However, in recent years, other methods have been developed, includ-
ing binder jetting [46], cold spraying [47], friction stir welding [48], direct 
metal writing [48], and diode-based processes [49]. These methods have 
the potential to enhance precision and velocity. Inconel 625, Inconel 718, 
and Hastelloy X are Ni-based superalloys that can withstand high tem-
peratures. Cobalt-chromium (Co28Cr6Mo) alloys are resistant to extreme 
heat. High-temperature-resistant (TRL) aluminium alloys include AlSi12, 
AlSi10Mg, AlSi7Mg0.6, 1050A, 2017A, 2219, 6061, 7020, 7050, 7075, and 
5083. The only way to bridge the gap between what can be accomplished 
with additive manufacturing (AM) and what could be accomplished with 
conventional casting and forging processes is to [50] increase the maturity 
of available resources to promote the fabrication of critical components or 
large-scale production, and expand the wide range of compatible materials. 
Metals with structures, microstructures, and three-dimensional multiscale 
designs that are not observed in cast and wrought materials may be created 
by rapidly cooling the material and guiding the crystallization process. A 
few microstructural characteristics of AM-processed metals are fine grains, 
anisotropic with elongated grains, non-equilibrium (metastable phases, 
solute trapping, non-equilibrium compositions) microstructure, and metal-
lurgical flaws like porosity due to partially and non-melted powders and 
gas entrapment [51]. Surface characteristics common to AM-fabricated 
metal components include weld cracks, projecting partially melted powder 
particles, ejected molten droplets, and recesses. Due to the possibility of 
bulk and surface structural changes during AM, the mechanical behaviour 
of AM metals may significantly deviate from that of traditionally treated 
materials [52]. Therefore, it is crucial to have a deeper understanding of 
the numerous interactions between powder’s metallurgical characteristics, 
processing, microstructure, and mechanical properties.AM has been found 
to be effective with a variety of metals and metal alloys, including titanium 
and its alloys, steel and its alloys, aluminium and its alloys, nickel and 
its alloys, and even cobalt-based and magnesium alloys. High-performance 
materials like titanium and its alloys have many applications across several 
sectors [53]. Significant progress has been made in the field of titanium and 
titanium alloys, and both Ti [54] and Ti6Al4V [55] are currently employed 
in commercial aerospace and medical applications.

AM makes use of a number of distinct kinds of steel, such as austenitic 
stainless steels, maraging steels [56], precipitation hardenable stainless steels 
[57], and tool steels [58]. The high hardness and strength of these alloys 
makes them perfect for use in tool and mould production. As austenitic 
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steels and precipitation hardenable stainless steels increasingly rely on AM 
characteristics, this is especially true for precipitation hardening. Dense 
metallic components made using AM are on par with, or even somewhat 
better than, those made using more conventional methods. This effect can 
only be achieved by careful manipulation of the material’s porosity and 
microstructure. Porosity [59] is the primary defect that causes fracture 
propagation and may be controlled by adjusting the applied volume energy 
and the feedstock quality [60]. A little amount of energy is all that’s needed 
to create a vacuum of an unpredictable form in the material [61]. When too 
much force is applied, however, the pores become round. It is possible to 
improve material quality by boosting flowability and homogeneity [60] by 
using denser powder beds and smaller, homogeneous spherical particles. 
Preserving the alloy’s purity necessitates avoiding exposure to any contami-
nants. CoCr alloys have actually been examined for prospective use in the 
medical and dental areas, and the development of nickel-based superalloys 
(Inconel 625 [62] and 718 [63]) was motivated by the demand from these 
industries. Studies using Mg alloys (for biological resorbable applications), 
Au, and Cu have also been performed. Improvements in our understanding 
of metals and metal alloys are broadening the range of materials that may 
be employed in AM. In a number of important performance categories, 
including as strength-to-weight ratios, fracture resistance, tensile strength, 
corrosion resistance, and oxidation resistance, these alloys surpass more 
conventional alloys.

12.4.2  Multi-use functional materials

Both additive manufacturing and magnetoelectric composite materials 
are growing as individual disciplines, and they are poised to be merged to 
power the coming fourth industrial revolution. The interplay between the 
manufacturing process, the resulting material’s structure, and its character-
istics is highlighted as a defining characteristic of this new category of mate-
rials. Even though the idea of multiferroic materials was initially presented 
around the turn of the century [64], it has only recently caught the attention 
of the scientific and technological communities, particularly in the case of 
those materials that display intrinsic or extrinsic magnetoelectric coupling. 
The effect of an applied electric (or magnetic) field on a material and its 
consequent change in magnetization is described by magnetoelectric cou-
pling [65].

12.4.3  Polymer

Polymers are the most often used material in 3D printing because of their 
adaptability and versatility across a wide range of 3D printing processes. 
Because of their intrinsic lack of strength and usability, pure polymer goods 
printed using 3D printers are often only used for conceptual prototypes. 
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Continued investigation into the mechanical properties of 3D-printed poly-
mers has led to the creation of novel methods and materials for fabricating 
high-performance advanced polymer composites. Both polycarbonate (PC) 
and polylactic acid (PLA) [66] may be worked with using 3D printing tech-
niques. Although it may be difficult to keep PLA resin at the right viscosity 
when temperatures are low, there are two options worth exploring: raise 
the temperature of the whole production process and use enough plasticizer. 
The second strategy is more resistant to heat deterioration. Senatov et al. 
[67] are now employing PLA-based composite mixes to create 3D-printed 
scaffolds for tissue engineering. A variety of 3D porous biocompatible scaf-
folds made from PLA and bioactive CaP glass have been produced for use 
in tissue engineering [68]. Polymeric cellular structures are created with 
the use of chemical or physical blowing agents. Abueidda et al. [69] used 
3D printing to create new polymeric cellular materials and analysed the 
mechanical properties of three triply periodic minimum surfaces (TPMS). 
PLA has less environmental effect but less mechanical capabilities than 
ABS, which has stronger mechanical strength characteristics but produces 
an unpleasant odour when processed. Better mechanical characteristics, 
including elastoplastic and orthotropic behaviour with substantial asym-
metry in compression and tension, were found in 3D-printed PLA com-
pared to injection-moulded PLA by Song et al. [70].

12.4.4  Composites

The evolution of 3D printing of polymer composites has allowed for the 
investigation and creation of novel materials. Industrial production could 
benefit greatly from combining 3D printing with polymer matrix compos-
ites, especially in terms of functionality and mechanical performance [71]. 
However, a fundamental obstacle remains: the lack of printable materials 
that can scale up the industrial use of 3D printing for high-performance 
composites. AM composites cannot compete with older technologies in 
terms of speed or reproducibility. Interest in moving beyond rapid prototyp-
ing into mass customization of functional components, however, has been 
rising steadily. As a result of this change, it may be possible to synthesize 
new materials with superior mechanical properties by using other matrix 
materials. Therefore, there has to be more study done to determine which 
materials and applications are best for 3D printing polymer composites. 
Fibre-reinforced hydrogel composites were fabricated swiftly by Bakarich  
et al. [72] by merging 3D printing with a UV-curable glue. Advanced hydro-
gel-based composites may be made with the help of the right ink resolu-
tions. Utilizing AM technology, cement mortar reinforcing parts were 3D 
printed using photopolymer and titanium alloy fibres. Using this technique, 
we were able to simultaneously create a novel surface form and improve 
the matrix’s toughness. Reinforcing fibres’ shear strength, flexural tough-
ness, and fracture resistance were highlighted. Optimizing the fibre surface 
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design may increase the energy-absorbing capacity of fibre-reinforced mor-
tars [73]. An alumina particle-reinforced polymer matrix was developed for 
usage as a filament in FDM [74] or as nanofillers in SLM.

Fibre reinforcing might be used in the future to enhance the mechanical 
properties of polymers for use in 3D printing [75]. Improving the mechani-
cal characteristics of 3D-printed polymer composites by using continuous 
fibre reinforcement has proven challenging in recent years [76]. Tekinalp 
et al. [77] researched the load-bearing capability of composite products 
made using carbon fibre and ABS resin feedstock, and they also looked into 
the challenges of 3D-printed fibre-reinforced composites. The strength and 
rigidity of samples made using FDM and compression moulding (CM) have 
been greatly enhanced. Furthermore, the increased tensile strength of the 
CM samples indicated that porosity was a more important factor in deter-
mining tensile characteristics than fibre orientation. By combining CF with 
polymer feedstock, the final 3D printed goods will be stronger and stiffer 
with less deformation [78].

12.4.5  Ceramics

An increasingly important tactic [79] in the field of biomaterials and tissue 
engineering is the use of ceramic scaffolds for bone and teeth. Although 
3D printing ceramics is very accurate, there are still certain drawbacks, 
such as the material limitations and the layer-by-layer visual appearance 
[80]. Sintered ceramic items need expensive and time-consuming post-pro-
cessing to get the correct shape. The ability to 3D-print intricate designs 
and then fuse the layers together to form strong ceramics has become more 
attractive. Additional advantages from 3D printing of porous ceramics or 
lattices include the production of high-quality, lightweight materials that 
may be tailored to meet specific requirements. Ceramic scaffolds for tissue 
engineering have advanced to the point where they can replace time-con-
suming and labour-intensive methods like casting and sintering. Common 
approaches to 3D printing ceramics include powder bed fusion, paste extru-
sion, stereolithography, and inkjet printing (suspension). The most common 
method for making thick, unaltered ceramic samples is inkjet printing. The 
rheology of the fluid used in 3D inkjet printing must be controlled so that 
it flows easily, does not clog the nozzle, and dries rapidly. The viscoelas-
tic behaviour of inks governs inkjet printing of ceramic suspensions [81]. 
When printing ceramic suspensions using an inkjet printer, the filament is 
often broken and thinned. Subtractive layer sintering (SLS) is another popu-
lar method for 3D printing ceramics (selective laser sintering). However, 
ceramics may crack due to the sudden temperature change between fusion 
heating and ambient temperature. Additionally, ceramic matrix composites 
produced using selective laser sintering (SLS) and the sol-gel method (SLG) 
have been proven [82]. Binders with low melting temperatures are required 
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for usage with ceramic powders because they do not readily fuse or melt at 
the temperatures reached by low-power laser heating. The ceramic momen-
tarily trapped by the laser-activated binder is sintered at high temperature 
in the green section to solidify it permanently. After sintering, the auxil-
iary binder may be washed away. When combining ceramics with glass or 
polymers, indirect SLS is often used. Better printing resolution, mechani-
cal performance, and faster settings were achieved by Vorndran et al. [83] 
when they used phosphoric acid as a binder for their tricalcium phosphate 
ceramics. Binder removal from the powder bed was also simplified. Without 
a sintering post-treatment, SLS-made ceramics tend to be less dense and 
more porous than cast ceramics. Object flowability, density, and shrinkage 
during the printing process are all influenced by the particle size distribu-
tion of the ceramic material. According to the findings of a glass-ceramic 
system, a larger proportion of microscopic ones lowered flowability, which 
led to worse printing resolution and increased contraction. In addition, dur-
ing the sintering process, glass-ceramic powder experiences a greater degree 
of contraction than other powders do as a result of its lower bulk density 
(poor packing) [84]. For the purpose of 3D printing ceramics, high-viscosity 
slurries are not appropriate since the extrusion of ceramic paste requires 
rheology [85]. After 3D printing, the characteristics of the finished ceramic 
may be affected by a number of parameters, including the liquid-to-solid 
ratio, the amount of air that is trapped in the material, the temperature, the 
drying and de-binding process, the solidification kinetics, and the interlayer 
adhesion. In direct ceramic stereolithography (also known as CSL), a heat-
curing binder that contains a significant amount of ceramic fillers is used to 
generate the green body of the ceramic. By using ceramic particles of smaller 
grain size that have increased light scattering capabilities, one may accom-
plish improved light curing of the binder. In addition, a nano-ceramic resin 
that can be printed with a laser has been created [86]. Liu et al. [87] studied 
how zirconium or magnesium solution infiltration and subsequent in situ 
precipitation affected alumina ceramic stereolithography. Although frac-
ture toughness was much lower than in uninfiltrated samples, significant 
strength gains were seen. Unlike powder printing employing SLS technol-
ogy, the process produces 3D-printed objects unaffected by the particle size 
distribution of ceramic powder in the paste. When comparing a mono-sized 
alumina particle distribution to one with a bimodal particle distribution, 
Wu et al. [87] discovered that the latter resulted in higher density.

12.4.6  Concrete

The use of concrete additive manufacturing in construction has grown in 
recent years.

Additive manufacture of buildings has become more popular, with the 
approach of contour crafting taking the lead [88]. High pressure is applied 
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to bigger nozzles, and the concrete paste is extruded. To avoid the appear-
ance of individual layers, a trowel-like device has been designed and 
attached to printers [88]. In the building sector, 3D printing is still in its 
infancy. Consequently, the future of the technology is uncertain. Perhaps 
most important to effective contour shaping is the concrete’s natural fresh-
ness. To 3D-print intricate patterns, a material must have both the build-
ability (the capacity to support further layers) and the extrudability (the 
ability to be pushed through a nozzle) of concrete. Le et al. [89] developed 
a high-performance polypropylene fibre-reinforced mortar that was 3D 
printed. The largest aggregate size that they used was 2 mm. The key ele-
ments that went into the mortar were Portland cement, fly ash, silica fume, 
and sand (maximum aggregate size of 2 mm).

We used superplasticizers and a retarder to make the material more mal-
leable while extruding it via a nozzle with a 9 mm diameter and a 100 ms 
open time. A total of 61 layers may make it into the final product (about 
400 mm). When extruding, materials must be developed to allow for longer 
workability before setting, and they must also have strong early strength to 
prevent following layers from collapsing. In the printing technique devised 
by Gosselin et al. [90], the accelerator and premix mortar are pumped via 
individual tubes and mixed just before being extruded. This allows the 
printed layers’ early strength to be retained and the premix mortar’s rheol-
ogy to be conserved for a longer period of time, facilitating the accurate 
building of subsequent layers. This method might eliminate the need for 
temporary supports in the production of larger structures with complex 
geometries by using a six-axis robotic arm and by maintaining control 
of the material’s behaviour during and after the extrusion process. Paul 
et al. [91] studied several concrete recipes and found that the thixotropic 
behaviour of the concrete is a crucial element in pumping and printing. 
Researchers found that printing characteristics, such as nozzle shape, were 
significant in determining the mechanical properties of the specimens. The 
interlayer adhesion of 3D-printed concrete structures is a particularly dif-
ficult aspect. Obtaining suitable external support and then removing the 
external support after 3D printing is a complicated process and the tall 
structures is also another significant problem [92].

Interlayer binding strength was studied by Zareiyan and Khoshnevis [93], 
who looked at how aggregate size, extrusion, and layer thickness all had 
a role. Increased strength was attributed to improved interlayer bonding, 
which was shown when the maximum aggregate size was decreased and the 
cement to aggregate % was raised. Because of the higher layer thickness and 
longer time between successive layers, the printed structures’ compressive 
strength decreased, despite improved interlayer bonding. Cold joints across 
layers will be much more likely to occur when curing durations are short-
ened [93]. Even though cement and concrete slurry are often utilized in 3D 
printing, powder bed fusion also has been investigated. Regular Portland 
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cement, calcium aluminate cement, and an aqueous solution of lithium car-
bonate were used to create the powder bed, as described by Shakor et al. 
The printed layer’s resistance to settling and distortion due to succeeding 
layer printing is what is meant by shape-stability of the printed component. 
3D printing cement paste with added silica fume and nano-clay improves 
form stability significantly, as reported by Kazemian et al. [94]. Inadequate 
powder-water contact led to low hydration and compressive strength of 
8 MPa, while porosity was near 50%. In the process of 3D printing wet con-
crete, it may be difficult to maintain control over the flowability and open 
time for extrusion of the material, in addition to the structural characteris-
tics such as stiffness, interfacial bonding, distortion, and build-ability. The 
durability of 3D-printed buildings is an important factor to think about. 
Water in a 3D-printed construction may evaporate more quickly than in 
traditional concrete since there is no formwork to shield it from air expo-
sure. That might make shrinking and cracking more likely. Powder bed AM 
has to be improved upon so that strong structures may be made with it [94].

12.5  MATERIALS FOR 3D PRINTING: A COMPARISON

Recent developments in additive manufacturing have made it possible to 
print three-dimensional objects out of a diverse array of materials, from 
chocolate to complex multi-functional materials. Printing in three dimen-
sions might make use of a wide variety of materials. You may locate them 
in the shape of filaments, wire, powder, paste, sheets, or inks, among other 
possible manifestations. Three-dimensional printing makes extensive use of 
thermoplastic polymers and thermosetting powders. Examples of the for-
mer include polystyrene, polyamides, and photopolymer resins; examples of 
the latter include ABS, polyamide (PA), polycarbonate (PC), and polylactic 
acid (PLA). Because of their poor mechanical properties, the majority of 
applications for 3D-printed polymers involve quick prototyping. In recent 
times, research has been conducted on the practice of dispersing nanopar-
ticles and fibres to polymers with the intention of enhancing the mechanical 
strength properties of printed products that will be utilized as load-bearing 
or functional components.

Complex components of varying sizes are being printed using metal and 
alloy 3D printers in the aerospace, defence, and automotive sectors. The 
most common form is a powder made of metal (or wires). Traditional 3D 
printing methods include SLS, SLM, and DED. Currently, 3D printing can 
only work with a limited variety of metals and alloys; research is being con-
ducted to expand this list, as well as to apply current techniques to a larger 
range of materials and develop composite structures [95]. Issues with metal 
3D printing include defects like porosity and bead accumulations, as well as 
material properties and morphologies that change depending on the pieces’ 
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orientation. Improvements in processing parameters and post-processing 
therapy are the subject of continuing theoretical and clinical research.

Using a laser or electron beam to sinter or melt powders is a common fea-
ture throughout these techniques. With the advent of 3D printing, ceramics 
with a high strength-to-weight ratio can now be easily customized and fab-
ricated into complex lattices for use in a wide variety of settings. Ceramic 
scaffolds of varying forms and durability are essential in fields such as tissue 
engineering. Ceramics are often 3D printed using ceramic powders or dyes. 
Lasers may be used to fuse powders together or sinter them using a second-
ary adhesive. Conversely, inkjet printing is often used to create slurry of 
ceramic particles that are subsequently sintered at extreme temperature. The 
biggest problem is the poor quality and inaccurate dimensions that come 
from using 3D printing for ceramics. However, using ceramic 3D printing, 
you may tailor the materials’ microstructure and chemical makeup to your 
exact specifications. Since there is room for improvement in AM methods 
and in the range of materials available for 3D printing ceramics, further 
study is warranted. The ability to alter materials across levels is not shared 
by all entities. High-pressure jetting procedures can only combine materi-
als with similar rheological properties and curing temperatures, whereas 
extrusion-based processes like FDM are confined to blending materials 
with similar melting temperatures [96]. Bioprinting using multi-jet fused 
deposition modelling (FDM) technology is gaining popularity [97]. These 
scaffolds made of hydrogel and cells may mimic native tissue structures. A 
number of additional 3D printing methods, such as direct energy deposition 
(DED), enable the continuous extrusion of multiple materials by combining 
metal alloys or ceramics. It is important to take precautions while work-
ing with two different materials so that unwanted phases don’t form [98]. 
In powder-based technologies, powders having a broad range of melting 
points have been employed effectively. When put in close proximity to par-
ticles having a higher melting point, materials with a lower melting point 
may remelt or deteriorate. Improved numerical modelling and optimization 
techniques in material processing have the potential to enhance the per-
formance of multi-material production processes and the multi-functional 
responses they provide [99].

12.5.1  Metal matrix composites (MMC)

Multi-Metal Composites (MMCs) have a ductile metal as its matrix. Fibre 
has the potential to improve the composite’s strength, stiffness, creep resis-
tance, abrasion resistance, and thermal conductivity, while the metal matrix 
offers the composite with high-temperature ductility and thermal stability. 
Aluminium and its many alloys, copper, titanium, magnesium, and other 
elements are the MMC metals that are used most often. On the basis of the 
kind of reinforcing material that they make use of, metal matrix compos-
ites may be divided into three categories (either fibres or particles). Powder 
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metallurgy, spray deposition, and squeeze casting are the three most com-
mon methods used to produce MMC [100].

In the mature, practical stage of additive manufacturing, Ti-, Ni-, and 
Fe-based alloy powder are often employed. The ease of process control makes 
LM or LMD the most essential processing technology for specific alloys. 
Ti6Al4V is the most used Ti-based alloy because of its many uses in aerospace 
and the medical fields. Because of their low coefficients of expansion, high 
strength-to-weight ratios, and resistance to corrosion, creep, oxidation, and 
damage, Inconel 625 and 718 are the most widely used nickel-based alloys. 
Components for jet engines and gas turbines could be made of Inconel 625 or 
718. However, there are restrictions on the AM fabrication of Fe-based alloys 
since the density of AM-produced steels is the same as that of completely dense 
steel. This restriction is mostly attributable to the fact that steel’s main con-
stituents all have their own unique chemical characteristics; however, research 
is being conducted on potential solutions. The use of conventional machining 
methods on Ti alloys is problematic and costly [101].

Selective laser melting (a powder bed method) is used to examine 
AM-recommended AlSi10Mg alloy for a wide range of performance param-
eters, including high cycle fatigue, fracture behaviour, and microstructure. 
A total of 91 samples were utilized and were heated to varying degrees 
(30°C and 300°C, and oriented at 0°C, 45°C, and 90°C). For this purpose, 
we used statistical approaches (design of experiments) and analysed the data 
using marginal means plots. Post-heat treatment was determined to be the 
most influential element in fatigue resistance, whereas construction orienta-
tion had no role. Platform heating at 300°C and peak-hardening was shown 
to be the ideal setting for equalizing variations in fatigue life and increasing 
fatigue resistance. Si particles are merged into spherical forms, and the as-
built microstructure is homogeneous and constant at all angles (0°, 45°, and 
90°). This is because all dendrites, laser traces, and heat-affected zones have 
been erased. Surface or subsurface occurrence of breakthrough fractures is 
defined by the presence of non-melted areas and pores [102]. Selective laser 
melting using a pulsed-laser source has been used to treat Al12Si alloy, 
resulting in excellent microstructure optimization and precise temperature 
control. Densities of 95% or more, hardness of 135 HV or more, and Si 
refinements of less than 200 nm were all achievable. In contrast to cast alloy 
and prior SLM studies, an increase in hardness is seen, and the morphol-
ogy of the microstructure is demonstrated to be dependent on temperature 
gradients and significant undercooling [103].

12.5.2 � Ceramic components and ceramic 
matrix composites

Traditional methods of producing ceramic matrix composites are trouble-
some. But AM technology can handle such materials without the require-
ment for moulds or specialized equipment for each individual component. 
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Three-dimensional printing, selective laser sintering, stereolithography, 
and direct inkjet printing are some of the most widely used techniques 
for creating ceramic components [104]. Completely dense ceramic free-
form components were fabricated and designed utilizing AM technology, 
and high-strength oxide ceramics (ZrO2-Al2O3 ceramic) with exceptional 
mechanical qualities were used. In laser beam melting (SLM) experiments, 
ZrO2-Al2O3 was completely melted. Density of 100% and flexural strength 
of 500 MPa were measured in specimens that had not undergone any sin-
tering operations or post-treatment. In terms of microstructure, tetragonal 
zirconia and alpha-alumina were fabricated into two fine-grained phase 
microstructures, respectively. Dental restorations and complex ceramic 
prototypes are only two examples of the various uses for this technique, 
which offers several advantages over laser sintering processes. Despite these 
advantages, created components have restrictions on their surface quality 
and mechanical strength [105].

12.5.3  Polymer matrix composites

To a large extent, AM technology influences the processing of effective and 
promising polymer composites, such as carbon fibre-polymer composites, 
due to its ability to manage complicated structures with significant design 
freedom. Samples that were 3D printed outperformed their traditional 
compression-moulded composite counterparts in tensile strength, tensile 
modulus, and yielding by around 115%, 700%, and 91.555%, respectively. 
Microstructure and mechanical performance were examined as a function 
of fibre orientation, distribution, and void formation. It has been reported 
that the use of carbon fibre-reinforced material with appropriate orien-
tation, high dispersion capabilities, and surface modification to increase 
interfacial adhesion among fibres and matrix significantly improves the per-
formance of load-bearing composite materials [106]. There are a few road-
blocks that prevent the widespread use of AM for polymer composites, such 
as [107] constraints on mechanical properties, extremely slow production 
rate, and tiny dimensions. However, advanced methods have been devel-
oped to overcome these challenges, and carbon fibres in particular have 
benefited from these innovations. The methods mentioned in ref. [107] have 
been proposed for the development of carbon fibre-reinforced polymers to 
increase the material’s specific strength. Deposition-related material distor-
tion and warping may be minimized by using carbon fibre reinforcements 
in the production process. Carbon fibre and additive manufacturing work 
together to make it possible to make complex parts that would not be pos-
sible using each technique alone. However, the advancement of polymer 
composites by AM technique is significantly influenced by the commercial-
ization of quasicrystalline polymers. Properties of the suggested material 
were compared to those of hard steel using SLS. Porosity, hardness, wear 
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resistance, and friction coefficient were among the characteristics evalu-
ated in this research. Due to its beneficial features, quasicrystalline polymer 
composites have found use in the automobile sector [108].

By combining powder and wire feeding laser deposition into a single 
phase, we were able to manufacture composite sandwich functionally 
graded structures. This gave us the opportunity to investigate the surviv-
ability and performance characteristics of these structures. Copper powder 
and nickel wire were used to coat the H13 tool steel, which was then used 
to form structures comprised of copper, nickel, and iron. Electron probe 
microanalysis (EPMA), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDS) were used to detect the microstructures 
and compositions of materials, and optical microscopy, X-ray diffraction, 
X-ray spectroscopy, and energy-dispersive X-ray spectroscopy were used 
to investigate those microstructures and compositions (phases generated). 
The use of a dual powder feed deposition approach has been shown to 
be successful when installing functionally graded Cu-Ni-Fe systems. The 
presence of unmelted Ni powders in the Cu layer offers difficulty [109]. 
Materials that have been functionally graded allow for more precision in 
determining the exact chemical and physical makeup of the final product 
(FGM). Examples of functionally graded materials (FGM) include graded 
composite electrodes, tungsten-copper composites, and piezo-electrically 
graded materials. The fabrication of metal or metal-ceramic FGM may be 
accomplished by the use of Layered Object Manufacturing (SLM), laser 
cladding, and ultrasonic consolidation, respectively. Inkjet printing, selec-
tive laser sintering, and additive manufacturing are three methods that may 
be used to produce hybrids of different types of materials [110–112]. These 
hybrids can be polymer-polymer, polymer-ceramic, or ceramic-ceramic. 
Researchers also investigated spark plasma sintering as a method of fab-
ricating ZrB2–SiC/ZrO2 (3Y) FGM (SPS). It was discovered that employ-
ing prefabricated graphite dies with fine outline dimensional control may 
enhance temperature gradient sintering. The effectiveness of the method 
was evaluated by assessing the hardness and compositional distribution of 
SPS-sintered FGM. The graded layers are fortified and toughened by the 
presence of partly stable ZrO2 in the FGM, where the composition is dis-
tributed along a gradient. There was a small reduction in hardness at the 
borders of neighbouring composition layers, with values ranging from 17.8 
to 19.2 GPa. The phase transition of t-ZrO2 to m-ZrO2 has been found 
to improve fracture toughness from the top to the bottom surface [113]. 
One of the FGM experiments used ultrasonic consolidation (UC) to join 
stainless steel, aluminium, and copper foils. Samples of 62-inch-wide by 
13-inch-long foils were determined to be optimal owing to the use of the 
aforementioned stacking sequence. The study concluded that machining or 
a transitional glue layer would be the best way to improve the FGM pro-
duction process using UC [114]. Titanium powder of varying densities and 
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porosities was used in EBM metal processing to construct structures that 
suited the cosmetic and functional needs of the patient and surgical com-
munity [115].

12.5.4  Nanocomposites

Several studies have shown the usefulness of nanoparticle-based 3D com-
posite structures for a wide range of tasks, including those requiring use 
in low-temperature environments or those with harsh chemical or biologi-
cal conditions. Direct laser writing, optical tweezers, electro-kinetic nano-
manipulation, and dip-pen lithography (DPN) are all examples of DLM 
technology (DLM). The minimal feature size (resolution), the velocity of 
deposition, and the choice of material are the most important features of 
the ANM process. However, selective laser sintering (SLS) has emerged as 
a formidable tool for the fabrication of metal composites’ functional com-
ponents, thanks to its speed, efficiency, and flexibility in creating complex 
or internal cavity geometries [116]. The SLM process was used to generate 
large-scale shapes out of nanocrystalline titanium carbide (TiC) reinforced 
with an Inconel 718 matrix. Microstructure, overall product properties, 
and metallurgical processes have all been investigated as a function of SLM 
process variables. The densification process was stymied because larger-
sized pore chains or interlayer micro-pores could not be produced within 
the limited amount of laser energy available [117]. New additive methods, 
including thermo-kinetic deposition procedures and spray-drying, are 
employed to include nano-ceramic coatings, which meet prerequisites and 
provide desirable rheological qualities [118]. High solids content and stable 
processing conditions are essential for the ceramic production procedure. 
Because of AM technology, TiC/Ti nanocomposite parts may be manufac-
tured using selective laser sintering (SLS). Adjusting the laser process set-
tings allowed us to investigate a wide range of reactions in SLM-processed 
TiC/Ti, including those related to nanopowder type, densification behav-
iour, and tribological characteristics. We employed both ball-milled TiC/
Ti nanocomposite powder and manually combined nano-TiC/Ti powder 
in this study. It was determined that the density of the laser energy and the 
kind of powder used had the biggest effect on the density achieved. For 
the ball-milled TiC/Ti nanocomposite powder, the best laser energy was 
0.33 kJ/m, resulting in more SLM densification. High laser power led to a 
decrease in frictional resistance to 0.22 and a wear rate of 2.8 × 106 m3/min.

12.6  APPLICATIONS

According to the findings, biomedical industry, which now accounts for 
11% of the worldwide AM market, will be one of the primary drivers of 
future advancements in AM innovation and development. The global 3D 
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printing industry is expected to grow from USD 12.6 billion in 2021 to 
USD 34.8 billion in 2026, a CAGR of 22.5%. Some of the factors driving 
the growth of the 3D printing market include the convenience with which 
customized products can be fabricated, the decline in production costs 
and process downtime, the funding of 3D printing initiatives by govern-
ments, and the discovery of novel industrial-grade 3D printing materials. 
Additive manufacturing has a wide range of potential medical applications. 
These days, it’s most often utilized to create 3D models of skull deformities, 
porous titanium implants made using electron beam melting (EBM), and 
models of skulls with implants fitted to them.

12.6.1  Tissue and organ bioprinting

Bioprinting is a technique that employs a computer-guided pipette to layer 
different types of live cells (called bio-ink) to construct fake living tissues. 
Due to severe scarcity of donor organs and tissues, bioprinting is being used 
to make artificial substitutes. This technique may be used to create and 
transplant a variety of organs and tissues [119]. These include the heart, 
bone, tracheal splints, cartilaginous structures, vascular grafts, and mul-
tilayered skin. Due to their inexpensive cost compared to human organ 
transplantation and their capacity to mimic tiny size organs, artificial tis-
sue organoids or constructs may be employed for medical research. There 
are now three distinct types of printing technologies available: laser print-
ing, inkjet printing (sometimes known as “drop-on-demand printers”), and 
extrusion printing.

12.6.1.1  Medical devices and tools

Three-dimensional printing technology is increasingly being used in the 
production of medical equipment. It’s particularly helpful for making com-
plex pieces of medical devices that are difficult to manufacture in a conven-
tional way. Affordable equipment tailored to a certain patient’s anatomy 
is also developed. Therefore, this is the primary approach used to produce 
personalized hearing aids, such as those that need to be tailored to the 
patient’s ear anatomy [120].

Orthopaedic devices, dental surgical tools, and surgical guides are just 
some of the many medical products that have benefited from the advent 
of additive manufacturing (implant supporting bar and abutments). Using 
this technology, surgeons may make custom surgical guides that account 
for each individual’s anatomy and accurately label their instruments. These 
tools may be used to ensure the safety of patients even while working in 
confined locations.

This 3D technology may find applications in a variety of medical equip-
ment, including hearing aids, stethoscopes, and spectacles for the visually 
handicapped [121]. Hearing aids that can print information are helpful for 
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several reasons, including saving money, protecting the health of the user, 
and improving the effectiveness of the device. Several fields are expected to 
see an uptick in 3D printer use in the near future. Actually, the term “medi-
cal devices” covers a wide range of applications, from those used in proce-
dures involving the face and skull to those involving prostheses, implants, 
and even human organs. The aircraft industry is well known for its exper-
tise at producing relatively few units at a time. AM is more cost-effective for 
low-volume production since it does not need the use of costly equipment 
like moulds or dies.

12.6.1.2  Customized implant and prosthetics

Furthermore, AM technique is used to create prosthetic limbs that are 
unique to each individual patient. Accelerating production and reducing the 
price of goods for patients while maintaining or improving their usefulness 
is a major benefit of additive manufacturing. Several orthopaedic condi-
tions may be treated, and 3D-printed implants and prostheses might play a 
role in this. Implants for the maxilla, skull, jawbone, and lower jaw are all 
part of the custom implant spectrum [122]. Scaffoldings, tissue regenera-
tion, bone implants, forensic, clinical application, healthcare device design, 
and personalized implants are a few of the numerous medical uses of 3D 
printing [123]. One study compared 3D printing models to generated pho-
tos and found that using the printers gives a significant advantage when 
analysing patient anatomy. Surgeons may evaluate the patient’s anatomy in 
3D before surgery, perform virtual procedures, and put new tools through 
their paces with the use of 3D models.

12.6.1.3  Tissue engineering

Musculoskeletal and organ dysfunction may be a consequence of bone defor-
mities, traumas, acute illnesses, and incidents that cause tissue damage. 
Restoration and replacement of the implant are often required to stabilize 
joint function after injury [124]. Gas foaming, freeze-drying, electrospinning, 
solvent casting, and emulsification are just a few examples of the technologies 
that may be used to create scaffolds for tissue engineering. The capacity to 
mass-generate unique and specific components for patients at cheap cost and 
with more efficiency and transparency is a major boon of medical 3D print-
ing [125]. Bone, skin, nerves, arteries, veins, tendons, ligaments, menisci, and 
urethra are just some of the tissues that 3D printing may be used to repair.

12.6.1.4  Dentistry

The field of dentistry, which encompasses procedures such as oral and 
maxillofacial surgery, orthogenetic, endodontics, and orthodontics, is only 
one of the many areas of medicine that have benefited from AM process 
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technology. Both the patient’s comfort and the dentist’s ease of use bene-
fited from this technological advancement. Additionally, dental restorations 
done using AM are more long-lasting than those made by dental techni-
cians. Printing bridges, orthodontic appliances, crowns, and other dental 
components are possible using various additive manufacturing (AM) tech-
niques (FDM, SLS, LOM) [126].

12.6.2  Construction

Manufacturing components and even entire buildings are now possible 
with the help of AM in the construction industry. As a result of AM, the 
construction industry can save money, time, and resources without sac-
rificing quality. Academics from all over the world are currently working 
to perfect printing facilities [127]. The construction sector might ben-
efit from additive manufacturing since it could streamline the distance 
between the supplier and the end-user [128]. Providing affordable housing 
to underdeveloped locations is made easier by AM’s ability to print out 
home components. According to Buchanan and Gardner [129], directed 
energy deposition and powder bed fusion are the most promising additive 
manufacturing technologies for usage in the construction industry. Both 
methods have the potential to produce impressive structures, but each has 
substantial downsides in terms of cost, complexity, and size in general. 
On the other hand, wire and arc AM direct energy deposition may make 
it feasible to produce components of practically unlimited size and speed 
while also decreasing the cost of manufacturing. However, this approach 
has limitations in terms of surface polish and dimensional precision. This 
technique is used to build bridges in the MX3D format. It has potential 
aeronautical and automotive uses, among others, such as turbine engine 
maintenance.

The contour crafting (CC) method was invented by Khoshnevis [130] 
for use in the robotic construction of earth buildings and public works, as 
well as in aerospace. It can utilize local resources, therefore it can be used 
to construct inexpensive homes and other structures on the moon. The first 
ever house to be 3D printed was built in Amsterdam in 2014 utilizing fused 
deposition modelling (FDM) technology [131]. The goal of DUS Architects’ 
effort was to showcase the printer’s portability and help pave the way for it 
to become widely used in the construction sector by cutting down on wast-
age and transportation expenses. According to Roodman and Lenssen’s 
[132] calculations, the building uses up more than 40% of the world’s raw 
materials. Using contour crafting, the typical 7-tonne trash produced dur-
ing the construction of a single-family home may be reduced to practically 
nothing, and the average building time can be cut from 48 to 24 hours. 
Although this technique is not currently suitable for elaborate or luxurious 
buildings, it has the potential to be utilized for projects such as emergency 
housing and affordable residences.
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12.6.3  Consumer product (electronics)

In this industry, additive manufacturing (AM) technology is used to make 
prototypes of various household items, toys, and sporting goods. Materials 
created using 3D printing technology have the potential to be used in the 
manufacture of consumer goods due to their low weight and high flexibility 
(such as footwear and clothing). This strategy is quick and cheap. When 
talking about rapid prototyping in electronics, the word “prototype” may 
be safely ignored. Models/prototypes of the housing and other parts of the 
testing apparatus may be manufactured rapidly using AM [133].

12.6.4  The aviation industry

Wohlers predicts that by 2025, aerospace will account for 18.2% of the 
global AM industry [44], making it one of the most promising industries 
for the future. Additive manufacturing is essential in the aerospace industry 
because it improves the thermal and mechanical performance of compo-
nents composed of metallic and polymeric materials, especially nickel and 
titanium alloys, while also reducing their weight. Powdered material SLS 
has become a viable solution for the repair, production, and maintenance 
of long-lasting components including turbine blades and aeronautical tools. 
AM is also used to create and repair aerospace parts (such as nozzles, com-
bustion chambers, fittings, brackets, moulds, dies, and so on). Complicated 
geometry: For structural, thermal, and circulatory purposes, intricate 
shapes are required. For instance, GE Aviation is developing redesigned 
blade tips to increase thrust. Moreover, it may be simplified by integrating 
various components like GE fuel nozzles [134]. Last but not least, printable 
or additively manufactured (AM) functional circuits are possible [135].

12.7  CONCLUSION

3D printing has several advantages, including the capacity to quickly iter-
ate designs, mass-produce unique items, and produce intricate structures 
with little waste. For better understanding the potential of 3D printing in 
a variety of fields, a thorough analysis of the processes involved, the mate-
rials used, and the present status of popular applications was conducted. 
Additionally, the difficulties inherent in 3D printing were studied. Because 
of its cheap price, ease of usage, and fast processing speed, fused deposition 
modelling (FDM) is the most popular 3D printing method. Fused deposi-
tion modelling, also known as FDM, is primarily used for rapid prototyp-
ing but produces lower quality printed products and mechanical qualities 
when compared to powder bed technologies such as selective laser sintering 
(SLS) and selective laser melting (SLM). Powder bed technologies, which 



Properties of additive manufactured materials and composites  201

make use of an additional adhesive to fuse, melt, or glue powders together, 
are able to reach finer resolutions than other technologies. Direct energy 
deposition (DED) is a technique that melts metal particles by directly deliv-
ering energy in the form of a laser or electron beam, in contrast to selec-
tive laser melting (SLM), which uses a laser to do the melting. Similar to 
fused deposition modelling (FDM), but with sufficient heat to melt met-
als, the feedstock is heated layer by layer before deposition. Inkjet printing 
is a convenient method for producing 3D ceramic suspensions, albeit the 
finished products will need to be heat treated. Extrusion is used to print 
larger objects, such as houses, using a technique called “contour craft-
ing” (concrete). Pioneering in the field of 3D printing, stereolithography is 
best known for its use with photopolymers and its ability to create objects 
with high precision. However, due to resource limitations, the procedure is 
lengthy and challenging. Last but not least, laminated object manufacture 
(LOM) is a process that involves cutting and laminating sheets or rolls of 
materials one by one. Filaments, wire, powder, paste, sheets, and inks are 
only some of the materials that may be utilized in 3D printing.

The mechanical characteristics of the 3D-printed composite were improved 
with the use of fibres and nanoparticles to strengthen polymers. Metals are 
often produced using powders (or wires), while SLS, SLM, and DED are the 
most common 3D printing techniques. The number of metals and alloys that 
may be used in 3D printing is few, thus there has been a push to expand the 
scope of existing methods to include a greater variety of composite struc-
tures. Tissue engineering ceramic scaffolds are one example of the many uses 
for ceramics, which have created a trend towards customising materials with 
a high strength-to-weight ratio and made possible the production of com-
plicated ceramic lattices. Materials for 3D printing ceramics with improved 
microstructure and composition are scarce. The construction industry has 
been sluggish to adopt 3D printing concrete despite its many benefits, includ-
ing mass customization, the elimination of the need for formwork, and the 
possibility of automating formerly labour-intensive tasks. Recent efforts in 
the field have centred on developing a concrete mixture that exhibits all the 
desirable qualities: high flowability, processability, mechanical performance, 
and aesthetics. A broad variety of composite materials and alloys, including 
those with a metal matrix, ceramic matrix, polymer matrix, and a mix of 
metals and polymers, have all been the subject of research. To demonstrate 
that additive manufacturing is better to more traditional production pro-
cesses, it has been recommended that a broad variety of performance indica-
tors be used. In practically all of the research, the mechanical qualities, the 
physical properties (such as relative density), the tribological properties, and 
the sort of generated microstructure are considered to be major performance 
variables. Based on research into the processes and attributes of additive 
manufacturing, it has also been stated that nanocomposites may be addi-
tively manufactured and that fabrication of nanocomposites can take place. 
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Functionally graded materials, which have been discussed in this work, are 
one of the most successful AM-proposed composite materials because they 
allow for adjustment of the composition and optimize the attributes of the 
constructed object. This makes functionally graded materials one of the 
most successful AM-proposed composite materials.
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13.1  INTRODUCTION

13.1.1  Joint arthroplasty

Continuous pain in knee joints, difficulty to perform daily chores, and a 
limited range of mobility are a few causes that lead people to undertake 
knee replacement surgery [1]. Joint arthroplasty is a frequent and typically 
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effective surgical treatment for individuals with arthritic impairments com-
monly caused by aging or sports-related accidents. There are two broad 
categories of joint replacement surgeries, namely:

	 a.	Total knee arthroplasty (TKR)
	 b.	Partial knee arthroplasty (PKR)

Table 13.1 draws a broad comparison between total knee arthroplasty and 
partial knee arthroplasty.

The earliest metal-on-polyethylene TKR implant was popularized in the 
early 1970s [2].

13.1.2  3D printing

Additive Manufacturing (AM) is a new era in production, which is nearly 
devoid of complexity and is extremely customizable [3]. Figure 13.1 depicts 
the stages required in fabrication using a 3D printing machine.

The most common and recognizable 3D printing technology is  
Fused Deposition Modeling (FDM). It can quickly produce end-use 
functional items and prototypes with no geometrical limits [4]. The pro-
cess factors mentioned in Table 13.2 influence the part characteristics 
like surface quality and dimensional accuracy. Various researchers have 
focused on exploring the link between part and process parameters to 
obtain functionally dependable and tailored components with optimal 
quality [5,6].

Table 13.1  Types of knee replacement surgery

Total knee arthroplasty Partial knee arthroplasty

Both sides of the knee are replaced. One side of the knee is replaced.
The complete knee is replaced. Only the damaged region of the knee is 

replaced.
The incision produced is larger but lasts 
longer than the partial replacement. 

The incision produced is smaller but does 
not last as long as the total replacement.

It might take anywhere from 1 to 3 hours, 
depending on the treatment. 

The patient’s hospital stay and recovery 
period are reduced, and they have a 
higher chance of moving more normally.

The risk of infection, blood loss, and clots 
is relatively higher, making the 
posttreatment rehabilitation process 
time-consuming.

The risk of infection, blood loss, and clots 
is minimized, making the posttreatment 
rehabilitation process easier.
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Figure 13.1 � Fabrication steps in 3D printing.

Table 13.2  Process parameters [6]

Process parameter Information

Build orientation Build orientation refers to the alignment of the specimen 
body with the platform (bed). It includes the coordinate 
axes of the specimen and its orientation with the bed 
(Figure 13.2). 

Raster orientation The alignment of the raster with the reference axis is 
raster orientation. The most commonly used raster 
orientations are shown in Figure 13.3.

Extrusion temperature It is the temperature at which the material flows and 
extrudes out of the nozzle. The material in filament form 
is fed to the heating element attached to the nozzle, 
which raises its temperature above the glass transition 
temperature and makes it flow. The heating element of a 
Raise 3D RXP-2200 series (Raise 3D Technologies, Inc.) 
is shown in Figure 13.4.

Infill density Infill percentage or density, shown in Figure 13.5, refers to 
the proportion of infill volume filled with filament 
material inside a 3D component. It significantly impacts 
the strength, adaptability, and lightness of the 
components.

Layer thickness It is the nozzle tip-measured vertical axis height of the 
deposited layers. The diameter of the nozzle and the 
filament material employed are usually the determining 
factors.

(Continued)
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Figure 13.2 � Build orientation.

Table 13.2 (Continued)  Process parameters [6]

Process parameter Information

Infill pattern It is the pattern in which individual layers are printed one 
at a time. Various infill designs are deployed to construct 
a robust and long-lasting inner structure. Figure 13.6 
illustrates different infill patterns used to make FDM 
objects.

Print speed Print speed is the relative speed of the printer nozzle with 
respect to the print bed. It may also be approximated as 
the redeposition rate of layers on the bed.

Figure 13.3 � Heating element.
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Figure 13.4 � Raster orientation.

Figure 13.5  Infill densities.

Figure 13.6 � Infill patterns.
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13.2  MATERIALS FOR KNEE SPACERS

Long-term implant insertion in the human body necessitates exceedingly 
cautious material and design choices. Thermoplastics for implants must 
have structural and mechanical properties similar to the tissue they are 
replacing. First and foremost, the embedded polymer components must 
continue functioning smoothly within the body’s biological system [7]. 
Secondly, biostability is important when selecting a polymer for biomedical 
applications [8]. Thirdly, the materials must be inert and depict biocompat-
ibility from a biological standpoint [9,10]. The materials that brush against 
one another as the knee is flexed are used to classify the various types, as 
depicted in Table 13.3.

Each patient’s choice of design and materials for a knee replacement pros-
thesis is unique. Metals (commonly titanium or chrome-cobalt alloys) consti-
tute the tibial and femoral components. These implants are either cemented 
or osteo-integrated, which involves a porous metallic stem extending into 
the tibial component upon which the patient’s natural bone grows. A plastic 
spacer is placed between the tibial and femoral implant surfaces, on which 
the femoral component slides. It prevents the two components from coming 
in contact and causes excessive rubbing between them, leading to their pre-
mature failure. Usually, polyethylene is used to make the spacer. However, 
Thermoplastic Polyurethane (TPU) is also gaining popularity as the new 
potential material for spacers.

13.2.1 � Ultra-high-molecular-weight polyethylene  
(UHMWPE)

The form and microstructure determine the qualities of any material and so 
is critical for a finer comprehension of UHMWPE. It consists of polyolefin 
fiber predominantly made up of olefins. It is a subset of the thermosetting 
plastic. [C2H4]n is the repeating unit, with n indicating the degree of polym-
erization. The polymerization degree of UHMWPE utilized in orthopedic 
implants ranges from 71,000 to 214,000 [11]. Zeigler’s process is used to 
polymerize ethane monomers into high-molecular-weight polyethylene 
[12]. Bracco et al. [13] reported that the microstructure of UHMWPE is 

Table 13.3  Types of knee implants

Name
Material type for the component

Femoral Tibial Spacers

Metal on plastic Metal Metal Plastic
Ceramic on plastic Ceramic Ceramic Plastic
Ceramic on ceramic Ceramic Ceramic Ceramic
Metal on metal Metal Metal Metal
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more important than the molecular mass in determining its characteristics. 
Chakrabarty et al. [14] reported that UHMWPE is deployed for implants of 
knee joints, with advances made over time. Its outstanding self-lubricating 
property, biocompatibility, and low moisture absorption make it one of the 
top biomaterial implant materials [15].

Despite the attempts, it eventually releases wear debris, leading the 
implant to fail prematurely. Despite being the greatest option to date, 
UHMWPE has the severe drawback of accumulating wear debris over 
the years of extensive use, thus reducing its lifetime [16]. One of the 
main causes of UHMWPE failure has been identified as oxidative degra-
dation. It causes a drop in resistance to abrasive wear, which generates 
higher debris while sliding, leading to osteolysis [17–20]. Oonishi et al. 
[21] reported that despite depicting biocompatibility in bulk form, the 
debris due to wear from UHMWPE causes osteolysis in the surrounding 
tissues, ultimately loosening the implant and leading to another replace-
ment surgery.

13.2.2  Thermoplastic polyurethane (TPU)

Thermoplastic elastomers (TPE) comprise a rigid thermoplastic and a soft 
elastomer component. They are distinguished by their flexibility and ease 
of processing [22]. The thermoplastic component is recyclable, has a high 
processing temperature, is inexpensive, has a high melting viscosity, and 
has good mechanical qualities [23]. TPE is used in AM for bioengineer-
ing applications, preparing prototypes, and complete goods [24]. TPEs 
are classified into several families. Thermoplastic polyurethane (TPU) 
is the most often deployed thermoplastic elastomer in the 3D printing 
process, and it is utilized in various industries including medical, auto-
mobile production, and sports equipment. TPU has recently been offered 
as a viable contender for replacing UHMWPE as a bearing material in 
arthroplasty.

Hugle et al. [25] observed that TPU had interested the biomedical industry 
to create biocompatible materials to replace soft load-bearing tissues such as 
articular cartilage, meniscus, and the intervertebral disc. Schwartz et al. [26] 
reported that in a modeled in vivo wear scenario, the elastomeric polyurethane 
Pellethane® 236380A was reported to have lower wear rates than UHMWPE.

Agnieszka [27] described the synthesis, manufacturing, mechanical, and 
tribological characterization of a novel uncatalyzed polyurethane for FDM 
3D printing technology. The tribological reaction of PU was examined by 
Luo et al. [28]. A friction simulator (Prosim pendulum) with physiologi-
cally realistic loads and movements was used to evaluate bovine medial 
compartmental knees. For the negative control, a robust medial segment 
was studied, while for the positive control, a stainless steel hemiarthro-
plasty was studied; and three different polyurethane hemiarthroplasty slabs 
were also examined. Lower-modulus PU resulted in lower contact pressure 
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and frictional shear forces, resulting in lower levels of opposed cartilage 
attrition. PU with a higher modulus (22 MPa) produced higher amounts of 
frictional shear stress, resulting in wear of opposite cartilage, albeit not as 
severe as that produced by stainless steel.

According to Jianhua Xiao [29], the best break elongation and yield 
strength were obtained at a 45° orientation angle and 215°C temperature.

Yahiaoui [30] concluded that

•	 The Amontons-Coulomb rule governs the friction of TPU/steel contact.
•	 At room temperature, TPU wear kinetics follow Archard’s law.
•	 TPU’s tribo-rheological behavior causes stick-slip issues when critical 

load and velocity values are reached.
•	 The mean friction coefficient rises as the contact temperature rises.

Lee et al. [31] reported that the compression strength increased with the 
infill rate regardless of thickness. This rise was more pronounced when the 
infill rate was 100% rather than 10% or 50%. To protect the part against 
excessive compression, the infill rate had to be 100%. Most knee spacers are 
fabricated per the patients’ requirement by compression or injection mold-
ing. However, to ease the customization of the fabrication process, 3D print-
ing techniques like FDM are gaining popularity. The fabrication of different 
biocompatible materials through the FDM process is discussed in the fol-
lowing sections.

13.3  FABRICATION BY FDM PROCESS

Ning et al. [32] concluded that FDM has traditionally used thermoplastics, 
with polycarbonate (PC), acrylonitrile butadiene styrene (ABS), polyam-
ide (PA), polylactide (PLA), as well as any two thermoplastics combined 
being the most popular. FDM uses layer-wise addition to make compli-
cated objects with little tooling and waste [33]. Various parameters like 
infill density and pattern, the thickness of a layer, the speed of printing, 
the temperature of the nozzle, the direction of build, the raster angle, and 
the layer’s orientation affect the mechanical qualities and quality of FDM-
printed parts [34].

13.3.1 � Ultra-high-molecular-weight polyethylene  
(UHMWPE)

As discussed, ultra-high-molecular-weight polyethylene (UHMWPE) is the 
most commonly used material for knee spacers owing to its superior creep, 
wear resistance, and high strength and stiffness [35,36]. The very high vis-
cosity of UHMWPE detriments its easy melting and flowability and makes 
its processing through FDM a difficult task [35,37–40].
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Reinforcement of UHMWPE is a promising way to enhance its proper-
ties [36]. The blending of UHMWPE with other additives can enhance 
its flow properties [35]. Ramli et al. [35] observed that direct blending of 
PEG with UHMWPE is unsuitable, even if it offers good internal lubrica-
tion. Adding up to 60% high-density polyethylene by weight improved 
the processability of the blend and its melt flow index (MFI) performance. 
It also depicted thermal stability in thermogravimetric analysis (TGA) 
[35]. Dontsov et al. [41] attempted the manufacture of UHMWPE mixed 
with 17% HDPE grafted with maleic anhydride and 12% polypropyl-
ene; 170°C NT, 100°C, and 20 mm/s PS offered maximum physical and 
tribo-mechanical properties of the composite. The wear performance of 
FDM-printed specimens was slightly lower than that of compression-
sintered specimens. Panin et al. [42] deployed a UHMWPE-PP blend pre-
pared by FDM and hot isostatic pressing (HIP). The shore D hardness 
increased with the addition of PP to UHMWPE. Also, the value of elastic 
modulus for the composite increased compared to neat UHMWPE when 
prepared by HIP, while this increase was not as significant as that for 
FDM specimens. This is depicted in Figure 13.7. Under severe loading 
conditions, the composite’s wear performance is 15% higher than that of 
neat UHMWPE.

Panin et al. [43] reported that UHMWPE with 17% HDPE-g-VTMS 
could easily bind 5% glass fibers (GF) with different aspect ratios (AR). 
An increase in glass filler induced the adhesion of matrix and filler and 
deteriorated the tribological performance. UHMWPE loaded with milled 
glass fibers (MGF) had an elastic modulus 1.3–1.6 times higher than 
neat UHMWPE, depicted in Figure 13.7. The wear rate decreases with 
an increase in MGF up to 5%. An increase in chopped glass fibers (CGF) 
increased specific gravity, hardness, and elastic modulus compared to the 
composite (Figures 13.8 and 13.9). A brief summary of the work reviewed 
is displayed in Table 13.4.

13.3.2  Thermoplastic polyurethane (TPU)

As discussed earlier, the biocompatible nature and superior mechanical 
behavior of TPU make it suitable as a potential alternative to UHMWPE.

Miller et al. [47] recently completed 3D printing of TPU and exam-
ined the mechanical characteristics of printed specimens, concentrating 
on fatigue and cyclic efforts. TPU displayed greater energy dissipation 
capabilities in cyclic compression tests than softer polymers such as acry-
late and silicone. TPU was able to overcome and endure fatigue break-
age owing to the mechanism. Furthermore, the monotonic compression, 
shearing, and tensile fatigue of 3D-printed samples equaled or surpassed 
injection-molded counterparts. They also discovered that, in compari-
son to stiffer materials, the incorporation of alternative printing internal 
structure topologies (or print infill geometries) has no significant effect 
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Table 13.4  �Summary of UHMWPE composites’ performance based on FDM 
parameters 

Ref material Findings

[44]
UHMWPE with polypropylene 
(10:90) composite

The impact strength was studied. The LT had a 
major effect on the response, followed by PS 
and the number of shells. Other parameters 
had a moderate effect.

[45]
UHMWPE with 17% HDPE-SMA 
and 12% PP

0.5% carbon nanofibers and hydroxyapatite 
nanoparticles decreased wear and friction 
coefficient by 1.2–1.6 times. This composite 
prepared by FDM surpassed the mechanical 
properties of hot-pressed powder mix and 
extruded granules.

[46]
UHMWPE with 20% PP

The maximum density was found in specimens 
made by twin screw compounded hot 
compression, followed by powder technology 
hot compression, and finally, twin screw 
compounded FDM. The maximum elastic 
modulus was obtained by twin screw 
compounded FDM specimens, followed by twin 
screw compounded hot compressed specimens 
and powder technology hot compressed 
specimens. 

Figure 13.7 � Variation of elastic modulus for pure UHMWPE, its composite fabricated 
through the HIP, and the composite printed on FDM [43].
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on the fatigue performance of TPU. This is due to soft polyurethanes’ 
adaptability and compliance. These properties highlight the advantages 
of 3D-printed TPU for artificial meniscus implants (Figure 13.10). The 
research conducted for TPU with FDM as the fabrication method has 
been discussed in detail in Table 13.5.

Figure 13.8 � Variation of tribological properties with addition of different materials in 
UHMWPE [42,45,46].
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13.3.3  Polyvinylidene fluoride (PVDF)

Piezoelectric polymers, particularly polyvinylidene fluoride (PVDF), are 
gaining popularity as smart biomaterials [54] in tissue engineering [55] and 

Figure 13.9 � Variation of mechanical properties with addition of different materials in 
UHMWPE [42,45,46].
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biosensors [5,56]. Among other fluoropolymers, PVDF has been reported 
to possess the maximum flexural modulus [57]. With the emergence of 
additive manufacturing, numerous researchers have endeavored to use it 
to fabricate piezoelectric PVDF and composites. Some of this research is 
discussed in Table 13.6.

13.3.4  Polylactic acid (PLA)

Polylactic acid is one of the renewable polymers from plant starch [64]. 
It is a much more printable material with superior mechanical qualities 

Table 13.5  Summary of TPU’s performance based on FDM parameters

Ref. parameters Findings

[48]
LT, BO

The X orientation provided the best flexural and tensile 
strength, but some fluctuation in the impact strength was 
observed. The optimum operating parametric values for TPU 
were 0.2 mm LT, printed in the X orientation.

[49]
LT, RO, ET, BT

With the increase in LT, the tensile strength decreased for RO 
normal to the length of the specimen. For RO along the 
length of the specimen, the tensile strength displayed no 
significant variation from 0.1 to 0.2 mm LT with a sudden 
decrease at 0.3 mm. 

[50]
ET, BT, LT, PS, IFD, RO

With the bed increment and nozzle temperature increment, 
the elastic modulus and UTS increased, while the porosity and 
elongation percentage at break decreased. Increasing print 
speed decreased the elastic modulus, UTS, and elongation % 
and increased the porosity from 14% to 33%. Increasing the 
flow rate from 100 to 120 increased elastic modulus from 17 
to 22 MPa, UTS from 21 to 25 MPa, and decreased the 
porosity from 14% to 3%. The best orientation that provided 
the best mechanical properties was 0° at a 100% flow rate.

[51]
PS, ET

Increased nozzle temperature and decreased PS increased the 
specimen’s density, but this increase was not significant 
beyond 240°C. Also, with an increase in nozzle temperature, 
the surface roughness increased.

[52,53]
IFP, RO

100% IFD and 0° provided the maximum recovery speed, 
highest elastic modulus, and the ultimate tensile strength.

Figure 13.10 � Tensile strength variation with LT [48].
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than most other plastics [65,66]. Despite its enormous potential because 
of its renewability, biodegradable nature, and biocompatibility [67–69], 
this plastic has received minimal research related to the FDM process 
(Figure 13.11). Table 13.7 includes a summary of the effects of the process 
parameters on the properties of PLA.

Table 13.6  �Summary of PVDF and its composites’ performance based on FDM 
parameters 

Ref. material parameter Findings

[58]
PVDF
RO, PS, BT

A 0° orientation offered the best elastic 
modulus. β phase in the prepared 
specimens depended on the PS and  
the BT.

[59]
PVDF
LT, IFD (70%)

A BT range of 90°C–110°C and a PS range 
of 10–25 mm/s increased the dimensional 
tolerance. The elastic modulus values 
were reported to be less than bulk PVDF 
(1.7 GPa). This was due to lesser IFD.

[60]
PVDF reinforced with barium titanate

The tensile strength increased by 45% with 
the addition of barium titanate. 

[61]
PVDF with zirconium tungstate
LT (0.15 mm), IFD (70%), PS (15 mm/s)

A 10% zirconium tungstate by weight 
added in PVDF increased the elastic 
modulus by 30%.

[62,63]
PVDF with barium titanate and graphene
PS (50 mm/s), RO (45°), IFD (100%)

An increase of 43.45% and 48.43% in peak 
and break strength respectively.

Figure 13.11 � Variation of tensile strength with LT and RO [77].
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13.3.5  Acrylonitrile butadiene styrene (ABS)

Acrylonitrile butadiene styrene is an amorphous engineering thermoplas-
tic with high impact resistance. Acrylonitrile, butadiene, and styrene are 
the three monomers that constitute ABS. It has high stiffness, excellent 
impact strength at relatively low temperatures, good insulating quali-
ties, better weldability, and wear and strain resistance [78,79]. It is also a 
potential material for making small implants like mid-ear prostheses [80–
82]. Table 13.8 consists of ABS performance based on FDM parameters.

13.3.6 Other materials

Several other materials used in the biomedical field are also reviewed in 
Table 13.9.

A comparative illustration of tensile strength with variation in layer 
thickness is shown in Figure 13.12.

Table 13.7  Summary of PLA’s performance based on FDM parameters

Ref. parameter Findings

[70]
IFD, PS, LT

Mechanical properties are enhanced with increasing infill 
density and degraded with increasing printing speed.  
An increase in layer thickness negatively affected adhesion 
between layers, thus decreasing the elastic modulus.

[71]
LT, perimeters, IFP

LT (0.1 mm), the number of outermost layers (6), and gyroid 
IFP were the best parameters for tensile strength. LT (0.15 
mm), the number of outermost layers (4), and concentric 
IFP were the best parameters for flexural strength. 

[72]
IFD, RO, LT, BO

Elastic modulus and UTS depicted a linear relationship with 
IFD. For flat and on-edge orientation, 0°/90° gave the best 
elastic modulus and UTS, while ±45° offered the best 
elongation.

[73]
RO, LT, RW

Higher tensile strength at lower RO, lower LT, and higher 
RW.

[74]
BO

The sample produced in the X direction had the  
highest tensile strength. 

[75]
ET, PS, BO

The specimens created in the Y orientation had higher 
mechanical strength than those formed in the X, Z, and 
45° orientations. The mechanical qualities of the pieces 
weakened with the rise in ET.

[76]
LT, N, IFP, IFD

The infill % had the maximum impact on the compressive 
force, then the number of contours, LT, and IFP. Because of 
decreased warping, the compressive strength improved as 
the fraction of shells and infill increased. The diagonal infill 
design outperformed the linear infill pattern. 

[77]
LT, RO

90° and 0.1 mm combination gave the best tensile and 
flexural strength (Figure 13.11).
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Table 13.8  Summary of ABS’s performance based on FDM parameters 

Ref parameter Findings

[83]
LT, RO

±45° and 0.4 mm LT and 0.3 mm and ±45° gave the best tensile 
and flexural strength.

[84]
PS

Surface roughness decreased with an increase in layer thickness.

[85]
LT, PO, RW, air gap

Maximum compressive strength at LT 0.254 mm, width 59.44 
mm, and 0.422 mm, air gap 0.00026 mm.

[86]
IFP

The triangle infill design had a better tensile strength than grid 
or cubic patterns.

[87]
BO, RO

The fabrication orientation (A) and deposition angle (B) 
significantly influenced the tensile strength. The sample 
constructed in the X direction had greater tensile properties 
of 28 MPa at a low raster orientation angle of 0°. 

[88]
BO, RO

Compared to Z orientation, items constructed with X or Y 
orientation achieved maximum strength. A component 
alignment along X and 60° orientation (X60) yielded the 
highest tensile properties (34.5 MPa), whereas a component 
alignment along Z and 90° orientation yielded the lowest 
tensile properties (14.8 MPa) (Z90).

[89]
LT, RO, IFD

The specimen with the greatest ultimate strength of 32.649 MPa 
was created at a 65° raster angle, 0.5 mm layer thickness, and 
80% infill percentage. Higher infill percentages and a 65° raster 
angle displayed superior tensile load resistance.

Table 13.9  Summary of various materials’ performance based on FDM parameters 

Ref, material, parameters Properties

[90]
Nylon 
IFD, LT, PS

At 0.1 mm LT, 100% IFD, and 70 mm/s PS, the maximum 
tensile strength and impact strength were 43.5 and 
1.746 MPa, respectively. With a 0.3 mm LT, 100% IFD, 
and 70 mm/s PS, the maximum hardness of 68 was 
reached. Printing speed had the smallest impact of all 
the characteristics considered.

[91]
PA12 
LT, NT, occupancy rate, IFP

Optimum layer height, extrusion temperature, rate of 
occupancy, and filing pattern were 0.25 mm, 250°C, 
50%, rectilinear (for the highest tensile strength); 0.20 
mm, 260°C, 25%, and full honeycomb (for the highest 
elongation %); 0.25 mm, 250°C, 50%, rectilinear (for 
the highest impact strength).

[92]
ULTEM 9085 thermoplastic 
RO, BO

The edge-printed sample had superior strength among 
all three orientations. With 0° RO, an average ultimate 
tensile strength of 89 MPa was attained. Because of 
perpendicular raster deposition to tension load 
application, the sample constructed with 90° 
orientation with an edge direction had the least 
average tensile strength (61 MPa).

(Continued)
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3D printing in knee arthroplasty can quickly fabricate tibial, femoral, 
and spacer components compared to injection molding. By deploying suit-
able parametric combinations, FDM can be easily used to produce these 
components at a much lower cost. A brief conclusion of the advantages 
and disadvantages of variation in various process parameters of FDM is 
depicted in Table 13.10.

Table 13.9  (Continued) Summary of various materials’ performance based on FDM 
parameters 

Ref, material, parameters Properties

[93]
PEEK
5% wt.CF/PEEK
5% wt. GF/PEEK
NT, BT, PS, LT

The tensile, flexural, and impact strength increased 
with nozzle temperatures and platform temperature. 
440° NT and 280° BT enhanced the mechanical 
properties of 5 wt.% CF/PEEK and 5 wt.% GF/PEEK. 
The tensile, flexural, and impact strength decreased 
with an increase in printing speed and layer 
thickness. Optimum mechanical properties were 
obtained at 5 mm/s printing speed and 0.1 mm layer 
thickness, overlap interval, and extrusion flow 
(100%). 

[94]
PETG 
LT, OR

Higher overlap ratios and thinner layers enhanced 
Young’s modulus of elasticity and UTS while also 
providing a larger contact area between adjacent 
fibers and layers. An optimum combination of layer 
thickness was 0.2 mm at 20% overlap.

Figure 13.12 � UTS [90,94] and tensile strength [91] variation with LT.
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13.4 CONCLUSIONS

A review of the commonly available materials for biomedical applica-
tions has been performed in this study. The most common materials 
in knee arthroplasty spacers are UHMWPE and TPU. Other materials 
commonly deployed are PVDF, PLA, and ABS. The properties of these 
materials have been discussed, and the influence of the various process 
parameters has also been discussed in detail. The present study shall be 
useful for researchers to study applying FDM 3D printing for biomedical 
applications.

ABBREVIATIONS

BO: Bed orientation
BT: Bed temperature
FDM: Fused deposition modeling
IFD: Infill density
IFP: Infill pattern
LT: Layer thickness
NT: Nozzle temperature
OR: Overlap ratio
PS: Print speed
RO: Raster orientation
RW: Raster width
TPU: Thermoplastic polyurethane
UHMWPE: Ultra-high-molecular-weight polyethylene
VTMS: Vinyl-trimethoxy silane

Table 13.10  Conclusions

Parameter Advantages Limitations

Layer thickness An increase in LT decreases 
print time.

Decreases proper adhesion, 
surface quality, and 
mechanical properties.

Temperature Decreases viscosity, so better 
filling quality, lower porosity, 
and better adhesion.

With overflow, geometrical 
accuracy decreases.

Print speed Reduces print time. Turbulent flow, defects in 
sample poor adhesion.

Flow rate E increases with flow rate, 
reduced voids, and porosity.

Lower geometrical accuracy.

Orientation angle For 0° and load direction X, 
elongation increases.

Porosity increases.
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14.1 � CONCEPT OF WEAR AND SURFACE 
ROUGHNESS IN ADDITIVE MANUFACTURING 
MATERIALS AND COMPOSITES

Production of metals and amalgams by adding substances is right now hard 
for large-scale manufacturing, due to lack of assembled rate, restricted 
greatest form size, issues of surface unpleasantness, support structures 
expulsion, and so forth. The possibility of AM came from the way that a 
blend of conventional (subtractive) and added substance assembling. AM 
assists in manufacturing of medium/enormous parts with high mathemati-
cal complicity and precision [1,2].

With its undeniable widespread reasonableness and proficiency, it is try-
ing to anticipate how the cycle will progress. Fabrication of multimaterial 
added substance is venturing out forward by marvellous single material 
items to multimaterial parts that hold creative guarantee. With every one 
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of the upsides of 3D printing (material and asset effectiveness, part and 
creation adaptability, diminished creation lead time, expanded execution), 
these parts can have various materials with complex calculations and added 
usefulness [3].

Designing composite materials in assembling has turned into a vital 
exploration region in further developing rail material mechanical charac-
teristics against wear. A few better measures are through surface designing 
of essential rail and wheel districts with further developed characteristics 
to wear opposition [4].

In designing fields, AM has additionally been utilized in numerous modern 
areas, like aviation, car, common and biomedical designing. Perhaps the most 
basic difficulties to originators and architect as of late is the way to rapidly 
create another item from planning models to qualified items, and the response 
is AM innovation which gives an exceptionally effective cycle to assemble an 
item with nearly all math intricacy with next to no new tooling [5].

Composites have phenomenal material properties like gentility, unbend-
ing nature, and strength with support of particular materials to serve a 
lengthy field in designing. In the interim, limitations because of the creation 
interaction lead to unfortunate machinability attributes and show decreased 
surface quality, exorbitant cutting temperature and instrument wear [6,7].

Composite machining is not quite the same as regular machining. The 
expansion of supported particles might bring about extreme harm of cut-
ting devices. The hard particles or supported materials might bring about 
unfortunate surface wrapping up. Be that as it may, with the customary 
machining, these issues can be handily experienced [8].

Wear, hotness and grating produce issues in working instruments of a 
machine as a result of the great and rehashed utilization of machines. A 
colossal expense on machines would be saved in the event that the wear 
rate on machines is taken into thought as wear decreases life expectancy of 
material. Adding an exceptionally essential or least measure of amalgam in 
the material utilized for the mass handling might actually adjust the obliga-
tion of bond between the pair [9].

Surface completion is the most extreme fundamental trademark in 
assembling of parts. This impacts execution of parts and creation cost. 
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Figure 14.1 � Factors responsible for concept of wear and surface roughness.
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Present-day ventures need to create great items rapidly with least adminis-
trator input. It is exceptionally difficult to consider all elements influencing 
surface unpleasantness for a specific assembling method [10]. Figure 14.1 
shows factors responsible for concept of wear and surface roughness.

14.2 � EFFECT OF WEAR AND SURFACE 
ROUGHNESS ON ADDITIVE MANUFACTURING 
MATERIALS AND COMPOSITES

Added substance assembling of metallic tribological parts offers extraor-
dinary degrees of opportunity, yet the surface unpleasantness of most as-
printed surfaces obstructs the immediate materialness of such designs, and 
post-processing is fundamental. Rubbing tests were directed in a pin-on-
plate design against bearing steel circles under oil with an added substance 
free mineral base oil for sliding paces among 20 and 170 mm/s [11].

Since many breaks are started from the outer layer of a metal part, sur-
face completion assumes a significant part in weakness execution of AM 
metals. As a general rule, these materials don’t have great surface comple-
tion in the as-assembled conditions. As indicated by the unfortunate surface 
completion of AM metals has three significant causes, the flight of stairs 
impact from the layer-by-layer producing process balling or adherence of 
to some degree dissolved powders to the outer layer of the metal, and open 
pores and zones where liquefying is deficient [12,13].

In light of the holding neck framing process, a hypothetical model of 
the three-layered surface unpleasantness of manufacturing items is laid out 
thinking about its real surface conditions. Correlation between the expecta-
tions and estimations indicates that the proposed model can be approved 
and it can give solid expectations in the ME tests’ 3DSR SRVF-HB/LB and 
SRPF-HB/LB), with the inconsistency under 10.52% among anticipated 
and estimated outcomes. Likewise, the awareness examination shows that 
rising the expulsion width will diminish SRVF-HB/SRPF-HB, and incre-
ment SRVF-LB/SRPF-LB; however, the layer thickness is in the other way 
around [14].

High requests are put on machine instruments not just as far as required 
mechanical boundaries and effectiveness yet in addition regarding their 
dependability. On a basic level, the analytic framework speaks with the 
machine apparatus framework at such a level that it is conceivable to begin 
the pre-arranged programme grouping on schedule, limiting or turning 
away the shortcoming in light of the ongoing indicative outcomes [15].

Added substance producing of extra parts will turn out to be increasingly 
normal. On account of water powered arrangements, there are additionally 
a few utilizations of AM innovation connected with topological enhance-
ment, against cavitation upgrades, and so forth.



240  Mechanical Properties and Characterization of Additively

Subsequently, it was ready with a 100-hour test mission of the AM extra 
part, which covers the time among harm and supply of the new siphon. 
The material of the shoe retainer has been recognized and supplanted by 
another material-accessible as a powder for AM, with comparable proper-
ties as the first [16].

Surface unpleasantness is a significant component in streamlined features that 
can altogether impact the liquid elements and the hotness move. The unpleas-
antness of the wing skin increment the skin grinding drag, which is one of the 
parasite drag parts. An inhomogeneous surface harshness circulation on an 
automated airplane wing after numerous long stretches of not set in stone [17].

Surface unpleasantness typically shifts relying upon the AM strategy. 
Thus, AM distant from everyone else can’t all the while produce parts that 
meet both mechanical and surface harshness prerequisites. As a rule, the 
most affecting perspective is the absence of interaction elements under-
standing. Due to the modern metallurgical what’s more, thermo-actual 
peculiarities, the collaboration systems between the powder bed and the 
liquefy pool, the powder bed and laser bar, and the softening cycles are 
trying to make sense of on account of laser added substance fabricating 
methodology [18].

The surface nature of items is connected with the shaping quality. The 
cross-part of the material fibre is circular, and holding neck is framed 

Tool
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Temperature

Tool Wear
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Figure 14.2 � Effect of wear and surface roughness on Additive Manufacturing materials 
and composites.
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between adjoining circular areas, which assumes an essential part in the 
surface nature of items. Along these lines, in light of the holding neck shap-
ing interaction (level and longitudinal holding necks), a three-layered sur-
face unpleasantness hypothetical model of items was laid out in this paper, 
with the anisotropic qualities and temperature taken into account [19].

Practically Graded Materials offer discrete or consistently evolving prop-
erties arrangements over the volume of the parts. The far and wide utiliza-
tion of FGMs was not quick enough in the past because of limits of the 
assembling strategies. Critical improvements in fabricating advancements 
particularly in Additive Manufacturing (AM) empower us these days to 
make materials with determined changes over the volume/surface of parts 
[20]. Figure 14.2 represents the effect of wear and surface roughness on 
Additive Manufacturing Materials and Composites.

14.3 � ROLE OF PROCESS PARAMETERS OF WEAR  
AND SURFACE ROUGHNESS OF AM 
MATERIALS AND COMPOSITES

Since the time the presentation of 3D printing, enterprises have seen a 
remarkable development in creation and proficiency. Three-layered print-
ing is the course of added substance producing in which the traditional 
technique for material evacuation is tested. Layer-on-layer testimony is the 
fundamental rule of the AM.

Every one of these layers can be seen as a cross-part of the thing that has 
been softly cut. When contrasted with customary creation techniques, 3D 
printing permits the making of convoluted shapes with less material. In 
traditional techniques, the materials go through a few harms because of 
the instrument workpiece contact making grinding among them and the 
dispersed hotness that harms the material. Conquering the regular strategy 
for machining with the assistance of 3D printing is another progression in 
the businesses [21].

In laser powder bed combination processes, ill tempers of cemented lay-
ers in the surface corresponding to the structure plane might slam into the 
recoating edge causing creation interference or the development of pores 
that impede the underlying respectability of the last items. Consequently, 
advancement of LPBF process boundaries and system, alongside post get-
ting done, should be tended to likewise in perspective on unpleasantness 
decrease. This is especially significant if explicit tribological properties are 
sought after, as surface unpleasantness influences contact and wear [22].

Surface harshness influences the tasteful nature of parts, and this is a 
principal concerning the gems business where AM procedures are tracking 
down expanding application in the last decade, and in the style business 
that is taking a gander at AM with a developing interest. When mechanical 



242  Mechanical Properties and Characterization of Additively

or electro completing is vital, the more awful the as-assembled surface 
microgeometry, the more material that should be eliminated and this can 
affect adversely on the costs connected with wrapping up: the reuse of 
machining chips addresses an extra expense as they should be cleaned from 
the machining greases and their development addresses a misuse of unre-
fined substance, hindering the financial seriousness of the added substance 
innovation [23].

Checking surface quality during machining has impressive pragmatic 
importance for the presentation of high-esteem items, especially for their 
gathering points of interaction. Surface harshness is the main measurement 
of surface quality. The impact of hardware wear minor departure from sur-
face harshness is rarely considered in machining. Also, the decay pattern of 
surface unpleasantness and instrument wear contrasts under factor cutting 
boundaries. The expectation models prepared under one bunch of cutting 
boundaries bomb while cutting boundaries change [24].

On the foundation of the recently evolved 3D surface boundaries, this 
paper expects to explore the material proportion bends of 3D AM surface 
geographies, which empowers surface geographical elements to be con-
nected with AM process streamlining [25].

Titanium alloy is broadly utilized in the fundamental construction and 
primary bearing parts of weapon hardware due to its great mechanical, 
actual properties and stable substance properties. Versatile twisting under 
the powerful difference in cutting power and temperature field created by 
various cycle conditions, which makes it hard to foresee and control the 
machined surface quality and instrument life [26].

On the reusing of the ABS material since 3D-printed ABS materials and 
related parts are non-biodegradable, so, there is a huge interest to reuse ABS 
squander materials and its parts.

Cutting power, and apparatus life demonstrates the viability of LAM 
in machining earthenware materials. Be that as it may, there has been no 
deliberate investigation of the impacts of interaction boundaries on surface 
uprightness in LAM clay materials [27,28].

The ideal arrangement of interaction boundaries that can limit surface 
unpleasantness, anode wear rate, and amplify material expulsion rate is 
found in this review. Powder-blended electrical release machining with SiC 
powder-blended dielectric of solidified 90CrSi steel is led. The pre-owned 
input boundaries of the advancement cycle are the powder fixation, the beat 
on schedule, the beat off time, the beat current, and the servo voltage [29].

The higher surface unpleasantness prompts a lower weariness limit, not-
withstanding, what is the surface harshness metric that associates to the 
weakness conduct of as-fabricated AM parts and how to integrate surface 
profiles into weariness life expectation models stay open inquiries in the 
examination field of AM [30]. Figure 14.3 shows the role of process param-
eters of wear and surface roughness of AM materials and composites.
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14.4 � INFLUENCE OF SURFACE TOPOLOGY DUE 
TO WEAR AND SURFACE ROUGHNESS 
OF AM MATERIALS AND COMPOSITES

The impact of surface treatment methods and conditions on single lap joint 
strength and interfacial properties has been examined. Valdés et al. exam-
ined the multi-objective advancement on glue holding of aluminium-carbon 
fibre cover, from the multi-objective numerical model perspective [31].

The plan opportunity presented by added substance producing empow-
ers the creation of parts with inner surfaces that are trying to get to post-
fabricate. This is of worry, as the surface condition can especially decay 
exhaustion execution. The most recent couple of years have seen critical 
examination progresses in these angles. Ti-6Al-4V is the most widely read 
up combination for AM [32].

Both surface estimation methods reliably demonstrated that all surface 
medicines prompted enhancements in surface unpleasantness, albeit optical 
microscopy was affected by surface glares and misjudged the surface harsh-
ness upsides of drag-completed examples [33].

The outcomes show that cutting states of higher feed rate and higher wire 
pressure expanded the feed force by 78% and 20%, individually, since for 
chip evacuation these circumstances is required a higher power for each 

Figure 14.3 � Role of process parameters of wear and surface roughness of AM materials 
and composites.
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grain. On expanding the wire cutting velocity, the feed force diminished by 
66% because of a lessening in entrance profundity of the grains [34].

Mechanical strategies, for example, air scraped spot increment the sur-
face region by surface roughening and furnish mechanical interlocking of 
zirconia with pitch cement. The impact fluctuates as indicated by the sort, 
size, and infusion tension of the grating particles. Although air scraped area 
utilizing alumina particles is ordinarily utilized and has shown promising 
results writers have expressed that the outer layer of Y-TZP ceramics gets 
harmed, which antagonistically influences its mechanical properties. Silica 
covering has additionally been accounted for to be a straightforward and 
compelling technique for holding since it increments hydroxyl bunches for 
silane coupling and furthermore precisely roughens the surface [35].

Longitudinal torsional ultrasonic-helped crushing is one of the principle 
strategies to accomplish excellent and high-effectiveness machining of elite 
execution clay materials. Notwithstanding, it isn’t not difficult to precisely 
describe the three-layered (three-dimensional) surface geography because of 
numerous irregular elements during LTUG. Focusing on the mind-boggling 
surface elements brought about by different irregular variables in the LTUG 
of Si3N4 ceramics, a probabilistic calculation for the level of lingering mate-
rial on a superficial level in LTUG of Si3N4 earthenware was proposed, 
and the expectation model for the three-dimensional surface geology and 
three-dimensional surface unpleasantness boundaries of Si3N4 ceramics in 
LTUG was laid out by utilizing this calculation [36].

The weariness break ordinarily starts at the surface and afterwards pro-
liferates to the inside, and the break inception process represents the major-
ity of the entire exhaustion life. Thus, it has drawn in various consideration 
and interests to concentrate on the impact of surface trustworthiness on the 
weakness life of materials [37].

Titanium grid fibre-built up plastic composites had drawn in expand-
ing interest in marine and different fields in light of their phenomenal 
mechanical and erosion opposition. Nonetheless, the interfacial holding 
strength between the titanium lattice and the plastic is a significant variable 
restricting its wide application. In this chapter, the outer layer of titanium 
compound TC4 (Ti-6Al-4V) was anodized to shape an oxide layer with a 
1–2 μm break structure on the outer layer of titanium amalgam [38].

Ultra-accuracy machining is generally utilized in the assembling of pub-
lic protection and complex common items as a result of its high accuracy, 
almost no surface harm and different benefits. The surface unpleasantness 
of a workpiece is the critical mark of ultraprecision machining innovation, 
which is impacted by many variables during the time spent machining.

The outcome finished up from the trial is contrasted and the re-enact-
ment result, showing that the mistake between the reproduction and the 
examination is under 4%, which is of incredible importance to advanc-
ing machining process boundaries and improving machining accuracy of 
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workpiece surfaces for ultraprecision single point precious stone turning 
[39,40]. Figure 14.4 shows the influence of surface topology based on sur-
face roughness and wear on AM and composite materials.

14.5 � IMPROVING SURFACE FINISH AND WEAR 
RESISTANCE OF ADDITIVE MANUFACTURED 
COMPONENTS AND COMPOSITES 
FOR VARIOUS APPLICATIONS

3D printing (3DP) is a way to deal with process parts straightforwardly 
from its PC helped plan (CAD) record. Added substance producing is 
changing the scenes of current modern practices. On-request fabricating 
utilizing added substance producing advances is a recent fad that will essen-
tially impact numerous businesses and item plan conventions. Since there 
is no requirement for part-explicit tooling, various parts can be assembled 
utilizing a similar machine [41].

Added substance fabricating is a vanguard creation innovation that has 
contributed enormously to accelerate supplanting available of complex-
moulded parts. A fragile and unavoidable period of added substance inno-
vation is that connecting with the post-handling of the parts, particularly 
the completing system. Laser cleaning is spreading, truth be told, increas-
ingly more unequivocally, in the field of assembling as a legitimate option 
in contrast to regular advancements for the surface completing of metallic 
parts got by added substance processes [42].

Micro 
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stress
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Figure 14.4 � Influence of surface topology based on surface roughness and wear on AM 
and composite materials.
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The impact of post-handling methods on additively fabricated parts has 
been talked about. It was observed that laser shock peening (LSP) can cause 
extreme strain rate age, particularly in more slender parts. LSP have some 
control over the surface normalities also, nearby grain refinement, accord-
ingly lifting the hardness esteem. Laser cleaning can decrease surface harsh-
ness up to 95% and increment hardness, altogether, contrasted with the 
as-constructed parts. Regular machining processes improve surface qual-
ity; notwithstanding, their effect on hardness has not been demonstrated 
at this point [43].

The progressions of 3D printing innovation have been joined with the 
utilization of metallic biomaterials to make gadgets and items for the bio-
medical field. 3D printing has been a progressive cycle that makes the 
manufacture of metallic biomedical gadgets profoundly unambiguous and 
all the while simpler than other creation strategies. The reason and gen-
erally capacity of every clinical gadget made is reliant upon the kind of 
metal utilized alongside its manufacture strategy. The significant qualities 
of metallic biomaterials, including iron, magnesium, zinc, titanium, cobalt, 
and treated steel, will be talked about. Significant contemplations of these 
metallic biomaterials incorporate corruption rate, biocompatibility, and 
mechanical properties [44].

The most famous added substance fabricating advances to create tita-
nium compound parts are electron shaft dissolving, specific laser softening 
and coordinated energy testimony. It was found that the microstructure is 
impacted by the most elevated temperature produced and the cooling rate 
which can be custom-made by the information factors of the AM processes.

AM manufactured parts have lower weakness life contrasted with those 
of from conventional strategies. Since fast item improvement utilizing 3D 
printers prompts significant cost decreases all the more as of late, it is nor-
mal that more open doors may before long be accessible for the AM of tita-
nium amalgams with fresher AM cycles like virus splash added substance 
fabricating and added substance contact mix affidavit [45].

Dental rots are a seriously repeating issue in the present occupied exis-
tence of individuals all over the planet; consequently, its utilization is excep-
tionally standard practice. While dental embed improvement, materials, 
and methods have fundamentally extended and are anticipated, it would 
additionally expand over the next few decades [46].

The synergistic impacts of wear and erosion on NiTi combination in exam-
ination with Ti-6Al-4V compound, the most broadly utilized titanium com-
bination in biomedical applications. Both combinations were handled by an 
added substance producing laser bar coordinated energy affidavit (LB-DED) 
method, in particular laser designed net moulding, and investigated by means 
of tribo corrosion tests by utilizing the ball-on-plate design [47].

Since recent many years, direct printing of parts for different applications 
by the utilization of 3D-printing innovation has accumulated a ton of con-
sideration. In any case, many issues stay with the far-reaching utilizations 
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of 3D-printed materials like administrative issues, sterile climate for part 
creation, and the improvement of material properties with the ideal con-
struction [48].

By re-imagining parts starting from the earliest stage, not restricted to 
the difficulties introduced by conventional assembling methods, scientists 
and architects have grown new plan techniques to settle huge scope materi-
als and plan issues around the world. It is imagined that analysts in indus-
try and the scholarly community can use this work to configuration new 
compounds utilizing metallic AM processes for different current and future 
applications [49].

Light intensification by animated discharge of radiation as a sound and 
monochromatic electromagnetic radiation with high power thickness has 
generally been taken advantage of for different sorts of material handling 
covering dissolving, machining, joining, storing, and surface designing. 
The most interesting use of laser currently concerns laser-helped added 
substance producing that can create a part, instrument, gadget, machine, 
or a total designing framework beginning from a tiny volume of material 
through a keen plan of liquid drop reconciliation proceeded with paral-
lel and vertical bearing following a PC supported plan convention [50]. 
Figure 14.5 shows the application of improving the surface roughness and 
wear of AM and composites.

14.6 � CONCLUSIONS

Wear and surface roughness are two important factors which decide the 
quality of the complex geometrics of Additive Manufactured components. 
In the different AM manufacturing conditions, the output surface roughness 
and wear decide the quality of the product utilized for various applications. 

Surface quality Improving mechanical behaviour

Exploitation of thermal properties Functionality of complex parts
developement

& Surface roughness
Impovement of Wear

Figure 14.5 � Application of improving the surface roughness and wear of AM and 
composites.
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This chapter has discussed the role played by wear and surface roughness 
of AM produced components in different working conditions. The informa-
tion drawn from the discussion is summarized below:

•	 Designing composite materials development in assembling has turned 
into a vital exploration region in further developing rail material 
mechanical characteristics against wear. A few better measures are 
through surface designing of essential rail and wheel districts with 
further developed characteristics to wear opposition.

•	 Due to the modern metallurgical what’s more, thermo-actual pecu-
liarities, the collaboration systems between the powder bed and the 
liquefy pool, the powder bed and laser bar, and the softening cycles 
are trying to make sense of on account of laser added substance fab-
ricating methodology.

•	 Weariness strength isn’t just affected by remaining pressure and 
porosity, however additionally by surface unpleasantness. Surface 
imperfections go about as pressure raisers, subsequently surface com-
pleting pointed at diminishing surface harshness broadens the weak-
ness life, as tentatively demonstrated and noticed that a proper form 
filter methodology could work on a superficial level unpleasantness 
sway on exhaustion life of LPBF Ti6Al4V composite.

•	 Mechanical strategies, for example, air scraped spot increment the 
surface region by surface roughening and furnish mechanical inter-
locking of zirconia with pitch cement. The impact fluctuates as indi-
cated by the sort, size, and infusion tension of the grating particles.

•	 The progressions of 3D printing innovation have been joined with the 
utilization of metallic biomaterials to make gadgets and items for the 
biomedical field. 3D printing has been a progressive cycle that makes 
the manufacture of metallic biomedical gadgets profoundly unambig-
uous and all the while simpler than other creation strategies.

•	 The reason and generally capacity of every clinical gadget made is 
reliant upon the kind of metal utilized alongside its manufacture strat-
egy. The significant qualities with good wear and surface topology 
of metallic biomaterials, including iron, magnesium, zinc, titanium, 
cobalt, and treated steel which are utilized for potential applications 
in various engineering and non-engineering fields with better outputs.
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15.1  INTRODUCTION

In aviation, medical, automotive, tool, and consumer product enterprises a 
reliable design and storage of metal parts with complex geometry are of much 
importance. In order to reduce the market time, the production process, and 
the production costs of products manufactured by these industries, research has 
focused on combining multiple production processes into a single machine. The 
ultimate goal is to reduce production space, time, and staffing needs. Additive 
manufacturing adoption and implementation in the industry for production 
could improve the product value of the organization. Additive manufactur-
ing also can produce components in a straight line from CAD demonstration. 
Additive manufacturing is very similar to CNC machining. In order to produce 
the finished product in CNC machining the material is removed; in additive 
manufacturing, the material is being added. The main advantage of addi-
tive manufacturing is that the components are created automatically without 
the requirement of any tool and can produce any type of complex geometry. 
Thereby, it reduces the need for skilled labour and production time. It is used for 
creating the prototype models when launching the layer-by-layer manufacturing 
technique, and due to the sustainable development of the technologies additive 
manufacturing is shifted to prototype to direct the manufacturing of end prod-
ucts. Various steps involved in additive manufacturing are shown in Figure 15.1.

15.2 � ADDITIVE MANUFACTURING FOR GAS 
TURBINE ENGINE COMPONENTS

Additive manufacturing (AM) technologies produce parts, layer upon layer, 
by tracing their cross-section directly from a 3D CAD model. As mentioned 
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Figure 15.1 � Additive manufacturing process chain.
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in the introduction section, the technology has plenty of advantages over con-
ventional manufacturing techniques, including production of functionally 
integrated products, efficient use of materials wherever needed, its synergy 
with optimal design of complex geometric forms, and the sustainability of the 
manufacturing technique. This section discusses the advantages of AM tech-
nology that make it a promising technique for producing gas turbine engine 
components. The production of a fully integrated product is among the advan-
tages of AM. Because the method allows for the consolidation and functional 
integration of pieces in a single construction, completely integrated function-
ing systems rather than distinct piece parts might be produced [1]. The func-
tional integration of parts reduces the number of pieces, which reduces the 
obstacles experienced during the assembly process [2]. This might be critical 
for gas turbine engine components, since it could enable the fabrication of a 
fully built compressor or turbine at a far reduced cost.

In the aerospace industry, buy-to-fly ratios are approximately 20:1; i.e., 
100 kg of input material is needed to produce 5 kg of the final product. 
This means the remaining 95 kg of material is waste, requiring reprocess-
ing or recycling. This is because many gas turbine engine components must 
satisfy exceptional requirements. However, AM technology reduces waste 
or has no waste since the parts are produced by layering the cross-sections 
of a part, one above the other. Furthermore, since most gas turbine engine 
components (compressor and turbine blades, nozzles) are very complex in 
geometry, their production could easily be realized with the implementation 
of AM techniques [3,4]. The airfoil shape of turbine blades, for instance, 
requires a special geometry that is designed for aerodynamic performance. 
Small deviations in the shape can have large consequences on its perfor-
mance and hence control of the airfoil shape is a critical design step [5].

In addition, when complexity increases, it creates challenges for conven-
tional manufacturing techniques, as complex parts require the assembly 
of individual parts with nuts, bolts, rivets, and welds, thus reducing the 
reliability of the component. AM methodology, on the other hand, gives 
the designer more design flexibility since it allows for the manufacture of 
complicated part topologies that are impossible to make with conventional 
manufacturing processes because there are few or no limits on how much 
complex topology must be generated [6,7]. As a result, design optimization 
may be utilized to lower the weight of engine parts while preserving their 
functional requirements and boosting their efficiency by altering their archi-
tecture. Production of a sustainable product is another primary require-
ment in many sectors such as the aerospace and automobile industries. The 
choice of production technique plays a great role in making the production 
of components more sustainable. Although only limited research [8–10] has 
been reported on the assessment of the sustainability of AM technologies, 
there are indications that the technology is in a promising trend for the pro-
duction of sustainable products, compared to conventional manufacturing 
techniques. Therefore, although further investigations are required for the 
assessment, it seems that AM technology is advancing a preferable produc-
tion technique for the realization of sustainable aerospace products.
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15.2.1  Need for post-processing of AM

Most of the materials always need a heat treatment, in the post-3D print-
ing phase. To relieve stress on components, heat treatment is needed 
before their removal from the build plate. Among all the post-processing 
methods available, the heat treatment process is of greater importance 
and significance. At high heat treatment temperatures, the heat treatment 
may minimize surface contamination, which may lead to a subsequent 
enhancement in the mechanical properties of the component. In addition 
to these heat treatment benefits, the materials listed above are mainly uti-
lized for aeronautical and clinical uses, in which the regulations must 
be properly followed to prevent damage to the surface and maximize 
mechanical qualities.

15.2.2  Industrial value of AM

The shipping of complex components has not been easier which increases 
the production cost of the material. Additive manufacturing made it simple 
for engineers and designers to produce effective complex designs, cheaper 
and faster. Industries such as defence, aerospace, automotive, power gen-
erating application, space application, and health care are now adapting 
additive manufacturing to its continuous improvement in technologies [11]. 
Therefore, there is a large scope for the new applications in the industry 
on their entry. According to the global market report, based on their tech-
nologies the Selective Laser Melting (SLS), Fused Deposition Modelling 
(FDM), Direct Metal Laser Sintering (DMLS), and Stereolithography (SLA) 
are most widely used in additive manufacturing. From that DMLS tech-
nology can produce high-quality metal parts with the greatest accuracy. 
Also, it is used to produce complex shapes in automobile and aerospace 
applications. Due to the cost-efficient production, effortless handling, and 
detailed resolving power the DMLS technology found growth in the market 
for additive manufacturing technologies [12].

15.3 � 3D PRINTING MANUFACTURING 
TECHNIQUES OF METALS AND ALLOYS

The two techniques depending on the feedstock utilized for production 
are powder bed fusion (PBF) procedures and Direct Energy Deposition 
(DED) [13]. Figure 15.2 depicts a schematic of PBF deposition. The 
PBF technique employs a heat source to fuse the powder particles layer 
by layer. Different techniques are utilized to disperse the powder layer 
across the construction plane [14]. By means of melting the metal simul-
taneously as it is deposited, the Direct Metal Deposition process manu-
factures the parts [15]. The classification of AM for metals and alloys is 
shown in Figure 15.3.
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15.3.1  Direct energy deposition

Direct Energy Deposition processes use the principle of melting material 
by thermal energy as they are being deposited on the substrate in a layer-
wise sequence [15,16]. The schematic view of DED machine is shown in 
Figure 15.4.

15.3.2  Powder bed fusion

The PBF is a layer-wise technique that uses a high-energy input such as a 
laser or electron beam to scan, melt, and freeze particles at a specific loca-
tion from a powder bed to manufacture high-precision components with 
generally acceptable surface polish. Figure 15.5 is a schematic of a PBF 
machine. DMLS, SLM, and EBM are the most promising approaches in 
the PBF category. These technologies have showed a mature ability and 

Figure 15.2 � Schematic view of PBF used in AM.
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Figure 15.3 � Classification of AM for metals and alloys.
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promise for directly manufacturing bespoke metallic components with 
complicated shapes, high dimensional precision, reduced material waste, 
and clean structure increases [17].

15.3.3  Direct metal laser sintering

Using a focused CO2 laser beam, the DMLS technique is a powder bed fusion 
process that sinters powdered particles to form a layer of part repetitively. 
Build chambers are heated at an elevated temperature just before the melting 
temperature of the material used for fabrication in order to limit the amount of 
laser power input and deformation of the built part. The powder particles are 
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Figure 15.4 � Schematic diagram of DED.
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spread layer by layer across the powder bed by a powder levelling scraper [18]. 
Based on the design specification a focused CO2 laser beam scans the pow-
dered material and then thermally fuses the material at positions. Allowing 
for the spread of the loose powder material for a new layer build after each 
layer build, a piston lowers the completed layer build by the same amount of 
the layer depth in the z-plane. Accuracy of the part produced via this process 
is influenced by many elements, e.g., the powder particle size [19].

15.3.4  Selective laser melting

Due to the laser beam fully melting the powders, SLM, a powder bed fusion 
process, produces close to fully dense structures. SLM technique requires 
more substantial laser beam power input, which in turn increases the energy 
cost. Using this technique a moderate to excellent surface finish and feature 
resolution can be achieved. In this process for part production, polymers, 
metals, and ceramics can also be utilized [20].

15.3.5  Electron beam melting

Electron beam melting (EBM) processes and the SLS development are alike, 
as an electron beam melts the powdered particle which is powered by a 
high voltage of 30 and 60 kV [16]. To prevent oxidation, the printing pro-
cess occurs at high temperature in a vacuum chamber. With the scan speed 
being very fast, the surface finish is moderate or poor [21].

15.4  MATERIALS AND METHODOLOGY

15.4.1  Material used

A gas-atomized IN718 powder with a particle size range of 10–50 nm was 
employed. Table 15.1 shows the IN718 chemical combination that was uti-
lized to produce the sample.

15.4.2  Fabrication process

INTECH DMLS, Pvt Ltd, Bangalore, used an EOS M280 DMLS machine to 
make the samples. The coupons are printed in the xy-plane (horizontal align-
ment of the building platform) and in the direction of the building (z-plane). A 
scoop was used to disseminate the metal powder across the construction bed 

Table 15.1  The element distribution of IN718 superalloy

Element Ni Fe Cr Nb Mo Ti Al Si C Cu Co 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
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of a powder feeding system. A laser was utilized to fuse the metal powder to 
the bed. The procedure was repeated until the necessary coupon dimension 
was attained. The alloy was created in a gradual manner, layer by layer. Table 
15.2 shows the optimal process parameters for fabricating the DMLS alloy.

AUTOCAD software was used to design the electrochemical samples 
developed by DMLS 3D printer. The dimension and ASTM standard is 
shown in Figure 15.6.

15.4.3 Heat treatment

The heat treatment of the as-built samples was done in a tube furnace. The 
two separate solutionizing heat treatment settings are depicted in Figure 
15.7. The HT 1 thermal treatment for IN718 in turbine blade applications 
is the traditional heat treatment, whereas the HT 2 heat treatment is the 
heat treatment for IN718 in turbine blade applications. To ameliorate the 
microstructure, the heat-treated samples are physically polished with 600-
2500 grit abrasive sandpaper and etched with 87 Glyceregia (ASTME 407 
STD). A thorough time graph of HT 1 and HT 2 is shown in Figure 15.7.

15.4.4  Electrochemical test

For traditional electrochemical measuring methodologies, the ASTM 
standard ASTM G3-14 was followed. At room temperature, the expo-
sure area was 1 cm2. For corrosion testing, a 1.0 M HNO3 (nitric) acid 

Figure 15.6 � Details on test samples, ASTM standard, and dimension. *All the dimensions 
are in mm.

Table 15.2  Process parameter for fabrication of DMLS alloy

Parameter Range

Power 285 W
Scan rate 970 mm/s
Hatching distance 0.15 mm
Layer thickness 40 μm
Beam diameter 80 μm
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solution is used as the expose medium. After achieving a steady open cir-
cuit potential, the cruise voltage limits were adjusted at −250 to +250 mV 
with a 1 mV/s sweep rate. Following the electrochemical polarization 
observations, Tafel plot was created. After polarization measurement, 
the exposed materials were characterized using a scanning electron 
microscope (Make: Zeiss–FE SEM) equipped with energy-dispersive 
spectroscopy (Make: Brukers EDS). Figure 15.8 depicts a schematic of an 
electrochemical test setup.

Figure 15.7 � (a) Heat treatment time line graph for HT 1. (b) Heat treatment time line 
graph for HT 2.
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15.5  RESULTS AND DISCUSSION

15.5.1  Heat-treated DMLS

Figure 15.9 illustrates the optical picture of the HT 1 DMLS alloy and 
commercial alloy morphology. The columnar nature’s microstructure and 
build-up were noticed. As a result, in HT 1, the material was not totally 
solutionized or recrystallization had not occurred. Grain lengthening had 
occurred along the construction direction. The sample included columnar 
dendrites. Although the grains were created, they were in a columnar con-
figuration. In the overlap area, nucleation commenced. The grain was pol-
ished at the overlap zone and then stretched outwards from there.

Figure 15.10 depicts the microstructure of the HT 2 DMLS alloy and a 
commercial alloy. Fine grains with various grain sizes were created on the 
overlap region for DMLS alloy using the HT 2 technique, as illustrated in 
Figure 15.10a. Some of the huge grains had columnar structure, and each 
grain was homogeneous. Figure 15.10b depicts a conventional alloy that 
has been heat treated to HT 2. The conventional alloy forms big grains, 
while the DMLS alloy forms an elongated columnar structure.

15.5.2  Electrochemical test

Electrochemical analysis was used to investigate the corrosion kinet-
ics of the cathodic and anodic reactions of IN718 alloy in 1.0 M HNO3 
(nitric) acid solution. Table 15.3 and Figure 15.11 exhibit the corrosive 
statistics and graph acquired from the integrated programme. HT 2 alloy 
(−107.54 mV) had the highest corrosion tendency, followed by HT 1 alloy 
(−134.66 mV) and bare alloy (−143.28 mV). The corrosion density of HT 2 

Figure 15.8 � Schematic diagram of electrochemical test.
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alloy (1.931E-05) is extremely low, followed by HT 1 alloy (2.327E-05) and 
bare alloy (2.652E-05). Because the corrosion density is low and the wear 
rate is strong, the HT 2 alloy has a very low rate of corrosion. The corrosion 
rate is reduced because of the increased corrosion potential and low corro-
sion concentration. In declining sequence, the corrosion rate of the alloy is 
HT 2 > HT 1 > bare, which is directly controlled by the corrosion density.

15.5.3  Corrosion morphology

Scanning electron microscopy (SEM) and energy-dispersive spectrometry 
are used to analyse the surface analyses of the electrochemical sample 
(EDS). The corrosion structure of the DMLS coupons exposed in 1.0 M 
HNO3 (nitric) acid solution is shown in Figure 15.12. The pitting corrosion 

Table 15.3  �Polarization data obtained from inbuilt software

Condition
Corrosion potential 

Ecorr (mV)
Corrosion density 

Icorr (mA/cm2)
Corrosion rate CR 

(mm/year)

Bare −143.28 2.652E-05 0.0005482
HT 1 −134.66 2.327E-05 0.0004367
HT 2 −107.54 1.931E-05 0.000416

Figure 15.9 � Optical image of the HT 1 IN718. (a) DMLS alloy, (b) commercial alloy.

Figure 15.10 � Optical image of the HT 2 IN718. (a) DMLS alloy, (b) commercial alloy.
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mechanism can be seen throughout the sample. The modest quantity of 
delta phase discovered in the HT 2 DMLS sample may help to strengthen 
the grain boundary. In comparison to the HT 1 and naked sample, the HT 
2 DMLS sample shows high durability.

Figure 15.11 � Potentiodynamic polarization graph.

Figure 15.12 � SEM image of the electrochemical sample: (a) commercial; (b) heat-treated 
sample 1; and (c) heat-treated sample 2.
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The spectra and EDAX mapping of bare, HT 1, and HT 2 DMLS IN718 
alloys are shown in Figures 15.13–15.15. When HT 2 DMLS alloy is com-
pared to HT 1 and bare DMLS alloy, niobium, sodium, and oxygen element 
precipitation is higher. Chromium, iron, and nickel element precipitate is 

Figure 15.13 � EDS mapping of rusted bare sample. (a) SEM image; (b) element composi-
tion; (c) distribution of oxygen; (d) distribution of nitrogen; (e) distribution of 
molybdenum; (f) distribution of niobium; (g) distribution of titanium; (h) dis-
tribution of aluminium; (i) distribution of silicon; (j) distribution of chromium; 
(k) distribution of iron; (l) distribution of nickel; and (m) element spectra.
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Figure 15.14 � EDS mapping of rusted HT 1 DMLS sample. (a) SEM image; (b) element 
composition; (c) distribution of oxygen; (d) distribution of potassium; 
(e) distribution of molybdenum; (f) distribution of niobium; (g) distribu-
tion of titanium; (h) distribution of aluminium; (i) distribution of silicon; 
(j) distribution of chromium; (k) distribution of iron; (l) distribution of 
nickel; and (m) element spectra.
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Figure 15.15 � EDS mapping of rusted HT 2 DMLS model. (a) SEM image; (b) element 
composition; (c) distribution of oxygen; (d) distribution of potassium; (e) 
distribution of molybdenum; (f) distribution of niobium; (g) distribution of 
titanium; (h) distribution of aluminium; (i) distribution of silicon; (j) distribu-
tion of chromium; (k) distribution of iron; (l) distribution of nickel; and (m) 
element spectra.
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high in the bare, HT 1, and HT 2 DMLS alloys. When compared to another 
heat-treated sample, the naked sample had a higher rate of iron element pre-
cipitate. The corrosion resistance of the material may be reduced as a result 
of the iron element precipitate.

After heat treatment, silicon precipitate is higher in heat-treated DMLS 
samples than in naked DMLS samples, increasing the DMLS alloy’s resis-
tance to corrosion.

15.6  CONCLUSIONS

When compared to traditional materials, the DMLS technique utilized to 
manufacture IN718 components provides advanced structure of an addi-
tive manufacturing process while also ensuring good corrosive behaviour. 
The resistance to corrosion of heat-treated DMLS IN718 to electrochemi-
cal 1.0 M HNO3 (nitric) acid is attributed to the isolation of high nickel, 
molybdenum, and oxygen. The corrosion resistance of the DMLS alloy is 
improved by the precipitation of γ .̋ The DMLS alloy has a protective oxide 
covering that helps to prevent corrosion. Dendritic structure and layer-by-
layer tracks were discovered in the naked DMLS alloy, and homogeneity 
happened following the heat treatment procedure.
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16.1 � INTRODUCTION TO ADDITIVE 
MANUFACTURING

With the emergence of technology, 3D printing has become the buzz word, 
resulting in affordable Do It Yourself 3D printers for your home to print 
the stuff right away. Additive Manufacturing (AM) [1,2] is the concept of 
creating and building material in steps to obtain the finished product, as 
the name implies, and hence it is also called Rapid Prototyping. In con-
trast, manufacturing a product by conventional means frequently results 
in removal of material through milling, machining, carving, sculpting, or 
other ways. Rapid prototyping employs computer-aided design (CAD) soft-
ware or 3D object scanners to command machines to deposit material in 
precise geometric designs, layer upon layer. When used correctly, additive 
manufacturing [3,4] offers a great plethora of enhanced efficiency, compli-
cated geometry, and easier fabrication. As a result, possibilities for indi-
viduals who actively pursue additive manufacturing exist.

In general, for the additive manufacturing process the raw material can 
be fed in solid, liquid or powder form into the fabricating machine. Rather 
than the typical subtractive manufacturing methods, the lack of material 
waste reduces costs for high-value components, and AM has also been 
found to reduce lead times. AM enables the production of customized parts 
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with complicated geometries and minimal scrap. The digital technique, 
which is ideal for rapid prototyping, allows for design changes to be made 
rapidly and accurately during the production processes. A general data flow 
of the Additive Manufacturing process is as elucidated in Figure 16.1. The 
sector-wise AM applications as depicted by the Wohlers Report 2017 is 
picturized in Figure 16.2.

Figure 16.2 � The use of additive manufacturing in the different sectors. (Source: Wohlers 
Report 2017.)

Figure 16.1 � Data flow of Rapid Prototyping [1].
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Metal Additive manufacturing technologies [5] are evolving in recent 
years for manufacturing crucial and intrusive parts for aerospace, defence, 
health and other sectors that include metal combinations like Titanium, 
Aluminium, Ferrous, Nickel, Inconel or Invar-based alloys. Wire Arc 
Additive Manufacturing [6,7] is a metal AM process that utilizes the metal 
in the form of weld rods that are held together by means of Arc Welding 
process and hence the name. The Wire Arc Additive Manufacturing is now 
also called Directed Energy Deposition-Arc (DED-arc) method. WAAM 
offers significant cost savings and a higher deposition rate when compared 
to alternative fusion sources. WAAM overcomes the shortcomings [8] of 
existing AM processes while also providing additional benefits such as little 
material wastage, improved equipment adaptability, cheap operating costs, 
quick production cycles and outstanding constructing perfection. A metal 
wire feedstock is fed in a controlled fashion into the welding arc where it is 
melted and gets deposited to the previous layer. The WAAM activities are 
as depicted in Figure 16.3.

16.2 � WIRE ARC ADDITIVE MANUFACTURING 
(WAAM) EQUIPMENT

Path planning and modelling [9] of the WAAM robotic welding arm syn-
ergically combines them and the research is on the verge. The overall sche-
matic diagram of a working WAAM process comprising all the major 
elements is as depicted in Figure 16.4. The comparison with respect to the 
material deposition rate and size versus its resolution and complexity is as 
described in Figure 16.5.

The WAAM components are as shown in Figure 16.6 that shows a pro-
peller on the left and a turbine on the right side.

In contrast to other additive manufacturing processes, the perks of wire 
arc additive manufacturing, in terms of shorter lead times, less material 
waste, improved functionality, customized tooling for lower volume parts 

Figure 16.3 � WAAM activities [6].
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and the possibility of multi-material design, have been ascertained by 
Panchenko et al. and are shown in a well-organized diagram (Figure 16.7).

With the advancements in the welding systems and the emerging user-
friendly software [13] that support the 3D metallic printing process to a 
greater extent, WAAM can be utilized not only for the creation of new 
parts but also for the redesign and refashioning of existing ones. WAAM 
can also be used to repair moulds and other items on a limited basis.

Cold Metal Transfer technology [14] has transformed the fusing of 
dissimilar metals and thicker structures, resulting in superior weld bead 
appearances and lower thermal input. CMT-laser fusion welding seems to 

Figure 16.5 � Comparison of WAAM and powder-based AM [9].

Figure 16.4 � Schematic diagram of the WAAM system [8].
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be more advantageous to laser or laser hybrid welding, and as a result of 
its expanded qualities, it has gained use as an additive manufacturing tech-
nology in the automobile industry, defence industries and power plants. 
Whenever the electrode wire end touches the surface with the molten pool 

Figure 16.6 � WAAM products – propeller [10] (left side) and turbine [11] (right side).

Figure 16.7 � Advantages of WAAM over other AP processes [12]: (♦) bed deposition; 
(▪) direct deposition; (×) electron beam freeform fabrication; (▴) WAAM.
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in the CMT process, the welding torch’s servo motor is reversed via a mod-
ern electronic controller, forcing the wire to retract and promote droplet 
diffusion. During the metal transfer, the current tumbles to near-zero, pre-
venting any spatter formation. When the metal transfer is complete, the arc 
is re-ignited, and the wire is fed forward with the predetermined welding 
current reflowing.

The timespan utilized to discharge a droplet of molten electrode into the 
weld pool is specified as a typical CMT welding electrical impulse cycle. 
To analyse the power distribution of various phases in the droplet transfer 
process, current and voltage waveform analysis is required. A CMT process 
is divided into three stages: peak current, background current and short-
circuiting phases as elaborated in Figure 16.8. CMT technology has proved 
to be a viable and efficient stack for welding many similar alloy elements 
like Inconel 718, Aluminium 7075, Aluminium AA6061, Galvanized sheet 
steel, Galvannealed steel, Aluminium 5083-H116, Aluminium AA7A52, 
AA2219-T851, etc., and dissimilar alloys like Zinc-coated steel (Q235) 
and wrought aluminium (6061), Magnesium AZ31 and aluminium 1060 
alloy, Magnesium AZ31 band and 6061 Al alloy, Hot dip galvanized steel 
and aluminium 1060 alloy, Aluminium (AA6061) and low carbon steel 
alloy, Magnesium AZ31 and hot-dipped galvanized mild steel, Aluminium 
A6061-T6 and titanium Tie6Ale4V alloys, Aluminium AA6061-T6 to gal-
vanized steel alloy, Magnesium alloy AZ31B and pure copper T2 alloy, 
Pure titanium TA2 to magnesium alloy AZ31B alloy, 5083-H111 and 

Figure 16.8 � Current and voltage waveforms of CMT process [14].
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6082-T651 aluminium alloys, Titanium TA2 to pure copper T2 alloy, Hot 
dip galvanized steel sheet and aluminium 5052 alloy, Aluminium 5A06 with 
pure Ni N6 plates, 5182-O and 6082-T4 aluminium alloy sheets, Titanium 
AMS4911L with 316L stainless steel, A6061-T6 aluminium alloy to dual 
phase 800 steel, AC 170 PX aluminium alloy and ST06 Z galvanized steel 
sheets, 304 stainless steel and 5A06 aluminium alloy sheet, etc.

Thus, the CMT process has proved to be a promising technology for the 
WAAM process for similar and dissimilar AM-engineered component fab-
rication as the spatter generation is eliminated by retracting the weld wire 
during the short-circuiting phase which leads to improved and enhanced 
mechanical properties.

The welding process, as well as its cooling or shape, can be watched and 
controlled in a closed loop while welding. The WAAM additive manufac-
turing method has been carried out using the YASKAWA 6 axis Industrial 
manipulator with payload capacity of 12 kg inside the SVCE Welding 
Research Cell facility as illustrated in Figure 16.9. Figure 16.10 shows 
the in-process WAAM machining. Synchronizing the robot and the weld 
attachment is achieved with the help of the robot controller that acts as the 
central commanding station with which the welding end effector attach-
ment for carrying out the WAAM process will be moved in accordance 
with the robot program which differs from the STL mode of 3D printing 
process and is carried out by using the robot programming software or via 
the teach pendant.

Figure 16.9 � Robotic CMT-WAAM arrangement at Welding Research Cell, SVCE.



278  Mechanical Properties and Characterization of Additively

The below mentioned formula in equation (16.1) is used to calculate the 
arc weld power [15] that is derived from the arc current and its applied 
potential difference and that of the total energy produced during the pro-
cess of welding is as elaborated in equation (16.2).
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where 

Ii is the actual welding current in Amps at time ti, 
Ui is the actual welding voltage in Volts, 

0−t tn  is the duration of weld in seconds, 
P is the weld power, 
v is the speed of weld in m/min.

Figure 16.10 � WAAM progress during operation.
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16.3  WAAM OF SHAPE MEMORY ALLOY

The shape memory effect occurs in alloys when the crystalline structure 
changes in response to changes in temperature and stress. Generally, shape 
memory alloys are intermetallic compounds having superlattice structures 
and metallic-ionic-covalent characteristics. Thus, they have the properties 
of both metals and ceramics. Shape memory alloys (SMAs) are advanced 
and sophisticated materials that combine temperature sensors with smart 
motors [16] by utilizing the shape memory effect and super-elasticity. The 
following are widely used shape memory alloys for engineering applications:

	 1.	Ni–Ti alloy (Nitinol)
	 2.	Cu–Al–Ni alloy
	 3.	Cu–Zn–Al alloy
	 4.	Au–Cd alloy
	 5.	Ni–Mn–Ga and Fe-based alloys

However, the only two alloy systems that have achieved any level of com-
mercial exploitation are Ni–Ti alloys and copper-based alloys. Properties 
of the two systems are quite different from each other. Some of the practi-
cal applications of shape memory alloys include microvalve/actuators, toys, 
medical field – blood clot filters, highly sensitive thermostats and shock 
absorbers.

The binary, equi-atomic intermetallic combination Ni–Ti is the founda-
tion of the Nickel-Titanium alloy. Because it has a moderate solubility range 
for excess Nickel or Titanium, as well as most other metallic elements, the 
intermetallic compound is remarkable. Because of its solubility, the system’s 
mechanical and transformation characteristics may be altered by alloying 
with a variety of elements. Excess nickel lowers the transition temperature 
while increasing the austenite yield strength. Contaminants like oxygen and 
carbon cause the transformation temperature to rise and the mechanical 
characteristics to deteriorate. As a result, it’s also a good idea to keep the 
number of such pieces to a minimum. Shape Memory Alloys (SMAs) have 
been used in a wide range of applications owing to its ability to recover 
inelastic strains wider than any other metallic alloy. However, traditional 
fabrication of the most prevalent SMA, such as NiTi, presents significant 
problems, such as poor workability and possibly excessive tool wear. Except 
with specialized equipment, turning or milling is extremely difficult. The 
alloys are often difficult to weld, braze or solder.

The yield strength of Ti–Ni shape memory alloys [17–22] has been 
improved using a variety of procedures, including the addition of alloying 
elements and post-heat treatment. Ni–Ti shape memory alloys have been 
enriched with Mo, Co and other elements. However, if alloying elements are 
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added during the casting process, the secondary phases and intermetallic 
compounds will be segregated inhomogeneously. When it comes to produc-
ing excellent mechanical properties, homogeneous precipitation of alloying 
elements and intermetallic compounds is always desired. Furthermore, the 
lower martensitic transformation temperature (Ms) is a significant param-
eter when Ni–Ti shape memory alloys act, as it would cover a wide range 
of applications.

Additive manufacturing addresses these issues directly by removing the 
requirement for tooling and allowing the creation of complicated geom-
etry samples straight from computer-aided designs. Shape memory alloys 
based on Ti–Ni are widely employed in automobiles, aeroplanes and other 
applications [23–25]. AM Ni–Ti-based alloys have good contact integrity, 
homogeneous structural morphology and excellent super-elasticity. The 
microstructure of CMT-based wire arc additively manufactured Ni–Ti can 
be altered widely, depending on process parameters and built conditions. 
WAAM demonstrates that in an inert atmosphere, direct energy deposi-
tion of nickel, titanium, steel and copper alloys may be used to manufac-
ture near-net shape components with complicated geometries. Figure 16.11 
illustrates the building of thin walls with complex geometry.

16.4 � METHODOLOGY OF CHARACTERIZATION 
OF WAAM WALL

Through layer-by-layer deposition, metallic additive manufacturing (AM), 
a new manufacturing method defined by the repetition of local melting 
and solidification, may be used to build complicated geometric components 
directly from a digital model [26,27]. However, during the AM process, 
each region in the AM component undergoes fast melting and solidifica-
tion, as well as repeated heating and cooling phases with directional heat 

Figure 16.11 � WAAM wall with complex geometry. (Image courtesy: WAAM3D.)
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dissipation. The specific heat cycle creates microstructural inhomogeneity 
in AM components, resulting in anisotropic mechanical characteristics in 
the finished product, which is a key problem that must be mitigated or 
avoided [28]. The columnar grain shape is significantly connected to the 
anisotropic characteristics of AM components. Hence to elucidate the vari-
ation of mechanical properties and the structural morphology of the built 
wall, the characterization is to be conducted by extracting the specimens 
in the horizontal and vertical directions like tensile [29] and notch-impact 
tests as illustrated in Figure 16.12.

L1, L2, up to L10 refer to the deposition layers of WAAM wall. HT and 
HI refer to the tensile and impact test specimens’ direction parallel to the 
deposition direction. Likewise, VT and VI refer to the tensile and impact 
test specimens’ direction perpendicular to the deposition direction. At least 
three specimens would be tested at room temperature to confirm the reli-
ability of the tensile and impact testing results.

The hardness survey of the built wall both parallel and perpendicular to 
the deposition direction would be conducted to determine the variation in 
the hardness of the built wall. In a slender wall construction created using 
wire arc additive manufacturing, the tensile behaviour correlated with dis-
tinct microstructural distributions will also be investigated. Optical and 
scanning electron microscopy (SEM) are used to examine the microstruc-
ture of the specimen. The obtained micrographs are used to obtain a mor-
phology of the built wall cross-section.

In the same way microstructure analysis is also done to find the varia-
tions in the structural morphology of built wall in both the directions by 
extracting the specimens from the different locations. WAAM component 
that is produced using the abovementioned robotic and welding apparatus 
is as depicted in Figure 16.13, which is cut as per ASTM standards post-
WAAM process for attempting the aforesaid tensile and impact tests.

Figure 16.12 � Schematic representation of the locations of specimens used for tensile 
and impact testing.
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16.5  CONCLUSION

Numerous research studies for diverse application sectors have proved the 
immense potential of additive manufacturing technologies. It has been dem-
onstrated that cost-effective utilization necessitates high material deposi-
tion rates and a complete production chain from element conceptualization 
to production. The intricate modules with uniform or regionally tailored 
material characteristics can also be produced using electric arc-based addi-
tive manufacturing methods. Being able to harness the new technologies, 
the interconnections that occur between the manufacturing process, com-
ponent development, material and component qualities must be thoroughly 
researched.

This study helps to better understand the properties of Wire Arc 
Additively Manufactured components. The WAAM process using CMT 
could be carried out without creation of any defects as the Heat-Affected 
Zone (HAZ) is very narrow, which is in contrast to the conventional fusion 
welding methods, viz., TIG, conventional MIG, etc. The influence of arc 
energy on the component will have a direct impact on the mechanical and 
microstructure properties. Hence CMT mode of WAAM is usually pre-
ferred for the low cost and near-net shape components.

Each layer has a variable thermal history during deposition, making it dif-
ficult to control and anticipate the evolution of microstructure, which ulti-
mately leads to variances in mechanical characteristics. As a result, future 
research shall concentrate on the creation of a metallurgical technique that 
can guide the regulation and optimization of process variables. By dynami-
cally modifying the path planning, a closed loop control system with real-
time detection can be constructed to generate 3D WAAM components.

This study reveals that in order to minimize the anisotropic mechanical 
behaviour in WAAM components the inhomogeneous distribution of the 

Figure 16.13 � WAAM component – nickel-based alloy.
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alloying elements and intermetallic compounds should be carefully man-
aged. Many studies made straight wall deposition rather than complex 
structure and hence is a potential scope for development. The wear and 
corrosion behaviour of WAAM components has received minimal study. It 
has long been known that wear and corrosion behaviour can have a signifi-
cant influence on the performance of the WAAM product.

Though WAAM has few drawbacks like anisotropic microstructures, 
mechanical characteristics, residual stresses, etc., it has advantages like 
developing intricate structures with less material wastage and readily avail-
able raw material with fewer post-processing steps in an eco-friendly man-
ner, thus making its footprints in the defence sector, aerospace, nuclear 
sector in a promising way. As a result, more study is required to address the 
aforementioned issues by optimizing process parameters and post-deposi-
tion heat treatment.
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17.1 INTRODUCTION

The additive manufacturing process helps to build a 3D object from a CAD 
model, through a layer-by-layer material addition technique, and so it is 
named as Additive Manufacturing (AM). AM is a process that binds the 
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material under computer-controlled laser sintering process to produce a 3D 
object that is built layer by layer. The general steps involved in additive 
manufacturing process are modeling, printing, and finishing. Generally, 
there are a number of 3D printing techniques available like fused deposition 
modeling (FDM), stereolithography (SLA), selective laser sintering (SLS), 
selective laser melting (SLM), digital light processing (DLP), laminated 
object manufacturing (LOM), and electron beam melting (EBM), among 
these available techniques the current work aims on Direct Metal Laser 
Sintering (DMLS) process due to its reliability and efficiency. Selective 
Laser Sintering (SLS) principle is employed in DMLS process. DMLS is 
used to create a 3D metal part from its computer model and this process is 
an advancement of powder metallurgy.

The service life of most of the engineering components highly depends on 
wear and tear during its service, and in turn its noise, vibration, and energy 
consumption as well. In this way, AlSi-based alloys being a lightweight 
material offer enhanced wear and thermal performances (Aboulkhair et al., 
2019). Engineering components like engine blocks, hinges, and pistons used 
in automobile and aircraft applications are made of AlSi alloy. Particularly, 
AlSi10Mg alloy with its integrated structural and functional properties has 
its own demand in the market. With this demand, producing highly com-
plex, precise, and thin-walled components has become possible these days 
through additive manufacturing technologies (Leary et al., 2019), which 
decreases the conventional lengthy production cycles and costs. The com-
mon methods to fabricate AlSi10Mg alloy-based parts are Selective Laser 
Melting (SLM) and Selective Laser Sintering (SLS); still there are limited 
researches that discuss about the metallurgical imperfections formulated 
during SLM process. The effect of laser energy, i.e., Volumetric Energy 
Density (VED), on densification (Wei et al., 2017) and mechanical proper-
ties was analyzed. The results show that UTS decreases with the increase 
in VED due to the development of micropores like gas and keyhole-induced 
pores. High-performing SLM parts can be produced by meticulously 
understanding the laser parameters’ influence (Wu et al., 2017). There are 
researches that suggest the keyhole mode to fabricate AlSi10Mg alloy parts 
by molten pool free of pores during the printing process, since this mode 
offers ultrafine microstructure in both the printing directions (Aboulkhair 
et al., 2016; Xiong et al., 2019). The Melt Pool Boundary (MPB) is the 
weakest section of any SLMed product, and this MPB is formed due to a 
sudden sharp change in state of metal from evaporation to solidification, 
and high cooling rate. Hence, it is recognized that lesser the MPBs higher 
the mechanical properties of printed parts (Hong et al., 2020). The reduced 
VED and lesser MPBs are the vital requirements to produce any SLMed 
components free of defect with ultrafine microstructure that in turn offer 
improved hardness (Girelli et al., 2017). It is also evident that these key 
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process conditions would give reduced local welding failures (i.e., printing), 
and no sign of adhesion was noticed in the support structures. Hence, the 
wear and coefficient of friction were found stable and lower than as-cast 
AlSi10Mg parts. During the fabrication process, various grain microstruc-
tures like α-Al and Si are also observed, due to preferential growth of tem-
perature gradient (Trevisan et al., 2017). To check the anisotropic property 
of printed samples, the pulse-echo ultrasonic method was carried out and 
the results revealed that the SLMed AlSi10Mg alloy parts exhibit anisot-
ropy in both longitudinal and transverse directions based on the direction 
of printing. It’s also been observed that the non-destructive testing signals 
of longitudinal direction confirm the state of microstructure of the printed 
part (Sol et al., 2018).

Microstructure refinement and improved tribological properties of 
AlSi10Mg alloy parts can be obtained as an effect on different melting 
modes in SLM. The parts made out of SLM with Keyhole Mode (KM) 
exhibited improved wear resistance in contrast to as-cast AlSi10Mg alloy 
parts due to its refined microstructure by cellular-like grain structures 
(Hong et al., 2020). The parts made by Laser Powder Bed Fusion (LPBF) or 
SLS possess improved wear resistance and stable and lower CoF since the 
fully densified samples do have ultrafine grain structures and high hardness. 
The major cause for the reduction in wear resistance is the pores present 
in the parts that break the bond between molten pools, in turn introduc-
ing cracks. These cracks are the source of friction that results in increased 
wear. Similarly, the heat treatment is the biggest thread to wear resistance 
(Massimo, 2019). AlSi10Mg alloy composites produced with nano-TiB2 by 
Direct Metal Laser Sintering (DMLS) process offer higher wear resistance 
than non-reinforced and micro-reinforced AlSi10Mg alloy parts. However, 
in contrast DMLSed AlSi10Mg alloy exhibited higher CoF than as-cast 
AlSi10Mg alloy. It is the other way in the case of wear resistance due to 
finer microstructure fabricated through DMLS (Massimo, 2016). The other 
reason for the improved wear resistance is the tribo-layer formed in the 
contact zone that guards the materials from permanent deformation. To 
fabricate frictional combos, more investigations need to be done on the 
effect of metallurgical defect like pores on wear mechanism and lubricating 
performances with wet and dry conditions. There are certain researches to 
improve the specific wear resistance by introducing shot peening method 
to get hardened surfaces that reduce wear while increasing the surface 
roughness and in turn the CoF. This postprocessing technique also has an 
important role in achieving improved surface and tribological behavior of 
DMLSed components (Binnur et al., 2019). With this exhaustive literature 
experience, the present work aims to investigate the mechanical and tribo-
logical behaviors of DMLSed AlSi10Mg alloy and is being compared with 
as-cast AlSi10Mg alloy.
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17.2  EXPERIMENTAL DETAILS

17.2.1  Selection of material

Among various aluminum alloys, AlSi10Mg alloy has a huge applications 
since it has imperative mechanical and tribological properties. Its most 
common applications are: automobile industries, aerospace, ship build-
ing, railway department, pylons and towers etc. AlSi10Mg alloy pow-
der (Figure 17.1) was used in this process for its ease of processing, good 
strength, hardness and dynamic properties, and also for parts subjected to 
high loads etc.

The chemical composition of AlSi10Mg alloy is given in Table 17.1, and 
it is composed of several elements such as silicon, iron, copper, magnesium, 
nickel, zinc, lead, tin, and titanium identified using XRD analysis as shown 
in Figure 17.2.

17.2.2  Selection of additive manufacturing process

In the proposed work, Direct Metal Laser Sintering (DMLS) process is cho-
sen for its reliability and efficacy compared to other techniques in this SLS 
process. DMLS process is carried out on EOS M290 DMLS machine as 
illustrated in Figure 17.3.

The technical specification of DMLS machine used for this work is 
presented in Table 17.2. This machine uses 400 W yb-fiber laser and it 
prints with a layer thickness of 0.03 mm using the precise F-theta laser. The 
dimensions of the DMLSed plate are 100 × 100 mm with 6 mm thickness.

Figure 17.1 � AlSi10Mg alloy powder.

Table 17.1  Chemical composition of AlSi10Mg alloy

Elements Al Si Fe Cu Mn Ni Mg Zn Pb Sn Ti

Wt % Balance 9–11 0.55 0.05 0.45 0.05 0.2–0.45 0.10 0.05 0.05 0.15
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17.3  EXPERIMENTAL METHODOLOGY

Next to printing, the specimens were post-processed and heated up to 
300°C for 2 hours to relieve residual stress created while printing using 
glass beads of 70–110 μm, and is sand blasted at an operational pressure of 
5 bar to achieve a good surface finish.

Figure 17.2 � Chemical composition of AlSi10Mg.

Figure 17.3 � EOS M290 DMLS machine (left); Specimen Printing Table (right).

Table 17.2  DMLS machine specification

EOS M290 DMLS machine

Laser type yb-fiber laser
Laser capacity 400 W
Precision type F-Theta Lens; high-speed 

scanner
Focus diameter 100 μm
Layer thickness 0.03 mm
Material used AlSi10Mg powder
Fabrication method used Powder bed fusion
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17.3.1  Fabrication of hardness and tensile specimens

Specimens were printed as per standards for the hardness test by DMLS 
process. Vickers hardness testing was employed at four different places and 
the mean value is taken as hardness. Specimen were printed as per ASTM 
E384 standard for Vickers hardness test (Figure 17.4). The tensile test speci-
mens were also made as per the ASTM E-08 standard to test its tensile 
strength. The tensile test was performed at a computer-controlled universal 
testing machine as exhibited in Figure 17.4b.

17.3.2  Fabrication of pins for friction and wear test

The specimen to be used for the wear test is fabricated using DMLS process 
as per ASTM standard, and is shown in Figure 17.5. The wear test specimen 
is cylindrical in shape and of dimension Ø10 × 30 mm as per ASTM G99-05 
standard.

Figure 17.4 � Hardness and tensile test specimens.

Figure 17.5 � DMLSed pins for wear test.
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17.4  EXPERIMENTATION

17.4.1  Effect of DMLS on hardness of Al10SiMg alloy

Hardness test of different pieces was conducted (Figure 17.6) and the aver-
age value is taken for discussion. The observed hardness values are listed 
in Table 17.3.

17.4.2 � Effect of DMLS on tensile strength  
of Al10SiMg alloy

Tensile test of different specimens was conducted and the average value 
is taken for the discussion. The specimen after testing is shown in Figure 
17.7. The observed tensile test results are presented in Table 17.4. The graph 

Figure 17.6 � Hardness tested on specimen.

Table 17.3  Hardness test values

Sl. no. Specimen Results Vickers hardness

1 T1

122

122
120
118
126

2 T2

119

122124

120

123



294  Mechanical Properties and Characterization of Additively

plotted in Figure 17.8 represents the load vs displacement curve of the ten-
sile test; the load is specified in kN and displacement is specified in mm. 
Initial gauge length of the specimen is 25.00 mm and the final gauge length 
of the specimen is 26.76 mm.

17.4.3  Fractography analysis

Field Emission SEM is used to find the mechanism of fracture in the frac-
tured specimens of each tensile test using the 1.5 nm resolution Carl Zeiss 
(USA) FESEM Machine with SE2 detector and the fractured area is viewed 
in 100, 20, 10, and 2 μm.

It is evident from Figure 17.9 that the observed fracture mode exhibits the 
near cup and cone formation which confirms the significant hardness with 
enhanced ductility that yields the increase in tensile strength (Wei et al., 
2017) with reduced VED and MPB (Hong et al., 2020).

Figure 17.7 � Tensile test on UTM (left); specimens after tensile test (right).

Table 17.4  Tensile test results

Sl. no. Specimen
Elongation at 
peak (mm)

Load at 
peak 
(kN)

UTS of DMLSed 
AlSi10Mg alloy  

(N/mm2)
UTS of as-cast AlSi10Mg 

alloy (N/mm2)

1 T1 7.040 10.860 352.728
240–260 (Dvorakova  
et al., 2020)

2 T2 6.010 8.270 339.891
3 T3 8.104 12.067 365.662
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Figure 17.9 � Fractography analysis of tensile tested specimen.

Figure 17.8 � Stress strain curve of tensile test.
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17.5  RESULTS AND DISCUSSION

17.5.1 � Effect of DMLS process on friction and 
wear properties of Al10SiMg alloy

Based on Taguchi’s L9 Orthogonal Array (OA), the experiments were 
designed, and the process parameters and their range were fixed (Table 17.5) 
from the pilot study and profound literature experience. The pin-on-disc 
apparatus used for this study is shown in Figure 17.10. As the experiment 
commences, the rotating disc gets into sliding contact with the surface of the 
pin. Hence, friction between the counterparts is produced due to which the 
workpiece gets heated up and softens the matrix resulting in loss of material 
as debris because of the intense plastic deformation. This helps to attain a 
fine-grained, uniform, and a defect-free structure.

The coefficient of friction and the specific wear rate are calculated using 
equations (17.1) and (17.2):

	 Coefficient of friction (CoF) Induced force/applied force= 	 (17.1)

	 Specific wear rate SWR / ,mm /Nm3ρ( )( ) = ∆ × ×m Fn D 	 (17.2)

where

Δm = mass loss (g) = weight before wear – weight after wear,

ρ = density of material, g/mm3,

Fn = frictional force (N),

D = sliding distance (m).

Table 17.5  Friction and wear test results 

Sl. no.
Applied load 

– A (N)
Sliding velocity 

– B (m/s)
Sliding distance 

– C (m) Time (min)
Coefficient 
of friction

Specific wear 
rate  

(mm³/Nm)

1 20 2.06 800 13.09 0.325 4.753 × 10–7

2 20 4.18 1,600 13.15 0.205 2.376 × 10–8

3 20 6.28 2,400 13.13 0.265 7.120 × 10–8

4 30 2.06 1,600 25.40 0.156 9.505 × 10–8

5 30 4.18 2,400 19.19 0.190 9.505 × 10–8

6 30 6.28 800 4.25 0.263 3.643 × 10–7

7 40 2.06 2,400 38.10 0.147 7.525 × 10–8

8 40 4.18 800 6.38 0.255 2.614 × 10–7

9 40 6.28 1,600 8.50 0.247 7.129 × 10–8
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The wear test of nine specimens was conducted and the minimum, maxi-
mum, and moderate value is taken for discussion as presented in Table 17.5. 
It was generally observed that with the minimum load and medium sliding 
distance, the observed wear is minimum. Also, when load is maximum and 
sliding distance is minimum, the maximum wear was recorded due to more 
plastic deformation. Whereas the friction is low when load is moderate and 
sliding distance is maximum, and friction is high when load and sliding 
distance are low.

From the experimental results presented in Table 17.5, it is observed from 
CoF results that at 40 N applied load, 2.06 m/s sliding velocity, and 2,400 m 
sliding distance the lowest coefficient of friction of 0.148 is observed and 
there exists the third-body layer, and at 20 N applied load, 2.06 m/s sliding 
velocity, and 800 m sliding distance the observed coefficient of friction is 
0.325 which is maximum due to non-presence of third-body layer.

For 20 N applied load, 4.18 m/s sliding velocity, and 1,600 m sliding dis-
tance the minimum specific wear rate is observed as 2.376 × 10–8 mm3/Nm, 
and the possible reason behind this phenomenon is the existence of tribo-
layer. At 30 N applied load, 6.28 m/s sliding velocity, and 800 m sliding dis-
tance the maximum specific wear rate of 3.643 × 10–7 mm3/Nm is observed 
due to breakage of tribo-layer at that sliding velocity. From Figure 17.11a 
,the influence of sliding velocity on the specific wear rate over the range of 
sliding distances is understood. At 2.06 m/s sliding velocity, the SWR gradu-
ally increases with increase in sliding distance and then slightly decreases 
with further increase in sliding distance. At 4.18 m/s sliding velocity, the 
SWR decreases gradually with increase in sliding distance and then slightly 
increases with further increase in sliding distance. At 6.28 m/s sliding veloc-
ity, the SWR decreases gradually with increase in sliding distance and then 
very slightly increases with further increase in sliding distance. It is evident 
that at medium and higher sliding velocities, the SWR is initially high due to 
high static friction between the pin and the disc. At medium sliding distance, 

Figure 17.10 � Pin-on-disc wear test apparatus.
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the SWR gradually decreases as a result of formation of a thin layer between 
the pin surface and the disk surface known as the “Tribo-Layer.” After the 
formation of tribo-layer the contact area between the pin surface and the 
disc surface reduces which further results in less friction between surfaces 
and prevents wear at the pin surface. Therefore, the SWR at maximum slid-
ing distance doesn’t vary much with the SWR at medium sliding distance.

Figure 17.11b explains the interaction between the applied load and spe-
cific wear rate with respect to sliding distance. At minimum load the spe-
cific wear rate decreases with increase in sliding distance and then increases 
again at maximum sliding distance. The initial decrease in SWR observed 
for all three loading conditions is due to formation of third body, i.e., the 
tribo-layer between sliding surfaces, and as the sliding distance increases, 
the SWR starts increasing as the tribo-layer goes off due to the extended 
sliding distance. It is also recorded (Figure 17.11) that specimen runs at 
6.28 m/s SV and 1,600 m SD exhibited improved friction and wear perfor-
mance compared to all other samples.

17.5.2  SEM analysis of worn-out samples

The results of morphological analysis of worn-out samples are presented 
in Figure 17.12. These micrographs show the effect of sliding velocity and 
load over a span of sliding distance, i.e., 800–2,400 m. It is a common 
observation from Figure 17.12c that at maximum load and sliding velocity, 
the material has undergone a severe plastic deformation, hence there are a 
lot of patches found.

Figure 17.12d confirms that increase in sliding distance with maximum 
load and sliding velocity increases the specific wear rate and it is evidenced 
via more of adhesive patches and worn-out debris. The reason behind the 
low specific wear rate observed at 6.28 m/s SV and 1,600 m SD is the pres-
ence of tribo-layer during the sliding condition, and the same is confirmed 
with the EDAX results as shown in Figure 17.13.

Elements like Al, Si, Mg, and Fe have created their own oxide forms 
(Figure 17.13) during the test in the interface between sliding pairs. Hence, 
the tribo-layer is formed in between.

Figure 17.11 � Graphical representation of specific wear rate and sliding distance at con-
stant speed.
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17.6  SUMMARY

Using Direct Metal Laser Sintering Process, the AlSi10Mg alloy is fabri-
cated, and the significant inferences obtained from mechanical and tribo-
logical tests carried out on DMLSed AlSi10Mg alloy are as follows.

17.6.1  Mechanical behavior

Tensile strength tests showed significant differences between AlSi10Mg 
alloy obtained by casting and DMLS technology due to improved grain 
size and hardness. Due to fine microstructure, DMLSed sample has higher 

Figure 17.12 � SEM image of worn-out specimen at 40 N applied load and 1,600 m slid-
ing distance for (a) 2.06 m/s sliding velocity; (b) 4.18 m/s sliding velocity; (c) 
6.28 m/s sliding velocity; and (d) 40 N applied load, 6.28 m/s sliding velocity, 
and 2,400 m sliding distance.

Figure 17.13 � EDAX composition result of sample run for 1,600 m sliding distance at 40 N 
load (left); 2,400 m sliding distance at 40 N load (right).
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hardness than as-cast material. Experimental results revealed that DMLSed 
AlSi10Mg alloy showed 9.25% higher hardness than as-cast AlSi10Mg 
alloy. Similarly, DMLSed AlSi10Mg alloy exhibited 76.47% higher tensile 
strength than as-cast AlSi10Mg alloy.

17.6.2  Tribological behavior

It was generally observed that the friction is low when load is moderate and 
sliding distance is maximum, and friction is high when load and sliding 
distance are low. With the minimum load and medium sliding distance, 
the observed wear rate is minimum. Also, when load is maximum and slid-
ing distance is minimum, the maximum wear was recorded due to more 
plastic deformation. However, sliding for a longer time and distance causes 
strain hardening of specimen that even hardens the specimen and reduces 
the wear rate. The presence of Si in AlSi10Mg alloy improves the hardness 
and ultimate tensile strength of the specimen, and this is why the DMLSed 
specimen lasts longer even at higher loads and longer sliding distances.
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18.1  INTRODUCTION

Limb amputations cause severe deformity, this happens to be either by 
accident or is congenital. The World Health Organization (WHO) reports 
that about 38 million patients experience amputation in developing coun-
tries. Among these 2.4 million patients experience amputation of upper 
limb, namely hand, fingers and fingertips (Alturkistani et al., 2020). 
Patients with defects could not afford prosthetic assistance for their defor-
mity due to the cost and effort involved in the development of prosthesis. 
The amputation of upper limb in the year 2005 was recorded as 1.6 mil-
lion, due to various reasons, and it is expected to reach 3.6 million by 
the year 2050 (Ziegler-Graham et al., 2008). Among these about 6.6% 
of finger amputations take place due to congenital and traumatic inju-
ries (Jang et al., 2011). The complex biomechanism of hands and fingers 
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supports the performance of highly capable grasping tasks. Tendons in the 
human hand help to transmit motions to the fingers by remote muscles. 
Finger prosthesis is broadly classified into body-powered and extracorpo-
real energy-powered prosthesis (Difonzo et al., 2020). The involvement 
of additional parts, namely motor, wire-line, used to mobilize mecha-
nism of the prosthesis was minimized to decrease weight of the prosthesis. 
Therefore, body-powered finger prosthesis allows the patient to perform 
daily tasks by using strength of the coupled body part which decides the 
load-carrying capacity of prosthetics.

The design and manufacture of finger prosthesis for patients are growing 
due to cost and time involved with the process. Compared to conventional 
manufacturing methods, additive manufacturing supports customization 
of prosthetics to perform tasks (Varacallo, 2019). Anatomy of a finger 
consists of three major parts, namely ligaments, tendons and three pha-
langes. The very first bone adjacent to the palm is proximal phalange, the 
next bone is middle phalange and the smallest is distal phalange. Human 
finger has normally three joints, namely (i) metacarpophalangeal joint 
(MCP), (ii) proximal interphalangeal joint (PIP) and (iii) distal interpha-
langeal joint (DIP). The thumb finger does not have middle phalange as 
shown in Figure 18.1.

Panchik et al. (2021) investigated the process of developing a 3D printed 
finger prosthesis. In addition, meaningful tasks were identified to be per-
formed using the fingers to ease the customization process. The identi-
fied meaningful tasks include assessment utilization, time management, 
participant responsiveness, clinical reasoning, common language and 
available resources (Panchik et al., 2021). Young et al. (2019) explored 
the potential of 3D printing in the development of finger prosthetics, in 
which two types of body-powered 3D-printed partial finger prosthesis is 
developed, and assessed its task and efficiency. This in turn helps the peo-
ple in underdeveloped areas to spend less for functional finger prosthesis 

Figure 18.1 � Anatomy of a finger indicating three major parts to understand its 
biomechanics.
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(Young et al., 2019). Belvončíková et al. (2020) developed a 3D-printed 
finger prosthesis associated with two different flexion mechanisms, namely 
wire and lever mechanism and electromagnet mechanism, to achieve effi-
cient working conditions. Based on the experimental study wire and lever 
flexion mechanism is the most effective one. Further, few design changes 
in the mechanism were suggested to improvise its performance in daily 
tasks (Belvončíková et al., 2020). Difonzo et al. (2020) discussed the ease 
of utilization of 3D printing in the development of finger prosthesis to 
achieve the essential mechanism mimicking the characteristics of natu-
ral movement of a finger. Furthermore, the categorization of prosthetics 
based on operating mechanism was reviewed along with the research trend 
for the past two decades. The study identified and presented Degree of 
Freedom (DOF), shape adaptability and linkage bar used for actuation of 
a developed finger prosthesis for better understanding. The scope for body-
powered finger prosthesis actuated using a tendon cable was well stated 
(Difonzo et al., 2020).

This work involves the design and development of a novel body-pow-
ered mechanism to mimic the characteristics of a natural finger. It includes 
design iterations, optimization to minimize weight of the prosthetic device 
and number of parts in the product. The developed mechanism is divided 
into three functional parts, namely, base, middle and tip, of the prototype 
of the finger to reduce weight of the prosthetic device. The manufactur-
ing process includes material selection, manufacture and standard testing 
methods. The final product was developed using ABS materials.

18.2  METHODOLOGY

The methodological approach to design and develop customized body-
powered finger prosthesis was framed based on the obtained patient data 
as shown in Figure 18.2. The identified problem is to restore function of 
the hand with a passive finger for a finger amputated hand. In order to 
replicate the motions of a finger complete biomechanics of the finger was 
understood properly. Moreover, from the observation of biomechanics of 
a finger a novel mechanism was developed with a principle prototype. 
To execute the developed mechanism, a case study was adapted with a 
patient experiencing pinky finger amputated in an accident. The patient 
data was acquired to generate a completely customized prosthesis to hold 
and fix with MCP of the identified patient. AM manufacturing technol-
ogy was used to manufacture the customized patient-specific prosthesis. 
Mechanism of developed finger prosthesis was validated with the support 
of feedback received from the patient. However, proposed methodology 
can be used to develop all the fingers of the hand with MCP left undam-
aged after the amputation.
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18.3  METHODS

3D printing technology was used to develop a customized function of 
finger prosthesis. Developed novel mechanism was intended to perform 
operations of the finger. The mechanism consists of three major parts, 
namely base, middle and fore-end parts. The base part has a socket to 
hold the prosthesis in position on the finger of the patient. Middle part 
was designed to connect base and fore-end parts of the finger prosthesis. 
Fore-end of the prosthesis supports touching the desired objects during 
operations of the finger. Finally, a rigid connector part supports three 
major parts of the mechanism to remain connected through tendon and 
wrist of the patient. Design optimization was performed to decrease 
weight of the prosthesis. Acrylic material was used to manufacture the 
prototype in order to understand the outcome of desired biomechanism, 
and further design improvements were made with the mechanism. Finally 
major parts of the finger were made of ABS, which is used for socket. 
FDM (Fused Deposition Method) technology was used to manufacture 
the finger prosthesis and indulge in post-processing to achieve the fin-
ished product.

Figure 18.2 � Methodology for the development of customized finger prosthesis.
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18.4 � DESIGN AND DEVELOPMENT 
OF FINGER PROSTHESIS

18.4.1  Design process

A CAD modelling software, Solidworks 2020, was used to achieve desired 
design features through various design iteration. The objective of this work 
is to develop a functional prototype to fulfil visual and functions of the 
design.

The design process includes four stages in developing a desired functional 
design idea, namely, problem identification, data collection, analysis and 
develop solution through modifications in ideas. Initially, amputation of a 
finger leads to difficulty in performing the tasks. In order to compensate the 
loss of a finger an identical customized prosthesis was manufactured. Lots 
of nuances are involved in the customization of the product. In this work 
AM technology was adapted to perform complete customization based on 
the patient’s data. The collection of patient data is significant to maintain 
accuracy of the developed product. Based on the information a novel mech-
anism was fabricated and validated. During validation process, testing was 
performed and changes were made through several iterations.

18.4.2  Biomechanics of finger

The three joints MCP, PIP and DIP of a finger play a predominant role in 
performing actions of the finger. MCP joint is the largest joint in the hand 
and performs the hinge operation in the hand and called as hinge joint. 
MCP permits flexion, extension, abduction and adduction motion. PIP joint 
is middle portion of the joint and acts as a middle knuckle joint. It is also 
called as middle knuckle joint. PIP allows motion in flexion and exten-
sion. DIP joint is the upper portion in the finger joint and acts as an upper 
knuckle joint. DIP permits flexion and extension motion. The soft tissues 
that connect muscles and bones are called tendons. The tendons stretch 
bone phalangeal during muscle contraction and result in finger movement. 
Tendons are soft tissues that connect muscles to bones. When muscles con-
tract, tendons pull the bones causing the finger to move. Tendons are clas-
sified into two categories, namely flexor tendon and extensor tendon. The 
tendons on the palm side of the hand that support in bending the fingers 
are called flexor tendons. The tendons located on top of the hand that help 
in opening the fingers are called extensor tendons (Jhamtani et al., 2014). 
Tendons are operated based on movement of the wrist and MCP. Therefore, 
an MCP present in finger amputated hand can stimulate tendons through 
which finger motions are achieved. Hence, a finger amputated patient with 
MCP left out undamaged is capable of performing daily essentials with the 
help of prosthesis (Jhamtani et al., 2014).
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18.4.3  Prototype development

Prototype of the finger was made to understand the function of the finger 
and its biomechanics. There are a number of prototypes that are available, 
namely (i) Proof of Principle Prototype, (ii) Working Prototype, (iii) Visual 
Prototype, (iv) User Experience Prototype, (v) Functional Prototype and (vi) 
Paper Prototype.

In this work proof of principle prototype is developed to test the mecha-
nism of finger prosthesis which is to be developed as the final product. 
Prototype is developed with the help of acrylic material to check the work-
ing mechanism. This prototype has three parts. Acrylic material is cut into 
three parts and connected using nuts and bolts. A thread is used as ten-
don in the prototype. The mechanism is verified using this prototype. The 
thread is pulled, due to the pulling force, the thread moves the tip and 
middle part of the finger prototype. Figure 18.3 shows developed principle 
prototype of the mechanism using acrylic material and thread.

Figure 18.3 � Developed principle prototype to validate functionality of the mechanism.
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18.5  CASE STUDY

A 52-year-old male patient with a missing pinky finger was identified. 
He had a history of losing his finger in a road accident while riding a 
motorcycle. It is evident from the examination that there was loss of pinky 
finger with MCP joints left behind in the injured hand; some of the soft 
tissues were damaged. PIP and DIP of the finger were not present in the 
amputated area. There was no sign of any infection or inflammation in the 
injured region to plan prosthesis in place. Figure 18.4 shows the pinky fin-
ger amputated hand of the patient identified for the case study. The work 
focusses in rehabilitation using a prosthesis and removing the difficulties 
experienced with amputated finger. This helps to restore passive function 
of the finger by adapting the developed prosthesis. The development of 
prosthesis is completely based on the customization in order to provide 
patient-specific solution with affordable status. Moreover, the prosthesis 
should serve the functional purpose rather than aesthetics conditions of 
the finger. This supports in good retention of the product for comfortable 
usage by the patient.

Based on the collected patient data, prosthesis was developed as a unit 
finger to replace the missing one. Accordingly, a mechanism to mimic 
the biomechanics of the finger was validated and adapted to develop the 
design. A lightweight material was designed to withstand daily essen-
tial needs during the operation. As discussed, body-powered mechanism 
helps to execute functionality of the developed prosthesis. The process 
involved in the development to rehabilitate the patient was briefed to the 
patient and a written consent was obtained from the patient once proce-
dure began.

Figure 18.4 � Patient with pinky finger amputated identified for case study.
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18.5.1  Patient’s data collection

The patient’s hand profile data was obtained in order to develop a custom-
ized finger prosthesis. Here, two significant stages of the process involved 
are scanning and direct measurement of the hand profile. The Artec Eva 
3D scanner was used to scan and obtain amputated hand profile of the 
patient. The accuracy of scanned model is 0.1 mm with 0.5 mm 3D resolu-
tion exported in stl format. The contralateral finger on the right hand of 
the patient was 3D scanned to achieve dimensions of the amputated finger. 
Direct measurement was taken using vernier scale, ruler on the amputated 
hand. Though chances for error during manual measurement are high in 
direct measurement when compared to 3D scanning true dimensions are 
necessary for design and development. The required true dimensions of the 
amputated hand are original finger height, amputated finger height, circum-
ference of amputated finger and radius of finger which are 64, 23, 61 and 
9.71 mm, respectively. Based on the obtained dimensions the socket to fit 
the MCP of the finger was developed.

From the obtained scan data of the patient’s hand profile, stl format was 
converted into an editable format and featured in Solidworks 20 software 
to design a customized model of finger prosthesis into three major parts, 
namely base, middle and tip parts, as shown in Figure 18.5. The main 
characteristics of the developed model were to mimic the natural finger 
operation.

Figure 18.5 � (a) Assembled parts of developed finger prosthesis and (b) exploded view of 
the customized finger prosthesis.
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18.5.2  Manufacturing

Additive manufacturing (AM) technology is capable of creating products 
with complex shape and structure with appropriate material input. The 
advantage over conventional technique is controlled material wastage and 
customized products without making moulds and tools for product person-
alization (Kristiawan et al., 2021). Fused Deposition Modelling (FDM) is 
one of the popular methods in AM because of its affordable nature in prod-
uct development. The fundamental concept of FDM manufacturing process 
is raw material being melted and formed to build a new shape and structure 
by layer-by-layer printing process. The raw material is the filament, placed 
in a roll and then forced to pass through the temperature-controlled nozzle 
head. The nozzle head is heated to melt the filament and converted into a 
semiliquid form. The semiliquid is extruded precisely in an ultrathin layer 
to produce layer-by-layer structure. This helps to control the contour of 
the layer determined by the preset program of nozzle head. Based on the 
developed design model from the obtained measurements customized finger 
prosthesis was manufactured using FDM method.

The three major parts of the design were manufactured by FDM method 
and post-processed for better surface finish. The post-processing, namely, 
filing, boring and reaming, was performed to overcome the difficulties 
experienced during assembly. The customized body-powered finger pros-
thesis was printed using FDM and is shown in Figure 18.6. The assembled 
finger prosthesis was intended to perform the operation of natural finger 
by connecting the assembled parts with fibre thread. The artificial tendon 
material was connected with the finger prosthesis and wrist band to keep 
it together. The socket designed to fix on the MCP joint supports in body-
powered movement of passive finger. When MCP joint was moved, it tends 

Figure 18.6 � 3D-printed customized finger prosthesis using a novel mechanism.
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to stretch the connected linkage parts. This results in flexion motion of the 
passive finger, and due to elastic nature of the attached tendon material 
extension motion was achieved once MCP joint was set free.

18.6  CONCLUSION

The design and development of a finger prosthesis as an affordable and func-
tional part remains challenging, because each and every patient has unique 
anatomical structure with amputation. In this work, 3D design model and 
AM technologies were employed to manufacture a customized functional 
finger prosthesis for various amputated configurations. It is evident from 
the feedback of the patient that the developed prosthesis was lightweight, 
compact and ergonomic. Since prosthesis is a body-powered mechanism, 
it does not require either electrical or electronic circuits to operate. The 
fabricated novel mechanism could be utilized to assist all the passive fingers 
of the hand that hold the necessary characteristics of the real finger. The 
FDM method was adapted because of lower cost involved in manufacturing 
the product. However, surface finish of the passive finger manufactured by 
FDM method needs to be improved to increase aesthetic value to the finger 
prosthesis. Therefore, scope for employing digital 3D printing method in 
manufacturing the product increases quality of the product.
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