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Preface

Composites are unique class of materials having extensive applications in various
fields or modern manufacturing sectors like automobile, aerospace, defence and
electronics. Themajor reason of these applications is that the composite consists of at
least two constituents that are not products of solidification; however, the constituents
are incorporated from an external source into the matrix. Hence, better mechanical
properties as well as thermal properties are obtained compared with other materials
during its application in different sectors. Based upon the processing and material
used, the composites are divided into three major segments, namely (1) metal matrix
composites (MMCS), ceramics composites (CMCS) and polymer matrix composites
(PMCS), respectively.

Nowadays, the different methods in terms of additive and subtractive manu-
facturing are adopted to manufacture the composites into desired shape. Additive
manufacturing is a layer-by-layer technology in which the complex shape compo-
nent is easily fabricated with the short interval of time. The various types of addi-
tive manufacturing process used to fabricate the composites are fused deposition
modeling, selective laser sintering/melting, stereolithography, poly-jet printing, etc.
On the other hand, in subtractivemanufacturing, special processes are used to remove
the excessive material from the work piece. The various types of conventional and
non-conventional subtractive manufacturing processes are turning, milling, drilling,
grinding, electric discharge machining, ultrasonic machining, laser machining, elec-
trochemical machining, etc. However, during the manufacturing of composites,
various challenges need to be faced like poor surface integrity, mechanical prop-
erties, tribological properties, etc. Therefore, this book covers all the aspects during
additive and subtractive manufacturing of composites.

We are thankful to all the authors for their chapter. We also thank the publisher
for their guidance and support.
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Jinan, China
Bangkok, Thailand
Jinan, China
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A Comprehensive Review on Composite
Materials, Applications and Future
Challenges of Friction Welding

Sukhdeep Singh, Jasgurpreet Singh Chohan, Gurpreet Singh,
and Shubham Sharma

1 Introduction to Friction Welding (FW)

Since ancient times, it was known fact that metal when heated near to melting point
can be easily moulded and fused with another metal component. But as civilization
stepped forward towards industrialization, the need was felt to replace the tradi-
tional welding techniques to advanced welding processes which can deliver desired
mechanical and metallurgical characteristics in weldments [47]. Even during the
Bronze age, lap joints were made using tiny circular boxes through pressure welding.
Welding is a traditional manufacturing technique in which materials are joined with
each other, either metals or non-metals through utilization of force, heat or both. The
heat can be generated through electric current, combustion, and chemical reaction of
friction. The heat is applied to faces of both materials which are intended to be joined
and force is applied (in many instances). As the high temperature reaches near the
melting point of weldments, they are fused together which results in a strong joint
after cooling [73]. The temperature at the joint is the major factor in all the welding
processes but the other factors such as dimensions, impurities, metallurgy and other
environmental conditions also influence the quality of the joint. There are various
types of welding processes and their subcategories as shown in Fig. 1.

Attempts have been made to develop relationships between process parame-
ters of friction welding and mechanical properties of weldments through numerous
experimental, modelling and optimization studies [52]. The hardness, strength, wear
behaviour and microstructure of welded joints have been extensively studied by
researchers in recent past [27].

S. Singh · J. S. Chohan · G. Singh
Department of Mechanical Engineering, Chandigarh University, Mohali, India
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2 S. Singh et al.

Fig. 1 Welding complete classification and its sub-types

In Solid State Welding, the friction welding as sub category, that is accomplished
by the heat generated between two symmetrical and cylindrical parts rotating against
each other. In this process the material should be parallel to each other as uniform
rotation at an angle is not possible [42, 65]. These metals are pushed against each
other by using force which creates friction and finally results in heat generation.
Softening of metal occurs due to this friction as intense heat is achieved during the
rotary process [45, 71]. The complete setup and schematic of friction welding is
described in Fig. 2.

In this process, fusion of materials and plasticization occurs at the friction point
also called a weld zone or area [41]. After the whole process is accomplished i.e.,
relative movement and axial pressure, then the extra materials are removed and a
good bond is after solidification of the object.

There are generally three sections (Fig. 3) that are Unaffected Zones (UZF),
Partially Deformed Zone (PDZ) and Plasticised Zone (PZ) as described by [14].
The FW is further divided in various types such as Linear Friction Welding (LFW),
Inertia Friction Welding (IFW), Spin Welding (SW), Rotary Welding (RW), Fric-
tion Stud Welding (FSW), Friction Stir Welding (FSW), Friction Surfacing Welding
(FSW) [62]. Basic fundamentals of friction welding are described as motion of mate-
rial under high pressure which introduces heat between them, reaching plasticised
temperature (solid but acts as plastic) without changing its state to liquid, this whole
process gives an oxidized free joint and cleans to surface. As soon as it reaches the
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Fig. 2 Description for friction welding system

Fig. 3 Position of Unaffected Zone (UZF), Partially Deformed Zone (PDZ) and Plasticised Zone
(PZ) on materials

plasticised temperature it becomes soft and then an external load is applied while
rotating or linearmotion is going on. This process is successful in joining the complex
materials and structures that were previously thought to be difficult to join, that’s why
the complicated structure is made in parts and after that joined via friction welding
i.e., truck differential, turbine shaft and propeller [6]. Table 1 displays the details of
different materials, methodologies and key findings during fiction welding studies.
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2 Applications of Friction Welding

Although this technology is new in the industry but many industries rely on this
technology for their parts which are discussed in this section.

2.1 Aerospace Industries

The requirement for accurate and clean joints for aerospace industries are achieved
from friction welding because they produce tough and smooth joints while welding
the materials, Aerospace has utilized the solid-state contact-based welding proce-
dures inside the previous decade such as Rotary Friction welding (RFW) which
is performed on two types of machines i.e., Continuous Friction Welding (CFW),
Inertia Friction Welding (IFW) [56]. A Friction based welding has an ability to self-
clean the rough surface of material as it comes in contact because when the load
applied, it compresses the plasticised material at the weld zone to outwards in a ring
shape, which removes any surface impurities or oxides that existed earlier, making
it pointless to utilize protecting gas or any other accessories during welding. Iner-
tial welding is used in aerospace industries more frequently among the past times,
particularly in joining titanium alloys, nickel-based super alloys and steel air motor
barrel shaped segments, is known for giving parts of clean and high-quality joints,
contrasted and the utilization of fusion welding [15]. FSW is preferred to combine
titanium alloys and aluminium alloys parts for the aerospace industry due to their
sophisticated design that makes it difficult to approach joints that are to be welded.
As these processes are so efficient that no defects were found during the microscopic
inspection and X-ray scanning [34].

2.2 Manufacturing Industry

Butt welds that are made in bars or cylinders can be welded to plates or one another.
One of the parts is commonly round in shape, friction welding is also used in joining
different shapes but with some limitations like square bar can be welded. There are
various sizes that can be used for friction weld from tiny diameter wire that are
utilized in the hardware business with length of 150 mm approx., for example in
the engine business [51]. Models like drive shafts, axles and valves that have a large
combination of heat-opposing heads are to be welded to that of a lesser expensive
one. We can weld bar stock to the plate that has to be a delivery dish. Most alloys as
well as metals, exceptions like cast iron that cannot be friction welded. Fragile zone
doesn’t exist in friction welding of Divergent metals, which frequently happens with
circular arc welding, for example we can weld steel to aluminium or vice-versa [43].
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2.3 Marine Industries

As we know, the sea water is salty and very corrosive in nature. That’s why we use
a propeller shaft of aluminium 5083, that metal is very effectively and efficiently
welded on the shaft with the help of RFW. As it is difficult to make propellers and
shafts all together, so they are prepared separately and assembled using RFW, where
crystalline structure is less weak at Heat Affected Zone (HAZ) and result in better
strength at weld point than any other traditional joining method [13]. Welding in air
andwelding underwater is a very different process.Underwaterwelding requires high
speed during welding because water decreases temperature quickly during welding
and makes welding difficult. This high speed causes reduction in grain sizes and
increment in microhardness at the interface. Elongation is twice at interface and
tensile is almost near to original metal [30].

3 Comparative Analysis of FW with the Traditional
Welding Processes

As we know that traditional methods were not cost effective nor eco-friendly, so
nowadays industries are switching to friction welding than that of arc welding, gas
welding etc. as we know that they also need some extra accessories like filler metal,
gas, and their necessary parts but on the other hand frictionwelding don’t require such
additional things, and on top of it the welded joint are much cleaner and stronger than
other methods. On top of it metals characteristics are not changed, mixed or affected
in this technique [58]. FW is elaborated and distinguished in different parameters is
compared in Table 2.

3.1 Arc Welding Versus Friction Welding

ArcWelding is an old method of joining objects generally metals, has many demerits
than that of frictional welding such as it requires welding rod that is compatible with
the welding material from a wide variety of metals, welded surface is not clean
as compared to friction welding, the welded area of metal via arc welding give
heterogeneous mixture was observed whereas homogeneous mixer was evaluated in
friction welding at a microscopic level. That was authenticated in the results of the
tensile test. Friction welding parts can withstand a large amount of pressure at the
welded area Materials Research [66]. Friction welding overcomes arc welding by
following points discussed:

1. Quality of weld is better than the traditional method.
2. The bending occurs after cooling in arc welding is very less with less power

consumption of friction welding.
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Table 2 Friction welding comparison with other types of welding [74]

Basic
property

Fmriction welding Electron beam
welding

Electrical
resistance
welding

Electrical arc
welding

Weld type material Almost any Metals only Conductive
only

Conductive only

Compatibility cross
section to welded
joint

Complete Surface only Surface only Surface only

Welding geometry Limited (mostly
circular)

Any Any Any

Preparation of parts Shafts, pipes,
propeller etc.

Metal parts Metal parts Metal parts

Time taken Low Long Quick Moderate

Additive of
materials

N.A Powder or wire N.A Electrode

Process control Mechanical rotary
or linear motion

Servo motor
control via
computer

Push pedal by
worker

Worker

Running cost Cheaper Very costly Costly Costly

3. It needs no shielding gas or additional metal, and it doesn’t create any gas or
fumes.

4. Lifespan of setup of friction welding is longer as it requires less maintenance,
with very silent operation.

5. Almost each type of composites, metals and non-metals can be welded except
few materials.

6. Strength of the welded area is similar to the base metal [31].

3.2 Tungsten Inert Gas (TIG) Welding Versus Friction
Welding

Though, both of the processes are capable of joining the aluminium alloys. TIG is
unable to perform without filler material due to the presence of iron impurities in
high volume, as these impurities will lead to fracture due to temperature range. Even
though there is a large difference in the test results of both, FSW performs better in
terms of tensile strength, hardness at either base, HAZ, TMAZ etc. FSW produces
greater ductility and strength, on the other hand TIG WELDING produces high
levels of hardness in the HAZ and literally depends upon the variation of current
applied to the work piece [24]. FSW process gives crystal growth like tree shape
at microscopic level due to recrystallization process occurring. Although TIG has
no such shape because rapid cooling by air occurs after the welding process. The
observation of the welded material at a microscopic level showed the presence of
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Fig. 4 Fracture on metal surface via scanning electron microscope (SEM) of AISI 304

micro fractured gain by tensile test as shown in Fig. 4. There can be clearly visible
divergence in structure, proportion of spots than other [69].

TIG process applied without the filler material will produce cracks on aluminium
alloy due to the presence of iron in aluminium, FSW joints are proven to give better
results in terms of strength and ductility than TIGwelding joints [64]. Medium speed
is preferred for good results as higher will increase the hardness and lower will not
give optimum joining due to less heat generated [36].

3.3 Friction Welding Versus Metal Inert Gas Welding (MIG)

MIG is a very popular type of welding since the 90s and dominated arc welding
due to its convenient structure but not superior than friction welding in welding
circular shaft, hollow pipe and welding of composites. As it requires filler wire and
shielding gas (Argon) which increases cost whereas no such requirement in friction
welding due to its simplicity. As, aluminium weld by MIG causes hardness due to
rapid cooling and chances of fatigue of aluminium is much more frequent than that
of friction welding. As we can see after weld images in Fig. 5 the friction welded
area is dense whereas porous in TIG and MIG [49, 70].

4 Friction Welding Materials and Methods

In the universe, there is a wide range of metals and non-metals exist, they are welded
to each other or similar as per need of manufacturing. but not all processes or tech-
niques are there that can weld all the metals, so friction welding is preferred over
the traditional welding method because it has the capability to weld almost all the
materials that are used in industries. Intermediate layers of metal are used during
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Fig. 5 Experimental image after friction welding of 5086-H32 aluminium alloy, MIG welding and
TIG welding at welded zone

friction welding on those metals with high melting temperature difference between
them [7].

4.1 Steel and Its Alloys Welding

Friction welding is a better and more cost-efficient method in terms of joining Stain-
less Steelwith steel or its alloys than that of any otherwelding process.As, it produces
less hardness and more toughness to bear stress and strain during working. Burn
off length also has an effect on the toughness and hardness at the weld zone, as we
increase the burn-off length it will increase hardness and decrease toughness and will
help in removal of oxidized layers on faces of each other. But excessive burning of
length produces brittle fracture due to increased hardness and develops intermetallic
compounds and carbides near weld zones [11]. Thought different composites of
steel have different optimized parameter value, such as 105 MPa Friction Pressure,
180MPaUpsetting Pressure, 2000 rpmRotary Speed, 3.9mm burn-off length are the
optimized values for FW of UNS S32205, which gives 827.17 MPa and 325.61 Hv
as Hardness and Tensile strength respectively observed from the result [4].

4.2 Copper and Copper Alloys

Friction welding between copper and low carbon steel (LCS) at 30 MPa friction
pressure, 2.4 s friction time gives low fracture joint and 40% efficient joint, but 80%
can be achieved by using 180 MPa forging pressure.

Friction time is directly proportional to the efficiency of the joint [29]. In FSW
1250 rpm with 61 mm/min parameters gives no defect at interface, but reduction in
grain size at the weld zone. Softening region developed at the interface, and reduction
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Fig. 6 Al–Cu friction welding graphical representation of friction pressure to tensile strength,
tensile strength to friction time and hardness to distance from interface

in size of grain as compared with original metal. Hardness was larger at the centre
and gradually reduced the hardness of the base material. Comparing base material,
the tensile strength reduced to 87% [35].

Intermetallic layer formed at the interface due to the brittle nature of copper and
6061 aluminium alloy, that’s why we use an intermediate layer of material to join
them successfully with 136–760HV of hardness from base to interface [61] as shown
in Fig. 6. The temperature ofwelding reached to 580 °C that greater thanAl–Cu alloys
[53].

4.3 Aluminium and Aluminium Alloys

Frictionwelding is the best procedure forwelding dissimilarmetals i.e., aluminium&
aluminium alloys etc. We obtained good Tensile strength and micro hardness from
aluminium and its composites. Though the ductility of material was reduced but
it was reasonable, whereas, chemical properties of composites have compromised
the properties of weld if we use Fe as alloy of aluminium [12]. There are various
parameters values in friction of different materials to get desired values of strength,
hardness etc. that certainly affect the joint strength of the structure. The perspective
of aluminium with iron welding process will give rise to intermetallic phases due to
melting temperature variation between metals that leads to brittle weld joints [9].
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4.4 Tungsten and Titanium Welding

As we know that tungsten is harder than titanium that’s the major effect of heat or we
can say plasticised temp of titanium meats faster than tungsten and the heat affected
zone is majorly on titanium side. Generally, 750 rpm is used to obtain defect free
joints rather than 1500 rpm because of large variation in melting temperature of both
metals, so the weld joints are brittle and prone to breakage on drop. Interlayer metal
i.e., copper is used to eliminate micro cracks formed during welding process [8].
The predicted heat distribution in the simulating model is similar to the experimental
model performed physically i.e., length shortening value predicted was 2.8 mm and
in actual it was 2.5 mm. Similarly, in terms of temperature it was 1340 °C in both
the results. Variation in friction coefficient of model due to high temperature during
welding which results in change in thermal field [37].

4.5 Titanium and Iron Welding

As there is a huge melting temperature difference between iron and titanium, as
titanium is used for cutting iron or steel, it is inapplicable task of welding them due
to the appearance of intermetallic phases after welding. Due to these intermetallic
phases, there is no guarantee that complete welding across the cross-sectional area
is successful, as these phases generate higher value of hardness among the metal and
cracks in the weld zone are produced [40]. We can get good tensile value at high fric-
tion pressure andupsetting pressure butwith poor bending test and fracture at theweld
zone, due to intermetallic layer and titanium a brittle substrate. Surface roughness
is inversely proportional tensile strength and directly proportional to residual strain
obtained during welding process. To obtain good results low temperature around
550 °C but strictly not above 700 °C is required with short holding time [18].

4.6 Nylon 6 and ABS Reinforced Fe

Researchers used 40% of iron powder as additives in ABS and PA6 polymer matrix,
so as to perform the friction welding process and get good bond strength between
them, as reinforcing Fe brings their melting point closer to each other that helps in
bonding. In their pure state polymers are impossible to yield good results as a very
little tensile force can break the bond easily. This feed rate plays an important role.
For better joint strength, we need slow feed rate, high rpm and adequate time [33].
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5 Process Parameters of Friction Welding

Aswe know the parameters are very crucial part of any experiment, same is in friction
welding it consists of various parameters i.e., speed, applied force, friction time etc.
as in Fig. 7.

Friction Welding Experiments performed with some parameters taken in aspect
are speed, feed with range of 700–1350 rpm, 75–115 mm/min. We get different
values with different steps as written in Table 3 as described by Yilbas et al. [77].
The outcomes describe that hardness and tensile strength increases when speed is
1350 rpm with feed 115 mm/min as found by Hussain and Pasha [25].

5.1 Speed

Speed is the most important and phenomenal factor in the friction welding and its
categories such as tensile strength and hardness i.e., Strength and hardness increases
gradually with rise in speed as shown in Fig. 8. So, the speed has an impact on all the

Fig. 7 Stages of friction

Table 3 Hardness and tensile strength measurements at conditions

No. Speed (rpm) Feed (mm/min) Tensile strength
(MPa)

Vickers hardness
(HV)

1 700 75 160 85

2 900 90 166 88.5

3 1150 108 171 88.9

4 1350 115 172 90.2

Parent metal values 250 93.5
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Fig. 8 Graphical relation of welding speed of SAF 2205 with respect to a hardness and b tensile
strength

factor on the welded material, but it is inversely proportional to speed because there
is elevation in temperature at the contact point which leads to plasticization of metal
and the strength will tends to decrease at that area, even at the microscopic level the
impact of speed is visible [39].

Aluminium alloy showed different results at different speeds at the Stir Zone (SZ)
i.e., as speed increases it decreases the grain size and width of material as shown in
Fig. 9 as found by Kumar and Kailas [32]. Residual stress is symmetrical in Bobbin
Tool Friction Stir Welding (BTFSW) and it is maximum at centre and decreased to
normal aswemove to basemetal. Similarly, Hardness is symmetrical at theweld zone
and lowest at Heat Affected Zone (HAZ). 70% efficiency of the joint is observed at
the test results [76]. Welding Aluminium with Aluminium Yttria Stabilized Zirconia
(YSZ) composite gives strong joints at 630 rpm, on the other hand in pure aluminium
bending strength is better at 2500 rpm, however, and results may vary after joining
the metal due to internal flaws induced by thermal stresses. Though fracture may
occur due to high temperature caused by high-speed rotation [72].

Fig. 9 Graphical relation of speed impact on grain size of AA6082 [32]
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5.2 Friction Force

It is the force applied during the rotary process which makes friction more effective
but hardness. Joint strength relies on particle bond quality at the weld zone, pure
metalwill have good bond as compared to composites, as impurity percentagemixing
also has an impact on the strength of bond, as it basically depends upon the lattice
size of both the materials. This helps in fabricating the metal matrix composites
as per material [79]. Friction pressure is directly proportional to tensile strength,
but excessive pressure than certain limit will also decline the strength i.e., welding
between SS410 and INCONEL 718 at 190 MPa of friction pressure that is optimum
value for tensile strength. Fracture observed on interfaceswas amixture of dimple and
quasi-cleavage fracture. Dynamic recrystallization at the interface causes increased
hardness value [10, 75].

5.3 Axial Pressure or Torque

Welded joint’s bond strength majorly depends upon the axial pressure exerted during
the experiment. As there is any change in axial pressure, it will reflect in the properties
i.e., 135 MPa of axial pressure gives the highest tensile strength of 432 MPa because
fusion of alloys with steel, but excessive pressure will cause ductile failure as shown
in Fig. 10, but torsional strength will increase because it will transfer extra mass due
to heavy axial pressure. Bond strength has direct relation with temperature, that is
directly proportional element diffusion [21].

Fig. 10 Graphical relation of axial load and tensile strength with fracture point
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Fig. 11 Constant axial load with respect to time

As each parameter has their own impact on the outcome result, similarly change
or variation in axial pressure is reflected on friction welds. 120 MPa axial pressure
gives the optimum tensile strength and impact toughness, but due to brittleness the
sample doesn’t pass the basic requirements [32]. But, unfortunately the hardness of
the specimen reached maximum value due to high temperature caused by high axial
pressure. It has three faces with respect to time as shown in Fig. 11, torque firstly
decreases [3] and then becomes constant before reaching peak during experiment
[22].

5.4 Welding Time

Weld time is an important factor in friction welding as the welding time had major
impact on hardness and burn off length, but tensile strength and bending strength are
not affected during welding. If tempered or quenched material is used with friction
timing of 14 and 15 s gives lower toughness value. Whereas more time is needed for
suchmaterial to get reliable value, but excessive time duration will cause overheating
of microstructure grains which will affect toughness values [17]. In experiment with
parameters from 0.5 to 4 s time for welding, 3 s gives best results that are very
fine material structure that is near to base metal, same as in case of HAZ regarding
tempered hardening of metal. Time is directly proportional to length shortening [38].

Generally, Low fatigue strength of joints develops due to high speed, less force
and less time duration. Friction time is inversely proportional to fatigue limits and
tensile strength [20]. In the experiment it was observed that if at a certain speed we
obtain tensile strength and fatigue limit values, these values can be increased just by
giving more time with the same parameters. So, speed, time, pressure and force are
the main parameters for better joint strength results as shown in Fig. 12 that shows
relation of load with time in AISI 304 and AISI 1021 welding process [44].
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Fig. 12 Relation of load and time, stress and strain of AISI 304 and AISI 1021 steels

The data has been collected for the Clarivate Analytics portal which indicate
that total 3453 articles have been published in refereed journals. It can be noticed
from Fig. 13 that the research in friction welding has been increasing since 2011.
Moreover, China leads in the world while reporting the research based on friction
welding followed by India and Iran.

(a)   (b) 

Fig. 13 Statistical data of published articles since last ten years a year wise b country wise
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6 Conclusions

From critical literature review the following conclusions can be drawn:
From literature review it was observed that FW is generally performed at the speed

range of 1000–4500 rpm and pressure at 40–60 MPa for metallic materials on the
other hand this range was found to be 500–1200 rpm for plastic components. This
technique can be performed on almost all metals and composites.

• During friction welding of Carbon steel SAE 1020, Aluminium oxide and
Aluminium 6160 it was observed that fracture occurred due to themetal oxide and
shear strength was inversely proportional to oxide as well as reinforced particle
size.

• Friction welding of thread tube to plate, threaded tube gives more compressive
strength than unthreaded tube.

• FW is ten times more efficient than that of traditional butt welding of pipe in
terms of electrical power consumption and time. Utilizing this technique therewas
enhanced homogeneous mixture of residual stress reported. Further friction time
has not much effect on the width of the other hand forging pressure is proportional
to hardness and tensile strength.

• Variation of grain size has directly affected the toughness and flash formation
hence further causes cracks and consequently leads to fracture.

• During friction welding of AISI 304 S.S component examined by using Transi-
tion Electron Microscope (TEM), Tensile test, Vickers’s, Impact test and scan-
ning electron microscope (SEM) resulted that the Joint strength was inversely
proportional friction time and hardness.

• Frictionweldingof titaniumalloyof 50mmdiameterwith hydraulically controlled
drive capable of giving 40 kN axial load resulted in the best tensile results were
observed at low pressure and rotating speed, in addition to this transformation
region width depends upon the applied pressure. During experimentation best
results were observed that 1500 rpm and 136 MPa

• FW of Aluminium alloy and pure copper having 20 mm diameter and 120 mm
length work piece examined by optical metallography technique, X-ray diffrac-
tion (XRD), scanning electron microscope (SEM) and V-notch impact revealed
that optimum forging pressure and time was observed at 160 MPa and 4 s. Strain
hardening was the main cause of increased hardness at weld zones. Further Struc-
ture failure was of ductile type having dimples in addition to this it was found that
intermetallic joints failure occurs where the tensile strength was less.

• Performance analysis of UNSS32205 FrictionWelding revealed that Speed, upset
pressure and Friction pressure are directly proportional to hardness and tensile
strength, whereas burn off length is inversely proportional, furthermore Upset
forces and rotary speed has direct impact on tensile strength and hardness.

• Fusion process affects the quality and strength of weld within weld zone and for
obtaining strong tensile strength there is a requirement of high speed within a
short time interval.
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• This type of welding can be performed along with traditional welding processes
having several benefits over conventional types in context with environment,
economical and performance aspects. FW has wide applications in industries
like aerospace, marine, fabrication of shaft, rod, pipes, in addition to this square
bar can also be welded using this technique. As far as material point is concerned
this welding technique can applied to Steel and its Alloys, Copper and Copper
Alloys, Aluminium andAluminiumAlloys, Tungsten and Titanium, Titanium and
iron welding as well as non-metallic materials like Nylon 6 and ABS Reinforced
Fe.

• The process parameters that affect the performance of FW are speed, friction
pressure or axial force, welding time etc. The bond strength directly depends
upon the axial force applied; welding time has major influence on hardness and
burn off length without altering the tensile strength and bending strength. Further
friction time relates inversely proportional to the fatigue limits and tensile strength.

• A Friction based welding has an ability to self-clean the rough surface of material
as it comes in contact because when the load applied, it compresses the plasticized
material at the weld zone to outwards in a ring shape, which removes any surface
impurities or oxides that existed earlier, making it pointless to utilize protecting
gas or any other accessories during welding.

• Inertial welding is used in aerospace industries more frequently among the past
times, particularly in joining titaniumalloys, nickel-based super alloys and steel air
motor barrel shaped segments, is known for giving parts of clean and high-quality
joints, contrasted and the utilization of fusion welding.

7 Future Challenges

• The studies have been performed to optimize various input parameters to achieve
desired results during the friction welding process. Since, there are conflicting
solutions when the number of response parameters are more than one, there is a
need for multi-objective optimization studies.

• Thus, hybrid welding processes can be developed where FW can be combined
with other processes which increase the possibility of achieving better output
characteristics.

• Simulation andmodelling of FWprocess parameters for differentmaterials, alloys
and composites is yet to be studied. This would help to predict and achieve
the desired response in terms of mechanical strength and microstructure before
initiating actual process.

• The process capability, environmental degradation of FW process, economical
aspects and possibility of joining of materials with variable melting point is yet
to be explored.
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Influence of Reinforcement Contents
and Turning Parameters
on the Machining Behaviour of Al/SiC/Cr
Hybrid Aluminium Matrix Composites

Jatinder Kumar, Dilbag Singh, Nirmal S. Kalsi, and Shubham Sharma

1 Introduction

Thematerials used for aerospace, transportation, and underwater applications should
have the properties like low weight, high wear, and corrosion resistances, high
impact strength etc. These properties are not exhibited by existing monolithic mate-
rials/alloys or ceramics [4]. To overcome these shortcomings, the already existed
monolithic material is being substituted by composite material. The composite mate-
rials are developed to combine favorable properties of different materials. Because of
the superior qualities, the replacement of conventional monolithic materials and their
alloys with composites, extend their applications in automobile, defense, marine,
sports and recreation industries [20, 22].

In metal matrix composite (MMC) is the combination of two or more materials,
in which one is a matrix and other is reinforcement in which the matrix used is gener-
ally a lighter metal, which supports the reinforced particles within the composites.
The metals used as the matrix in MMCs are light metals like aluminium, titanium,
magnesium, zinc and their alloys [3, 16]. However, copper, nickel, lead, iron, tung-
sten are also used as the matrix in some particular applications [4, 17, 28]. Also,
the cobalt and Co–Ni alloys are used as a matrix material in the areas, where the
materials are subjected to high temperature [4, 28].
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The reinforcement, when added in matrix, improves its several properties (like
hardness, strength etc.) and prevents its deformation. Thismaterial has its own partic-
ularmicrostructure,morphology, chemistry, physical andmechanical properties, cost
and shapes and on the behalf of these characteristics, reinforcement is selected for
particular matrix [4].

The single ceramic reinforced composites, sometime exhibit some negative effects
also. These effects include the reduction in machinability, fracture toughness, wear
resistance etc. in some specific weight reduction applications like cylinder blocks
and liners, pistons, connecting rods, brake drums etc. [24]. These types of difficulties
can be eliminated by using aluminium matrix based hybrid MMCs. The composites
having three or more constituent particles present in it is known as hybrid metal
matrix composites (HMMC). In such type of composite materials, at least two rein-
forced materials are used. The HMMCs possess higher strength/weight ratio, higher
toughness, less sensitive to temperature changes, improved wettability as well as
machinability etc. Due to this reason, HMMCs possess many applications in the
field of aerospace and automobile components [18].

Out of the available matrix materials, aluminium is generally used as matrix mate-
rial because of lower costs, easy availability, lower density, higher strength/weight
ratio, highly resistant to corrosion and lower processing temperature requirement [4,
6]. In last one-two decades, the use of Al/SiC composites has been increased rapidly,
particularly for automotive, recreation and aerospace applications as Aluminium
exhibits lower density, lower coefficient of thermal expansion, higher strength/weight
ratio, higher wear resistance etc.

The introduction of SiC enhances wear resistance, hardness value and tensile
strength, but with the higher percentage of SiC, the machinability (ductility) and
toughness resistance of the MMCs reduces [1, 19]. However, machinability of such
materials can be improved by using additional reinforcement (like Graphite) along
with SiC [26].

Among the available fabrication process, liquid state stirs casting is simplest one,
and most effectively used in the fabrication of aluminium matrix composites. In this
technique, the reinforcement(s) (ceramics, agro wastes or industrial wastes) is/are
mixed with liquid matrix metal and stirred mechanically under controlled condition
[4].

Grey relation analysis is an effective tool to solve multi performance parameters
in many applications. Yih-Fong and Fu-Chen [13] optimized turning of tool steel
to obtain the best set of input conditions for optimal vales of surface roughness
and dimensional accuracy. GRA also successfully applied by the researchers in the
optimization of various input conditions such as optimization of electric discharge
machining process [9], chemical polishing [5, 8], for evaluation of tool conditions
in turning, drilling [23].

In this experimental study, an attempt has been made to introduce chromium
particles with SiC in the grain structure of Al–Si alloy and to evaluate its affect
on the machining behaviour of novel composites. The composites are fabricated
through conventional stir casting. The turning on standard samples, as prescribed by
Taguchi’s L27 array, has been conducted using conventional Lathe machine and the
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machining performance in form of material removal rate, surface roughness and tool
wear rate is evaluated. The Taguchi analysis followed by grey relation analysis has
been performed and multiple responses optimization has been discussed to improve
the machining integrity of novel composites.

2 Materials and Method

Al–Si alloy based composites, reinforced with 10 wt% SiC and (0–3 wt%) Cr, are
formulated through stir casting method. The stir casting setup used for composite
formulation is shown in Fig. 1.

TheAl–Si alloy cleaned using acetone, weighed and cut in desire amount, charged
in electric furnace and melted at 730 ± 20 °C for around 90 min under the argon
gas environment. SiC (10 wt%) and Cr (0–3 wt% in steps of 1.5) are preheated to
600 ± 5 °C before introducing in the melt to remove any moisture contents. The
slurry is then stirred continuously with electric motor integrated graphite rotor an
average speed of 400 rpm for 8–10 min. 1 wt% of magnesium is also mixed in
the slurry to enhance the wettability among the ingredients [12, 21]. the semi-solid
mixture is then poured in steel mould and allowed to solidify. The specimens used
for experimentation are having dimensions Ф 30 mm × 100 mm.

Fig. 1 Illustration of stir casting process
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Table 1 Input and response parameters

S. No. Input parameters Symbol Variations Responses Symbol

1 Cutting speed A 60, 90, 120
(m/min)

Surface roughness
(μm)

Ra

2 Feed rate B 0.10, 0.14, 0.18
(mm/rev)

Material removal rate
(mm3/min)

MRR

3 Depth of cut C 0.45, 0.60, 0.75
(mm)

Tool wear rate
(mg/min)

TWR

4 Coating thickness D 5, 8, 14 (μm)

5 Weight % of Cr. E 0, 1.5, 3 (wt%)

The tools, chosen for this study, are multiple coated (with a varying coating
thickness of TiN/Al2O3/TiCN/TiN), carbide inserts with an ISO designation
CNMG120408-SU.

The design of experiments used for turning is Taguchi method. This method is
effectively used in the optimization of multiple input parameters in many appli-
cations. A Taguchi coupled grey relation analysis is also carried out to optimize
the multiple response parameters. As a result of the literature survey, five input
parameters viz. cutting speed, feed rate, depth of cut, tool coating thickness and
weight percentage of chromium are selected. Three output parameters include mate-
rial removal rate, surface roughness and tool wear rate. A conventional HMT LB-17
lathe centre having 7.5 kW power is and for turning each run is performed on 30 mm
sample length under dry condition.

Table 1 shows the input parameters with their levels and response parameters.
Standard orthogonal Array L27 (3ˆ5) is selected for turning. A rough cut is carried
out to remove the rust and irregular surface.

A Japan-made Mitutoyo roughness tester (J:400 Model) is used (sampling speed-
0.25 mm/s) to measure Ra value at three different lsocations and their average is
calculated. Before and after each run, the diameter of the specimen and weight of the
carbide insert is measured using standard measuring devices. The time consumed
in each run is recorded using a stopwatch. The MRR in the form of total volume
removed perminute and TWR in the form ofweight loss perminute is calculated. The
experimental set up of input parameters and experimental outcomes corresponding
to their signal to noise ratios are shown in Table 2. The S/N ratio analysis is carried
out corresponding to all responses to analyze the experimental data. It is desired that
the machining surface should have maximum surface finishing and material removal
rate along with minimum tool wear.
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3 Results and Discussion

It is desired that the machining surface should have the maximum surface finishing
and material removal rate along with minimum tool wear. The objective of this study
is to maximize the material removal rate and minimize surface roughness and tool
wear rate.

3.1 Taguchi Analysis

So as per the terminology of Taguchi method, “larger is better” type response has
been employed for material removal rate and “lower is the better” type response has
been employed for surface roughness and tool wear rate. Themathematical equations
used for these types of responses are shown in Eqs. 1 and 2.

For larger is better (Maximize):

S

N
= −10 log

1

n

n∑

i=1

1

Y 2
i

(1)

For smaller is better (Minimize):

S

N
= −10 log

1

n

n∑

i=1

Y 2
i (2)

where Yi is the individual measured response parameters and n indicates the number
of trials replicated. The signal to noise ratio should be high for an optimal solution.

The signal to noise ratios for material removal rate, surface roughness and tool
wear rate at different levels of input parameters is calculated and plotted as shown
in Figs. 2, 3 and 4.

The influence of speed, feed, DoC, coating thickness and per cent weightage of Cr
on the material removal rate, surface roughness and tool wear rate can be explored as
per the trend of curves. From figures, it is observed that larger cutting speed and feed
results in an increase in material removal rate and surface quality, but with the loss of
tool life. It is also considered that the presence of Cr contents causes deterioration of
surface quality and reduces tool life. Also, the increase in coating thickness produces
a positive effect on the surface quality as well as tool life.

ANOVA for all output parameters is shown in Tables 3, 4 and 5, which are
indicating the significant parameters for the corresponding response.

The confirmation experiments, as per sets of best conditions obtained from
Taguchi’s analysis, are conducted for all responses individually and presented in
Table 6.
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Table 3 ANOVA table for material removal rate

Source DF Adj SS Adj MS F-value P-value

Cutting speed (m/min)* 1 105,869,681 105,869,681 7.96 0.010

Feed rate (mm/rev)* 1 151,358,077 151,358,077 11.39 0.003

Depth of cut (mm) 1 2,584,909 2,584,909 0.19 0.664

Coating thickness (μm) 1 307,592 307,592 0.02 0.881

Cr% 1 3782 3782 0.00 0.987

Error 21 279,169,750 13,293,798

Total 26 539,293,790

*Significant factors

Table 4 ANOVA table for surface roughness

Source DF Adj SS Adj MS F-value P-value

Cutting speed (m/min)* 1 0.80222 0.802222 42.20 0.000

Feed rate (mm/rev)* 1 0.79801 0.798006 41.97 0.000

Depth of cut (mm) 1 0.03556 0.035556 1.87 0.186

Coating thickness (μm) 1 0.00447 0.004471 0.24 0.633

Cr%* 1 0.26402 0.264022 13.89 0.001

Error 21 0.39924 0.019012

Total 26 2.30352

*Significant factors

Table 5 ANOVA table for tool wear rate

Source DF Adj SS Adj MS F-value P-value

Cutting speed (m/min)* 1 1.69045 1.69045 71.09 0.000

Feed rate (mm/rev)* 1 1.13014 1.13014 47.53 0.000

Depth of cut (mm) 1 0.00179 0.00179 0.08 0.787

Coating thickness (μm) 1 0.08633 0.08633 3.63 0.071

Cr%* 1 0.83920 0.83920 35.29 0.000

Error 21 0.49935 0.02378

Total 26 4.24726

*Significant factors

Table 6 Taguchi’s optimized
input parameters for MRR,
Ra and TWR

S. No. Best setting of input
parameters

Output
parameters

Optimized
values

1 A3B3C3D2E1 MRR 20792.45
mm3/min

2 A3B3C3D3E1 Ra 0.32 (μm)

3 A1B1C2D3E1 TWR 0.13953
(mg/min)
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3.2 Grey Relation Analysis

In Taguchi analysis, a different set of conditions for input parameters are obtained
for each response and it is complicated to choose the common set of input parame-
ters for optimal values of all response characteristics. Under such circumstances, the
multiple response optimizations may be the best solution. The grey relational anal-
ysis is one of the best techniques to solve these types of problems [12]. In recent 3–4
decades,this method is extensively used for solving the complex inter-relationships
among the multiple output parameters. The steps involved, normalizing the results of
experiments between 0 and 1 using Eqs. 3 and 4, deviating the sequence as per Eq. 5,
calculating the grey relation coefficient (GRC) from normalized data (Eq. 6), calcu-
lating overall grey relation grades (GRG) with the help of Eq. 7 and converting the
multi-response parameters into the optimization of single GRG [12, 25]. Normalized
experimental results corresponding to large-is-better can be obtained as

Yi j = xi j − min xi j
max xi j − min xi j

(3)

Normalized experimental results corresponding to small-is-better can be obtained
as

Yi j = max xi j − xi j
max xi j − min yi j

(4)

The normalized results can be deviated by calculating the difference between the
absolute values of maxYij and Yij. Thus the deviated sequence values (Δij) can be
obtained as

�i j = ∣∣max Yi j − Yi j
∣∣ (5)

The grey relation coefficient (ξ ij) can be calculated as follows

ξi j = min�i j − � max�i j

�i j − � max�i j
(6)

where Ѱ is the distinguished coefficient and it varies as 0 ≤ Ѱ ≤ 1. It is usually kept
as 0.5.

Grey relation grades (γ) can be obtained as:

γ = 1

n

∑
ξi j (7)

where n represents number of output parameters and ξ represents GRC. The analysis
is performed; results are calculated and represented in Table 7.
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Table 8 Analysis of variance for grey relation grades

Source DF Adj SS Adj MS F-value P-value % Contribution

Cutting speed (m/min)* 1 0.010900 0.010900 8.43 0.008 10.96

Feed rate (mm/rev)* 1 0.016976 0.016976 13.13 0.002 17.07

Depth of cut (mm) 1 0.002212 0.002212 1.71 0.205 2.22

Coating thickness (μm) 1 0.003670 0.003670 2.84 0.107 3.69

Wt% of Chromium* 1 0.038544 0.038544 29.82 0.000 38.76

Error 21 0.027147 0.001293 27.30

Total 26 0.099449

S = 0.0359546, R-sq = 72.70%, R-sq(adj) = 66.20%
*Significant parameter

Now, from the orthogonal design of experiments, the influence of input parameters
on grey relation grades GRG can be obtained with an objective of large -is-better
type response. The ANOVA analysis for grey relation grades is shown in Table 8. It
is also noted that the significant parameters for maximized GRG are cutting speed,
feed rate and weightage of chromium contents.

The significant level for each input parameter can be estimated to obtain the
optimal value of GRG from Table 9. Also as per delta value, all input parameters
may be ranked. The GRG graph for the level of input parameters for turning is shown
in Fig. 5. The main objective of this analysis is to obtain a large value of GRG, which
means better are, the response parameters.

ANOVA Table illustrates that Feed rate; cutting speed and weight percentage of
Cr contents are significant parameters which are influencing the material removal
rate, tool wear rate and surface quality of the composites. Also, Cr.% contributes
most significantly in the optimization of response characteristics, followed by feed
rate and cutting speed, however, least contribution of the depth of cut and coating
thickness is obtained.

Table 9 Response table for grey relation grades

Level Cuttin speed
(m/min)

Feed rate
(mm/rev)

Depth of cut
(mm)

Coating thickness
(μm)

Cr.%

1 0.5629 0.5561109 0.5904883 0.5742146 0.6358794*

2 0.584875 0.5861959 0.6010348* 0.5833993 0.5806285

3 0.612091* 0.6175311* 0.5683148 0.602224* 0.54333

Delta 0.0492 0.0614202 0.03272 0.0280094 0.0925493

Rank 3 2 4 5 1

*Significant Level
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Fig. 5 Main effects plot for grey relation grades

3.3 Non Linear Regression Model for Grey Relation
Coefficient

The non-linear regression equation (Eq. 8) indicates that how grey relation grade
depends upon the input parameters

GRD = 0.4679 + 0.000820*A + 0.768*B

− 0.0739*C + 0.00312*D − 0.03085*E (8)

The residual plot of GRG received throughout regression evaluation is presented
in Fig. 6.

The normal probability plot is having a straight line with the residuals centered
nearer to the straight line. In residual versus fits plot, the residuals appear to be
randomly scattered around zero and most of the elements are based on the common
outfitted value and the residuals are minimal. The histogram of the residuals suggests
the distribution of the residuals for all observations that are skewed towards the left
and the bell-shaped curve is formed. Residuals versus order graph plot may also be
notably precious in a designed experiment wherein the runsshould not randomize.
The residuals in the plot are scattered around the centre line.

4 Confirmation Experiments

The confirmation experiments are performed for optimizing the response parameters
by using the optimized parameters in multiple objective optimizations. Base upon
optimal values of response parameters, the predicted value of grey relation grade
(γPredicted) is estimated as per Eq. 9.



Influence of Reinforcement Contents and Turning Parameters … 47

0.100.050.00-0.05-0.10

99

90

50

10

1

Residual

Pe
rc

en
t

0.700.650.600.550.50

0.10

0.05

0.00

-0.05

Fitted Value

Re
si

du
al

Re
si

du
al

0.1250.1000.0750.0500.0250.000-0.025-0.050

10.0

7.5

5.0

2.5

0.0

Residual

Fr
eq

ue
nc

y

01 21 41 61 81 02 22 42 628642

0.10

0.05

0.00

-0.05

Observation Order

Normal Probability Plot Versus Fits

Histogram Versus Order

Residual Plots for GRG
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γPr edicted = γmean +
q∑

i=1

(γi − γmean) (9)

where

γmean = Mean value of grey relation grades (γmean = 0.58661; Table 7).
γi = Mean of grey relation grades at the optimal level.
q = Number of significant input parameters. (q = 3; Table 8).

γmean = Mean value of grey relation grades (γmean = 0.58661; Table 7).
γi = Mean of grey relation grades at the optimal level.
q = Number of significant input parameters. (q = 3; Table 8).

It is also observed from Table 10 that the experimental value of grey relation
grade differ by 2.52% only from the predicted value, means experimental results are
validated.

5 Conclusions and Future Perspective

Taguchi analysis followed by a grey relation grade obtained from Taguchi coupled
grey relation analysis has been used for the turning of novel Al-10SiC-(0-3)Cr
composites with multiple objective optimization of response parameters including
material removal rate, surface roughness and tool wear rate. As per results obtained,
the following conclusion can be drawn:
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Table 10 Results of responses using initial and optimal parameters

Initial input parameters Optimum input parameters

Predicted Experimental

Setting level V3F3A1T2C1 V3F3A2T3C1 V3F3A2T3C1

Surface roughness (μm) 0.34 0.39

Material removal rate
(mm3/min)

8743.62 15,674.32

Tool wear rate (mg/min) 0.914 0.917

Grey relation grade 0.65905 0.69228 0.71021

Improvement in GRG = 0.05116

1. According to ANOVA test the cutting speed, feed rate and chromium contents
aremost significant parameters for effecting the surface roughness and toolwear.
Speed and feed rate has significant affect onmaterial removal rate, whereas other
input parameters are insignificant. Best set of conditions for material removal
rate, surface roughness and tool wear rate are A3B3C3D2E1, A3B3C3D3E1 and
A1B1C2D3E1 respectively.

2. The Taguchi coupled grey relation analysis suggests a single optimal set of input
parameters as A3B3C2D3E1 i.e. cutting speed 120 m/min, feed rate 0.18, depth
of cut of 0.60, coating thickness on carbide insert 14 μmwith 0% weightage of
chromium contents for all responses.

3. The result of confirmation test indicates that increase in grey relation grade
from the set of initial cutting condition to optimal conditions is 0.05116, means
the multiple responses of AMCs turning such as material removal rate, surface
roughness and tool wear rate is improved together by using grey relation anal-
ysis. Also the predicted grey relation grade differs from experimental gray
relation grade by 2.52% only and thus the experimental results are validated.

Future Scope

• Another fabrication route like powder metallurgy can be used to develop same
composite.

• Composite of reinforcing phase may be change to develop different composites.
• Nano size particles may be used instead of micro size particles.
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Annexure

Control Log of Experiments

Cutting seed
(m/min)

Feed rate (mm/rev) Depth of cut (mm) Coating thickness
(μm)

Wt% of Cr

1 1 1 1 1

1 1 2 2 2

1 1 3 3 3

1 2 1 2 2

1 2 2 3 3

1 2 3 1 1

1 3 1 3 3

1 3 2 1 1

1 3 3 2 2

2 1 1 2 3

2 1 2 3 1

2 1 3 1 2

2 2 1 3 1

2 2 2 1 2

2 2 3 2 3

2 3 1 1 2

2 3 2 2 3

2 3 3 3 1

3 1 1 3 2

3 1 2 1 3

3 1 3 2 1

3 2 1 1 3

3 2 2 2 1

3 2 3 3 2

3 3 1 2 1

3 3 2 3 2

3 3 3 1 3
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Ultrasound Added Additive
Manufacturing for Metals
and Composites: Process and Control

Sachin Kumar and Brij Kishor

1 Introduction

The ultrasonic vibrations find their applications in various conventional manu-
facturing processes to cope with their multiple shortcomings [25]. For example,
ultrasonic-assisted machining, forming, welding, friction stir welding are well-
established and niche techniques [8, 24, 28, 32, 33, 39]. The ultrasonic vibrations
denote the soundwaves beyond humanhearing range and correspond to the frequency
range close to 20 kHz [21, 25]. Based on the frequency ranges, the categorization
of sound waves and their corresponding applications has been shown in Fig. 1. The
sound waves in the ultrasonic range can be used for various medical and manufac-
turing processes. Depending on the intrinsic elastic properties and densities, ultra-
sonic waves can travel with different velocities in different types of mediums [35].
The ultrasonic waves initiate mechanical vibrations into the medium and provoke
molecular displacement at the micron level. In the form of the wave, ultrasonic
vibrations can travel from one medium to another. However, their movement chiefly
depends on ultrasonic vibration frequency, amplitude, and medium of wave propa-
gation, etc. [35]. The ultrasound addition in additive manufacturing processes (AM)
process [68] is quite new and has gained serious attention from various researchers
across the globe.

The Ultrasonic Additive Manufacturing (UAM) is a solid-state manufacturing
process, invented and patented by Dr. White [74], and commercially marketed by
Fabrisonic LLC, USA. The UAM is based on the principle of boding the thin metal
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Fig. 1 Wave frequencies with their typical range and applications (‘Ultrasound’)

foils together sequentially using a similar concept as the ultrasonic metal welding
process [14]. The bond formation is done layer by layer on Computer Numer-
ical Control (CNC) machining to cut unwanted material and replicate the desired
shape and size (Fig. 2). Therefore UAM can be referred to as the hybrid manufac-
turing process involving metal addition and subtraction. Typically a UAM process
consists of a sequential arrangement of an ultrasonic generator, transducer, booster,
and horn/sonotrode. The detailed description of these components has already been
given elsewhere hence omitted in the present context [12, 25].

The UAM process involves the generation and transfer of ultrasonic energy from
the output end of the transducer to a metallic work-piece via specially designed
ultrasonic horn/sonotrode in the form of to and fro oscillations. The simultaneous
interaction of normal compressive load with the ultrasonic oscillation permits local-
ized heating of the material intended to work in the close vicinity of contact area,
allowing the inter-laminar material flow in that region. It is important to note that
the localized rise in material temperature in this process is considerably less to the
melting point temperature of respective metal (approximately 50% of the melting
temperature). Such a situation permits themetals to have solid-state interaction across
their adjoining regions in order to form a bond [37, 69].

This additive buildup by ultrasound-assisted solid-state joining followed by simul-
taneous selective subtraction can consequent many key manufacturing features such
as joining of mechanically and thermally dissimilar materials even of different thick-
nesses, retaining the original microstructure and grain orientation of parent metals
even after joining, safe inclusion/embedding of functional components such as elec-
tronic switches or sensors in between the metal foils. The material bonding in the
UAM process primarily depends on material processing and ultrasonic parameters
such as horn oscillation, the compressive force exerted on the work-piece, and the
travel speed of the horn. The selection of optimum values of all these parameters
is vital as any deviation may severely degrade the bond quality [22]. In a similar
context, Hopkins et al. [18] and Wolcott et al. [76] recognized the horn amplitude
and travel speed as the most influential parameters to achieve high strength bonds.
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Fig. 2 a–c Schematic
diagram of UAM process [3,
12, 61] (‘Printing Metal 3D
Objects Using Sounds’)
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2 Metallic Bonding of Dissimilar Materials

One of the most promising features of the UAM process is its capability to join
dissimilarmaterials under solid-state conditions even if there is a nominal gap in their
melting point temperature. This promising feature makes it stand out among various
other additive and traditional manufacturing techniques. In UAM, the inherent
mechanical and metallurgical properties of base metals remain intact due to the
absence of their melting. Thus makes it applicable for high-strength aerospace
aluminum alloys that are not susceptible to be thermally welded without any signif-
icant material property loss. The solid-state nature permits the reduction or elimi-
nation of brittle intermetallics (IMCs), whose massive formation has been reported
in conventional processes. It is essential to mention that brittle IMCs phases attract
lateral cracking and therefore severely degrade the structure’s joint quality [48, 80].
Several metal combinations that have been processedwith ultrasonic welding (USW)
may not have been attempted in UAM and therefore can be the hotspot for future
research. Figure 3 shows some knownmetal combinations that are available for USM
and UAM processes.

Furthermore, by adding different materials of different thicknesses in a predefined
manner, UAM can produce functionally graded laminates with great ease that can
be quite cumbersome by other conventional manufacturing methods. The metallic
foils can be placed alternatively in layers and welded into a layered structure to
form multi-material laminates (Fig. 4). Via placing different materials in different
thicknesses, the mechanical properties of the structure can be carefully controlled.
For example, Solidica Inc. has used this technique to produce aluminum and titanium
in varying ratios to develop armor applications’ layered structure.

Fig. 3 Material combinations applicable for USM and UAM [12, 19], Image courtesy of the
American Welding Society
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Fig. 4 a, b UAM dissimilar materials bonding for alternative layers of Al and Cu foils [12], Image
courtesy of Loughborough Universities Additive Manufacturing Research Group

TheUAM, being an advancedmanufacturing technique, can support themanufac-
turing of complex and challenging to produce shapes with high precision and excel-
lent surface finish. It can be due to the absence of the melting of the respective metals
that minimizes the dimensional ambiguities that are usually observed in shrinkages,
residual stresses, and distortion of metal parts [58]. The UAM is also effective in
producing various manufacturing components of several materials, such as metal
matrix composites, parts with embedded wirings, sensors etc., [50]. Frictional heat
produced in this process can be regarded as the major source of material bonding. It
can be approximately two times that of heat obtained from the plastic deformation
of the material [70]. Besides, the ultrasonic addition can add the shear scrubbing
that can break up the oxide layer formed on material surfaces. It permits the virgin
material surface to interact and bond between the layers [5]. The foils experience
intense acoustically induced softening due to ultrasonic vibrations, which affects
the material lattice and imparts the plastic deformation [34, 79]. The welds charac-
teristic and their formation mechanism during the ultrasonic-assisted process have
been documented by Shimizu et al. [64] by analyzing their microstructural evolution.
They observed that acoustic assistance could produce refined and equiaxed grains
in the stirred zone (SZ) due to the intense grain refinement and recrystallization
occurred by sequential heating and shear deformation. The grain refinement across
the joint regions for the first and second layers of the aluminum alloy parts can
be seen in Fig. 5 [64]. Dehoff and Babu [6], Mariani and Ghassemieh [45] have
analyzed the microstructural evolution during ultrasonic assistance to analyze the
possible bonding characteristics during the solidification and recrystallization stage.

To explain the importance and role of ultrasonic vibrations on the bonding mech-
anism during the UAM process, the microstructural analysis has been investigated
by several researchers. For example, Pal and Stucker [52] proposed a finite element
model to determine the microstructural evolution in case of the ultrasonic-assisted
process by adopting dislocation-density-based crystal plasticity theory. Their work
focused on the quasi-static formulation of large plastic deformation, material model
based on non-local dislocation density, and process boundary conditions. They
concluded that before and after processing, the grain size was reduced to 1.2 µm
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Fig. 5 Fine grains around
the interface regions between
the first and second layers in
the aluminum alloy parts
fabricated with ultrasonic
addition [49, 64]

from the average value of 13 µm. The simulated results were compared with exper-
imental data and found in good agreement. In the UAM process, the amplitude of
ultrasonic vibrations plays an important role in the process parameters’ effective-
ness. They affect the material flow and plasticity at the region of contact [70]. It
has been reported that the parts fabricated with high ultrasonic amplitude can yield
better tensile properties that almost approach the value of bulk materials [11]. Apart
from that, under the influence of large amplitudes, defects are suppressed greatly,
and better bonding is experienced in the fabricated aluminum parts as shown in Fig. 6
[67]. It could be because the large amplitude might induce a significant portion of
linear weld density with a more compact foil layer.

It is important to note that higher ultrasonic vibration amplitude induces severe
plastic deformation with enhanced material plastic flow that suppresses the defects
and improves the bonding [57]. The ultrasonic vibration induced consolidation is
also beneficial to produce the metal matrix composites. Their bond strength can also
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Fig. 6 Optical images of Al alloy parts produced by ultrasonic consolidation process a at lower
ultrasonic amplitude and b at higher ultrasonic amplitude [49, 67]

be analyzed by interface failure which depicts that a higher value of composite length
could minimize composite failure probability [16]. To have better knowhow of the
interfacial strength, Hehr and Dapino [17] analyzed the interface quality via a single
fiber pullout test. They concluded that the bondingwas dependent on the fiber surface
finish.

Apart from UAM, friction stir welding process (FSW) [2, 20, 55, 66, 77] added
with ultrasonic vibration has been found utilizing their virtue to promote the mate-
rial flow and enhance the bonding of metals across their joining regions [26, 72]. To
analyze the virtues of ultrasonic vibrations in the material joining process, recently
Kumar et al. [27] have designed and developed an ultrasonic vibration-assisted fric-
tion stir welding (UVaFSW) system (Fig. 7) similar to Park [54] andKumar [24]. This

Fig. 7 Schematic of ultrasonic assisted friction stir welding system [29]
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ultrasonic vibration is aimed to transfer the acoustic energy in the SZ via welding
tool. The aforesaid UVaFSW system comprises a specially designed ultrasonic horn,
front attachments, and a welding tool to safeguard the system and safely transfer
the ultrasonic energy at the required region. Roller bearings are added to smoothen
the process of ultrasonic vibrations from the stationary horn to the rotating FSW
tool. In order to gather further details on UVaFSW system, readers can refer the
author’s previous work Kumar et al. [27, 28, 30], Kumar and Wu [33] have reported
major benefits of ultrasonic energy on the joint quality. Additionally, the axial force,
torque, and power requirements can also be significantly reduced, which can help
to reduce the tool wear and enhance its life. An enhanced material plasticization of
the SZ under intense acoustic softening can be reasoned for better joint quality. The
ultrasonic addition also favors to reduce the flow stresses and improve the material
flow under the vicinity of the ultrasonic vibration zone.

Park et al. [53] enforced the ultrasonic vibrations with the FSW process on the
welding tool along the horizontal direction. They found a substantial drop in axial
force andmarginal rise inweld properties. In a similar ultrasonic addition,Kumar [24]
claimed a notable reduction in axial downward force and significant improvement
in weldment properties during FSW of Al alloys. However, the frequent failures of
horn attachments are evident during experimentation, which restricts their results’
reproducibility. Ruilin et al. [60] added a similar mode of ultrasonic energy and
reported that the impact of acoustic addition on temperature fields in the FSWprocess
is less effective at lower welding speeds. It can be attributable to additional heat
addition due to ultrasonic vibrations. At lower rotation speeds, the peak temperature
was identical for both the processes, while a reduction in maximum temperature is
higher in the case of FSW than the UVaFSW for higher welding speeds.Ma et al. [44]
reported that the weld properties were enhanced during ultrasonic addition in FSW
when acoustic intensitywas 50%.Amini andAmiri [1] also found a notable reduction
in FSW axial force during ultrasonic addition, which could be due to improved weld
penetration [1, 24]. Their analysis emphasized that an increase in welding speed in
the FSW process could increase the axial force marginally, while the same could
be reduced with an increase in rotation speed. The ultrasonic addition could cause
better material stirring and enhanced plastic flow. The weld strength and elongation
are also improved by ~10% during ultrasonic addition in the FSW process.

Liu et al. [40] designed and developed a novel ultrasonic vibration enhanced
FSW (UVeFSW) system via simple linkages, where ultrasonic energy is imparted
on the work-piece just ahead the welding tool by the sonotrode inclined at ~ 40°.
They obtained better material flow and improved weld properties using such kind of
UVeFSW system. Liu et al. [41] discovered that better joint quality in the UVeFSW
process is due to intensive material plasticization and reduced HAZ. The weld
microstructures analysis reported that the ultrasonic addition could improve themate-
rial mixing, deformation in the SZ, and enlarge the thermo-mechanically affected
zone (TMAZ).Theweld strengthwas increasedmarginally due to the improvedmate-
rial flow. Liu et al. [40] analyzed the material flow during the UVeFSW of Al alloy
by utilizing a marker insert and sudden stop-action method. During the UVeFSW,
they noticed intense material plasticization and improved material flow rate. It could
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Fig. 8 Temperature
variation for FSW and
UVeFSW process [81]

be due to supplementary material plasticization under ultrasonic addition. Shi et al.
[63] modeled the quasi-steady state of the UVeFSW process. Their model predicted
that the better material flow could be due to the ultrasonically influenced stirring
and flow stress reduction. The aforesaid ultrasonic-assisted model Shi et al. [63]
also discovered that the UVeFSW had minor effects on the overall heat addition and
temperature field during the welding. Zhong et al. [81] obtained a notable reduction
in tool torque and axial load with ultrasonic addition in FSW process. They also
compared the temperature field without ultrasonic addition (FSW) and UVeFSW as
shown in Fig. 8. During the weld advancement, the temperature rise in the UVeFSW
is reported higher compared to the FSW process. The maximum temperature differ-
ence is between the two processes is reported ~40 °C, which occurred 20 s before
the peak value. This signifies that ultrasonic vibration heat up the welding material
that causes it to experience higher temperature for a considerable time [81].

Theweldmacrographs at different process parameters for bothFSWandUVeFSW
processes are shown in Fig. 9. The boundary of pin affected zone of SZ in the case
of UVeFSW is surprisingly enlarged than that of FSW. The interface between the SZ
and TMAZ across the AS is also smoother for UVeFSW joints.

The FSW joints are found to have defects in the lower section of SZ because
of inadequate heat input and poor material mixing. On the contrary, most of the
UVeFSW joints are defect-free in SZ. It is attributable to better material mixing and
improved material flow [26, 81]. Liu and Wu [42] discovered that the tunnel defects
could be eliminated completely with ultrasonic induction in the FSW process. For
the FSW and UVeFSW processes, Padhy et al. performed microstructure evolution
across the SZ of Al alloy using the advanced microstructure techniques [51]. Their
outcomes have shown that acoustic addition has significantly refined the grains and
sub-grain formation at the SZ. Finally, ultrasonic addition in the FSW process has
been proven robust, beneficial, and superior in context to the process efficacy and joint
characteristics than that of the conventional FSW [26]. The acoustic assistance can
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Fig. 9 The optical images of FSW and UVeFSW joints of AA2024-T3 alloy at a 200 rpm,
110 mm/min, plunge depth = 0.1 mm, and b 400 rpm, 330 mm/min [81]

significantly improve the weld properties and material flow, enlarge process window,
suppressed the weld anomalies, and improve the weld quality and microstructure.

Tarasov et al. [71] developed another method to apply for acoustic assistance in
front of the welding tool via the backing plate for FSW of Al alloy. They narrated
that acoustic energy helped to suppress the recrystallized grain size in SZ at weld-
ment. It is suggested ultrasonication may retard the GP ripening due to the dynamic
stabilization of the solid solution. Additionally, the ultrasonic energy might have
smoothed the strain-induced dissolution of earlier thought insoluble coarse Al–Cu–
Fe–Mn particles. Lv et al. experimented on the FSW of dissimilar Al/Mg alloys by
applying ultrasonic vibration system at an angle to the welding tool. They obtained
a notable rise in the weld quality and claimed the IMCs phases disappearance across
the interface [43]. Besides, they added that with the addition of acoustic assistance,
IMCs (Al3Mg2 (layer 1) + Al12Mg17 (layer 2)) of overall thickness ∼3.5 µm gradu-
ally became a monolayer (Al3Mg2) of overall thickness ∼2.5 µm. Kumar et al. [29]
performed the scanning electron microscopic (SEM) analysis of the SZ to determine
the advantages of ultrasonic energy on the FSW process (Fig. 10). The SZ of both
Al and Mg alloys resembles significantly refined and smaller grains as compared to
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Fig. 10 High magnification images of FSW and UVaFSW joints across the SZ a, b Mg Side c,
d Al side and e, f IMCs region g, h the grain size analysis for Mg side [29]
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the base metals (Fig. 10). It is also observed that the grains are recrystallized and
finer for the ultrasonic welds at Mg side compared to the conventional FSW joints.
The grain analysis of the SZ of the Mg side shows average grain size of ~2.5 and
4.16 µm for ultrasonic and non-ultrasonic welds respectively (Fig. 10a, b, g, h). It
implies that acoustic energy is helpful to refine and reduce the grain size. Similarly
the grain analysis of SZ region also shows comparatively fine and equiaxed grains
for the ultrasonic joints. This region also advocates the intense intermixing of various
substrates in a complex manner because of Al alloys’ intense material plasticization
compared to the Mg alloy [36].

The formation of the dendrite structure in the Al alloys’ weld zone in the case
of the FSW process is quite common that may be due to constitutional liquation.
The phenomenon of constitutional liquation for the FSW process has been reported
previously in different studies [4, 7]. During the FSW of Al/ZrB2 Dinaharan and
Murugan [7] have quoted that the constitutional super cooling can originate the
dendritic structure during the solidification process. Similarly, in case of dissim-
ilar FSW of Al and Mg alloys, Firouzdor and Kou [9] have also reported dendrites
formation of Al3Mg2 and Al12Mg17. The high magnification images of the IMCs
region depicts heavy lumps of intermixed substrates in SZ-TMAZ (Fig. 10e) that
may resemble the IMCs of Al and Mg. The origin of heavy lumps of IMCs can be
ascribed to the intense intermixing of Al and Mg substrates followed by flow of Al
lamellae across the advancing side (AS) and material stirring across shoulder and pin
region. The formation of discrete particles is primarily controlled by the SZ region’s
heat input and formed because of the controlled by inter-diffusion or eutectic trans-
formation [43]. The nature of IMCs formation largely depends on the concentration
of Al and Mg substrates [30]. The region where Al concentration dominates attracts
Al3Mg2 while that of Mg dominated region probably have Al12Mg17. The same can
be ascribed from the binary phase diagram of Al and Mg alloys [10].

3 Object Embedment

Further application of ultrasonic addition has been experienced by digging out the
possibility of embed fibers, electronic circuits, or structures in the metal matrix.
Heavy material flow in presence at low temperature permits safe embedment without
any harm to embedding material. The embedment process follows the binding of
metal foil material with the base metal by the horn/sonotrode. The foil fibers or
electronic circuit are added on this, and the second layer of foil is then placed on
the top of the embed object followed by sonotrode contact to the sample to bond
it with the previous layer. Under the influence of the acoustic plastic behavior of
metal foil in contact with the horn pressure and oscillation, the foil is plastically
deformed around the embed material. It makes contact with the previous foil layer,
thus forming a solid-state bond (Fig. 11).

Following the unique feature of UAM, the embedment of various materials has
endeavored in previous literature. Li et al. [38] have attempted the embedment of
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Fig. 11 a, b The schematic process of object embedment via UAM process [12, 13]

printed electronic pathways in between the Al foils interface. Similarly, Robinson
et al. [59] and Siggard et al. [65] have successfully added the pre-packed electronic
circuit system in the metal grooves created by the CNCmachine. Kong and Soar [23]
have carried out the embedment of polymer-based coated and uncoated optical fibers
in the Al matrix. In a similar attempt, Monaghan et al. [46] and Mou et al. [47] have
also successfully implemented metal-coated optical fibers and Bragg fibers in their
research findings. The UAM technique has been advanced by embedding the shape
memory alloy fibers in the Al matrix and investigated by Friel and Harris [13] and
Hahnlen and Dapino [16]. Their findings have reported appreciable functionality of
embedded components and excellent bond strength of adjoining layers. Hence UAM
can be considered as one of themost appropriate techniques to develop the embedded
structures.

At several places, the UAM is also referred to as a “bond-then-form” technique
[15]. It is because, after UAM bonding, subsequent CNC machining is required to
add up to cast the anticipated form to the bonded metallic foils. This process is
completed in a number of steps followed by layer bonding, it’s machining, layer
bonding on previously formed part followed by further machining until the required
3D shape is not attained. Similarly, in the “form-then-bond” approach, the required
3D shape is cast in each joined layer (via suitable machining process such as laser
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machining) before its binding to the earlier formed part. This method can allow to
form the structures to have inner geometry and channels that are quite cumbersome
to produce via the “bond-then form technique” [15]. This process has been proven
beneficial in developing functional ceramic parts and microfluidic systems via the
Computer Aided Manufacturing process ([3], Cawley et al.)

Bournias-Varotsis et al. [3] have analyzed the ultrasonicwelding of aluminum foils
followed by the geometric machining prior to the commencement of the bonding
(Fig. 12). These pre-machined geometries can facilitate to keep the foil in layer
by layer in a predefined sequence to host any electronic or fragile components in a
required groove, gap, or pocket. For the UAMprocess, the deformation mechanics of
the aluminum foils could be studies and a model was proposed that could facilitate
estimation of the final location, shape and size, and tolerances of pre-machined
features for a defined combination of process parameters. The proposed model was
tested by hosting an electronic component before its encapsulation in a predesigned
cavity. In the present example (Fig. 12), the embedment of an electronics item is
made however the same can be applied for the fabrication of microfluidic or thermal
management devices also. Here, the aluminum foil is machined before being bonded
via the UAM process. The cavities and channels are formed layer by layer to form
features to host the electronic circuitry. In the process, for the cross-sectioned sample,

Fig. 12 Representation of multi-layer structure. a Top view before encapsulation. b Close up of
the top edge of the bonded foils. c Fabricated structure. d Cross-section of the back edge of the
structure after encapsulation [3]
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Fig. 13 The microstructure profile of reinforced filler metals a via stir casting and b via ultrasonic
assistance [78]

any visible destruction in the resistorwas seen. It is important to note that the effective
measured width was found smaller than that of the predicted one in this case. It may
be due to human error incurred while foil placement and its alignment before the
welding process’s commencement.

The UAM has been proven beneficial to fabricate a wide variety of industrially
applicable composites. For example, the addition of silicon carbide particulate into
the Al matrix may offer several benefits. Wielage et al. [75] performed ultrasonic-
assisted soldering of Al2O3p/6061metal matrix composites by adding SiC reinforced
and Sn-based solders. They reported significantly homogenized reinforced joints of
SiC with an appreciable improvement in joint strength than that of a non-reinforced
joint. Yan et al. [78] attempted SiC reinforced and Zn-based filler to fabricate the
SiCp/A356 composites with the aid of ultrasonic vibrations. During the joining,
the ultrasonic assistance has been proven beneficial to disperse the agglomerates
and eliminated the possibility of SiC coagulation. A complete absence of voids and
enhanced intermixing of particles in the metal matrix have been observed that may
be due to the ultrasonic vibration effects.

The high-resolution microstructure images of SiCp/Zn–Al filler metals have been
shown in Fig. 13. Adequate intermixing of stir cast filler with the SiC substrates
is observed at subsequent intervals. However, noticeable particle segregation and
voids gaps can be seen in the metal matrix (Fig. 13a). With ultrasonic assistance, the
localized particle segregation has been considerably reduced while voids’ intensity
is trimmed, replicating the homogenized mixture of the metal matrix (Fig. 13b).

4 Conclusion and Future Perspective

From the aforesaid discussions, it has been observed that a significant amount of
effort has been added to utilize the benefits of ultrasonic vibrations in the form of
the ultrasound-assisted manufacturing process. The effect of ultrasonic assistance in
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various manufacturing processes has been dealt with in detail and their processing
mechanism is discussed to grasp the fundamental concepts. The ultrasound assis-
tance can suppress the defect frequency and improves the material flow that in turn
enhance the part quality. With the addition of ultrasound, the surface characteristics
and dimensional accuracy can be enhanced than that of the conventional manufac-
turing processes (without ultrasound). The acoustic assistance can also reduce the
frictional contacts between the machine parts, hence the forced required to do the
required job can also be reduced.Among these astonishing properties, better arranged
high compact density and good surface quality make the ultrasound-assisted as a
unique technique in the manufacturing domain. In ultrasonic-assisted compaction,
the vibration energy breaks the oxide layer, softens the localized region of contact and
results in strong bonding in the case of 3D structures. In case of UAM, the ultrasonic
addition can produce non-linear effects for example, acoustic streaming and cavita-
tion. All this can alter the magnitude of heat and mass transfer and thereby the grain
refinement and crystal growth. Apart from that, several other special effects such
as enhanced stirring, better material mixing and crystal dispersion cum nucleation
can be seen in case of melting materials. A better degree of material homogeniza-
tion by liquid agitation, enhanced particles distribution, and suppressed frequency of
porosity and cracks in presence of ultrasonic vibration can be seen from the results
reported. As a result the manufactured parts have better quality and precise control
in their dimensional accuracy. This short literature review can assist the readers to
grasp the basic concepts and application domains of the ultrasonic energy in manu-
facturing context. It can also be helpful to advance better and effective systems to
impart ultrasonic vibrations into the manufactured zone.
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Ti6Al4V-Based Structures
and Composites Using SLM and EBM:
A Review
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Daljit Kaur, Bhargav Reddy Isanaka, and Vinod Kushvaha

1 AM Fabrication Methods

A variety of additive manufacturing (AM) methods are available, most of these are
the trademarks of differentmanufacturers. Thesemethods are broadly categorized as:
based on the heat source and feed stock or methods of application of raw material to
the build chamber [19]. The rawmaterial used in these AMprocesses are classified in
three forms i.e. powder type, liquid type and solid form type. In all AM processes, an
efficient energy source is used for processing of parts in layers according to the CAD
geometry. The different process parameters, which are involved in the fabrication of
AM parts [10, 58] are broadly classified in four categories as shown in Fig. 1. The
parts produced by these processes are desired to have excellent performance, with
adequate mechanical properties along with better microstructure and surface finish
as well. These requirements can only be achieved by using a better set of optimized
processing parameters while processing of parts [54]. The latest progress in the
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• Part Bed Temp.
• Feeder Temp. etc

• Powder Perticle Size
• Powder particle Shape
• Density of Powder
• Layer thickness etc.

• Scan Spacing
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• Laser Power
• Spot Diameter
• Laser pulse Duration
• Laser Frequency
• Beam Offset etc

Laser/Beam
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Laser Scan 
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Temperature
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Powder
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Fig. 1 Classification of different process parameters involved in AM

direction of using AM techniques to fabricate model/solid parts, the material and
different mechanical properties have progressively become more significant [32].

In metallic components, particularly Ti6Al4V based parts are mostly fabricated
by using selective laser melting (SLM) and electron beam machining (EBM). The
SLM also known as laser beam melting, direct metal laser sintering, laser metal
fusion and laser CUSING [30]. In spite of different names, all these processes have
similar approaches: First a CAD drawing is generated, with the use of different
CAD software’s. Or with the use of reverse engineering and can be with the data
collected fromMRI scans. The available design file is transformed into a.stl file and
then further sliced into thin layers in the machine setup computer. Physical model
is generated in successive layers according to the CAD drawing by melting the raw
material in a part built chamber in an inert atmosphere.

The processing of Ti6Al4V a Titanium based alloy using AM techniques for
medical implants is only because of the parts having good properties, higher mechan-
ical strength and advanced corrosion resistance [68]. Porous structures having good
stiffness and less weight helps to match the properties of implant with the host bone.
SLM is the only process among other AM processes, which is widely used for
processing AM parts by fusing metallic powder. In SLM high intensity yttrium fiber
laser is used for processing metallic powders having particle size below 40 μm. The
powder is spread in layers having layer thickness ranges from 20 μm to 1 mm on
a machine table in a closed temperature controlled (just below the melting temp. of
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Fig. 2 Schematic diagram of SLM Wang et al. [64, 65]

powder) chamber in presence of inert gas atmosphere (Fig. 2). Laser light scans the
powder bed according to CAD drawing and melts the powder particles. During the
laser exposure it melts the fresh exposed powder layer and also fuses it together
with the previously sintered layer. After deposition of each layer the build moves
downwards and fresh layer is recoated. This procedure repeated again and again until
the completion of part. The complete part is taken out from the cake and unfused
powder is reused for the fabrication of other parts.

The second process i.e. EBM is also used for fabrication of metallic powders.
The parts fabricated using EBM are of higher density, reduced residual stresses in
comparison with SLM [11]. EBM is similar to SLM, first powder is supplied and
distributed across the build chamber by a powder deposition mechanism (Fig. 3).
Then a defocused beam is used for preheating the powder bed by scanning the bed
surface several times. Preheating of powder helps to lessen the thermal stresses in
parts by controlling the thermal gradient between different layers of complete part.
After this preheating of powder the electron beam scans the top layer and melts the
powder particles according to CAD design. Then the build chamber lowers by one
layer thickness and new a layer is supplied. This cycle repeated again and again until
the completion of part.

While scrutiny of literature pertains that EBM and SLM both are widely used
by various researchers for fabrication of Ti6Al4V based parts. Both these processes
have advantages and disadvantages over each other as shown below in tabulated
form (Table 1). There are some studies in which methods like SLM and EBM are
used for the production of Ti6Al4V-based structures.
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Fig. 3 Schematic of an
EBM apparatus [11]

2 Effective Parameters

AM involves a set of parameters that are involved in manufacturing of different
parts. These parameters have different names and comparative range depending
on particular process, material used and machine manufacturer. Table 2 contains the
major parameters and their tentative range of work used for particular processes [72].
While processing of metallic parts with these technologies, the degree of contamina-
tion is higher. So the interlayer bonding and compacting of these metallic powders
are higher. But in case of SLM, due to non-uniform thermal gradient, presence of
balling effect and because of oxidation occurred between molecules, results in low
strength, poor density, weak intermolecular bonding and rough surface finish among
the produced parts. Therefore AM processes are influenced by different processing
parameters (Figs. 4 and 5). Table 3 [1] contains a set of processing parameters
and characteristics of powder material that influence the processing and quality of
products.

Different technologies use different power sources for melting and processing
of raw materials. While talking about laser power and type of laser, in SLM laser
light transfers energy to the powder bed via photons. The energy transfer depends
upon the capacity of absorption/reflection of powder material. So higher power is
used to overcome this effect, but it leads towards spatter generation. Further this can
be controlled by pulse shaping and by the control of laser profile. Electrical charge
and energy is transferred by electrons in the EBM process. If the repulsive forces
are higher than particle binding forces the powder particles are ejected from the
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Table 1 Advantage and disadvantage of SLM and EBM

Advantage and application Disadvantage

SLM • Wide number of materials (metals,
polymers and ceramics) can be processed

• Feature resolution of produced parts are
higher

• Surface finish of parts are excellent
• The application of parts in: radiation
shielding, mass balance in aircrafts and
kinetic energy projectiles [80]

• Microstructures particularly: tungsten as
a multi-pinhole collimator [13]

• Dental implants and body prostheses due
to their biocompatibility

• Localized heating and fast cooling
• Lowers the risk of interstitial elements,
such as hydrogen, carbon and oxygen etc.

• Energy absorptivity is limited
• Scan speed in limited
• Cost of parts is higher
• Build time is higher
• Parts have more residual stress

EBM • Parts are produced in vaccum, so there is
no chance of interstitial elements, such as
hydrogen, carbon and oxygen etc.

• Scan speed is higher
• Cost of parts is lower
• Lesser build time
• Parts having higher density and lesser
porosity

• Implant fabrication with customized
features for faster rehabilitation [48]

• Parts having less residual stresses
• Porous titanium alloys manufactured with
EBM contained mechanical properties
(e.g., stiffness, roughness) that are
equivalent to conventional wrought
Ti-alloy

• Only metals (conductivity) are processed
• Surface finish is poor
• Features resolution is moderate

processing area. The ratio of electrical resistivity of powder to bulk density has been
taken into account to lower down the powder ejection in EBM.

Scan strategies are the traveling path or sequence adopted by processing source
during fabrication of parts. Residual stresses of SLM processed parts can be reduced
by using island scanning strategies. The scan speed, power and bed temperature must
be optimized for a particular scan strategy and also influence the porosity and grain
morphology [14].

Scan speed is the velocity of the beam as it moves to sinter the powder bed. Scan
spacing is the gap among two parallel scan lines. As the scan spacing and scan speed
increases, poor binding of powder particles and poor densification occurs [9]. With
the reverse of this trend the over sintering and re-melting of powder particles occurs
as the energy density and penetration is higher. In this situation higher densification
occurs due to the instability of the liquid melt pool which occurs as the surface free
energy is minimized. The temperature of themelt pool also increases which reduces



78 S. Singh et al.

Table 2 Setup based parameters for SLM and EBM

S. No. Parameter Range

SLM EBM

1 Model SLM 280HL Arcam A2

2 Build volume 280 mm * 280 mm * 350 mm 250 mm * 250 mm * 400 mm

3 Laser beam size (μm) 70–120 200–1000

4 Build atmosphere Inert gas (He, N2, Ar) Low pressure of He

5 Scan speed (mm/s) Up to 15,000 Up to 8000

6 Feed type (μm) 5–50 25–149

7 Layer thickness (μm) 20–75 20–100

8 Build temp Mostly naturally heated 640–700 °C

9 Build density (%) 99.7–100 9.4–100

10 Substrate Without substrate, same
material as substrate

Stainless steel

Fig. 4 Cause and effect diagram of SLM

surface tensions as well as melt viscosity. This increase in temperature results in
completemelting of powder particles and results in entirely dense parts. Furthermore,
the wetting characteristics of powder particles and energy required for rearranging
solid particles in the molten form enhances as the liquidity of melt pool enhances,
provided the energy density also enhances appropriately.

Depth of penetration depends on energy density (scan spacing, scan speed, laser
power and temperature), density of powder, compaction, conductivity, specific heat
of powder and powder particle size. A precise amount of energy is provided to powder
in a fresh layer for sintering and to adhere with the previous sintered layer. The higher
penetration results the unwanted growth in Z direction normally called ‘Bonus-Z’



Processing and Manufacturing Ti6Al4V-Based Structures … 79

Fig. 5 Cause and effect diagram of EBM

Table 3 Set of different
parameters having influence
on AM fabricated parts

S. No. Parameters Materials properties

1 Scan rate Surface tension

2 Laser power Viscosity

3 Scan spacing Melting temperature

4 Layer thickness Component ratio

5 Scan length Emissivity

6 Bed temp Absorptivity/reflectivity

7 Laser type Thermal conductivity

8 Machine setup Chemical composition

9 Scan radius Specific heat

10 Atmospheric control Particle size and distribution

11 Gas flow Particle shape

In AM the atmosphere of the build chamber in which the parts are processed,
affects process ability, flowof heat and properties of parts [56]. In various processing
setups according to requirement, the parts are processed in vaccum or with the use of
inert gas. When the metal powders are exposed to the atmosphere at higher tempera-
ture they get oxidized. So it is required to process these metallic powders in an inert
atmosphere or in vacuum. In SLM an inert atmosphere of argon/nitrogen is applied
in the build chamber. Porosity of parts and heat concentration can be affected by
flow rate of gases. In EBM the parts are processed in vacuum, because electron
beams are used to melt the powder particles. To avoid charging of build volume
a small quantity of helium is inserted in the build chamber. Processing in a near-
vacuum atmosphere leads towards improved melting, vaporization and exceptional
heat transfer consequences.
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In both SLM and EBM a build substrate is required to provide the thermal and
mechanical support to work parts and overhanging. While building overhanging
using loose powder, the heat is dissipated through substrate which is desirable.
Heating of substrates really affects various properties of parts. After fabrication
of parts the substrate is removed using wire EDM or abrasive saws. Especially if
stainless steel substrate is used for Ti-Al-4V deposition in EBM, it can be easily
separated with the application of small force because of poor adherence.

The composition, properties and quality of powder such as shape, size, surface
morphology, composition, apparent density and flow ability affect the quality of the
final product. The powder particleswith spherical shapes have higher flowability and
apparent density. Interstitial spaces are filled by fine particles between larger particles
at the cost of flow ability. In SLM (10–45) μm and in EBM (45–106) μm particle
size is nominal. The smaller the size of the particle the finer will be the surface
finish. In SLM normally a fine distribution of powder is used to enhance surface
finish by enabling shorter layer thickness. In the EBM process the layer thickness is
higher and correspondingly larger size distribution can be accommodated. Further
the chemical composition of powder also affects the processing of parts and it must
be within alloy-specific specifications.

3 Microstructure Characteristics

Both SLM and EBM processes have capabilities to control shapes, grain size, phase
composition and phase percentage by setting up process parameters to enhance the
appropriate properties in the produced parts. The alteration in the different process
parameters (laser power, bed temperature, scan space, scan speed and layer thickness
etc.) will affect the nature ofmicrostructure produced [74]. This change in parameters
differentiates in energy density and time of interaction, which results in different
temperature gradient, cooling rate and solidification rate. When the temperature
of the melt pool is higher it requires more time to cool down and get solidified.
Meanwhile the temperature of the previous sinter layer/substrate becomes higher,
this reduces cooling rate and temperature gradient at interface [4]. This conditionmay
result in the coarse type microstructure. In other cases when the temperature of the
melt pool is comparatively lower and temperature gradient at interface is sufficiently
high to generate rapid cooling rate. In this situation a finer microstructure may be
obtained. The smaller contact area of the melted pool due to lower energy density
results in lowheat conductionwithin thepreviously sintered layer and slower cooling
rate. Themicrostructure and cooling rate are affected in case of layeredmanufactured
parts because the previous layers are preheated or partially melted.

In case of Ti alloys both α and β phases are to be made while processing with
SLM and EBM. The α phase produced is a ductile phase as compared to β phase, but
β phase is stronger. The other biphasic α–β matrix having the properties in between
α phase and β phase. The Ti6Al4V parts generated with EBM mainly have α phase
with a small amount of retained β phase. When the Ti6Al4V parts are generated by
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using SLM the processing conditions are different and martensitic microstructure is
obtained [2]. Similarly the mechanical properties of Ti6Al4V parts also differs while
processing with these two different processes i.e. SLM and EBM.

4 Mechanical Properties

The mechanical properties of AM parts affect their performance and application. In
case of cellular solids: cell topology, relative density, mechanical properties and strut
shape (solid distribution in the struts) of the bulk material are four factors that have
influence for mechanical properties [78]. The number of researchers worked to test
the mechanical properties, especially tensile test to investigate ultimate tensile stress,
yield stress and elongation as summarized in Table 4. Themechanical properties may
be affected by the porosity, but the effect of porosity can be eliminated or minimized
by post processing.

4.1 Fatigue Behavior

The fatigue properties of Ti6Al4V parts manufactured with the use of different AM
techniques have been investigated under high cycle loading conditions.A comparison
between AM manufactured Ti6Al4V parts with the conventionally manufactured
Ti6Al4V parts have been shown in Fig. 6. It is observed that fatigue resistance of
as build Ti6Al4V is similar to cast and wrought material without HIP treatment.
Fatigue testing is a surface critical phenomenon, so rough surface finish of AM
manufactured Ti6Al4V parts shows lower fatigue life when compared with fatigue
life of machined samples. Rough surface finish of EBM fabricated Ti6Al4V parts
shows lower fatigue life when comparedwith SLMmade parts. At end it is concluded
that the SLM and EBM fabricated parts cannot be used for fatigue critical application
without improving the surface finish.

4.2 Compressive Properties

Compressive properties of Ti6Al4V parts decrease with the increase in the mean
aspect ratio of the cells (Fig. 7). The cellular parts having spherical pore (supporting
effect of the bigger struts) have higher strength as compared to the parts having
needle-like pores. The bigger struts provide a supportive network in structure which
performs as a retardant in thin walls’ buckling deformation. The needle-like-pored
cellular structures show lower compressive strength in the density range investiga-
tions because of thin and long struts that go to plastic buckling with compressive
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Fig. 6 Comparison of room temperature fatigue properties of AM fabricated Ti6Al4V and conven-
tionally fabricated Ti6Al4V’, �, ˛ and▲ represent properties in the three orthogonal directions: x,
y, and z, respectively (http://www.titanium.org)

Fig. 7 Comparison of
compression strength with
aspect ratio of produced
titanium foams for different
levels of porosity [61]

load. Further the compressive strength is highly affected by the other imperfections
as the yield stress confirms the strength of the weakest cross section plane of the part.

4.3 Static Mechanical Properties

Table 4 shows different mechanical properties. Thematerial processed by laser based
technologies exhibit lower ductility because of martensite α′ phase. Ductility can be
improved with the application of heat treatment of parts. In case of EBM processed

http://www.titanium.org
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Ti6Al4V parts have higher ductility as compared to laser processed parts because
of reduced residual stress and having α–β microstructure. Porosity present due to
entrapped gases can also affect the mechanical properties. The factors like process
parameters and their range, technique/setup used, geometry of test specimens, orien-
tation, surface roughness and post processing of parts also temper and aremain obsta-
cles to compare themechanical properties of parts. There is aminor effect of direction
i.e. X–Y and Z direction on mechanical properties, but in some studies the results
of X–Y direction samples are better as compared to Z direction samples because of
grain orientation in the samples. For different materials, the effect of aging seems to
be stronger as compared to orientation of the materials on mechanical properties.

4.4 Corrosion Behavior and Biological Properties

Thehigher corrosion resistance ofTi6Al4Vmade partswith SLMandEBMis desired
to enhance their application and uses. The parts that have higher reactive charac-
teristics, actively participate in crevice corrosion at contacting interfaces. Corrosion
resistance shows a substantial effect on biological materials. The materials having
low corrosion resistance may react with metallic ions which not only leads to active
reaction, but also damage the organs. Ti6Al4V is highly active, and there is a risk
of developing a stable surface oxide layer when it is exposed to air or aqueous
media. This stable surface oxide layer prevents further reaction, therefore corrosion
resistant capacity of the parts improves.

5 Structural Applications of Titanium and Its Composites

Titanium is one of the strongestmetals and its lightweight property make it an ideal
metal for a variety of applications like aerospace, chemical, marine, automobile and
biomedical industries. Pure titanium exhibits high strength and corrosive resistance,
but the titanium alloys retain an equivalent properties and additionally takes on to
the greater malleability and flexibility of the metal it is combined with. Due to this,
titanium alloy has more applications than that of pure titanium. In general, there are
six grades of pure titanium (grade 1, 2, 3, 4, 7 and 11) and different varieties of tita-
nium alloys (https://titaniumprocessingcenter.com/the-element-titanium/). Titanium
alloys typically contain traces of aluminum, copper, nickel, cobalt, chromium, iron,
manganese, zirconium, tantalum, niobium, vanadium and molybdenum.

Among the all fields of applications, the aerospace industry has become the main
field which was majorly using titanium and its alloys [73]. Particularly titanium was
used in airframe systems and engines where it comprises 7% and 37% respectively
[43]. It has been reported that in the USA, about 70–80% consumption of titanium
was for aerospace and the rest is used for other industrial applications [16]. In the
1980s, the titaniummaterial was started being used in the automobile industry which

https://titaniumprocessingcenter.com/the-element-titanium/


94 S. Singh et al.

began with F-1 racing cars primarily, for engine parts. However, due to the high cost
of titanium and its alloys, their applications in the automobile industry are limited
except for special and racing purpose cars. In the due period, these titanium alloy
applicationswere also extended to other engineering fields likemarine and chemical.
Titanium Matrix composites (TMCs) [7, 47] emerged to enable structural materials
in hypervelocity vehicles [60] and advanced aerospace applications such as high
performance turbine engines Larsen et al. [40]. TMCs are the initiative of Integrated
High Performance Turbine Engine Technology byU.S. Air Force which were used in
turbine engine components Larsen et al. [40], Johnson andMirdamadi [37]. Figure 8
show the titanium based structural components in various fields of its applications.

Later the TMCs were widely used for automobile, chemical and industrial appli-
cations. The applications of various titanium and its composites are shown in Table
5.

Ti6Al4V is one among all titanium alloys which is widely used for engineering
applications like aerospace, marine, chemical, bridge, thermal and bio-medical [25].
In early 1950s, the Ti6Al4V alloy was originally developed and used for structural
components of aircraft due to its special properties like low density, high strength,

Fig. 8 Structural components manufactured by using titanium material [53, 55] a The titanium
sports exhaust system (Courtesy: REMUS innovation, Barnbach, Austria), b rare axial sprig of
the Lupo FSI (left: steel, right: titanium alloy Low Cost Beta (LCB)), c hydraulic manifold built
using EBM technology (courtesy: ORNL, TN), d and e titanium EBMmanufactured body of Nano-
camera, f and g exhaust gases system for formula technion car by EBM technology, h installed
titanium wave guide brackets on Juno space craft
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Table 5 Applications of various titanium and its composites in different fields of applications
Salihu et al. [55], Rawal et al. [53], Kolomiets et al. [39] Veiga et al. [63], Dutta and Froes [17],
Gospodinov et al. [24], Bharath et al. [5] and Gofrey et al. [20]

Material (titanium and titanium composites) Applications (structural systems and parts)

Aerospace applications

Ti-6Al-4V Window frames, fan disks and blades,
compressor disc, compressor blades, fuselage,
nacelles, landing gear, wing, and empennage,
and also in the floor support structure,
including areas of galleys and lavatories

CP-Ti Floors, clips and brackets, ducting for the
anti-icing

Ti-6Al-2Sn-4Zr-2Mo Exhaust, tail cone

Ti-10V-2Fe-3Al Landing gear

Ti-15V-3Cr-3Sn-3Al Springs and ducts

Ti-6-6-2 Landing gear

Ti-6-2-4-2S Fan discs and blades, compressor disc,
compressor blades and rotors

Ti-35V-1Cr Compressor stators

TIMETAL 21S Nozzle assembly

Ti-3Al-2.5V High pressure hydraulic lines

Ti-5-2.5 Cryogenic applications

Ti-8-1-1 Fan blades of military engines, straps on
commercial airframes

Ti-5.5A1-3.5Sn-3Zr-1Nb-0.25Mo-0.3Si Compressor discs, blades and spacers of the
RB-211-535E4 engine, which powers the
Boeing 757

Ti-5.SA1-4Sn-3.5Zr-7Nb-0.5Mo-0.35Si-0.06C Compressor discs

Ti-13 V-11Cr-3A1 Extensively used SR-71 airplane, for wing and
body skins, frames, longerons, bulkheads, ribs
and rivets

Ti-10-2-3 Landing gear of the 777

Automotive applications

Ti-6Al-4V Suspension springs, Armor, outlet valves,
intake valves, connecting rods and body

Ti-6.8Mo-4.5Fe-1.5Al Suspension springs

CP-Ti Body

UTiAl Outlet valves and Turbocharger rotors

Ti-6Al-2Sn-4Zr-2Mo-0.1Si Outlet valves

Grade 2 Exhaust system, break guide pins,

Grade 1 Gear shift knob and sealing washer
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high fracture toughness and excellent corrosion resistance. This alloy also exhibits
much better dynamic performance then the others, which will play a vital role in
aircraft design. The properties like light weight with high strength of Ti6Al4V alloy
helps to save the weight in highly loaded structural components and hence it is an
ideal candidate for many air frame components, jet engines and gas turbines Inagaki
et al. [6, 36]. Figure 9 shows some of the structural components of Ti6Al4V alloy
by additive manufacturing.

Ti6Al4V alloy was initially used as a replacement for aluminum in nacelle and
auxiliary power unit (APU) areas andwing anti-icing systems for air frame structures

Fig. 9 Structural components of Ti6Al4V by using additive manufacturing (Liu and Shin [46])
a 3D mesh Ti6Al4V using EBM [70]. b Air duct manufactured by Ti6Al4V manufactured by
SLM with high precision (https://www.slm-solutions.com/). c Ti6Al4V foams manufactured by
using EBM (https://tusharmahale.wixsite.com/home/obtainium). d Ti6Al4V blade manufactured
by using DED (https://www.rtejournal.de/ausgabe2/233/view?set_language=en). e Porous sample
of Ti6Al4V alloy and diamond cell built by using SLM (Wauthle et al. [66, 67])

https://www.slm-solutions.com/
https://tusharmahale.wixsite.com/home/obtainium
https://www.rtejournal.de/ausgabe2/233/view%3Fset_language%3Den
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Fig. 10 Different components of titanium alloy used for aero engine (https://www.aerocontact.
com/en/virtual-aviation-exhibition/product/441-pratt-and-whitney-v2500-engine)

[6]. Later these applications were extended to other components of aircraft likely for
landing gear beams of Boeing 757 and 747. Among the different parts of the aircraft,
the Boeing 747 landing gear beam is one of the largest Ti6Al4V forgings which are
being produced.

The Ti6Al4V properties like heat resistance, low thermal expansion and resistance
to embrittlement at low temperature leads further to extend its usage for aircraft
engine components. Figure 10 shows the different components of aero engineswhich
are built by using Ti6Al4V.

With the development in aircraft design for its efficiency, about 80–90% of total
titanium used in airframe parts (including skin panels, stiffeners, spares, wing boxes
etc.) is completely built byusingTi6Al4Valloy.This alloy is also havingan important
role in aero engine parts (around 60% is used by Ti6Al4V). It is not limited to
commercial aviation only. It is extended to military fighter jets also. Ti6Al4V plays a
major role for the growth of fighter jet development to keep the jet ultra-lightweight
and flexible during combat [57]. Blisk of F-35 Lightening-II fighter, fan compressor,
cooler parts and other parts which operate below 300 °C are also made by using
Ti6Al4V. The forged Ti6Al4V can also withstand the impact (to withstand the bird
strike) in cockpit windows [12]. This is also extensively used in rotor heads of
helicopters (BK117 and BK105) [62]. The fighter jets like F-15, C-17, F-16, F/A-
18E/F, F-2 raptor and F-35 are some of the major examples in which Ti6Al4V is
used for its airframe.

Apart from the aerospace industry, Ti6Al4V has led to widespread marine, chem-
ical and other industrial applications due to its good corrosion resistance in highly

https://www.aerocontact.com/en/virtual-aviation-exhibition/product/441-pratt-and-whitney-v2500-engine
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Table 6 Corrosion behavior
of Ti6Al4V alloy in different
environment at various
temperatures Gurrappa [26]

Environment Temperature (°C) Corrosion rate (mils/year)

Chemical 25 227.0

50 348.9

Marine 25 41.41

50 96.10

Industrial 25 55.13

50 116.9

Fig. 11 Optimized design component for additive manufacturing

corrosive environments. During 1990s, this alloywas also used for engineering struc-
tures to extract the hydrocarbons in offshore [23].Awide range of literature is avail-
able to understand the corrosion behavior of Ti6Al4V alloy which demonstrates that
this alloy plays a vital role for the ship-building, chemical and industrial applica-
tions. Table 6 shows the corrosion behavior of Ti6Al4V in different environments at
various temperatures.

Ti6Al4V alloy increases its corrosion rate nearly twice with increase in temper-
ature from 25 to 50 °C in all three environments (chemical, marine and industrial).
It is also evident that, Ti6Al4V alloy is recommended to build the components that
are intended to be used in marine environments with minimum surface treatment.
Whereas for chemical and industrial applications, it is essential to provide appropriate
protective measures, as pitting corrosion occurs in these environments [26, 51].

The applications of Ti6Al4V alloy is not limited for engineering structures
(aerospace, marine, chemical, industrial and construction) only but are extended
to biomedical applications like hard bone replacements in human body and medical
equipment’s [18] and Rossman et al. (2016). Due to these wide range of applica-
tions in different engineering and medical fields, the demand of Ti6Al4V alloy is
extensively increasing and leads to consumption of more material with increase in
build cost. To overcome this limitation, new manufacturing methods are needed to
be employed. Additive manufacturing of Ti6Al4V alloy based structures by using
EBM and SLM is widely adopted nowadays. With this manufacturing technique,
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Table 7 The main challenge and their solution in fabrication of AM parts

S. No. Challenge Solution

1 Residual stresses in SLM made parts Residual stresses of parts are improved
if these are fabricated with new
technology i.e. EBM

2 Poor surface finish due to partial
melting or sticking of material from
surroundings

Use of optimized set of parameters

3 Absence of self-supporting structures
can diminish application while
producing overhangs

Improve the product design by
providing support structures

4 Difference in the microstructure of AM
fabricated parts compared to wrought
material

Because of rapid heating and cooling of
material: control cooling rate

5 AM fabricated parts contained the
defects: delamination, unfused layers,
porosity and balling

Use optimized set of parameters, and
deeply monitors powder based
parameters such as flow rate, size
distribution, shape of powder particle
and alloy chemical composition

an optimized (refer to Fig. 11) intended structures can be developed in its fields of
application.

6 Challenges and Solutions

Ti6Al4V based cellular solids made with different AM processes are widely applied
for various engineering as well as medical modeling based applications. The fabri-
cated parts and implants are performing up to the expectations, but there is still
scope to enhance the applications of these fabricated parts. Table 7 shows the main
challenges and the comparative solutions related to each.

There must be the improvement in the reliability of the AM setups that lowers
the burden of the operator. The failure of these systems belongs to hardware, skill of
operator and poor design. So it is very much required a collective action of hardware
manufacturer, operators and researchers to lower operator’s errors on failure and
generate reliable setups.
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Nomenclature

A Material absorptivity
As Cross-sectional area of the laser spot (mm2)
DMax Maximum hole diameter (mm)
DMin Minimum hole diameter (mm)
Dent Entrance hole diameter (mm)
Dex Exit hole diameter (mm)
Dp Pulse duration (s)
Eabs Energy absorbed by the material (J)
Fl Focal length (mm)
Hc Hole circularity
P Applied laser power (W)
Pd Laser power density (W/mm2)
Pe Pulse energy (J)
Sd Spot diameter (mm)
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t Material thickness (mm)
θ Taper angle
∅ Beam divergence (angle)

1 Introduction

Aircraft engine components usually operate under elevated temperature (above
1000 °C) and high-pressure conditions (more than 1 MPa) [42]. Materials with
outstanding thermo-mechanical properties are required for effective performance
in such hot sections of an aeroengine. Superalloys are the ideal candidate for use in
aforesaid extreme operating conditions because of excellent corrosion andwear resis-
tance, and high creep strength properties [71]. Superalloys are majorly classified into
four categories, (Ni) nickel-based, (Ti) titanium-based, (Co) cobalt-based and (Fe)
iron-based alloys. A significant portion (70%) of superalloys is used by aerospace
industries and approximately 50% of the aerospace components are manufactured
using Ni-based superalloys [24]. The characteristics of high strength, excellent
thermal and fatigue resistivity enabled these alloys to be used in various applications,
such as aeroengine components, space shuttles, nuclear reactors and tooling.

Composite materials have become popular in a wide range of industries due to
their enhanced properties, including high strength to wear ratio, lower weight, and
better corrosion and high-temperature resistance. Metal matrix composites (MMCs)
are a comparatively new class of material structured by embedding high-strength
ceramic fibres into a tough metal matrix [38]. These composites have superior prop-
erties comparable to superalloys and are used in both commercial and industrial
applications especially in the aerospace sector [2, 35].

Conventional machining of these materials is challenging because of higher tool
wear and the low material removal rate [3, 60]. The significance of using non-
conventional machining processes (electrical discharge machining (EDM), laser
machining and water-jet machining) for superalloys and MMCs has been discussed
by Bains et al. [5] and Majumdar and Manna [47]. It is noted that non-conventional
machining processes produce high quality products with better surface characteris-
tics. Of all the available non-conventional machining processes, laser processing
is a fast and flexible machining process specifically when drilling of aerospace
components is considered [48].

There are different ways to drill a particular hole geometry. They can be divided
based upon drilling processes such as single-pulse, percussion and trepanning. For
a particular process, there is a range of parameters involved which control the mate-
rial removal, hole quality and manufacturing cost. Furthermore, there are different
factors which influence the laser drilling manufacturing cost. All of these aspects are
discussed in this chapter.
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2 Drilling in the Aerospace Industry

Advancements in aeroengine efficiency are associated with an enhancement of
exhaust gases and combustion temperatures in aircraft gas turbines [52]. Although
superalloys can sustain these elevated temperatures, supplementary cooling of
components is necessary for effective engine performance. This can be achieved
through drilling multiple cooling holes in hot-section components. Hole dimensions
as well as the number of holes vary in different components as shown in Table 1.

Different methods are available to drill these holes. These include electrochemical
machining (ECM), electrodischarge machining (EDM) and laser drilling. The latter
method has an advantage over ECM and EDM because of the following reasons [20,
21, 46, 54, 92]:

i. There is no direct contact with the material surface and therefore no tool wear
or breakage is involved.

ii. Proper design of the motion-control system and beam delivery facility enables
the achievement of high precision and repeatability.

iii. The laser beam can be focused precisely on the defined area, which allows
drilling of holes of various shapes and sizes.

iv. It is easy to program and automate the laser drilling process.
v. A wide range of materials can be operated on including composites, plastics,

silicon, rubber or metals.
vi. The process duration is shorter as compared to EDM and ECM techniques.
vii. Some of the laser machines are versatile and it is possible to perform multiple

functions using the same laser, such as welding or cutting.

However, there are some limitations of laser drilling which must be considered;
these are provided below [20, 21, 46, 54, 92].

i. High capital cost is needed to buy a laser drilling setup.
ii. Laser drilling is associated with some inherent defects, such as hole taper,

circularity, recast layer thickness (RLT), heat affected zone (HAZ), surface
roughness, spatter and microcracks.

iii. Appropriate laser safety precautions need to be implemented.

Table 1 Hole dimensions of gas turbine components [53]

Components Wall thickness
(mm)

Diameter (mm) Angle to the
surface (°)

Number of holes

Nozzle guide vane 1.0–4.0 0.3–1.0 15 25–200

Turbine blade 1.0–3.0 0.3–0.5 15 25–200

Baseplate 1.0 0.5–0.7 30–90 10,000

Afterburner 2.0–2.5 0.4 90 40,000

Cooling ring 4.0 0.78–0.84 79 4200

Seal ring 1.5 0.95–1.05 50 180
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iv. Optical setup needs regular maintenance.

Therefore, this chapter is focused on the laser drilling process taking into
consideration both cost and quality aspects.

3 Laser Drilling

Laser drilling is a non-traditional machining process, which is extensively used in
the aerospace industry for the machining of high strength and high-temperature
resistant metals and alloys. Recently, the application of laser drilling for producing
holes in aluminium matrix/silicon carbide reinforcement (Al/SiC) MMCs has been
reported by researchers [49, 51, 93]. This technique is preferable compared to other
manufacturing processes, especially in the drilling of aerospace components [52,
73]. It has been extensively adopted for producing cooling holes for aerospace gas
turbine components, in particular combustors, nozzle guide vanes and high-pressure
turbine blades [6].

In the laser drilling process, a high power laser beam is directed on the surface of
the workpiece, where the optical energy of the laser beam is thermalized and rapidly
heats the base material and converts it into its molten state as a result of thermal
diffusion. Some of the energy is lost due to scattering and reflection of the laser
beam. Depending on laser intensity material is removed in both the liquid and/or
vapour states. The process of hole formation during laser drilling is shown in Fig. 1.
If the laser intensity is high enough, the vaporisation will generate plasma and recoil
pressure which helps in the ejection of molten metal and results in the formation
of a hole cavity (Fig. 2a) [83]. To make the liquid metal removal more efficient
high pressure assist gas can be used, as presented in Fig. 2b. Kinetic energy of the
assist gas is used to expel liquid metal where the process doesn’t need to rely on
the vapour pressure. Assist gas pressure together with plasma and recoil pressures
control material expulsion in the laser drilling process [66, 82].

Different types of methods are available for the laser drilling operation, which
include single-pulse, percussion and trepan laser drilling. The following section
outlines the description of these methods.

4 Methods of Laser Drilling

Laser drilling can be performed using different methods and laser types. Depending
on the required applications, a particular method and laser are selected as indicated
in Fig. 3.
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Fig. 1 Hole formation physical mechanism in the laser drilling process [56]

Fig. 2 Schematic of the laser drilling process: a vapour driven melt expulsion, b assist gas melt
expulsion
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Fig. 3 Laser drilling methods and their application requirements

4.1 Single-Pulse Laser Drilling

Single-pulse laser drilling, also known as single-shot laser drilling is a simplemethod
of drilling holes. It involves the use of a single pulse with high energy to create a hole
throughout the material thickness. The maximum thickness of material that can be
drilled is limited by the pulse energy of the laser. The hole size and quality depend
on material thickness and spatial as well as temporal profiles of the laser beam [70].

Using this method, a large number of holes can be produced in a relatively short
amount of time. This depends on laser frequency and the speed of the motion system.
Single-pulse drilling is a better choice when productivity is the priority compared to
quality [79]. It is to be noted that above certain thickness very high pulse energy lasers
are requiredwhich are expensive, therefore thismethod is suitable for producingholes
in thin sheet materials.

4.2 Percussion Laser Drilling

Percussion laser drilling involves a series of laser pulses fired at a particular spot of
a material where each pulse generates a proportion of the hole. The productivity of
this process is a function of pulse energy (edge depth per pulse) and pulse frequency.

Better hole quality can be attainedwith percussion drillingwhich depends on laser
beam quality and its intensity profile; however, this process is slower in comparison
to single-pulse drilling and requires more energy to drill a hole [79].

4.3 Trepan Laser Drilling

Trepan laser drilling or trepanning is employed to drill large diameter holes. This
process begins by piercing a central hole into the material similar to percussion
drilling; the laser beam is then moved in a spiral configuration using a motion control
system to cut the required size hole. A significant benefit of thismethod is the delivery



Laser Drilling of Superalloys and Composites 111

Fig. 4 Correlation between hole quality and drilling time for different laser drillingmethods. Source
Gautam and Pandey [25]

of good quality holes but it takes a more time compared to other methods [48].
Figure 4 shows hole quality and drilling time associated with various laser drilling
methods. It is evident that trepanning is the best choice when hole quality is the
priority. In trepanning, hole quality depends on the accuracy of the motion system
[55].

5 Performance Measures

Performance of the laser drilling process depends upon efficient removal of (molten)
material, hole quality and manufacturing cost. These performance measures are
described in the following sections.

5.1 Material Removal Volume

Material removal is a key feature of the machining process. Laser drilling process
involves the removal of molten material to produce a hole cavity. Material removal
volume (MRV) indicates the volume of material removed per unit time when it
is correlated with the process time, specified as mm3/s [79]. It helps the users to
calculate the speed of the drilling of any arbitrary hole by knowing the volume of
material needed to be removed per hole. It also defines the energy efficiency of the
process that is associated with the amount of material removed per unit joule of
energy, usually measured in mm3/J [23]. Energy consumption is also an important
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cost driver of the laser drilling process, therefore it is reasonable to achieve higher
MRV with lower energy consumption.

5.2 Hole Quality

Hole quality is of supreme concern in the aerospace industry. Several characteristics
are used to judge the quality of laser drilled holes i.e. geometrical features (hole
circularity, hole taper and surface roughness) and metallurgical features (microc-
racks, recast layer, spatter and heat affected zone) [25]. Detailed quality attributes
are provided in the following sections.

5.2.1 Hole Circularity

Hole circularity defines the roundness of a hole. It varieswith the deviation of the hole
diameter across the circumference of a drilled hole as shown in Fig. 5. It is always
important to increase hole circularity, which can be calculated by the following
relation (1). In single-pulse and percussion drilling, hole circularity depends on the
roundness of the laser spot and laser beam intensity profile. Whereas in trepanning
it is influenced by the accuracy of the motion system.

Hc = DMin

DMax
(1)

where:
Hc = Hole circularity.
DMin = Minimum hole diameter (mm).
DMax = Maximum hole diameter (mm).

Fig. 5 Measurement of hole
circularity
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Fig. 6 Schematic representation of a (positive) hole taper

5.2.2 Hole Taper

Taper formation is an inherent characteristic of laser material processing. It is an
important attribute which significantly influences drilled hole quality [4]. Near-zero
hole taper is always desirable specifically in aeroengine components where close
tolerances and high quality are strict requirements [7].

Hole taper angle is based on the entry and exit hole diameters of the drilled hole
and can be calculated using the following relation (2).

tan θ = Dent − Dex

2 × t
(2)

where:
θ = Taper angle.
Dent = Entrance hole diameter (mm).
Dex = Exit hole diameter (mm).
t = Material thickness (mm).
Taper angle can be positive or negative depending upon entrance and exit hole

diameters. Figure 6 shows the position of hole taper where the exit hole side is
smaller than the entry side (positive hole taper). The major cause of this drawback
is the diffraction of the laser beam inside the hole cavity.

5.2.3 Surface Roughness

Surface roughness is one of the important factors considered for quality evaluation
of laser drilled parts [86]. It refers to surface irregularities formed on the inner side
of the hole which is a product of recast layer. It also reflects the dynamics of the
liquid film prior to solidification and local reflectivity of the laser beam. It is usually
measured as the arithmetic mean of absolute values of the vertical deviations of the
actual surface from the ideal or nominal surface profile over the defined evaluation
length, as presented in Fig. 7. A small deviation presents a smooth surface and if
the deviation is large the surface obtained is rough. A smooth and uniform surface
is required to ensure smooth airflow and avoid turbulence specifically for turbine
blades [33]. Surface roughness is majorly influenced by laser intensity, laser power
and trepan speed [86, 88].
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Fig. 7 Average surface roughness (Ra) representation [91]

Fig. 8 Microcracks
formation around a drilled
hole (0.5 mm thick
yttria-stabilized zirconia)
[22]

5.2.4 Microcracks

Rapid drilling induces a high cooling rate in the material and in some cases may lead
to the formation of microcracks [25]. Microcracks normally arise when drilling is
performed in brittle or hard materials. The propagation of these cracks in operation
affects the fatigue life of components leading to failure [59]. Figure 8 indicates
microcracks formed on the laser drilled surface. Microcracks can be avoided by
minimising thermal input into the material.

5.2.5 Recast Layer

During the laser drilling operation, some of the melted material is not removed
appropriately and is re-solidified along the walls of the hole. This is known as a recast
layer [25]. This layer has contrasting properties compared to the parent material.
Sometimes, microcracks are also formed in the recast layer which adversely affect
the component’s integrity and its lifespan [59]. Therefore, recast layer formation
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Fig. 9 Recast layer in a
percussion drilled hole
(4 mm thick IN 718) [7]

must be avoided. Figure 9 shows the recast layer in a percussion drilled hole. For a
given material, recast layer depends on laser beam intensity. Higher the laser beam
intensity more efficient is the material removal which ultimately reduces the chances
of recast layer formation.

5.2.6 Spatter

Incomplete expulsion ofmeltedmaterial occasionally causes the scattering ofmolten
droplets around the edges of the hole, which later resolidify. These droplets get stuck
to the hole surface and are known as spatter [32]. It is an innate defect of the laser
drilling process and is not desirable especially for effusion cooling applications,
whereby the material surface is important for the efficiency and flow of the cooling
air [45]. Figure 10 depicts the spatter area formed near the edges of laser drilled holes
of a Nimonic sheet.

5.2.7 Heat Affected Zone

Laser drilling is a thermal process which involves the interaction of a laser beam
with the surface of the workpiece. Higher temperature is involved in the process
due to which the (mechanical, physical and chemical) properties of the workpiece
surrounding the interaction area are changed. This results in the creation of a distinct
zone known as a heat affected zone. The HAZ area is not melted, though lateral heat
conduction produces a significant change in the microstructure. The microstructure
interface clearly differentiates HAZ from the base material and the recast layer as
shown in Fig. 11. HAZ is directly linked to pulse duration and laser beam intensity.
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Fig. 10 SEM image of
spatter deposited over the
periphery of the holes
(2.05 mm thick Nimonic PK
33) [45]

Fig. 11 HAZ and recast layer in laser drilled hole (8.0 mm thick IN 718) [6]

Low pulse duration allows less time for the energy to dissipate into the material. On
the contrary, high laser beam intensity leads to efficient removal of molten material
and results in less contact time between the hot liquid and bare material.
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5.3 Manufacturing Cost

Manufacturing cost of a product plays an important role in its successful design and
production. It is used for making several types of decisions for product designing
and manufacturing. These decisions include:

• Material type to be utilised for the product
• Manufacturing process type to be used for the product
• Number of products to be manufactured
• Whether to buy or make the part/product
• Product design.

Product manufacturing cost is a major cost element of its selling price i.e. 40%
(shown in Fig. 12), which further consists of various elements: labour cost (direct
& indirect), material cost, equipment depreciation, energy and plant cost as illus-
trated in Fig. 13 [81]. It is important to estimate manufacturing cost as it assists the
manufacturing companies to evaluate their performance and effectiveness [16].

There are different ways of drilling and each of them has a different quality and
associated manufacturing cost which is essential to understand for the user. With
single-pulse drilling, manufacturing cost can be reduced but at the expense of hole
quality; on the other hand, trepanning gives good hole quality but the manufacturing
cost is higher. This shows that there is a trade-off between quality and manufacturing
cost. All these factors depend on the process parameters which are discussed in the
following sections.

Fig. 12 Product selling price cost elements [81]
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Fig. 13 Manufacturing costs elements [81]

6 Laser Drilling Process Parameters

Different parameters are involved in the practical implementation of the laser drilling
process. Yeo et al. [92] grouped these parameters into five main categories, as
shown in Fig. 14. Laser pulse parameters include pulse energy, pulse duration, pulse
frequency and the number of pulses. Environment conditions are the surrounding
temperature and humidity level. Material based parameters include material reflec-
tivity, thickness and type of material. Optical setup involves beam shape, intensity
profile, focal length and focal position of the laser beam. Assist gas based parameters
are gas pressure, nozzle design and the type of assist gas employed. The performance
and efficiency of the process depend on an appropriate selection of these parameters.

6.1 Pulse Energy and Pulse Duration

Pulse energy and pulse duration are the critical process parameters of laser drilling.
Pulse energy provides the energy to melt or vaporise a proportion of the mate-
rial. Pulse duration or pulse width determines the duration at which this energy is
applied as shown in Fig. 15. Depending on laser specifications, the ranges of pulse
duration and pulse energy can be varied and have a significant impact on the hole
characteristics [25].

Both of these parameters are interdependent (see Eq. 3) and define the laser peak
power that controls the rate at which pulse energy is applied into the material [48]. To
attain the same pulse energy with a short pulse width, higher peak power is required.
There is a significant impact of peak power on the material removal process. Higher
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Fig. 14 Classification of process parameters

Fig. 15 Laser pulse waveform
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peak power with short pulse duration typically leads to rapidmelting and high vapour
pressure which subsequently accelerates liquid (molten metal) removal [79]. It has
been noted that drilling with high peak power significantly reduces hole taper [31,
57], recast layer thickness [6, 14, 61] and microcracks [59].

Peak power = Pulse energy

Pulse duration
= joule(J )

second(s)
= watt(W ) (3)

It is clear from Eq. (3) that peak power is directly proportional to pulse energy
and inversely proportional to pulse duration. High pulse energy helps to remove
the molten material outside the hole cavity and therefore reduces the RLT [14] and
microcracking [15]. On the other hand, hole taper increases with an increase in pulse
energy [12, 78]. Generally, long pulse duration produces large diameter and deeper
hole because of sufficient laser beam-workpiece interaction time [8], however, too
long pulse duration is not ideal for laser drilling as it produces a largeHAZ [57]. Short
pulse duration is found to produce a very small difference between entry hole and
exit hole diameters because of the high-power intense laser beam [12, 30] and also
reduces microcracking [15]. The abovementioned studies have revealed a significant
influence of pulse energy and pulse duration on drilled hole quality, therefore it is
important to select a suitable value for these parameters.

6.1.1 Single-Pulse Drilling

Single-pulse drilling employs one high-energy laser pulse to perform the drilling
operation. The laser pulse can be of a short pulse duration with high peak power
(Fig. 16a) or longpulse durationwith lowpeakpower (Fig. 16b), eachhas a significant
impact on hole characteristics. The combination of short pulse width with high peak
power is recommended as it improves repeatability of hole diameter [65] and hole
circularity [28, 65].

Fig. 16 Schematic representation of single-pulse drilling regimes: a higher peak power, b lower
peak power
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Fig. 17 Schematic representation of cumulative pulse energy—percussion drilling

6.1.2 Percussion

In case of percussion drilling, more than one number of pulses are involved therefore
the energy transferred to the material is calculated as cumulative pulse energy i.e. a
total sum of energy associated with each pulse, as shown in Fig. 17. Typically, the
cumulative pulse energy required to drill a hole is higher in comparison to single-
pulse drilling due to pulse off stage in percussion drilling which allows the molten
metal to solidify. Laser pulse off time depends on the duty cycle and pulse frequency.
This indicates that the number of pulses and pulse frequency are also important
parameters. These are explained in the following sections.

6.2 Number of Pulses

In laser drilling an increase in the number of pulses helps to remove material from
the bottom side of a hole, after the formation of through-hole, and consequently
produces lower hole taper [26, 29, 41, 64, 79]. Circularity of holes also improves
with higher number of pulses [34]. However, spatter volume can be minimised using
a smaller number of pulses [90].

6.3 Pulse Frequency

Pulse frequency controls the number of laser pulses fired per second. It also defines
the average power of the laser that can be calculated by using the following Eq. (4).

Average power = Pulse energy × Pulse f requency

= ( joule(J )) × 1/(second(s)) = watt(W ) (4)
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Hole quality is significantly influenced by the change in pulse frequency [63]. At
high pulse frequency, the time gap between consecutive pulses is short which reduces
the chances of heat loss due to convection and allows sufficient energy to enter into
the workpiece material [79]. Lower hole taper with less RLT can be obtained with
high pulse frequency [6, 12, 29, 57, 68]. On the contrary, HAZ increases with pulse
frequency [57]. High average power (frequency) lasers and high energy lasers are
expensive; therefore the type of process and laser used should be carefully selected.

6.4 Material Properties and Environment

Material properties have a considerable effect on laser drilling performance. The
(reflective) characteristics of a material surface directly influence the amount of
energy absorbed during the laser drilling operation. Reflectivity or absorptivity is
required to calculate the amount of energy absorbed by the material as indicated in
Eq. (5) [74]. Single-pulse drilling is more sensitive to material reflectivity, whereas
in percussion drilling there is a preheating effect and absorptivity increases with
subsequent pulses.

Eabs = A × P × Dp (5)

where:
Eabs = Energy absorbed by the material (J).
A = Material absorptivity (1 − Reflectivity).
P = Applied laser power (W).
Dp = Pulse duration (s).
In addition to this, the thermal conductivity of material also affects process effi-

ciency. It is obvious that materials with high thermal conductivity transfer heat
quickly throughout the workpiece instead of rapidly heating the targeted zone, there-
fore more time is needed to reach the melting state [84]. Material thickness is a
significant influencing factor related to the geometry and metallurgical features of
hole quality. Hole taper decreases with an increase in material thickness. On the
contrary, spatter and recast layer increase when thicker material is used [6].

Environmental factors including humidity, mist, dust, ambient temperature and
machine vibration also influence laser performance. Moreover, the surface of optical
elements should be cleaned and contain no oil vapour or dust particles as these
damage the optical system [75].

6.5 Beam Shape and Intensity Profile

The temporal profile of a laser beam defines the intensity distribution and material
removal capability of a laser pulse [92]. Gaussian beam profile is generally used in
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the laser drilling process as it provides a small focused spot and high laser beam
intensity which results in efficient removal of molten material [87]. Diameter and
roundness of a laser beam directly affect the dimensions of a hole. The size of a
hole is directly dependent on beam size. The smallest beam size of a particular laser
system is determined by its optics and the optical settings.

6.6 Focal Length and Focal Position

Focal length is the distance from the centre of the lens to the focal point (see Fig. 18).
Hole characteristics are greatly influenced by a change in focal length since this
directly effects the beam spot size that is related with the laser power density, as
shown in Eqs. (6) and (7) [1]. High power density is associated with shorter focal
length and therefore results in higher melt removal. On the other hand, the spatter
area increases with shorter focal length [43].

Sd = Fl × ∅ (6)

Pd = P

As
= 4P

π S2d
(7)

where:
Sd = (min) spot diameter (mm).
Fl = Focal length (mm).
∅ = Beam divergence (angle).
Pd = (max) Laser power density (W/mm2).
P = Applied laser power (W).
As = Cross-sectional area of the laser spot (mm2).
Focal position of a laser beam is divided into three categories based on its position

relative to the workpiece surface (see Fig. 19) [34]:

Fig. 18 Focus pattern of a laser beam
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Fig. 19 Schematic diagram showing the variation of focal position [27]

Zero: when the focal position of the laser beam is located exactly at the workpiece
surface
Positive: when the focal position of the laser beam is located above the workpiece
surface
Negative: when the focal position of the laser beam is located below theworkpiece
surface.

Focal position significantly affects the quality and geometry of a hole. Minimum
RLT was noticed by Marimuthu et al. [48] and Leigh et al. [41] when the focal
position of the laser beam was maintained exactly at the workpiece surface. The
circularity of holes has also been shown to increase with zero focal plane position
[34]. Shin and Mazumder [85] found a significant improvement in the values of hole
taper with zero focal plane position.

6.7 Assist Gas

In the laser drilling process, an assist gas is employed to facilitate the removal of
molten material and to blow out the recast layer and spatter which is deposited inside
and on the top of the hole cavity, respectively. Different types of assist gases are
utilised for the laser drilling operation. They are broadly classified as reactive gases
or inert gases. Reactive gases provide additional exothermic energy as a result of
chemical reaction between the molten metal and the gas and subsequently improve
drilling efficiency. Oxygen and compressed air are categorised as reactive gases [72].
On the other hand, inert gases only provide kinetic energy to evacuate the molten
material from the hole cavity without undergoing any chemical reaction. Nitrogen
and argon fall under this category. The quality of the drilled hole is significantly
affected by the type of assist gas employed [4]. Low et al. [44] observed lower
spatter thickness with weak bonding strength when using oxygen as the assist gas.
On the contrary, the drilling edge is oxidised which requires further cleaning [89].
Compressed air is the cheapest option but the disadvantages associated with this
gas are the formation of dross and an oxidised surface. Using inert gases (nitrogen
and argon), these oxidation scales can be avoided. Marimuthu et al. [49] compared



Laser Drilling of Superalloys and Composites 125

the quality of laser drilled holes using different assist gases. A regular hole profile
with minimum RLT was obtained with argon and nitrogen compared to oxygen and
compressed air.

The gas pressure must be enough to overcome the surface tension holding the
liquid (molten) metal so that the liquid can be ejected. The value of gas pressure
influences hole quality. Higher gas pressure facilitates the removal ofmoltenmaterial
along the sidewalls and therefore results in less RLT [14, 48] and lower hole taper
[12]. On the other hand, excessive gas pressure is also not desirable as it results in
the formation of microcracks due to the phenomena of rapid solidification [14].

The nozzle design also affects hole quality. Biffi and Previtali [10] designed an
innovative nozzle and achieved a significant decrease in spatter compared to a stan-
dard nozzle. Low values of recast layer were reported by Khan et al. [39] when a
small nozzle diameter was used.

Proper control of these process parameters is necessary as they significantly influ-
ence performance of the process. Influence of laser drilling process parameters on
the selected performance measures is provided below.

7 Effect of Process Parameters on MRV

The laser drilling process is associatedwith the removal ofmoltenmaterial to produce
a particular hole geometry. Process efficiency depends on the volume of material
removed versus the amount of energy applied. Higher MRV is always desirable with
less energy input as it improves process efficiency. Additionally, MRV and process
duration define the productivity of the process where higher MRV with less process
duration is required for improved productivity.

There are various process parameters which influence MRV in laser drilling. This
section covers previous research work conducted by researchers to study MRV in
connection with the laser drilling process.

Low et al. [43] examined the laser drilling parameters influencing melt removal
during percussion drilling. They concluded that pulse width and peak power directly
influence MRV.

Fysikopoulos et al. [23] examined the impact of laser power and pulse frequency
on the energy efficiency of the laser drilling process. For energy efficiency, MRVwas
calculated against the energy applied. It was revealed that increase in laser power
and pulse frequency enhances process efficiency.

Panda et al. [68] selected oxygen as an assist gas and studied the variation inMRR.
It was found that higher gas flow rate increasesMRR. Goyal and Dubey [30] reported
that higher gas pressure provides sufficient drag force that facilitates in removing the
melt material. Wang et al. [89] analysed the effects of assist gas including oxygen
and argon on drilling efficiency. Improved efficiency was reported using oxygen as
an assist gas due to its combustible-supportability that generates excessive heat and
results in higher MRV.
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Sarfraz et al. [79] investigated the effects of laser drilling parameters on IN718
superalloy using three different laser drilling processes.Material removal rate (MRR)
was calculated using MRV and drilling time. The results showed that pulse width,
number of pulses and trepan speed are the most important parameters that influence
MRR.

Biscaia et al. [11] conducted experiments on nickel superalloy using trepan laser
drilling to explore the influence of process parameters on MRR. Results indicated
trepan speed as the significant parameter influencing MRR. Higher trepan speed
produced higher MRV with reduced drilling time.

An investigation was performed by Parthipan and Ilangkumaran [69] to examine
the material removal rate and surface roughness of laser drilled holes in Cu-Ni-Tib2
MMC. Response surface methodology (RSM) approach was used to describe the
relationship betweenmaterial removal rate and drilling parameters. Then the optimal
process parameters (pulse energy, laser power, gas pressure) were determined for
higher MRR and better surface roughness.

8 Effect of Process Parameters on Hole Quality

Different experimental studies have been performed by researchers to study the
impact of laser drilling process parameters on hole quality. These aim to enhance the
quality attributes of the laser drilled holes.

Taper control is the most important issue during the laser drilling process. High
value manufacturing industries dealing with aircraft engine components demand
holes without any taper. Different factors influence hole taper, the following studies
address the significant process parameters.

Bandyopadhyay et al. [7] investigated the hole taper of laser drilled holes produced
in titanium alloy and nickel superalloy sheets. Pulse duration, pulse energy and focal
position were found to be significant parameters affecting hole taper. Low levels of
pulse duration and pulse energy with zero focal position resulted in improvement of
hole taper. In another study, Bandyopadhyay et al. [6] found that increase in material
thickness caused improvement in hole taper.

Kacar et al. [37] observed the influence of pulse duration and peak power on hole
taper using alumina ceramic. An increase in pulse duration and peak power produced
an improvement in hole taper.

A studywas conducted byMishra andYadava [58] on laser drilling of IN718 sheet.
Results showed improvement in hole taper with an increase in pulse frequency. Bathe
and Padmanabham [9] reported the influence of laser drilling parameters using TBC
(thermal barrier coated) IN 718 as a substrate. Pulse duration produced a significant
impact on hole taper. Decreasing pulse duration produced a reduction in hole taper.

Goyal and Dubey [30] investigated the impact of laser drilling parameters on hole
taper of laser drilled IN 718 sheet. Hole taper was found to decrease with an increase
in trepan speed and pulse frequency. Similar findings were reported by Dhaker and
Pandey [18].
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Bahar et al. [4] showed the importance of laser power and laser frequency in
the laser drilling process. They reported that higher laser power and increased pulse
frequency help to improve hole taper. The study also revealed that comparing the
effect of compressed air, oxygen and nitrogen on hole taper, improved hole quality
was obtained with compressed air and nitrogen. Shin and Mazumder [85] stated that
hole taper can be improved when higher laser power is applied with lower trepan
speed and zero focal position.

Chatterjee et al. [12] explored studies on laser drilling of titanium alloy. Pulse
duration, pulse energy, pulse frequency and gas pressure were varied to observe their
effects on hole taper. They stated that increasing pulse frequency and gas pressure
resulted in improvement of hole taper. It was also discovered that hole taper was
increased by increasing pulse energy and pulsewidth. Chatterjee et al. [13] conducted
another studyon stainless steel (AISI 316). Similar resultswere found for thismaterial
except for gas pressure and pulse energy effects due to a difference in material
properties.

Sarfraz et al. [79] conducted experiments to investigate the impacts of pulse
energy, pulse frequency, number of pulses, pulse duration and trepan speed on hole
taper. Pulse duration and pulse energy produced the most significant effect on hole
taper.

Padhee et al. [67] examined the impact of number of pulses and pulse width on
the taper angle of drilled holes produced on (Al/SiC) MMC. Improvement in taper
angle was observed when lower number of pulses and lower pulse width was applied.
Moreover, the impact of concentration (wt%) of SiC particulates on hole taper was
studied. It was noted that higher concentration of SiC increases hole taper.

Marimuthu et al. [49] studied the characteristics of holes during laser drilling
of (Al/SiC) MMC. It was observed that less energy is required to drill holes with
acceptable quality in (Al/SiC) MMC in contrast to isotropic metals or alloys. In
another study, Marimuthu et al. [50] investigated the water jet guide (WJG) laser
drilling of the same material. WJG laser drilling produced better hole quality with
less taper, no recast layer and improved hole circularity compared to conventional
laser drilling.

9 Effect of Process Parameters on Manufacturing Cost

The laser drilling process depends on several process parameters that affect process
efficiency and product quality as described above. Sarfraz et al. [76, 78] specified
that these process parameters also influence manufacturing cost. These researchers
provided a cost breakdown structure of the laser drilling process and identified cost
drivers involved in the process. Detailed work has been reported by Sarfraz et al.
[80] depicting the laser drilling process parameters impact on manufacturing cost.
Pulse duration was reported as the most significant parameter affecting the drilling
cost followed by gas flow rate and pulse energy. However, the work was only limited
to the single-pulse drilling process.
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Besides the laser processing parameters, there are other factors involved which
contribute to the laser drilling manufacturing cost. These factors are discussed in the
following section.

10 Cost of Laser Drilling

Manufacturing cost estimation is essential for companies targeting to become
successful in the current competitive scenario. One of the important tasks of cost
estimation is to establish a work breakdown structure (WBS). The main purpose of a
WBS is to provide a uniform structure incorporating all the elements of the process
that will be specified by the cost estimate, where each element represents the cost
required to execute that process. When a WBS includes all the cost information, it
may serve directly as a cost breakdown structure [62]. The operating costs breakdown
structure of a laser drilling process is presented in Fig. 20.

Cost estimation requires an identification of cost drivers i.e. those factors which
significantly influence the cost. The total cost is changed with a small modification
to a single cost driver. It is possible to generate a comprehensive cost estimate for a
particular process only if all of its cost drivers are identified [62].

The main cost drivers relevant to the laser drilling process are provided in Table 2.
Equipment running cost, maintenance, material and labour costs are the key drivers
in laser drilling cost estimation. It was identified that equipment running cost further
consists of equipment depreciation, electrical (power) consumption, components
replacement, gas consumption, component handling and overhead costs. When all
cost drivers are finalised, a cost is allocated to each driver and the total process cost
can be calculated.

The selection of an appropriate laser source is also important as it affects the cost
efficiency of the process [19]. Nd:YAG and fibre lasers are the most commonly used
laser sources for drilling in the industry. A comparison between these two lasers is

Fig. 20 Cost breakdown structure
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Table 2 Cost drivers of the laser drilling process

Cost drivers Yeo et al. [92] Baisev and
Powell [8]

Ion [36] Dahotre and
Harimkar [17]

Sarfraz et al.
[77]

Equipment
running cost

Equipment
depreciation

Equipment
depreciation

Equipment
depreciation

Equipment
depreciation

Equipment
depreciation

Electrical
consumption

Electrical
consumption

Electrical
consumption

Electrical
(power)
consumption

Electrical
consumption

Replaceable
components
(lenses, flash
lamp, filters)

Replaceable
components
(lenses, laser
pumps)

Replaceable
components
(lenses, flash
lamps)

Replaceable
components
(lenses, flash
lamp, filters,
nozzle)

Gas
consumption

Gas
consumption

Gas
consumption

Component
handling

Component
handling

Component
handling

Overhead Overhead Overhead Overhead

Maintenance Equipment
maintenance

Equipment
maintenance

Equipment
maintenance

Material Material cost Material cost

Labour Labour
(operator)
cost

Labour (laser
operators and
engineers)
cost

Labour cost Labour cost

provided in Table 3. It is noted that the purchase cost of a fibre laser is higher than
Nd:YAGbut its running cost ismuch lower because of higher electrical efficiency and
longer operating life. Nd:YAG laser does require periodic maintenance and service
for the alignment, cleaning and replacement of optics, on the other hand, a fibre
laser is maintenance free. It is important to mention that these laser sources have
different beam quality, which ultimately affects hole quality and productivity [19,
40]. Therefore, it is important to evaluate the laser source being used for the drilling.

Table 3 Fibre laser and
Nd:YAG laser comparison

Fibre laser Nd:YAG laser

Laser capital cost Higher Lower

Laser operating cost Lower Higher

Electrical efficiency Higher Lower

Operating life Longer Shorter

Maintenance Low High
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11 Concluding Remarks and Future Perspectives

11.1 Conclusions

Laser drilling is a well-established technology exclusively in the aerospace sector,
where this process involves large volume production of holes. In this chapter,
single-shot, percussion and trepan laser drilling methods are discussed. Performance
measures of the laser drilling process includingmaterial removal volume, hole quality
attributes and manufacturing cost are explained.

Different laser drilling process parameters are extensively discussed, and the
existing literature depicting the attention of several authors towards this advanced
machining process is presented. The performance of the laser drilling process can
be enhanced when proper selection and control of process parameters are applied.
Furthermore, the cost factors of the laser drilling process are explained within this
chapter. It is observed that the laser source affects the cost efficiency of the drilling
process along with productivity and hole quality.

11.2 Future Research Trends

Because of their superior properties, metal matrix composites are potential candidate
materials for use in aeroengine components. However, limited documented knowl-
edge is available discussing the performance of laser drilling of MMCs. Exploring
the behaviour of MMCs against the applied laser drilling parameters is, therefore,
necessary to find out the best combination of process parameters for optimum hole
quality.

It is noted that the laser drilling process parameters have a substantial impact
on the manufacturing cost of the process. Therefore, there is a need to examine the
impact of process parameters on the manufacturing cost along with the economic
implications of the laser drilling process.

It is also specified that the product quality and the manufacturing cost are
interdependent and both depend on the applied process parameters. Consequently,
connecting the quality attributes with the manufacturing cost is a knowledge gap that
can be covered in a future study.

Different types of laser drilling methods are available to perform the drilling oper-
ation. From the available literature, it has been found that there is a lack of research
characterising laser drilling methods in terms of economic and quality perspectives.
Therefore, a model can be developed to provide a comprehensive understanding for
the designers and practitioners to select a suitable laser drilling technique for the
required cost and quality attributes.
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Subtractive Manufacturing of Different
Composites

Italo Tomaz , Munish Kumar Gupta , and Danil Yu. Pimenov

1 Introduction

When two or more distinct materials are combined to provide properties that cannot
obtained by any traditional material a composite materials a composite material is
obtained and they can be classified in in three major types: Polymer Matrix Compos-
ites, MMCs Metal Matrix Composites (MMCs) and Ceramic Matrix Composites
(CMCs) (Fig. 1).

These materials present an extensive variety of chemical and mechanical proper-
ties that allow them to be used in many different applications. However, they usually
exhibit anisotropy, inhomogeneity and non-ductile behavior which increase the
complexity and the cost of their shaping process which limit their use in some appli-
cations [20].Most of composite components are submitted tomachining processes in
the finishing step to achieve the desired geometry, tolerances and surface finishing.
When compared to machining of conventional materials, machining processes of
composites differs considerably in various aspects and many of them can be clas-
sified as difficult to machine. The inhomogeneity, anisotropy and sometimes the
high hardness make the machining process complex generating elevated tool wear
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Fig. 1 Classification of composite materials [36]

and poor surface finishing and dimensional accuracy which increases the machining
costs and compromises the surface integrity of components.

Whenmachining compositematerials the chip formationmechanism is originated
in distinct failure modes that occurs simultaneously that are ruled by a number of
variables including cutting parameters and also composite characteristics such as
fibre orientation [11]. Lopresto et al. [70] reported the existence of two major types
of surface damage that are induced by machining process which are the matrix
cracking on fibres direction and the out-of-plane displacement.

Because of these motives many researches have been conducted to create new
machining techniques and also improve the traditional process and tools in order
to obtain elevated surface finishing quality with reasonable costs. The following
sections will discuss the challenges and the advances in the machining process of
PMCs, MMCs and CCs.

2 Machining of Polymer Matrix Composites (PMC)

This type of polymer is used in many applications in different industries such as
aerospace, automotive, naval, sport and even medical industry. They are known by
its high strength toweight ratiowhen compared tometals [70]. The increasingnumber
of applications results in higher demand and consequently the availability of manu-
facturing technologies that are able to achieve large scale manufacturing require-
ments regarding cost and product quality. Despite the recent progress in non-tradional
machining process such as Laser Beam Machining (LBM) and Electrical Discharge
Machining (EDM), conventional machining processes still being the most used due
to the considerably lower cost. Many investigations have been done to understand the
cutting mechanism of PMCs and identify the best manufacturing strategy to obtain
high quality components with reasonable cost [4, 45, 71]. These works showed that
the cutting mechanism is mainly influenced by reinforcing fibre orientation but other
parameters like cutting depth, tool geometry and composition also have essential role
in subtractive manufacturing process of composites.
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Different from ductile metals in which thematerial is removed as continuous chip,
in PMCs the chip is generated by a series of fractures that occur transversely and
in the direction of the fibres. The cutting mechanism of PMCs is more complex,
depending not only on the mechanical properties of the fibres and the matrix but
also on orientation angle between the fibres and the cutting directions (Fig. 2). The
types of chips and their correlation with fibres orientation angle was described by
Palanikumar et al. [84] Sheikh-Ahmad [101] and Voss et al. [124].

Palanikumar et al. [84] defined four groups of fibre orientation interval which
results in different chip formation mechanisms. These groups are presented in Fig. 2.
The first chip mechanism occurs when θ= 0° and the fibres are cut in axial direction.
When cutting direction is perpendicular to fibres orientation (θ = 90°) the third
mechanism takes place. Type II and IV of chip formation mechanisms occurs when
15° < θ < 75° and 105° < θ < 165° respectively. An angular gap of 15° exists between

Fig. 2 Cutting mechanism according to fibre direction [124]
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each type. They have studied the influence of fibre orientation angle on surface
roughness of glass fibre reinforced polymer and observed surface roughness rapidly
increased for fibre orientation angles beyond 30º. According to many authors this is
the main parameter to be taken in consideration during machining process of PMCs.

3 Drilling of PMC

In aerospace industry, most of PMCs components are fixed using riveted or bolted
joints which require a high number of holes. The main challenges of PMCs drilling
process are due to their inhomogeneity, anisotropy and hard nature of fibres that
cause drilling-induced damages and rapid tool wear [1].

The main drilling-induced damage is the delamination corresponding to 60% of
all components nonconformity at the assembly stage [41]. This damage occurs in
the drilled hole periphery usually at the hole entry or exit of. It is called peel-up
delamination when it occurs in the hole entry and push-out delamination when it
occurs in the hole exit [38]. As drill moves through the workpiece, the thickness of
the uncut layers decreases and lose strength against deformation generated by the
feed force and the push-out delamination occurs as illustrated by Fig. 3b. Peel-up
delamination occurs when drill touches the surface and a peeling force is produced
through the slope of the drill flute. This effect separates the top layers causing the
peel-up delamination (Fig. 3a) [1].

Other common types of drilling-induced damage are chipping, fuzzing,
matrix/fibre de-bonding, spalling, fibre pull-out, fibre breaking, uncut fibres and
resin loss which were described by Feito et al. [29], Fernández-Pérez et al. [31],
Giasin et al. [41], Haeger et al. [44] and are illustrated in Fig. 4. Drilling-induced

Fig. 3 Delamination mechanism in composite drilling. a Peel-up delamination. b Push-out
delamination [38]
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Fig. 4 Different drilling-induced damage. a Delamination in CFRP [44]. b Fibre fraying in CFRP
[31]. c Spalling in CFRP [29]. d Chipping in CFRP [29]. e Fuzzing in CFRP [29]

damages not only reduces the dimension accuracy but also reduces fatigue life and
the strength of the PCMs degrading their performance in the long-term [16, 33, 131].

Therefore, the investigation of the influence of drilling parameters in surface
quality and dimension accuracy have been the interest of many authors and a damage
free process is still a challenge to overcome. M’Saoubi et al. [72] have presented
recent advances in machining process oriented to aerospace industry and highlighted
the importance of the cutting conditions in the drilling of PCM. In their review of
Machinability of natural fibre reinforced composites, [80] discussed challenges on
PCM machining and pointed that the heat produced during the process can be a
problem. Although the increase of temperature reduces machining force it can also
melt the polymericmatrix and burn the fibres. The use of traditional coolant can result
in other problems such as its absorption by the fibres and a possible solutionwould be
the use of air or mist as coolant. Gaitonde et al. [33] evaluated the effects of drilling
conditions on the delamination and revealed that higher cutting speed decreases
delamination tendency. They showed that high-speed machining has an important
role in reducing drilling-induced damage and the combination of point angle and
low feed is also vital to minimize delamination damage during the drilling process.
Campos Rubio et al. [12] also used high speed drilling in glass fibre reinforced
polymers demonstrating that delamination damage decreased when higher cutting
speedwere used.Voss et al. [123] compared the conventional drillingwith the process
of orbital drilling (OD) in which the tool travels along a helical path. However orbital
drilling produced a higher quality hole under lower machining forces it required a
more elaborated machine tool. The axial feed force during the drilling process was
reduced by three when OD was used resulting in less hole exit damages. The major
disadvantage is the great increase in the process time. Other studies such as [78] and
[119] analyzed the use of different drillsmaterials and coatings and types of drills.Xia
et al. [132] evaluated the cryogenic cooling-induced drilling performance and surface
integrity of carbon fibre reinforced polymers and concluded that cryogenic cooling
improves the performance of drill bit with regard to wear, generates better borehole
surface, and minimizes diameter error. Although is does not reduce delamination for
the tested drilling parameter.

It is possible to notice the there is still challenges to overcome the drilling process
of PMCs and the selection of the proper tool and machining parameters is vital to
ensure the proper quality of the holes avoiding drilling-induced damage.
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4 Milling of PMC

Considering most PMCs parts are produced to near net-shape [39], milling processes
are generally performed as a finishing machining operation to remove the excess
material in order to control tolerances and surface roughness [34]. Milling PMCs is a
complex process due to its heterogeneity and the machining-induced damage such as
delamination (Fig. 5) [46]. The selection of the proper parameters and tools depends
on several factors, including matrix volume fraction, reinforcement architecture and
fibre type.

Because of their high thermal conductivity and hardness, carbide coated and PCD
tools are the most used materials for PMCs milling [49, 70, 83]. El-Hofy et al. [28]
investigated the use of diamond like carbon (DLC) coated carbide and PCD cutting
tool materials in the milling process of carbon fibre reinforced plastic and observed
the PCD present greater life time. Sheikh-Ahmad et al. [102] created new tool life
criterion derived from the existence of delamination, and the optimum machining
conditions to reduce delamination were obtained by a tool life equation.

Many studies have been done to understand the cutting mechanism of PMCs and
identify the best conditions (tool geometry and material, cutting parameters, cutting
fluid or mist application etc.) to ensure the obtaining of the required surface quality
and the economic viability of the machined parts. Çolak and Sunar [19] studied
the influence of different machining parameters and fibre orientation on the PMCs
milling process and found that increment of feed rate or decrease of cutting speed have
increased the cutting force and the surface roughness. Chen et al. [15] evaluated the
machining performance of diamond-coated rhombic milling tool on the machining
process of carbon fibre reinforced polymer and observed that when coating fell off,
the machining forces increased largely till the cutter failed to work. Azmi et al. [5]

Fig. 5 Delamination as function of tool wear [48]
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evaluated the end milling process of glass fibre reinforced polymer using ANOVA
(Analysis of Variance) combined with Taguchi analysis. They reported that feed rate
is the most important variable affecting all the output parameters (surface roughness,
machining forces and tool life). When higher cutting speeds were used a change in
the chips formation occurs leading to a decrease in machining forces was observe
by Uhlmann et al. [121]. It can be employed to use higher feeds at the same tool
life or elongate tool life when the same feed rate is used. Gara and Tsoumarev [34]
evaluated the slotting of carbon fibre reinforced polymer and also observed that feed
rate is the most relevant variable affecting surface finishing.

The process complexity and the many differences from the cutting mechanism of
metals also motivate the development of mechanistic and numerical models to better
understand and optimize the process and address the current challenges [125]. Hintze
and Hartmann [47] developed a model applicable for any carbon fibre reinforced
polymer laminate with unidirectional top layers that can be applied to deduce the
limits for permissible tool wear or cutting force. A two-dimensional finite element
model was used by Ghafarizadeh et al. [39] to simulate the mechanism of chip
formation, cutting forces and machining-induced damage in the milling process of
unidirectional carbon fibre reinforced polymer. The author validated the simulates
results with SEM images of the workpiece machined surface and experimentally
measured cutting forces. Thakur et al. [116] used ANOVA and response surface
method to find out the effect of different machining parameters like spindle speed,
feed rate and weight of graphene on delamination factor and surface finishing of
graphene doped glass fibre reinforced polymer.

In order to optimize the milling process of PMCs reducing the costs, increasing
dimensional accuracy and surface roughness new technologies and have been devel-
oped and tested. The use of Minimum Quantity Lubrication (MQL) technique in
the slotting process of carbon fibre reinforced polymer was investigated by Iskandar
et al. [53]. Low frequency (<30 Hz) oscillated milling was proposed by Szallies et al.
[114] to improve surface quality. Lower delamination was obtained when compared
to the conventionalmilling.Adirect laser-assistedmachining technique (DLAM)was
applied in cutting process of carbon fibre reinforced polymer by Park et al. [85]. In
this method, the laser beam passes through a light transmissive sapphire cutting tool
and irradiates directly in the workpiece/tool interface. DLAM succeeded in reduce
machining forces and reduced the surface roughness. In [76] slot milling perfor-
mance of carbon fibre reinforced polymers was evaluated using different machining
parameters and cryogenic environment based on immersing of the workpiece into
the liquid nitrogen. The cryogen bath resulted in the increment of cutting forces and
the decrease of surface damage due to the increase the chip breakability.

5 Turning of PMC

Tuning is applied in thefinishingprocesses ofPMCs rotation-symmetric components,
such as tubes, shafts, spindles, gears etc. Along with drilling and milling, turning
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stands out as one of the most used machining processes in PMCs [115]. Just as in the
milling process, in the turning process the selection of cutting tool and machining
parameter is vital to obtain the required surface quality and control toll wear rate.

Petropoulos et al. [86] evaluated the turning of Polyethere-therketone (PEEK)
reinforcedwith carbon and glass fibres applying different cutting parameters and tool
materials. Feed rate was the parameter that most influenced surface roughness for all
the tested composites. PCD tool provided lower surface roughness when compared
to carbide tool. The influence of turning parameters of surface roughness was also
studied by Rajasekaran et al. [92] who machined carbon fibre reinforce polymer
leading to the same conclusion that feed rate was the parameter that most influenced
surface roughness. Fetecau and Stan [32] carried out an investigation into the turning
of two types of polytetrafluoroethylene (PTFE) composites reinforced with 32%
carbon and 3% graphite and 15% regenerated graphite. When PTFE composite was
reinforced with carbon it presented low machinability and feed rate was the most
important parameter to both surface finishing andmachining force. Rajasekaran et al.
[91] used Taguchy method and RSM to identify the optimum catting parameter in
the turning process. RSM succeed to predict surface roughness results and the lower
feed rate associated with the higher cutting speed offered the best roughness result.

Efforts have also beenmade to developmethod to simulated and predicted outputs
of PMCs turning processes. Bagci and Işık [6] studied the turning process of unidi-
rectional glass fibre reinforced polymer using cermet tools. They investigated the
influence of depth of cut, cutting speed and feed rate on surface quality. An artificial
neural network and RSMwere used to predict surface roughness. Işık and Kentli [52]
proposed amulticriteria optimization to select themachining parameters capable of to
minimize machining forces and maximize MRR (Material Removal Rate) in turning
of uni-directional GFRP rods. Pradhan and Das [87] used gray relation analysis with
fuzzy logic to optimize the CNC turning process of glass fibre reinforced plastic
and concluded that method significantly improved the turning process. Chang [14]
developed oblique three-dimensional cutting model and obtained good correlations
between simulated and experimental data of FEM and Inverse heat transfer solu-
tion in tool temperature in CFRP turning. In [126, 128] a three-dimensional finite
element model of an orthogonal cutting was developed and validated by the experi-
mental results. The model was capable to predict cutting forces and cutting induced
damage in the turning process of uni-directional CFRP.

6 Grinding of PMC

Considering the small tolerance required in the assembly of some mechanical parts,
grinding for finishing is often performed on PMCs materials [18]. Investigations
have been done to identify the best techniques and grinding parameters that are able
to provide great surface integrity without increment in the processes costs. Hu and
Zhang [50] investigated the surface grinding performance of the multidirectional
CFRP, with a focus on the material removal mechanism, chip formation, grinding
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force characteristics and ground surface features. The machining forces of grinding
operation of multidirectional PMC increased almost linearly with the increment
in grinding depth and the surface roughness changed strongly with the local fibre
orientations. Chockalingam and Kuang [17] evaluated the grinding of chopped glass
fibre reinforced polymer laminates using two abrasive types, alumina, and cubic
boron nitride. They also tested surface roughness and grinding force ratio under
various machining variable, such as feed, depth of cut and speed. Maximum grinding
force ratio was found at high feed, low speed, and low cutting depth for both abrasive
types. Although CBN grinding wheel produced higher grinding forces it performed
better than alumina grinding wheel, resulting in lower surface roughness.

The grinding performance of CFRP when using internal coolant supply was eval-
uated by Sasahara et al. [98]. They investigated the effect of this technology on the
surface roughness and delamination and also measured the grinding temperature
and forces during the process. The experiments showed that matrix resin loading on
grinding wheel decreased when the internal coolant supply was used. The consider-
able increment on surface quality confirmed the high performance of internal coolant
supply for this application. Liu et al. [66, 68] presented a mathematical model for
cutting force in rotary ultrasonic face grinding of CFRP. In this method the tool
oscillates at high frequency during the process which lead to some benefits such as
reducing the cutting force, reducing the cutting temperature, reducing tool wear and
improve surface integrity [67, 129]. The predicted effect by mathematical model was
then validated with the experimental data.

7 Non-conventional Machining of PMC

To overcome the challenges of the traditional machining of PMCs material, the
use of different non-conventional machining process has been investigated. In this
context, three methods stand out because of their characteristics: LBM, Water Jet
(WJ)/Abrasive Water Jet (AWJ) and EDM. These methods exhibit high productivity
and are widely used in the operation of cutting, trimming and drilling of PMCs.

LBM is a promising emerging technology for the machining of PMCs because it
is a non-contact process, which avoid the contact induced damage and completely
eliminates the tool wear. Although, the inherent heat input in this process may cause
thermal damage to both fibres and matrix of the PMC which is the main challenge
to be overcome in the LBM of PMC. The interaction between the laser beam and
the workpiece generates a heat affected zone (HAZ) which can lead to delamination,
matrix recession and fibres distortion [11]. The influence of LBMprocess parameters
(pulse energy, pulse duration and spot overlap) on HAZ extension was investigated
byLeone andGenna [63]. The authors performed cutting testes of CFRPplates, 1mm
in thickness, using a 150 W pulsed Nd:YAG laser with different process parameters.
The maximum heat affected zone extension occurred at the center of the laminate
in correspondence of unidirectional lamina and varied in the range 170–1600 μm.
Shyha [104] carried out an investigation of trimming CFRP and GFRP composites
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using CO2 laser beam to understand the impact of process parameters on surface
integrity and productivity in order to determine the best set of process factors. They
reported cutting speed as the main factor affecting the surface quality and volumetric
material removal rate. Stock et al. [110] proposed the introduction of absorbent soot
particles into the composite matrix to improve the laser cut quality and reported a
decrease in workpiece defects.

The use of water jet and abrasive water jet for machining of PMCs have been
object of study of many researchers. The use of these machining processes is a great
alternative to avoid the problems related to the contact between the tool and the
PMCs workpiece such as delamination and high tool wear rates. When compared to
LBM their main advantage is the lack of heat input which does not produce the HAZ
that I the biggest problem associated with LBM. They also have advantage when
compared to EDM because it can be used to any kind of composite material and is
limited to conductive materials [27]. Ruiz-Garcia et al. [97] evaluated the influence
of AWJ variables on the quality of straight cuts and holes in CFRP. The authors
reported the absence of thermal damage and delamination in the cutting and holing
of CFRPwith the used process parameter. In [74] the trimming of hybrid carbon/glass
fibre reinforcement polymer composites usingAWJwas evaluated. The experimental
results and statistical analysis showed that the stand-off distance followed was the
main factor regarding the reducing of kerf ratio. In [51] A numerical optimization
was performed to select the optimized set of cutting parameters for superior surface
quality, improve productivity generating less reduction in strength and lower cost of
hole making in glass fibre reinforced composite.

EDM is also an alternative to avoid the machining-induced damaged caused by
the traditional machining processes. Considering this process does not uses mechan-
ical loads and removes material from electrically conducting, it does not face prob-
lems associated with the high hardness, strength, toughness, or abrasiveness which
commonly observed in the reinforcement fibres of PMCs The great disadvantage
is its limited application to conductive materials but when the composite matrix is
non-conductive and the fibre is conductive, the material removal by EDM can be
applied [11]. Sheikh-Ahmad [100] evaluated the mechanism of material removal
and the machining-induced damage in the EDM drilling of carbon fibre reinforce
polymer and reported that material removal occurs by decomposition of the epoxy
matrix, vaporization of the fibres and also thermally induced fracture of the fibres.
Kumar et al. [60] performed holes of diameter 120μminCFRPusingmicro electrical
discharge drilling with three types of tool geometries (double notch, single notch and
solid). The authors concluded that EDM is suitable for drilling micro holes of high
aspect ratio.

8 Machining of Metal Matrix Composites (MMC)

Metal matrix composites are a category of composite materials in which a ductile
metal matrix is reinforced by addition of hard particles, whiskers or fibres. Most
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Fig. 6 Example of machining induced damage. a Particle fracture [9]. b Particle pull-out [37]

common matrix metallic alloys are aluminum, titanium, copper alloys and magne-
sium while reinforcement material are generally a brittle ceramic material such as
silicon carbide, boron carbide, graphite andTiC [81, 90]. Theirmechanical properties
make them suitable for use in defense, aerospace, sports, electronics and automotive
industries. Particulate and fibre reinforced MMCs have a very important difference
between them regarding directionality of properties. While fibre reinforced MMCs
are generally anisotropic, particulate reinforcedMMCspresent isotropic properties as
conventional metallic material making them a great alternative to some applications
[75].

AlthoughMMCs are generallymanufactured in near-net shape, furthermachining
operations are required to achieve final geometry and surface quality. The machining
process of thesematerials is still a challenge because of highly abrasive nature ofmost
reinforcement materials [58] and also the anisotropic properties when it comes to
the fibre reinforced MMCs. Understand the effects of machining process on MMCs
surface integrity and metallurgical state is essential to ensure that the mechanical
components will present the desired mechanical and geometry properties [65]. The
investigation of machining process ofMMCs have been concern of many researchers
who reported the reinforcement type and orientation, tool type and geometry and
cutting conditions are the main parameters affectingMMCsmachinability. The most
commonmachining-induced damage are debonding at the fibre or particle andmatrix
interface, fibre/particle pullout, delamination and particle fracture [103] (Fig. 6).

9 Milling of MMC

Milling of MMCs differs from the milling of conventional metal alloys in many
aspects and because of his it has been object of study of many researchers. The
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machinability of aluminum alloy matrix reinforced with SiC reinforcement particles
were studied by Suresh Kumar Reddy et al. [112]. The study shows the importance
of the proper selection of milling parameters to improve the machining process of
Al/SiC MMC making viable its use in wide variety of industries. In [57] Taguchi
method, RSM and ANN were used to determine the best set of cutting parameters
for the milling process of aluminum 7039-based MMCs reinforced with B4C and
SiC particles. The authors reported optimal set of machining parameters at highest
value of cutting speed, lowest feed rate and the largest cutting depth for both tested
MMC. Sridhar et al. [108] studied the effect of cutting parameters in the end milling
process of Al/SiC metal matrix composite. Different nose radius, helix angle, rake
angle, feed rate, cutting speed and depth of cut were used, and the authors reported
a good correlation between predicted and experimental results.

Different techniques have been used to predict the influence of milling parameters
in the surface quality, tool wear and cutting forces. The proper prediction of this
results allows the implementation of optimizing methods that will lead to reduce the
process costs and improve machined surface integrity. In [136] a micromechanical
model was used to understand the relationship between the macroscopic behaviors
and microstructure fracture and deformation properties. They investigated residual
stresses, surface and subsurface damage and edge breakout. Finite element method
was carried out using the Johnson–Cook damage model for the aluminummatrix and
the elastic-brittle failuremodel for the SiC reinforcements. The authors reported good
agreement between the simulated and experimental results. The surface roughness
increased with the increment of depth of cut which also contributed to the presence
of edge breakout. On the other hand, cutting speed had small effect edge breakout
and should be used as high as possible. The analysis of residual stresses did not
show any significative dependence on cutting speed or cutting depth. The effect of
reinforcement particles size and machining parameters on responses variables were
analyzed by Ajith Arul Daniel et al. [3]. An ANN model was proposed, and its
performance was compared with a linear regression analysis. The authors also used
and genetic algorithm to identify the set of input parameters that was able to give
the better multi-objective results. The use of higher percentage of reinforcement
particles weight resulted in higher cutting forces, temperature, surface roughness
and lower material removal rate. On the other hand, increment in particles sizes
generated lower surface roughness, temperature, cutting forces and higher material
removal rate. The proposed ANN model showed better performance than linear
regression in the prediction of all response parameters and genetic algorithm found
lower reinforcement percentage, depth of cut, feed, speed and higher particle size as
the best set of input parameters. Rajeswari and Amirthagadeswaran [93] proposed
a mathematical model using response surface method to investigate the effect of
machining parameters in the milling of end milling AA7075 MMC. Multi-response
optimization by response surface method showed that minimum tool wear, cutting
force, surface finishing and MRR were obtained at feed rate of 0.033 mm/rev, depth
of cut of 1.6 mm, spindle speed of 1210 rpm and 5% of SiC. Song et al. [106]
evaluated the machinability of MMC when laser assisted machining (LAM) was
used. A multi-objective optimization of Ra and cutting force was used to analyze
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the effect of machining parameters. Surface roughness and cutting forces increased
with a decrease in the rotational speed, and an increase in the feed rate. The use
of ultrasonic assisted machining in the milling process of SiCp/Al composites was
studied by Niu et al. [82]. They reported a detrimental effect of high amplitudes and
when it was increased to 3 μm, the cutting force and surface roughness suddenly
increased.

10 Turning of MMC

As one of the most used traditional machining processes turning is widely used the
finishing steps of MMCs components. Considering its relevance and the complexity
and many experimental and theoretical work have been made to optimize the turning
process, using statics analysis and simulation or even employing new manufacturing
technologies.

Themachinability of Al-SiCMMCs in turning process was investigated by Tomac
et al. [117]who compared the performance of PCDand coated tungsten carbide tools.
They reported that higher feed rates were able to reduce tool wear and machining
forces due to the increment temperature which result in thermal softening of the
MMC. They also reported a much higher performance of PCD tools presenting
much higher tool life under similar cutting conditions. A design of optimization of
machining variables for turning MMC using orthogonal arrays was performed by
Davim [22] that reported the cutting in speed as the main factor contribution to tool
wear and feed rate as the main parameter affecting surface finishing.

In order to optimize the turning process of MMCs many researchers have been
using analytical methods, simulation methods and artificial intelligence algorithms
that are able to find satisfactory results in the prediction of parameters such as tool
life time, surface roughness and cutting forces. Pramanik et al. [88] developed a
mechanicsmodel for predicting the forces in the turning process of aluminumMMCs
reinforced with ceramic particles. The model, based onMerchant’s shear plane anal-
ysis, Griffith theory and slip line field theory, showed an excellent agreement when
comparing predicted and experimental results. Chan et al. [13] used parametric anal-
ysis, cutting mechanics analysis, finite element method and power spectrum analysis
to investigate the factors affecting the ultra-precision turning of Al6061/SiC. They
found that the surface integrity can be considerably improved by using high feed rate
and spindle speed. Among other findings they stated that two different cutting mech-
anismswere observed. The first of them occurs when the SiC particles are cut through
and results in a better surface finishing, without pits and cracks. In the second cutting
mechanism the SiC particles were pulled out during the turning process cracks and
pits are generated in the machining surface, resulting in poor surface finish (Fig. 7).

The detrimental effect of particles pull out from machining surface was also
reported by Ge et al. [37] who evaluated the surface integrity on ultra-precision
machining of SiCp/ZL101A and SiCp/2024Al MMCs. The authors used PCD and
single point diamond tool (SPDT) tools and observed a smoother surface finishing
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Fig. 7 MMC particle reinforced cutting mechanisms. a Cut through. b Pull-out [13]

when SPDT were used which could be explained by the fact that more SiC particle
was cut through instead of being pulled out when this type of tool was used. Used a
Taguchi based grey relational analysis to the multi-objective optimization in turning
of Rock dust reinforced Aluminum MMC. As reported by other authors, feed rate
was the most important machining variable affecting the surface finishing and its
increment resulted in higher roughness. The multi-objective considered not only
machining parameters but also composite manufacturing variables such as parti-
cles size and reinforcements weight. Furthermore, to obtain better surface finishing
without compromising material removal rate the best parameters set was found to
be 20 μm particle size, 10% of reinforcement by weight, 1273 rpm speed, 0.6 mm
depth of cut and 0.1 mm/rev feed rate [107]. The use of new promising technolo-
gies can also improve the quality and reduces the costs of MMCs turning. The use
of MQL in the machining of Mg/μ.Al2O3/n.Al2O3 hybrid MMC was studied by
Suneesh and Sivapragash [111] who also used grey relation analysis and TOPSIS to
perform the multi-objective optimization process. TOPSIS presented a better perfor-
mance and was used to the confirmation test showing great agreement with exper-
imental results. They observed that, in general, the MQL method provided better
results when compared to dry turning. The use of MQL in the turning of MMCs
was also investigated by Vishwas et al. [122] who used Taguchi analysis to deter-
mine the best machining parameters in the turning of Al-6082/SiC MMC. Another
practical solution to enhance tool life in the turning process of MMCs is the use of
laser-assisted machining (LAM). Bejjani et al. [10] reported an increment in tool
lifetime related to the change in the tool-particle interaction when LAM was used.
Because of the thermal softening generated by LAM the hard particles area able
to displace the matrix instead of breaking and causing abrasion wear. On the other
hand, the LAM turning presented worst surface finishing when compared to tradi-
tional process. The use LAM in the turning process of MMCs was also studied by
Kong et al. [59]. The authors used Taguchi method to optimize the cutting param-
eters of LAM of Al/SiCp/45% MMC and observed that LAM was able to provide
a larger MRR under the same surface finishing when compared to conventional
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machining. The ultrasonic machining is also another promising technology when it
come to the turning of difficult-to-cut material such as MMCs. A study comparing
conventional turning and ultrasonic assisted turning of SiC-particle-reinforced Al
MMC using different cutting tools and machining parameters was conducted by Bai
et al. [7]. They concluded that ultrasonic assisted process was able to both reduce
machining forces and improve surface finishing. In [135] conventional turning and
ultrasonic assisted turning of an aluminummatrixMMCreinforcedwith SiCparticles
were compared and lower surface roughness was obtained when ultrasonic assisted
machining was used.

11 Drilling of MMC

Drilling is also a critical process to MMCs and many investigations have been done
to identify the conditions that are able to avoid premature tool wear. Balamurugan
et al. [8] used different input variables such as feed rate, spindle speed and type of
drilling tool to identify tis influence on the tool wear and chip morphology during the
drilling process of Mg/SiC composite. Different wear mechanisms were observed
depending on the drill diameter and improved surface profile was obtained with
larger drill diameter. In [105], the authors attempted to evaluated the effect of cutting
edges of the drill point geometry in the machinability of Al-6063/10% SiC MMC
using Taguchi methodology. The modified drill geometry was able to perform a drill
without burr formation in the entrance and exit of the drilled hole. The author also
reported feed rate and cutting speed as the most important parameters influencing
surface roughness. Tosun [118] conducted a study to determine the optimal conditions
for the drilling process of Al/SiCp MMC. Drill type and feed were reported as the
most important parameters influencing surface roughness. An optimum set of drilling
parameters for the best surface finishing was achieved using the analysis of S/N ratio
and the confirmation tests showed that it is feasible to improve surface finishing
considerably by using the proposed technique.

Grey relational analysis was used by Udaya Prakash et al. [120] to identify
the optimal conditions in the drilling process of aluminum-based MMC. A multi-
objective optimization was used and the confirmation experiments showed a small
error (3.9%) associated with the thrust force confirming the efficiency of the applied
method. Doomra et al. [25] proposed a three-dimensional finite element model to
simulate the drilling process of MMCs. The comparison of the predict and the exper-
imental the data was done and it was proved that the developed finite element model
was efficient in the simulation of the resulting thrust force on the drilling process
of Al1100/10% SiC MMCs. Gowda et al. [43] studied the estimation of drilling
aluminum silicon nitride composite output parameters (surface roughness, circu-
larity and cylindricity) using an artificial neural network. The authors stated that, for
6% Si3N4, the proposed model was able to represent properly the measured parame-
ters with 70% training set that the relationship between the was well represented by
w reinforcement material.



152 I. Tomaz et al.

The investigation of new machining technique is also vital to improve the drilling
ofMMCs. [21] used a laser assistedmachining (LAM)method in the drilling of long-
fibre reinforced Al-2%Cu/Al2O3 composite and also performed a 2-D multi-phase
finite element analysis to model the process and predict the drilling-induced damage.
Surface roughness, cutting energy, fibre pull-out and tool wear were significantly
reduced when LAMwas used and the proposed model succeeded in the prediction of
machining induced damage as a function of cutting temperature showing that higher
material removal temperatures resulted in lower damage. An empirical study of
ultrasonic-assisted drilling process of Al/SiCmetal matrix composite was performed
by Kadivar et al. [56]. The authors investigated the drilling force and burr size when
ultrasonic assisted of the tool and workpiece was used. The results showed that
ultrasonic vibration technique improved the drilling of Al/SiC MMC.

12 Grinding of MMC

Grinding is an essential operation to reach final geometry and surface finishing in the
manufacturing process of MMCs. Nandakumar et al. [79] evaluated the performance
of minimum quantity lubrication grinding process of Nano SiC reinforced aluminum
MMCusing cashewnutshell oil andNanoTiO2 filled cashewnutshell oil. The authors
reported depth of cut andwheel speed as themost important parameters that influence
the responses. The best results were obtained when cashew nutshell Oil+NanoTiO2

based MQL was used. The grinding process of aluminum-based MMCs reinforced
with SiC particles were studied by Kwak and Kim [61] whose work used Taguchi
design of experiments. Using RSM, the authors were able to define the optimal set of
machining parameters to improve the surface roughness and reduce grinding forces.

A review of the application of soft computing methods in machining process
of particle reinforced MMC was performed by Laghari et al. [62]. The authors
presented the most advanced modelling techniques being used to simulate and
optimize machining processes of MMCs. Many methods such as RSM, Taguchi
techniques, genetic algorithms, ANN and fuzzy logic have proved its efficiency in
the prediction of responses of machining processes of MMCs. In [133] the authors
studied the material removal mechanism of SiCp/Al MMC by theoretical modeling,
simulation and experimental procedure. They have reported consistent results when
comparing the results of theory, simulation and experiment. Liu et al. (2017) used
a back-propagation ANN optimized by particle swarm optimization algorithm to
predict the grinding temperature if titanium MMC which presented better results
when compared to other ANN models. The prediction accuracy of particle swarm
optimized back propagation artificial neural network is up to 94.13%,which indicates
that it can predict the grinding temperature accurately.
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13 Non-conventional Machining of MMC

Non-conventional machining methods have shown very promising results in the
manufacturing of MMCs. These techniques are able to increase productivity, reduce
costs and generate better surface integrity when compared to conventional processes.
Müller andMonaghan [77] used an experimental investigation involving LBM, AWJ
andEDMmachining of SiC reinforcedAlMMC.Considering each of these processes
have a material removal mechanism they also present different results in machined
surface quality and productivity. EDM presented low productivity and crater-like
surface. Laser beammachining showed high productivity but poor surface quality and
also significant thermal induced microstructural changes in heat affected zone. AWJ
also presented poor surface quality but no thermal induced damage was observed.

Suresh Kumar et al. [113] investigated the EDM process of AleSiC and AleSi-
CeB4C parts using different machining parameters. They reported an increment in
surface roughness when higher current was used, and crater diameter was also raised
when higher material removal rate was applied.

The use of laser beam machining was studied by Ghosal and Manna [40] that
developed a statistical model to correlate the interactive and higher order effects of
the different cutting parameters, such as the modulation frequency, laser power, wait
time, gas pressure and pulse width on the tapering phenomena and metal removal
rate. They reported that laser process parameter can be controlled for effective drilling
of Al/Al2O3-MMC and the developed model could satisfactory evaluate the MRR
and taper angle under various machining parameters. Marimuthu et al. [73] also
investigated the use of LBM in the machining process of aluminum based MMCs.
They reported that the process is challenging because of the great difference in the
melting temperature of Al and Al2O3 presenting a minimum heat affected zone of
300 μm.

Srivastava et al. [109] investigated the abrasive water jet of tuning of MMC of
A359/Al2 O3 /B4 C. They stated that abrasive waterjet turning can be used in rough
turning process for material removal, avoiding the problems generated by conven-
tional turning of MMCs and the traverse speed is one of the most important process
parameters of AWJ turning influencing on surface roughness and material removal.
The SEM images revealed pits formation, internal cracks, and brittle fracture of rein-
forcement particles on the machined surface which increased when higher traverse
speed was used. The machinability of aluminum 7075 MMCs by an AWJM method
was investigated by Sasikumar et al. [99] that, based on the results, proved the
feasibility of this method in the machining of aluminum 7075 composites. Using
ANOVA, they suggested that AWJM parameters such as jet speed water, jet pressure
and standoff distance impact directly on kerf characteristics such as surface finish and
top kerf width. They also observed that higher level of water jet pressure provided
better surface finish.
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Fig. 8 Example of machine-induced damage. a Extruding vault and fibre fracture. b Fibre pull-out
[26]

14 Machining of Ceramic Matrix Composites (CMC)

Ceramic Matrix Composites have been used in applications in which resistance to
elevated temperature is required such as gas turbine engines components and in rocket
nozzles. This type of composite also stands out as a good alternative for frictional
applications such as cars or aircrafts braking systems [35]. The growing demand
for ceramic matrix composites justifies the efforts in understanding its machining
process. As the other types of composites, CMCs are manufactured net-shape, but
further machining process is still required to reach proper geometry and surface
quality requirements. Unlike PMCs andMMCs, CMCs possess a brittlematrixwhich
makes itsmachinability and cuttingmechanism completely different. Ceramicmatrix
composites are hardmaterials, which easily produces defects, such as burrs, chipping,
fibres pull-out/fracture, delamination and surface/subsurfacemicro-cracks during the
machining (Fig. 8). Due to its characteristics they are very unlikely to be machined
by conventional methods.

The most commonly used conventional machining processes of CMCs are
grinding and drilling. Due to the difficulty in using conventionalmachining processes
in CMCs, new non-conventional machining techniques have been investigate [94]
presenting promising results.

15 Milling of CMC

Considering the high strength, high hardness and the abrasive nature of CMCs tradi-
tional milling process is not feasible or not economically viable. In this scenario tech-
niques such as ultrasonic assisted machining and laser assisted machining (LAM)
have been investigated. Rozzi and Barton [96] integrated a laser and a conventional
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machine tool and demonstrated the feasibility of the use of LAMmachining of CMC
components. The authors reported a reduction in 40% of cutting forces using LAMas
compared to conventional. In [24] tool wear progression and tool life inmicromilling
of CMCmaterials were investigated. The authors also proposed a three-dimensional
FEMmodel to simulate temperature distributions and assist in the selection of optimal
cutting parameters for laser assisted micro milling. The obtained results showed that
the total cost of the process could be significantly reduced to 32.3% of the cost of
conventional micromachining when laser assisted method is used.

Another promising method is the rotary ultrasonic machining which was applied
by Yuan et al. [134] in the side milling of C/SiC composites. The authors developed
a mechanistic model to predict cutting forces and understand its relationship with
machining parameters. The cutting force increased with the increment of feed rate
and depth of cut while the increase in spindle speed lead to decrease in cutting force.
They also reported that the developed model was compared with experimental data
and the obtained error was less than 10% for most set of values. In [64] the material
removal mechanism of brittle fracture of C/SiC by rotary ultrasonic machining was
investigated using a cutting force simulation. Machining parameters were optimized
by the algorithm to reduce the machining force and the results were compared with
experimental data. Rotary ultrasonic machining achieved the high machining effi-
ciency. Surface roughness was improved while cutting tool cost was reduced by a
half when compared to conventional method. Wang et al. (2017) also obtained great
results when using rotary ultrasonic method in the milling of MMC. They observed a
dramatical reduce in cutting forces when the technique was used in in the machining
of C/SiC composites.

16 Drilling of CMC

Drilling is still a requiredmanufacturing step even for net-shapemanufacturedCMCs
components. Although, it is very challenging because of the appearance of severe
drilling-induced defects [23]. When traditional methods and tools are used, tools
tend to undergo severe wear in short cutting time and generate poor quality finishing
[115]. To overcome this problem new techniques have been studied to make the
drilling of CMCs feasible. In this manner ultrasonic drilling stands out with great
results.

In [127] the authors studied the rotary ultrasonic drilling and effect of longitudinal-
torsional coupled vibration drilling in the cutting forces of carbon fibre-reinforced
silicon carbide (C/SiC) CMCs comparing the results with those obtained in longitu-
dinal vibration. They showed that longitudinal- torsional coupled vibration method
was able to induce a 50% reduction in cutting force. Feng et al. [30] performed a
factorial experimental investigation of rotary ultrasonic machining (RUM) of C/SiC
to investigate the drilling-induced tearing defects. The authors reported that RUM
was able to reduce both tearing defect (Fig. 9) and thrust force and increments in
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Fig. 9 Images of drilled holes exits varying the drilling methods in C/SiC CMC [30]

the spindle speed and ultrasonic amplitude or decreasing the feed rate were able to
reduce the tearing factor at hole exit.

Torque prediction and axial drilling force model was proposed by Islam et al. [54]
and the results were validated using experimental data of rotary ultrasonic drilling on
C/SiC CMCs. Feed rate, spindle speed and ultrasonic power were the input variables
for the model development. Axial drilling force and torque were predicted with and
error of 14% and 10% respectively.

17 Grinding of CMC

The grinding process of C/SiC CMCs were studied by Du et al. [26] that among
other findings concluded that fibre orientation plays an important role in the obtained
cutting forces and increments in feed rate results in more poor surface quality. Adibi
et al. [2] evaluated the influence on MQL grinding process of C/SiC composites
comparing the results with flood and dry techniques using different grinding param-
eters (depth of cut, feed rate and cutting speed). They reported that the use MQL
resulted in the reduction of cutting forceswhen compared to the other two techniques.
MQL also reduces significantly the tool wear and produced a slightly better surface
finishing. Dry machining presented the worst results for all the output variables
(specific grinding energy, grinding forces, grinding ratio, wheel wear and surface
roughness). In [42], the authors systemically analyzed the effect of grinding param-
eter in the machining efficiency and surface quality of SiC and 2.5 D needled Cf/SiC
composite materials. They observed that fibre orientation has a substantial effect on
the SiC matrix and higher grinding forces were observed SiC when compared to
2.5 D needled Cf/SiC composite. Qu et al. [89] evaluated the effect of fibre orienta-
tion and grinding depth on the grinding quality of unidirectional Cf/SiC CMC. The
grinding quality was evaluated based on surface quality, grinding chips and grinding
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forces. The grinding depth and the fibre orientation were reported as the most impor-
tant parameters influencing on grinding quality. When grinding depth was reduced
surface quality was improve and grinding forces and maximum undeformed chip
thickness increased.

18 Non-conventional Machining of CMC

Considering all the problems associated with the conventional machining of CMCs
many efforts have been made to optimize the application of non-conventional
machining such as laser machining, abrasive water jet machining, abrasive jet
machining and electric discharged machining in the machining process of these
materials. In their review, [36] discussed the use of these techniques and pointed that
although the number of publications regarding the machining processes of CMCs
have grown in the last few years there is still a lack of study specially for abrasive
water jet machining, abrasive jet machining and electric discharged machining.

Ridealgh et al. [95] studied the laser cutting of a glass ceramic matrix composite
reinforced with continuous fibres of SiC. They observed that laser cutting produced
better surface quality when compared to the results obtained by high speed diamond
saw.Author concluded that the use of this process in industrial scalemay be viable but
amore extendwork is required. Liu et al. [69] discussed the use of differentmachining
parameters, such as rate of laser spot, overlap, helical line, feeding speeds and energy
density in the drilling process of micro-holes on SiC/SiC CMCs. The authors used
femtosecond laser irradiation technique to perform the ablation of CMS and then
perform the micro-holes. They reported that spot overlap ratio influenced on the
depth of micro-holes and when higher overlap rate was used more effective removal
of material was generated, increasing the depth of the holes. Feed rate was one of the
most significative factors affecting the quality of micro-holes. In [55] the abrasive
water jet machining of zirconia (ZrO2) composite was evaluated using Taguchi L27
orthogonal array. The authors reported that the technique is capable and adequate
to machine zirconia (ZrO2) composites and also stated that the adopted method
successfully predicted the optimal cutting conditions as shown by the experimental
confirmation tests.

Wei et al. [130] used EDM process in advanced CMC with ceramic fibre rein-
forcements. They evaluated the machinability of the material and identified the set
parameters to improve the process using ANOVA. They investigated the influence
of electrode vibration in the process. Tool vibration and dielectric deep flushing
increased the MRR and surface integrity. The authors also reported that the material
removal mechanism of the ceramic matrix occurs by crack expansion, cracking and
stripping-off.
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19 Conclusion

The subtractive manufacturing process of composites materials is still a challenge
to be overcome due to the wide range and the complex mechanical and chemical
properties found in this type of material. The increment in demand for components
manufactured with composite materials stimulates the interesting of researchers
in carrying out investigations to optimize the machining processes of these mate-
rial, improving the surface quality of the components and reducing costs to achieve
industrial requirements. In this context, this review demonstrated that many efforts
have been done not only to improve conventional machining processes but also to
develop new techniques that can be applied in the subtractive manufacturing process
of Polymer Matrix Composites (MMCs), Metal Matrix Composites (MMCs) and
Ceramic Matrix Composites (CMCs). Although the results achieved in the recent
years it is possible to conclude that more investigating is required to define the best
techniques and parameters to obtain high quality components with feasible costs,
especially when it comes to the machining processes of CMCs.
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6. Bagci E, Işık B (2006) Investigation of surface roughness in turning unidirectional GFRP
composites by using RS methodology and ANN. Int J Adv Manuf Technol 31:10–17. https://
doi.org/10.1007/s00170-005-0175-x

7. Bai W, Roy A, Sun R, Silberschmidt VV (2019) Enhanced machinability of SiC-reinforced
metal-matrix composite with hybrid turning. J Mater Process Technol 268:149–161. https://
doi.org/10.1016/j.jmatprotec.2019.01.017

8. Balamurugan K, Uthayakumar M, Thirumalai Kumaran S et al (2019) Drilling study on
lightweight structural Mg/SiC composite for defence applications. Def Technol 15:557–564.
https://doi.org/10.1016/j.dt.2019.01.002

9. Basheer AC, Dabade UA, Joshi SS et al (2008) Modeling of surface roughness in precision
machining of metal matrix composites using ANN. J Mater Process Technol 197:439–444.
https://doi.org/10.1016/j.jmatprotec.2007.04.121

https://doi.org/10.1007/s00170-019-04348-z
https://doi.org/10.1007/s00170-017-1464-x
https://doi.org/10.1016/j.dt.2019.01.001
https://doi.org/10.1016/j.dt.2018.02.001
https://doi.org/10.1007/s00170-012-4006-6
https://doi.org/10.1007/s00170-005-0175-x
https://doi.org/10.1016/j.jmatprotec.2019.01.017
https://doi.org/10.1016/j.dt.2019.01.002
https://doi.org/10.1016/j.jmatprotec.2007.04.121


Subtractive Manufacturing of Different Composites 159

10. Bejjani R, Shi B, Attia H, Balazinski M (2011) Laser assisted turning of Titanium metal
matrix composite. CIRP Ann 60:61–64. https://doi.org/10.1016/j.cirp.2011.03.086

11. Caggiano A (2018) Machining of fibre reinforced plastic composite materials. Materials
(Basel) 11:442

12. Campos Rubio J, Abrao AM, Faria PE et al (2008) Effects of high speed in the drilling of
glass fibre reinforced plastic: evaluation of the delamination factor. Int J Mach Tools Manuf
48:715–720. https://doi.org/10.1016/j.ijmachtools.2007.10.015

13. Chan K, Cheung C, Ramesh M et al (2001) A theoretical and experimental investigation of
surface generation in diamond turning of an Al6061/SiCp metal matrix composite. Int J Mech
Sci 43:2047–2068. https://doi.org/10.1016/S0020-7403(01)00028-5

14. Chang CS (2015) A study of cutting temperatures in turning carbon-fiber-reinforced-plastic
(CRFP) composites with nose radius tools. Key Eng Mater 649:38–45. https://doi.org/10.
4028/www.scientific.net/KEM.649.38

15. Chen T, Xiang J, Gao F et al (2019) Study on cutting performance of diamond-coated rhombic
milling cutter inmachining carbonfiber composites. Int JAdvManufTechnol 103:4731–4737.
https://doi.org/10.1007/s00170-019-03902-z

16. Chen W-C (1997) Some experimental investigations in the drilling of carbon fiber-reinforced
plastic (CFRP) composite laminates. Int J Mach Tools Manuf 37:1097–1108. https://doi.org/
10.1016/S0890-6955(96)00095-8

17. ChockalingamP,KuangKC(2015)Effects of abrasive types ongrindingof chopped strandmat
glass fiber-reinforced polymer composite laminates. Mach Sci Technol 19:313–324. https://
doi.org/10.1080/10910344.2015.1018534

18. Chockalingam P, Kuang KC, Vijayaram TR (2013) Effects of grinding process parameters
and coolants on the grindability of GFRP laminates. Mater Manuf Process 28:1071–1076.
https://doi.org/10.1080/10426914.2013.792411

19. Çolak O, Sunar T (2016) Cutting forces and 3D surface analysis of CFRP milling with PCD
cutting tools. Procedia CIRP 45:75–78. https://doi.org/10.1016/j.procir.2016.03.091

20. Dandekar CR, Shin YC (2012) Modeling of machining of composite materials: a review. Int
J Mach Tools Manuf 57:102–121. https://doi.org/10.1016/j.ijmachtools.2012.01.006

21. Dandekar CR, Shin YC (2009) Laser-assisted machining of a fiber reinforced metal matrix
composite. In: ASME 2009 international manufacturing science and engineering conference,
vol 2. ASMEDC, pp 579–588

22. Davim JP (2003) Design of optimisation of cutting parameters for turning metal matrix
composites based on the orthogonal arrays. J Mater Process Technol 132:340–344. https://
doi.org/10.1016/S0924-0136(02)00946-9

23. Ding K, Fu Y, Su H et al (2014) Experimental studies on drilling tool load and machining
quality of C/SiC composites in rotary ultrasonic machining. J Mater Process Technol
214:2900–2907. https://doi.org/10.1016/j.jmatprotec.2014.06.015

24. Dong X, Shin YC (2017) Improved machinability of SiC/SiC ceramic matrix composite
via laser-assisted micromachining. Int J Adv Manuf Technol 90:731–739. https://doi.org/10.
1007/s00170-016-9415-5

25. Doomra VK, Debnath K, Singh I (2015) Drilling of metal matrix composites: experimental
and finite element analysis. Proc Inst Mech Eng Part B J Eng Manuf 229:886–890. https://
doi.org/10.1177/0954405414534227

26. Du J, Ming W, Ma J et al (2018) New observations of the fiber orientations effect on machin-
ability in grinding of C/SiC ceramic matrix composite. Ceram Int 44:13916–13928. https://
doi.org/10.1016/j.ceramint.2018.04.240

27. El-Hofy M, Helmy MO, Escobar-Palafox G et al (2018) Abrasive water jet machining of
multidirectional CFRP laminates. Procedia CIRP 68:535–540. https://doi.org/10.1016/j.pro
cir.2017.12.109

28. El-HofyMH, Soo SL,Aspinwall DK et al (2011) Factors affectingworkpiece surface integrity
in slotting of CFRP. Procedia Eng 19:94–99. https://doi.org/10.1016/j.proeng.2011.11.085

29. Feito N, Díaz-Álvarez J, Díaz-Álvarez A et al (2014) Experimental analysis of the influence
of drill point angle and wear on the drilling of woven CFRPs. Materials (Basel) 7:4258–4271.
https://doi.org/10.3390/ma7064258

https://doi.org/10.1016/j.cirp.2011.03.086
https://doi.org/10.1016/j.ijmachtools.2007.10.015
https://doi.org/10.1016/S0020-7403(01)00028-5
https://doi.org/10.1007/s00170-019-03902-z
https://doi.org/10.1016/S0890-6955(96)00095-8
https://doi.org/10.1080/10910344.2015.1018534
https://doi.org/10.1080/10426914.2013.792411
https://doi.org/10.1016/j.procir.2016.03.091
https://doi.org/10.1016/j.ijmachtools.2012.01.006
https://doi.org/10.1016/S0924-0136(02)00946-9
https://doi.org/10.1016/j.jmatprotec.2014.06.015
https://doi.org/10.1007/s00170-016-9415-5
https://doi.org/10.1177/0954405414534227
https://doi.org/10.1016/j.ceramint.2018.04.240
https://doi.org/10.1016/j.procir.2017.12.109
https://doi.org/10.1016/j.proeng.2011.11.085
https://doi.org/10.3390/ma7064258


160 I. Tomaz et al.

30. Feng P, Wang J, Zhang J, Zheng J (2017) Drilling induced tearing defects in rotary ultrasonic
machining of C/SiC composites. Ceram Int 43:791–799. https://doi.org/10.1016/j.ceramint.
2016.10.010

31. Fernández-Pérez J, Díaz-Álvarez J, Miguélez MH, Cantero JL (2021) Combined analysis of
wear mechanisms and delamination in CFRP drilling. Compos Struct 255:112774. https://
doi.org/10.1016/j.compstruct.2020.112774

32. Fetecau C, Stan F (2012) Study of cutting force and surface roughness in the turning
of polytetrafluoroethylene composites with a polycrystalline diamond tool. Measurement
45:1367–1379. https://doi.org/10.1016/j.measurement.2012.03.030

33. Gaitonde VN, Karnik SR, Rubio JC et al (2008) Analysis of parametric influence on delam-
ination in high-speed drilling of carbon fiber reinforced plastic composites. J Mater Process
Technol 203:431–438. https://doi.org/10.1016/j.jmatprotec.2007.10.050

34. Gara S, Tsoumarev O (2016) Effect of tool geometry on surface roughness in slotting of
CFRP. Int J Adv Manuf Technol 86:451–461. https://doi.org/10.1007/s00170-015-8185-9

35. GavaldaDiazO,AxinteDA(2017)Towards understanding the cutting and fracturemechanism
in ceramic matrix composites. Int J Mach Tools Manuf 118–119:12–25. https://doi.org/10.
1016/j.ijmachtools.2017.03.008

36. Gavalda Diaz O, Garcia Luna G, Liao Z, Axinte D (2019) The new challenges of machining
Ceramic Matrix Composites (CMCs): review of surface integrity. Int J Mach Tools Manuf
139:24–36. https://doi.org/10.1016/j.ijmachtools.2019.01.003

37. Ge YF, Xu JH, Yang H et al (2008) Workpiece surface quality when ultra-precision turning
of SiCp/Al composites. J Mater Process Technol 203:166–175. https://doi.org/10.1016/j.jma
tprotec.2007.09.070

38. Geng D, Liu Y, Shao Z et al (2019) Delamination formation, evaluation and suppression
during drilling of composite laminates: a review. Compos Struct 216:168–186. https://doi.
org/10.1016/j.compstruct.2019.02.099

39. Ghafarizadeh S, Chatelain J-F, Lebrun G (2016) Finite element analysis of surface milling
of carbon fiber-reinforced composites. Int J Adv Manuf Technol 87:399–409. https://doi.org/
10.1007/s00170-016-8482-y

40. Ghosal A, Manna A (2013) Response surface method based optimization of ytterbium fiber
laser parameter during machining of Al/Al2O3-MMC. Opt Laser Technol 46:67–76. https://
doi.org/10.1016/j.optlastec.2012.04.030

41. Giasin K, Ayvar-Soberanis S, Hodzic A (2015) An experimental study on drilling of unidirec-
tional GLARE fibre metal laminates. Compos Struct 133:794–808. https://doi.org/10.1016/j.
compstruct.2015.08.007

42. Gong Y, Qu S, Yang Y et al (2019) Some observations in grinding SiC and silicon carbide
ceramic matrix composite material. Int J AdvManuf Technol 103:3175–3186. https://doi.org/
10.1007/s00170-019-03735-w

43. Gowda BMU, Ravindra HV, Ullas M et al (2014) Estimation of Circularity, Cylindricity And
Surface Roughness In Drilling Al-Si 3 N 4 metal matrix composites using artificial neural
network. Procedia Mater Sci 6:1780–1787. https://doi.org/10.1016/j.mspro.2014.07.208

44. Haeger A, Schoen G, Lissek F et al (2016) Non-destructive detection of drilling-induced
delamination in CFRP and its effect on mechanical properties. Procedia Eng 149:130–142.
https://doi.org/10.1016/j.proeng.2016.06.647

45. Hassanpour H, Sadeghi MH, Rasti A, Shajari S (2016) Investigation of surface roughness,
microhardness andwhite layer thickness in hardmilling ofAISI 4340 usingminimumquantity
lubrication. J Clean Prod 120:124–134. https://doi.org/10.1016/j.jclepro.2015.12.091

46. Hintze W, Brügmann F (2018) Influence of spatial tool inclination on delamination when
milling CFRP. J Mater Process Technol 252:830–837. https://doi.org/10.1016/j.jmatprotec.
2017.10.041

47. Hintze W, Hartmann D (2013) Modeling of delamination during milling of unidirectional
CFRP. Procedia CIRP 8:444–449. https://doi.org/10.1016/j.procir.2013.06.131

48. HintzeW, Hartmann D, Schütte C (2011) Occurrence and propagation of delamination during
the machining of carbon fibre reinforced plastics (CFRPs)—an experimental study. Compos
Sci Technol 71:1719–1726. https://doi.org/10.1016/j.compscitech.2011.08.002

https://doi.org/10.1016/j.ceramint.2016.10.010
https://doi.org/10.1016/j.compstruct.2020.112774
https://doi.org/10.1016/j.measurement.2012.03.030
https://doi.org/10.1016/j.jmatprotec.2007.10.050
https://doi.org/10.1007/s00170-015-8185-9
https://doi.org/10.1016/j.ijmachtools.2017.03.008
https://doi.org/10.1016/j.ijmachtools.2019.01.003
https://doi.org/10.1016/j.jmatprotec.2007.09.070
https://doi.org/10.1016/j.compstruct.2019.02.099
https://doi.org/10.1007/s00170-016-8482-y
https://doi.org/10.1016/j.optlastec.2012.04.030
https://doi.org/10.1016/j.compstruct.2015.08.007
https://doi.org/10.1007/s00170-019-03735-w
https://doi.org/10.1016/j.mspro.2014.07.208
https://doi.org/10.1016/j.proeng.2016.06.647
https://doi.org/10.1016/j.jclepro.2015.12.091
https://doi.org/10.1016/j.jmatprotec.2017.10.041
https://doi.org/10.1016/j.procir.2013.06.131
https://doi.org/10.1016/j.compscitech.2011.08.002


Subtractive Manufacturing of Different Composites 161

49. Hosokawa A, Hirose N, Ueda T, Furumoto T (2014) High-quality machining of CFRP with
high helix end mill. CIRP Ann 63:89–92. https://doi.org/10.1016/j.cirp.2014.03.084

50. Hu NS, Zhang LC (2003) A study on the grindability of multidirectional carbon fibre-
reinforced plastics. J Mater Process Technol 140:152–156. https://doi.org/10.1016/S0924-
0136(03)00704-0

51. Ibraheem HMA, Iqbal A, Hashemipour M (2015) Numerical optimization of hole making
in GFRP composite using abrasive water jet machining process. J Chin Inst Eng 38:66–76.
https://doi.org/10.1080/02533839.2014.953240
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1 Introduction

In the past decades during the development of composites, there is always an
extending interest towards the development of high performance and lightweight
structures in engineering sector [15]. These required sustainable properties leads
to the coining of fiber reinforced polymer composites. The same or different thin
polymer layerswhich are adhesive boundedbymatrix are comprisedofFRPmaterials
[87]. FRPs has many attractive exceptional properties such as high stiffness, dura-
bility, corrosion resistance, higher mechanical properties, higher strength to weight
ratio and wear resistance property. These attractive features are led the applications
of FRPs in automotive, biomedical, design and construction, marine and aerospace
sectors [78]. To meet the current days demand for high volume production of mate-
rials suitable for potential automobile applications, the thermoplastic composites are
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preferred. The thermoplastic resins are having numerous advantages over thermoset-
ting resins (epoxy, vinyl ester, phenols) especially impact and energy absorption
properties [90]. The thermoplastic resins are having a superior ability of soften after
heating above the specific temperature and it retains his property after cooled. Hence,
this property adds the advantage for welding the two similar or dissimilar thermo-
plastic composite [7]. The short fiber reinforced thermoplastic composite offers lesser
production cost, higher volume production rate, light in weight, able to withstand
cyclic loads and these are suitable for production of complex geometries [69]. The
processing of thermoplastic composite was done by using fusion bonding by the
supplement of pressure and heat at the bonding interface and hence the process is
happened quickly without the requirement of autoclave curing. Their further interest
towards the development is elevated due to increase in damage tolerance, resistant
to chemicals and solvents, long shelf life, less storage cost and good weldability,
recyclability. However, the viscous and stiff nature of the thermoplastic results in the
requirement of higher temperature and pressure values for processing. It is difficult
to obtain a mechanical property at an autoclave level due to rapid heating rate and
cooling of composites and also autoclave pressure is lower than the pressure applied
at a short duration of time [77, 103, 104], The thermoplastic resins’ usage has an
economic benefits because of tooling without application of heat, lesser manufac-
turing cycle time and collection of rawmaterial from used part. The used composites
part contains internally stored energy, hence the recovering of these parts constituents
gives the economic benefits [23]. Nowadays producing thermoplastic materials has
simple structure as compared to others because of lesser deformation of reinforced
fibers, insertion of thermoplastic matrix phase for the development of thermoplastics
[96]. The carbon fiber reinforced thermoplastics plays a dominant role in automobile
industry. The reduction of automobile vehicle weight improves the fuel efficiency of
the vehicles. The current automobile companies focusing towards the development
of hybrid cars using green sources. The weight reduction is the current challenge
for engine and body components of the vehicles, hence carbon reinforced thermo-
plastics in automobiles contributes the material cost reduction and vehicle economy.
The conductive thermoplastic composites extends its applications in electromagnetic
interface shielding and thermal related applications [13, 101].

Additive manufacturing (AM) is also called as 3-D printing, which is a process
of combining multiple layers of materials to fabricate a three-dimensional object
from.stl (Surface Tessellation Language) file which is designed from a CAD soft-
ware. The object structures were built by laying one layer on X–Y plane at a time,
further adding additional layer on Z-direction. The first 3-D printable apparatus was
first introduced in the year 1986 by Charles Hull [61, 94]. This AM technology was
utilized to produce a high volume structures of thermoplastic materials. The different
AM techniques and their working process is tabulated in Table 1. AMhas an ability to
fabricate a complex structural geometry of different constituents of material, which
is not easily produced from conventional manufacturing technologies due to diffi-
culty in obtaining (extracting) a particular structure from a bulk raw material [66].
AM technique involves reduction in product design manufacturing cycle, and also
possibility of reduced in production cost with effective manufacturing processes.
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Table 1 Additive manufacturing (AM) technique and their process

AM technique Abbreviation Process Reference

SLA Stereolithography apparatus Liquid layer is solidified by
using laser light source
(photopolymerization)

[54]

SLS Selective laser sintering The powder material was
sintered using laser source

[34]

LOM Laminated object manufacturing Adhesive coated materials are
bonded together and cut into
3-D shape

[50]

FDM Fused deposition modelling Deposition of melted
thermoplastics as per particular
pattern

[48]

SLM Selective laser melting High power laser density is
utilized for the melting and
fusing of metallic powders

[9]

LDM Liquid deposition modeling 3-D printing technique uses
liquid suspension where data
obtained from digital file

[81]

- Material jetting Build a 3-D structure utilizing
polymer droplets and cured
using UV source

[102]

- Binder jetting Binder material is particularly
deposited on the powder bed,
together bonding of these areas
forms 3-D structure

[57]

As compared to subtractive manufacturing technique, the AM reduces the 90% of
material waste [71]. AM is a preferable technique for prototype and tooling jigs
manufacturing, also small volume and customized production. Hence, AM reduces
the tooling cost, storage cost, scrap materials and reduction in short lead time [45].
AM process involves multiple steps, where it begins from virtually representation of
model and it shows the complete outline of geometry using surface representation
model or a solid body model. To simplify the structure, the software pre-processer
breaks the 3-D structure into different cross-sections depends on each process layer
resolution. The layer thickness affects the total quality of the 3-D structure. Each
of the divided cross-section is identified with particular pattern and this will be the
main base for defining the deposition technique for each layer. Once the deposition
technique is fixed, the construction starts by feeding the pattern into automated addi-
tive system [15]. AM technique has several challenges for the fabrication of 3-D
complex parts. The fabricated parts with layered manufacturing has some variable
mechanical properties at different levels which depends on the AM technique. And
also there is a less choice for selection of materials for AM technique [5].
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2 Mechanical Properties of Thermoplastic Composites

Usually the material performance is determined by mechanical properties. The
tensile, flexural and impact properties were reported in the literature. These prop-
erties calculate the material capacity and to identify the ability of working under
various mechanical conditions suitable for potential engineering applications [73].
Dutra et al. [28] fabricated a carbon-Nylon fiber reinforced thermoplastic composite
using fused filament fabrication (FFF) technique. The mechanical results obtained
from asymptotic homogenization technique reveals that 3-D printed nylon matrix
embedded carbon fiber reinforced composite possesses higher ratio of elastic moduli
to fiber volume fraction as compared to thermoset composites. The SEM images
of nylon matrix embedded at the top and bottom of the carbon fiber reveals the
changes in composition at the core, top and bottom layers. The finite element anal-
ysis of continuous carbon fiber reinforced thermoplastic (CFRTP) composites for
tensile specimens shows the internal stresses stored in the material and also it reveals
the effect of test specimen structure on mechanical properties. The fiber deposi-
tion is one of the parameter for stress concentration in 3-D printed structures and
it may lead to the early failure of specimens at irregular locations. Along with that
placing of fibers at the end structures and fixing of specimens also affect the mate-
rial sustainability which are observed in FEM simulation software [68]. Wang et al.
[99] evaluated the mechanical properties of Polyether ether ketone (PEEK) filament
reinforced thermoplastic composite using FFF process. The author suggested the
influencing parameters like nozzle diameter, nozzle temperature and printing speed
on the mechanical properties of composites. The parameter combination of nozzle
diameter 0.4 mm, nozzle temperature of 430 °C and 5 mm/s printing speed gives the
optimum bending strength. The 0.2 mm is favorable nozzle diameter to get the best
bending modulus and internal defects were reduced by high nozzle temperature and
slow printing speed. The better compression properties were obtained by increasing
the nozzle diameter above 0.6 mm. The conductive composite is prepared using
Poly lactic acid (PLA) as a matrix with multi-walled carbon nano tubes (MWCNTs)
constituents by fused deposition modeling (FDM) method. The combination of PLA
with 5% MWCNTs achieves maximum tensile strength of 78.4 ± 12.4 MPa with
elongation at break is 94.4 ± 14.3%. Further, increasing the filler content above
5% forms an agglomeration, which causes decrease in load transferring capacity,
increase in brittleness and decreases material toughness [63]. Iragi et al. [47] studied
themechanical properties of 3-D printed cellulose filled thermoplastic materials. The
10 wt% filler loaded recycled thermoplastic shows weaker tensile properties (Tensile
strength,modulus, elongation at break) but the slightly improvement is found in virgin
PLA composite. The tensile strength and elastic modulus of PLA-C composite was
enhanced by 28 and 3% respectively. The reduction of mechanical properties in recy-
cled thermoplastic composite is due to the material aging during usage, additives,
impurities and thermomechanical action while processing. The author proposed an
in-house fabricationwork of ABS filament based thermoplastics using FDMmethod.
The in-house fabricated one FDM filament cartridge saves around 93% of cost on
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FDMfilament. The optimum tensile strength is obtained for FDMparameters such as
40 rpm screw speed and 145 °C barrel temperature. The mathematical models were
developed to measure the accuracy of tensile strength, modulus, deviation outputs
which is around 99.51%, 98.54% and 97.96% respectively [85]. Calignano et al. [10]
fabricated a carbon/nylon thermoplastic composite using in-house FFF process and
mechanical properties were evaluated. The results are evident based on the filling
percentage and building direction of thermoplastic material. The samples produced
at XZ plane with 80 and 100% filling shows higher hardness value as compared to
other planes and also production time, material cost are also elevated. The XZ plane
produced component possess higher stiffness value in comparison with XY plane
and also young’s modulus, stress at break is higher for XZ component. The 100%
filling density provides good properties but it also causes some negative impact on
the production process. The filling factor also affects the material behavior, which
impacts the development of non-linear relation betweenfilling factor and themechan-
ical properties. Chacón et al. [16] carried out a studies on effect of filament build
orientation, feed rate and layer thickness on mechanical response of PLA struc-
tures manufactured using FDM process. The on edge orientation and flat samples
exhibits better tensile, flexural and ductile behavior and the failure occurs at trans-
layer whereas the upright orientation possess brittle behavior with lower stiffness and
strength value and failure occurs at inter-layer. The upright orientation samples also
possess higher tensile and flexural strength in case of higher layer thickness value, for
the on-edge, flat orientations the mechanical properties were significant in the layer
thickness range of 0.12–0.24 mm. The mechanical properties vary inversely with
the feed rate for upright samples. From these observations, author recommend that
higher layer thickness and lower feed rate values for upright, on-edge orientations
whereas lower thickness value and higher feed rate is recommended for on-edge, flat
orientations. Guan et al. [39] evaluated the mechanical properties of carbonyl iron
powder filled PLA composite fabricated using FDM process. The 3-D printed pure
PLA composite achieves a tensile strength and elongation at break of 55± 5.68MPa
and 20.5 ± 0.024%, which is higher than compared to traditionally manufactured
pure PLA composites (40–60 MPa and 4–10%). Because 3-D printed parts achieves
higher plasticity of PLA and maintains the composite strength, and also there exist
a strong adhesion between the layers of 3-D printed parts. The added filler particles
improves the adhesion, carries some of the applied load and absorbs the deforma-
tion energy. These particles embedded with the matrix enhances the mechanical
properties of PLA structures. Goh et al. [35] studied the mechanical properties of
carbon fiber/nylon thermoplastic which is fabricated using 3-D printing technology.
By the observation of stress–strain curve, the pure nylon thermoplastic possess higher
energy absorbing capacity with a nature of plastic behavior. The carbon fiber rein-
forced nylon composite has elastic behavior where the modulus value enhanced by
337 MPa to 53,000 MPa and tensile strength increased from 48 to 923 MPa because
there exist a strong adhesion between carbon and nylon fibers. From the observa-
tion of S–N curve, the fatigue life is more for carbon/nylon composite as compared
to pure nylon matrix composite. The carbon fiber plays a crucial role and adds the
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fatigue life to the composite and these fibers are comparatively insensitive to the
fatigue loading.

3 Thermoplastic Matrix Reinforced Polymer Composites

The polymers whose physical properties are not altered after melting, molding and
remolding are called Thermoplastic polymers. As compared to thermosets, thermo-
plastic matrix has good damage tolerance, impact resistant, tough and less brittle
nature. Hence, thermoplastic matrix composite repair is easy and it can be easily
remolded, recyclable. These materials are suggested for critical weight applications
due to less density as compared to thermosets and excellent properties which are
tabulated in Table 2. Their manufacturing process involves higher cost due to require-
ment of high temperature and pressure for the melting of plastics and for binding the
fibers. There are many types of thermoplastic matrices such as nylon, polyamide,
polycarbonate, polypropylene, polyurethane, polyether ether ketone etc. Some of the
thermoplastic matrix composites were discussed in the following sections.

3.1 Polylactic Acid (PLA) Thermoplastic Composites

PLA is one of the economically preferred popular matrix material which is produced
from the renewable sources. As per 2010 survey, PLAoccupies second position in top
consumed bio-plastics in the world. The monomer of PLA is produced from natural
plants starch obtained from sugarcane, root of tropical tree and corn [70]. Hu et al.
[46] fabricated a long carbon fiber reinforced PLA thermoplastic composites for the
analysis mechanical, thermal and surface characterization of 3-D printed composite.
The 5 wt% carbon fiber filled CF/PLA composite obtained enhancement of tensile
strength by 89.14%, whereas 70.71% of enhanced tensile modulus if found in 7.5
wt% CF composite. The 15 wt% CF filled composite claims the highest elevated
flexural strength and modulus value by the amount of 43% and 185.29% respec-
tively. The highest thermal conductivity achieved is 0.1350 W/m. K and it is for 5
wt% CF composites. As per experimental results the best performance is obtained
for 5 wt% CF filled PLA composites and as per Gaussian process modeling, the
optimum performance is predicted for 7.5 wt% CF filled PLA composites. Karakoç
et al. [53] conducted an experiment on thermomechanical evaluation of cellulosic
PLA filled glass/carbon fiber reinforced thermoplastics using FDM method. TGA
analysis results shows that PLA and its composites stability is less and it is higher for
glass fiber reinforced polyamide based composites. The crystallinity of the polymer
matrix is enhanced by the addition of nano diamond filler particles and cellulosic,
carbon, glass fibers has no effect on crystallinity of the composites. Thehighest tensile
strength is achieved for PLA, polyamide based composites whose values are higher
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Table 2 Properties of different thermoplastic composites

Studies Matrix Reinforcement Manufacturing
method

Processing
temperature

Observations

De León
et al. [25]

ABS Thermoplastic
polyurethane
(TPU)

FFF 230 °C Addition of
TPU improves
the interfacial
adhesion of
printed parts,
TPU blends
uniformly
distributed in
ABS matrix

Wang et al.
[100]

PEEK Glass fiber,
carbon fiber

FDM 360–400 °C Incorporation
of CF/GF
increases the
tensile, flexural
strength at cost
of ductility and
strength is more
due to fiber
alignment
along printing
direction

[2] PEEK Carbon
nanostructures
(CNN),
Graphene
nanoplatelets
(GNPs)

FFF 390–410 °C Addition of
CNC increases
the degree of
crystallinity.
GNP addition
decreases
modulus value
by 5% and
increases
strength value
by nearly 5%

[67] Polyethylene
Terephthalate
Glycol

Carbon fiber FFF 230 °C Addition of CF
increases
modulus,
hardness value
by 30%, 27%
and decreases
compressive
strain by 66%.
Average
damping
capacity was
reduced by the
addition of CF
into PETG

(continued)
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Table 2 (continued)

Studies Matrix Reinforcement Manufacturing
method

Processing
temperature

Observations

[89] Polypropylene Glass fiber Extrusion
based AM

175–185 °C The addition of
glass spheres
enhances the
toughness and
tensile
properties of PP
filled
thermoplastics

[105] ABS Carbon Black FDM 230 °C Resistivity is
more in
horizontally
printed parts as
compared to
vertically
printed parts.
Resistivity is
anisotropic in
printed parts
due to the
internal
structures

Dickson
et al. [26]

Nylon Carbon fiber 3D printing 245 °C The woven
specimen has
bearing
strength of
maximum
214 MPa and
double shear
bearing
strength of
maximum
276 MPa,
which is 29%
and 63% higher
as compared to
hole drilled
equivalent
composite

(continued)
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Table 2 (continued)

Studies Matrix Reinforcement Manufacturing
method

Processing
temperature

Observations

[75] Nylon Carbon, glass,
kevlar

FDM 200–260 °C Fatigue
response is
more in 0°
printed carbon
reinforced
nylon
thermoplastics.
The specimens
with higher
humidity shows
yield failure at
low load cycles

Camineo
et al. 2018

Nylon Glass, kevlar,
carbon

FDM 232–273 °C With the
increasing layer
thickness,
impact strength
increases in flat
samples and
decreases for
on-edge
specimens.
Glass fiber
reinforced
nylon
composite has
higher impact
strength

[4] Polyamide 11 MWCNTs Laser assisted
manufacturing

189 °C Incorporation
of CNT with
PA 11 improves
the impact
strength by
9.48 kJ/m2 and
crystallinity
percentage of
64.2%

than manufacturer quoted values. The injection molding parameters like tempera-
ture, speed, and infill percentage affects the strength of the composites. The PLA
filament reinforced with short carbon fibers composite manufactured using fused
filament fabrication process results in enhancement of tensile strength and stiffness
of 47.1%, 179.9% respectively as compared to plane PLA composite. The strong
bonding performance was observed in flat and on-edge orientations and hence inter
laminar shear strength is high, whereas lower ILSS was observed in up-right orien-
tation. The SEM micrographs of fractured tensile surfaces shows a brittle behavior
in up-right orientations and higher plastic deformation is observed in on-edge, flat
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orientations [79]. Fan et al. [29] fabricated a composite made of 0.1, 0.5, 1 and 2 mm
short carbonfiber reinforced PLA structures and studies reveals that 38MPa of tensile
strength is obtained for 0.5 wt% fiber content in single layer, which is 15% higher
than plane resin matrix. Further, increasing short fibers leads to development of voids
results in decrease of mechanical properties. When the carbon fiber length is added
about 0.5 and 1 mm (more than critical fiber length), the composite exhibits higher
mechanical performance due to better bonding quality with the matrix. The 2 mm
fiber reinforced composite shows lower mechanical properties due to overlapping
of fibers which creates poor adhesion with the matrix material. Further 3-D printed
parts were subjected to post treatment for the enhancement of the properties (signif-
icantly within 5%), normally the post treatment temperature is maintained above
the glass transition temperature (Tg) and hence strong interface is formed between
3-D printed layers due to fusion. The prepared composites were further heated using
laser source, which increases the temperature at inter layers. The 10 W laser power
utilization elevates the tensile strength to 59.20 MPa which is 56.78% higher than
composites without the post treatment. Csenge and Kovács [24] manufactured a
composite reinforced with glass, carbon, basalt fibers with PLA matrix using FFF
process. In longitudinal directionally (0°) printed 5wt%all samples possess increased
tensile properties, but in 90° printed samples only basalt fibers reinforced samples
exhibit elevation in the strength. Addition of more percentage of fiber content results
in decrement of tensile property by the amount of 5% reduction in development.
Major flexural strength values depends on the printed orientation of fibers and it
is higher for glass fiber reinforced composites. The parallel infill orientation of 5
wt% glass and carbon fibers have higher impact strength. The ductility index value
decreases with increasing fibers content because PLA matrix is more rigid than the
reinforced fibers. The porosity is observed in the SEMmicrographs of thermoplastic
samples which is due irregular flow of material while printing and this porosity may
be reduced by elevating the feed rate or reduction of draw speed. Another study
reveals the comparison of mechanical properties of pure PLA composite and short
carbon fiber reinforced PLA structures. The 15 wt% CF reinforced PLA has tensile
modulus value 2.2 times greater than neat PLA composite in the plane printing direc-
tion and it is 1.2 times higher in transversely printed direction. From the examination
of tensile strengths both in plane printing direction and transverse to printing direc-
tion noticed that there is no much alteration of quantities by the short carbon fibers
practically and majority of loading stresses were carried by PLA matrix at failure
loading stage both in PLA and PLA+ CF composites. The chopped carbon fibers of
small length 60 μm doesn’t play dominant role in improving the strength and also
adhesive nature is decreased with the matrix material [30]. Li et al. [60] manufac-
tured a continuous carbon fiber reinforced PLA composites using 3-D printing and
compared the properties of 3-D printed composites with and without preprocessing
of carbon fiber bundle. The pane PLA composite possess 28 MPa of tensile strength,
for carbon fiber reinforced PLA has 80 MPa and modified carbon reinforced PLA
withstand 91 MPa of tensile strength. The carbon fiber modified PLA composite has
13.8% and 164% elevated tensile and flexural strength as compared to untreated one.
These mechanical performances were observed in Fig. 1. Due to the modification of
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Fig. 1 Mechanical properties of three different materials printed by the same process condition.
a Tensile strength of PLA, carbon fiber reinforced PLA and modified carbon fiber reinforced PLA.
b Flexural strength of PLA, carbon fiber reinforced PLA and modified carbon fiber reinforced PLA.
(Reused with the permission from Elsevier, License No: 4991340859318)

fiber, the adhesive property is increases and hence the interfacial strength between
the fiber and PLA is more. The DMA analysis of three types samples were shown
in Fig. 2. The storage modulus value is higher for all the three kinds at initially and
decreases for further raise in temperature. The peak value of the loss tangent curve
is identified as a glass transition temperature (Tg) and this attributes the PLA matrix
molecular mobility. As compared to storage modulus curves, the modified sample
possess higher value at the beginning stiffness elevated due to modification of carbon

Fig. 2 Storage modulus and loss tangent of three kinds of printed materials (Reused with the
permission from Elsevier, License No: 4991341504425)
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fiber and majority of stress is withstood by the carbon fiber at the carbon-PLA inter-
face. The 66.8 °C Tg value shows the higher thermal stability of modified carbon
PLA composite and achieves lower loss target as compared to other two kinds.

3.2 Polyetheretherketone (PEEK) Thermoplastic Composites

The high performance PEEK belongs to the family of polyaryletherketone and it
was synthesized in the year 1962 by Bonner. This consists of molecular aromatic
ring with ethers and ketones as a functional group. These carbonyl functional groups
with benzene ring, ethers forms the bond with intermolecular attraction and results
in PEEK structure. The PEEK addition enhances the tribological conditions, stiff-
ness, strength and toughness of the composites [58]. [95] fabricated and evaluated the
mechanical, thermal analysis of PEEK thermoplastic which is produced by robotic 3-
D printer. By the TGA analysis, PEEK thermal decomposition occurs in two stages
with nitrogen atmosphere at 10 °C heating rate. In the first phase of decomposi-
tion there exist a random chain separation in bonds of ether and ketones and also
phenol (main content) degradation occurs with lesser amount of benzene and diben-
zofuran compounds. In the next phase, splitting of carbonyl bonds were takes place,
this forms intermediate more stabled radicals because of resonance effect. PEEK
produces a residueweight of 58.6%, 55.68%, 52.62%, 52% at 600 °C, 650 °C, 700 °C
and 800 °C respectively. The maximum ultimate tensile strength, modulus of elas-
ticity achieved is 300.07 N/mm2, 5114 N/mm2 for 390 °C extrusion temperature and
40mm/s printing speed.Arif et al. [3] evaluated the performanceofPEEKmatrix used
Graphene nanoplatelets (GNP) and carbon nanotubes composites which were fabri-
cated using FFF AM technique. The addition of CNT enhances the degree of crys-
tallinity and crystallization temperature of PEEK composites and printing direction
influence the formation and extend of voids with the variation of density value. The
addition of 5% GNP, 3% CNT into PEEK matrix reduces the coefficient of thermal
expansion value by 26% and 18% respectively and these nanocomposites withstands
optimum dimensional stability. The young’s modulus and storage modulus are found
to be increased by 66%, 77% for 5% GNP composite and 20%, 23% for 3 wt% CNT
loaded composite. Both the GNP, CNT filled composites are having superior wear
rate but it has lower coefficient of friction value because of less hardness value,
existence of more porous percentage. Another study reveals the fabrication of PEEK
composite with 1% and 5% CNTs and it is fabricated using FDM technique. The
PEEKwas extruded easily with the temperature range of 350–380 °C and for 390 °C
PEEKwas degraded at the nozzle outlet. The smooth and denser surfacewas observed
in PEEK structure fabricated at 350 °C and cavities formed were observed at 365 °C
and 380 °C PEEK composites. Initially the filament is dried to remove the mois-
ture content, but in some cases the environment moisture enter into the filament and
evaporates after the deposition process, which forms the cavity at that position. The
highest porosity was observed in 5% CNT filled PEEKwith 4.67% of voids. The 1%
CNT PEEK has the highest tensile strength and 5% CNT loading has lowest due to
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the formation of agglomeration while region is formed at the specimen. The short
beam shear strength is similar for plane PEEK and 1% CNT loaded PEEK about 33
± 10 MPa and it is decreased to 21 ± 5 MPa for 5% CNT loaded PEEK because of
change in surface characteristics like adhesion with molten material, surface tension
and wettability, which are different from 1% CNT PEEK, plane PEEK composites
[6]. Chang et al. [19] prepared a continuous carbon fiber reinforced PEEK composite
using Laser assisted Laminated Object AM technique. This composite withstands
the highest flexural strength and modulus of 670.5 MPa and 89.7 GPa respectively
which is higher than FFF printed same composite. The Hot press postprocessing
(HPP) is one of the main reason for increased flexural properties and it also reduces
the interface delamination.Without HPP the specimens exhibit 1212.9MPa of tensile
strength, 113.8 GPa of elastic modulus whereas with HPP exhibits 1513.8 MPa of
tensile strength and 133.1GPa of elasticmodulus value [0° orientation]. Themechan-
ical properties were reduced for 45 and 90° orientation which is due to fiber pull-out
and delamination of printed surface. Han et al. [40] conducted a studies on mechan-
ical evaluation of CF/PEEK composite and analyzed the effect of surface roughness
of material on biocompatible nature and cell adhesive nature using sandblasting and
polishing methods. The slightly higher tensile properties were observed in CF/PEEK
as compared to plane PEEK composites and compression strength is nearly equal for
the composites. The SEM images reveals that the peaks and valleys were disappeared
completely on the sandblasted, polished surfaces and rough surface is found on the
untreated composite. The smooth morphology is observed on polished surfaces and
very fewer defects were found on CF/PEEK composite. The cells attachment is more
in untreated surface with good adhesive nature and hence cell density is higher than
compared to treated surfaces. Rahman et al. [76] manufactured a PEEK composite
using FFF process with extruder temperature of 340 °C and quoted the advantage
of FFF process over selective laser sintering (SLS) technique. The 0° raster orien-
tation combination shows average ultimate tensile strength of 73 MPa, compression
strength of 80.9 MPa and 90° oriented raster combination has average of 54 MPa
tensile strength, whereas alternating 0°/90° raster orientation possess intermediate
strength of 66.5MPa and compression strength of 72.8MPa. The maximum bending
strength achieved is about 111.7 MPa, 79.7 MPa, 95.3 MPa for 0°, 90° and 0°/90°
raster oriented combination respectively. Author also quoted the advantages of FFF
process such as less equipment cost, easy usage, less material contamination, degra-
dation and user safety while using the equipment. Luo et al. [64] studied the inter
layer bonding behavior of extruded continuous carbon reinforced PEEK compos-
ites. Extrusion performance of the composite material was influenced by the melt
viscosity, but PEEK has higher viscosity, melting point and hence it is challenging
for 3-D printing. The ILSS test is conducted for two types of PEEK (450 G, 150
G), the melt viscosity value and ILSS were decreased as the increase of melt flow
rate, which results in poor bonding between the layers. The zig-zag variations were
observed in the stress–strain curve, which implies the inter layers delamination and
exist a poor infusion between CF and PEEK. The 10 W laser source is used for
preheating of material surface during the extrusion process and it is also one of the
reason for elevated ILSS value. The delamination of inter layers is due to the two
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main reasons: (i) The surface temperature of the 3-D printed layer is lower than the
glass transition temperature (Tg), which reduces the bonding of PEEK molecular
chains end with the neighbor layers and it causes poor bonding between the layers,
(ii) Fluidity value is lesser for PEEK material which is difficult to penetrate into
the CF fiber sufficiently, hence weaker inter layer bonding and macro pores were
developed.

3.3 Nylon Thermoplastic Composites

Nylon was the first thermoplastic polymer synthesized commercially in the year
1935 and it is composed of repeating units of amide link (polyamide). Nylon doesn’t
get affected by alkalis, oxidizing agents, reducing agents, microorganisms and it has
higher insulating properties. Nylon is used in fabrication of flame resistant product,
machine parts, high strength wires and nets, clothes, ropes, vehicle tires and in some
military applications [93]. Dong et al. [27] evaluated the mechanical properties of
kevlar fiber reinforced nylon thermoplastic composites manufactured using FDM
process. The thermoplastics reach a maximum elastic modulus value of 27 GPa and
ultimate strength of 333MPa and this improvement was found due to the continuous
fiber reinforcement. When the fiber is aligned in a direction perpendicular to the
tensile loading, the elastic modulus value falls to 0.84 GPa and it is also observed
the weak bonding exist between the nylon layer and kevlar layer. The debonding of
layers occursmainly because of existence in different Poisson’s ratios of kevlar, nylon
layers. The elastic modulus value is not affected by the position of fibers and author
suggested the 5 layers of nylon for part surface. Another study reveals the effect
of moisture content on the mechanical properties of carbon fiber reinforced nylon
thermoplastic, which is fabricated using 3-D printing. To study the water absorption
behavior, Fickian model and Langmuir model were used. The analysis of pure nylon
behavior is done by Fickian model above the glass transition temperature and the
diffusivity (D) depends on moisture content and temperature. The moisture content
reduces the Tg value and for the thick material, the diffusion coefficient changes with
heterogeneous water contents (Langmuir behavior). The nylon samples has 9.7% of
moisture content in wet condition and 3% in ambient condition. The equilibrium
of moisture content depends on the volume percentage of matrix material (hygro-
scopic), hence increase of fiber volume percentage decreases the moisture intake
percentage. The pure nylon possess a tensile modulus of 206.1 MPa and 1074.9 MPa
in wet and dry condition respectively. For the wet condition, CF/PA possesses the
modulus and ultimate stress values of 35.1 MPa and 522 MPa respectively, and for
dry condition it is 41.2 GPa and 598 MPa. The ductile behavior was observed in
the wet samples, whereas in dry samples light brittle nature and plastic deforma-
tion is observed [56]. Chacón et al. [17] found the effect of process parameters on
FDM printed continuous fiber reinforced (glass, carbon, kevlar) nylon thermoplas-
tics. There is no much effect of layer thickness on the mechanical properties of nylon
matrix specimens and in most of the cases flat oriented samples withstands higher
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tensile and flexural strength as compared to on-edge oriented samples. The carbon
fiber reinforced composite has higher stiffness, tensile strength, flexural strength
value as compared to other two composites and kevlar fiber reinforced thermoplastics
possess lower mechanical properties. The kevlar fiber exhibits anisotropic property
and hence compressive strength is lower than the carbon and glass fibers, which
results in composite failure. The fiber pull-outs and fiber breakages were observed
due to the inappropriate coating of matrix material (Nylon) on the continuous fiber
surface while fabrication of composites. The experimental results evident that the
strength and stiffness values elevated as the increase of fiber volume percentage and
also depends on the build orientation. Blok et al. [8] studied the quality and mechan-
ical performance of continuous carbon fiber/nylon printed using Mark Forged Mark
Oneprinter anddiscontinuous carbonfiber/nylonproducedusingdesktop3-Dprinter.
The MarkOne printed composite has 986 MPa of average strength, 31.16 MPa of
shear stress and 62.5 GPa of stiffness value and it is heard that high frequency sound
of fiber fracture is found at 200 MPa lower stress, after that no sound was heard
before the failure of composite. The flexural strength and flexural modulus were
noted as 485 MPa and 41.6 GPa respectively and these values were lower than the
tensile values which might due to poor quality of parts. The 3-D printed discontin-
uous CF/Nylon has tensile strength of 33.5MPa, stiffness value of 1.85 GPa, flexural
strength of 55.3 MPa, shear strength of 19.02 MPa and flexural stiffness value of 3.0
GPa. There exists a disadvantage of continuous fiber printing, there is not much
control over the printing of continuous fiber and it creates voids during printing of
complex shapes. Hence, to overcome these problems, a short fiber with a length
of above critical length is preferred for printing process. Caminero et al. [11, 12]
conducted a studies on inter-laminar bonding performance of continuous fiber rein-
forced thermoplastics and also studied the effect of fiber volume and layer thickness.
The ILSS strength value is directly related to the layer thickness and slightly decrease
of ILSS is observed with increase of layer thickness (Fig. 3a). The decrease of layer
thickness results in overlapping of thin fiber layers, which reduces the formation of
voids and hence ILSS strength was elevated. For the analysis of fiber/nylon thermo-
plastics ILSS performance, two kinds’ fiber percentages were considered (A-27.2%
reinforcement, B-73.2% reinforcement). TypeB reinforced composite possess higher
ILSS value as compared to type A and the value is higher for carbon fiber reinforced
thermoplastics. There is no much effect of fiber volume percentage in kevlar fiber
reinforced thermoplastics and less ILSS strength was observed due to poor wetta-
bility (Fig. 3b). These composites were compared with ILSS values of other 3-D
printed thermoplastic composites and also with thermoset matrix based composites
which are produced using traditional manufacturing methods (Fig. 3c). The carbon
fiber reinforced thermoplastics withstands higher indentation force before the inden-
tation reaches to 3.8 mm when carbon fiber sheets breaks which is having isotropic
properties at plane. The 1078 N of indentation force is recorded to the maximum
extent and the indentation energy is noted about 6530 J for 10.62mmof displacement
and the sudden indentation force drop is due to catastrophic failure of specimens.
Foe the glass fiber thermoplastics the maximum indentation achieved before the
7.68 mm of indentation and this value is higher than compared to carbon fiber due
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Fig. 3 Graphical comparisonof averagemaximumILSSof specimens.aHeeffect of layer thickness
in unreinforced ILSS samples. b The effect of fibre volume content. c Comparison of different 3D
printed thermoplastic materials (unreinforced and reinforced) and prepreg M21/IMA thermoset-
matrix composite. (Reused with the permission from Elsevier, License No: 4991350480889)

to the lower young’s modulus and flexural modulus value of glass fiber. The glass
fiber thermoplastics achieves 1406 N of indentation force and 7046 J of indentation
energy which is calculated upto the displacement of 12.12 mm [36].

3.4 Polyurethane Thermoplastic Composites

Polyurethane (PU) is a versatile plastic material, which contains the soft copolymer
segments of macrodiol and hard segment components obtained from the di-
isocyanate. PU has certain excellent properties such as high elasticity, flexibility,
shock absorbing capacity and abrasive resistance nature. It also has some drawbacks
such as lower thermal stability, mechanical properties and these properties can be
boosted by coating of clay or layered polymer silicates [51]. Chen et al. [20] studied
the biocompatible nature of PU/PLA/Graphene oxide (GO) filled nanocomposites
printed using FDM process. The addition of GO elevates the compression modulus
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Fig. 4. A a–c SEM images of PA12, 2CB/PA12 and 4CB/PA12 raw powders; (a1-c1) corre-
sponding powder size and size distribution. (Reused with the permission from Elsevier, License
No: 4991350759209)

value of standing specimen (height direction printing) by 56% and for lying spec-
imen (width direction printing) it is 167%. The tensile properties were optimum for
0.5 wt% loading of GO and further addition reduces the properties which might
be due to reaching the above percolation threshold value. At 90 °C degradation
temperature, the composite possess improved thermal stability with the formation
of good newly build crystalline structures. The controlled addition of GO fillers
doesn’t provide toxicity for the growth of cells and this addition is advantage for cell
proliferation. Leng et al. [59] fabricated a PU components reinforced with in Situ
PLA microfibers and studied the influence of deposition-induced effect. The author
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developed a customized CSBED system which works on the principle of screw rota-
tion and it is adopted to FDM to use fiber pellets directly as a feedstock because it
is difficult for printing in commercial FDM printer. The DSC analysis reveals that
the composite produced from FDM process has higher crystallinity as compared
to compression molding technique and the variation rate is from 17.72% to 24.92%
above. Hence, these reasons increase the tensile strength andYoung’smodulus values
of FTP specimens as compared to CTP specimens. The effect of printing speed is
less on mechanical properties and fiber morphology of specimens. Shen et al. [83]
studied the energy absorption behavior of PUs based 3-D lattice structures fabricated
via selective laser sintering (SLS) using modeling and prediction. The prepared 3-D
model is subjected to cyclic loading applied in y-direction for compression test with a
load rate of 1.5× 10–3 s−1 and 17 mm displacement is set for nominal strain of 25%.
The load–displacement curves shows a small deviation of fourth cycle forces about
10% as compared to experimental data. These deviations arise during the above 50%
of loading process and before 50% of unloading process. The numerical calculations
were done to study the effect of strain on energy absorption and the two models
withstands a maximum energy absorption of 0.00494 and 0.01866 per unit volume.
The energy absorption value is elevated after reaching the strain value above 0.1.
The predicated model indicates the non-linear relationship among energy absorption
value and compression value. It is also observed the relationship between porosity
and compression force, which means that the prepared spherical 3-D lattice model
strength value is sensitive to porosity and the energy absorption value is higher for
lower porosity. Gorbunova et al. [37] synthesized a urea-based PU thermoplastic
for bio-medical applications by controlling the physical parameters. The mechanical
properties, thermal properties, shape memory of adaptive materials were controlled
by physical structural parameters like degree of crystallinity and crystallization rate
of soft blocks. These physical parameters were controlled by varying the polyether-
dioles types and ratio and also the nature of isocyanate group present in the rigid
blocks. The author also reported the influence of two crystllaizable blocks such as
poly-ε-caprolactone diol (PCL) and polybutylene glycol adipate diol (PBA) on struc-
ture and thermal properties of urea based PU thermoplastic elastomers. Kim et al.
[55] investigated themechanical and piezoresistive behavior ofMWCNTs filled (2%,
3%, 4%, 5%) PU thermoplastic nanocomposites. The plan PU thermoplastic possess
lower strength value, addition of MWCNT increases the young’s modulus and true
stress value and the strength is higher for 5 wt% MWCNT filled PU thermoplastic
nanocomposite. The stable electrically conductive network is formed at 5 wt% filler
composite and this is the percolation threshold value to get the higher electrical
conductivity. Piezo resistivity is measured for 5% CNT by using variation of resis-
tance under loading and it is measured upto the 1.4 stretch. The rate of increase in
resistance is faster in longitudinal direction as compared to transverse direction. The
piezo resistivity is measured with cyclic deformation to know the reliable nature of
the 3-D printed composite. The resistance peak decreases with increasing number of
cycles and the small peaks were observed at lower strain limit. The increase in CNT
length and diameter reduces the piezo resistivity and smaller significant difference
were observed in the prepared model.
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3.5 Polyamide Thermoplastic Composites

Polyamides (PAs) are the synthetic polymers formed by the repeating units of amides
linkages, where these polymers applications ranges from textile to automotive appli-
cations. There exist a two types PAs such as aromatic polyamides (aromatic rings)
and aliphatic polyamides (aliphatic chains), synthesizing of aliphatic PAs is easy
by condensation polymerization and synthesizing of aromatic PAs is difficult by
diacids and diamines due to less reactive nature of aromatic amines [92]. Chabaud
et al. [18] investigated the mechanical behavior of glass, carbon fiber reinforced
polyamide thermoplastics which are produced using commercial 3-D printer. The
optical observations were done on as received filaments and it reveals that there
exist a variation in diameters of carbon and glass fibers due to improper coating
of filaments during processing and also inhomogeneity was found in impregnated
fibers with agglomeration formation. Tensile modulus and ultimate stress value is
higher for higher fiber volume percentage (30%), further increasing fiber percentage
above 30% of GF/PA composite results in lower ultimate stress value due to change
in failure mode by debonding instead of fiber breakages. Both the fiber reinforce-
ment exhibits higher mechanical properties as compared pure PA composite, where
ultimate stress value is 23 times higher for carbon fiber and 19 times higher for
glass fiber, similarly tensile modulus value is elevated to 137 times, 63 times for
carbon and glass fibers respectively. Silva et al.[86] studied the hybrid processing
approach for the fabrication of carbon fiber reinforced PA thermoplastic using Fiber
Yarn Fused Fabrication (FYFF) system. The tensile and three point bending tests
were conducted for two types of yarns 1 K and 3 K with varying sample thickness.
The 3 K yarn 4 layers specimen possess maximum 153.62 MPa of rupture stress
with 5.16% of standard deviation. The 2.12 mm of mean displacement is observed
at break with 0.61% of standard deviation. The addition of less dense carbon fiber
lowers the tensile strength and standard deviation value is within the expectation
because of the produced components has higher anisotropic mechanical properties
as per manufacturing directions. The flexural results show that increasing the fiber
yarn layers from 2 to 4 elevates the break strength to 366% and 325% for 3 K and 1 K
yarn types respectively. Hong et al. [44] evaluated the mechanical, electrical proper-
ties of carbon black (CB)/polyamide 12 (PA12) composite using two-step approach
based on SLS system. In the first step, these material powders were prepared with
predesigned coating structure and then sintering was done in the subsequent SLS
steps. Morphology images shows the good absorbing of CB particles in the PA12
power surface and the powder size impact is negligible. The quantitative analysis of
power size and distribution is shown in Fig. 4. The raw powders median diameter
value (D 0.5) and span of distribution increases with addition of CB particles. The
higher content of CB creates the agglomeration of particles and it is observed in
Fig. 4c. The 2% CB/PA12 composite has uniform distribution of CB particles and it
is shown in Fig. 4b. The two-step approach increases the higher electrical conduc-
tivity of CB/PA composite due to formation of 3-D segregated conductive network.
The young’s modulus value increased with higher CB contents and CB demonstrate
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the irregular effect on the tensile strength and elongation at break at different SLS
conditions. [49] characterized the ply and interlaminar behavior of continuous carbon
fiber reinforced PA composite fabricated using FFF process. The mechanical perfor-
mance obtained through FFF process in longitudinal direction is equivalent to same
produced using hot compression molding process. The mechanical response during
transverse and shear loading is strongly affected by manufacturing defects and this
drawback is less in HCM process. The defects such as voids, non-uniform distribu-
tion of fibers, poor intralaminar bonding were identified in between the layers and the
beads. These defects lower the thermo-mechanical strength of the materials during
fabrication which arises due to rapid cooling of 3-D printed composite below the Tg

value. The carbon fibers have good dispersibility with the PA12 matrix material and
these fibers aligned in the printing direction. The DSC curves recorded the highest
crystallization peak temperatures with the addition of higher carbon fiber content,
because these carbon fibers behaves as a nucleating agents for the crystallization of
PA12matrix phase. This nucleating behavior of fibers changes the mode from homo-
geneous nucleation to heterogeneous nucleation, which reduces the nucleation free
energy and it leads to the orderly arrangement of molecular chains on the surfaces
of carbon fiber. The plane PA12 and CF/PA12 DSC heating curve shows the very
less difference of melt peak temperatures and addition of CF doesn’t affect the melt
process. The carbon fiber shows a two opposite faces for the failure of material,
one is it may increase the defect density in the composite, which results in crack
beginning. Another it is efficient to avoid the crack propagation because the carbon
fiber orientation is perpendicular to the direction of crack propagation. Along the
printing direction, the thermal conductivity value enhanced by 227.8% as compared
to neat PA12 and it is 0.835 W/mK [62]. Wang et al. [98] analyzed the effect of
infill pattern, infill density and strain rate on mechanical performance of polyamide
based thermoplastic composites. The composites with hexagonal structure unit’s has
higher tensile modulus and strength value but having lower elongation at break as
compared to triangular unit structures. The failure and deformation mode is affected
by infill pattern and it is caused due to printing path defects. The triangular unit
composite structure failure is started from internal node and propagates towards the
neighbor nodes. The beginning of failure at the internal node is due to imperfections
inmanufacturing (overlapping of printing path). The hexagonal structured composite
failure begins from circumferential walls which is due to strain at the wall edges and
imperfection at the cellular joint. The young’s modulus and tensile strength value
increases with increasing infill density, this infill density improves the resistance to
deformation.
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3.6 Acrylonitrile Butadiene Styrene (ABS) Thermoplastic
Composites

ABS is an amorphous engineering thermoplastic material, which is composed of
monomers like styrene, acrylonitrile and butadiene. Acrylonitrilemonomer increases
the chemical resistance, butadiene contributes for the toughness, styrene increases
the processability and these properties attracts the variety of applications. ABS is non
conductingmaterial having an excellent properties like ductility at lower temperature,
rubber toughness, good dimensional stability and good chemical resistance [72].
The 20% CF reinforced thermoplastic has most dominant elastic properties and
they are having high shear thinning at different dynamic frequencies. The dynamic
mechanical properties were depending on the printing direction, the Tg value is
highest in xy direction than the z direction printed sample by 4 °C. The storage
modulus, loss modulus value is 58MPa and 19.5MPa respectively in the xy direction
[1]. Conway et al. [22] studied the crazing behavior of additive manufactured ABS
thermoplastic and compared the results with compression molded ABS. The AM
ABS has yield strength of 33 MPa and compression molded (CM) ABS has 31 MPa
of yield strength. The crazing was observed in AM ABS material at 0.78σ and it is
observed in CMABS after the material is subjected to yielding. The uniform and thin
crazes were found in AM ABS specimens with 10 μm width and it is not originated
from any particular one point, but uniformly distributed over the entire crossectional
area, particularly observed at thinnest sections. Further loading elaborates the crazes
size, upon increasing the load results in initiating crazes developing outside the gage
sections, which is due to more crazes begins to nucleate from the stress concentration
region over the gage section. The crazes were found to be denser at middle of dog
bone shaped specimen at the smallest crossectional area and the density is decreased
towards the gripping section. The internal voids were not found in the CM ABS
material and found in AM ABS specimen due to printing errors. During loading, the
internal voids were grown till the material cracked at the region of craze initiation.
[33] fabricated a sandwich composite composed of carbon fiber reinforced ABS
thermoplastic for complex structure build by FDM process. The reinforcing of one
layer carbon fiber on bottom and top of the ABS enhances the ultimate strength from
0.63 ± 0.1 GPa to 4.03 ± 0.7 GPa and the elastic modulus value by 0.63 ± 0.1 GPa
to 4.03 ± 0.7 GPa, similarly for two carbon layers it is increased by 43 ± 2.3 MPa
of ultimate tensile strength and the elastic modulus value achieved is 7.3 ± 0.7 GPa
and for three carbon layers the tensile strength and modulus is 83.3 ± 1.5 MPa
and 11.2 ± 1.7 GPa respectively. The failure in CF/ABS/CF composite begins from
carbon layers, further followed by core material failure and the failure occurs by the
mode of fiber pull-outs and carbon layer delamination. During tensile loading, the
sandwich composite exhibits brittle behavior while pure ABS samples has ductile
behavior. The artificial neural network model is prepared to check the accuracy
of elastic modulus and specific strength value and the results reveal the excellent
accuracy of tensile values proposed by ANN model as compared to experimental
data. [84] investigated the effect of MWCNTs (1, 3, 5, 7 and 10 wt%) on ABS
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material fabricated using 3 D printing. The ultimate tensile strength (UTS) is higher
for 7 wt% MWCNT filled composite and UTS is reduced for 10 wt% due to the
improper particles’ agglomeration. The total UTS value is 288% higher for 7 wt%
as compared to neat ABS composite. The pure ABS samples nonconducting electric
behavior and adding 3 wt% of MWCNT makes insulating to conductive material
for the raster angle [0, 90]. The mechanical properties and electrical conductivity is
higher for [0, 90] raster angle as compared to [−45,+ 45] rater angle. The maximum
electrical conductivity achieved is 232 e−2 S/cm and lowest melt flow index (MFI)
value achieved is 0.03 g/10 mm for 10 wt% MWCNT filled ABS thermoplastic
composite. The MFI reduction is due to clogging of filler particles at the extruder
nozzle while printing the filaments with higher concentration filler rate. The addition
of CNT filler with the ABS matrix enhances the tensile strength upto 5wt5 of CNT
and the percentage was elevated, which is equal to five times the weight percentage
of CNT filler material. CNT also improves the young’s modulus value estimated
for 100% increase for 3wt% filler composite and the 10 wt% CNT/ABS composite
shows brittle behavior with reduction of strength value. The adhesive nature between
the layers is not affected by CNT upto 3 wt%, further increasing above 2 wt%
reduces the fracture toughness value and slight increase was observed at 1 wt% CNT
composites. The anisotropic conductivity values were observed in less than 5 wt%
CNTfilled composite and the conductivity is high in in-layer direction as compared to
through layer conductivity. The piezo resistance changeswere observed inCNT/ABS
nanocomposites at the strained tension condition and the resistance value sudden
change is observed when the material deformation reaches to plastic zone [91].

3.7 Polypropylene (PP) Thermoplastic Composites

Polypropylene is a low density popular thermoplastic material, discovered in the
year 1954 and it is prepared by the catalytic action from the propylene. The major
advantage of the polymer is resistance to high temperature and chemical activity,
which makes the advantage in clinical environment applications. This polymer is
free color material having a superior mechanical property as compared to polyethy-
lene [65]. Grigorescu et al. [38] developed a thermoplastic composite composed
of recycled polypropylene (rPP), styrene butadiene block copolymer (SBS) and
waste printed circuit board (WPCB) powder as a filler material and Irganox as a
compatible element. The 30% WPCB filled increases the impact strength of the
composites by the addition of two block copolymers and without the filler the impact
strength reduced by 62–85%. The malenized block copolymer (elastomer) addition
enhances the impact strength value three times higher than compared to rPP with
same percentage of filler material, it is due to the better compatibility between the
rPP and copolymer. The copolymer addition with rPP increases the elongation at
break value of composites and it becomes ductile one (initially brittle). [52] prepared
a polypropylene/ micro crystalline cellulose (MCC) composite using additive manu-
facturing and MCC surface is treated with different silanes. The results indicate



Mechanical, Electrical and Thermal Behaviour of Additively … 189

the improvement in mechanical properties due to good dispersion of MCC in the
PP matrix material. The good quality of the filament and good mechanical prop-
erties of AM printed parts suggests that the compounded homogeneous composite
could be reprocessed into the filaments for ME-AM and it can also be reshaped into
the 3D structures. [74] evaluated the mechanical properties of unidirectional GF/PP
composites and bidirectional GF/PP which are built by laser assisted AM technique.
The SEM crossectional images shows the orientation of fibers aligned in 0°/90°
direction in bidirectional composites whereas the fiber orientation is one direction
in unidirectional composite. The PP matrix exhibits semi-crystalline structure and
it was bonded with diffusion with the application of heat and pressure. The strong
bonding mechanism and diffusion is observed in both the mechanisms without any
visibility of gaps or voids (Fig. 5). The adhesive nature of prepreg layer T-peel test
using laser source and the T-peel strength is higher for bidirectional composite. The
stronger adhesion can be obtained setting the parameters like 26 W laser bonding
power and 2mm/s of fixed roller speed. As compared to hot compaction method, this
laser assisted AM has 50% of higher peel strength and 96% of lap shear strength.
The 300%, 150%, 100% of higher tensile strength, tensile modulus and flexural
modulus values were obtained as compared to FDM printed short fiber reinforced
thermoplastic composites. [88] studied the anisotropic properties of short carbon

Fig. 5 Cross-sectional SEM images of unidirectional samples demonstrating interfacial bonding
after laser assisted additive manufacturing. a Cross-ply fiber orientation (0/90) evident from cross-
sectional micrograph, b, c interfacial area between two layers with 90° angle of fiber orienta-
tion, and d fibers in unidirectional tape. (Reused with the permission from Elsevier, License No:
4991351004332)
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fiber reinforced polypropylene composite built by extrusion-based AM technique.
The SEM images reveals the good compatibility between the fiber-matrix interfaces
and also there exist a good interaction between the compatibiliser reactive group and
the carbon fiber surface. The more fiber pull-outs and the holes in the cryo-fracture
were observed in more than 10% carbon reinforced composite due to reduction of
compatible nature with the addition of more reinforcement. The composite PP/10CF
exhibits proper alignment of fibers in the printing direction and uniform distribu-
tion together. The addition of 10% CF with PP increases 100% of filament yield
stress, filament young’s modulus of more than 400% and decrease of 50% in yield
strain as compared to neat PP composite. The thermal conductivity value is higher in
printing direction fiber alignment and lower in fiber alignment opposite to printing
direction composite. By the application of impact load, the composite with different
fiber orientation shows almost similar trend in flexural test. The composite PP/CF10
shows more brittle nature than neat PP and exhibits plastic deformation at smaller
zones, results in decrease of impact energy by 2–4 times as compared to neat PP.

4 Applications

The thermoplastic composites are attracted for manufacturing industries due to light
weight, high mechanical performance, ease of manufacturing, low processing cost
and these materials are suitable for high volume production with complex structures.
Further enhancement of properties were done by selecting suitable additive manu-
facturing technique instead of traditional methods. Some of the applications were
tabulated in Table 3. The carbon fiber reinforced PEEK thermoplastic built by laser
sintering technique possess isotropic properties and the part property exhibited by
dry blends causes’ difference in spatial directions. These developed composites have
light in weight, higher stiffness and these are suggested for aerospace applications
like air ducts, exhausts and the interior customized parts of aircrafts [31]. Flowers
et al. [32] developed a thermoplastic composite suitable for electronic components
and conductive thermoplastic used electronic circuits. The material composed of
hatch box PLA and bronze fill PLA has a dielectric materials and graphene based
PLA, carbon black PLA has a conductive material fabricated using FFF process.
The author prepared a small electric applicability components such as horn antenna
having thin walls pyramid structure, LED embedded thermoplastic component and
3-D printed high pass filter L-C circuit. Additive manufacturing is one of the effi-
cient techniques for the fabrication of 3-D printed PEEK dentistry models during the
requirement of exact fitting model. It makes the surgeons jobs easier and the dentist
can be able to transfer their requirements into the real 3Dmodel innovative and these
PEEKmaterial has an ability to replace the toothwhich is economical for the dentists.
Due to their biocompatible nature and safeties, the PEEK based implants were used
in medical applications instead of metallic implants. The lightweightness of PEEK
promotes the application in robust denture which helps for the patients [41].
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Table 3 Applications of thermoplastic composites

References Matrix Reinforcement/additives AM
technique

Observations Application

[80] Polyurethane
blends

Encapsulated paraffin
blends

FDM Prepared
material
withstands the
cyclic stress
both in tensile
and
compressive
phenomenon

Thermal
energy
storage and
release
application

[82] Polyimide Polyetherimide,
Polyethylene glycol
diacrylate

FFF Inkjet printing
modifies the
material
surface and
increases the
RF
performance

Printed
electronics
and RF
devices

Wang et al.
[97]

Poly ether
ether ketone
(PEEK)

– FDM High
biocompatible
nature PEEK
and
mechanical
properties
promotes for
medical
devices

Dental
implantology

[21] Polyurethane Multiwalled carbon
nanotube

FDM Addition of
MWCNT
enhances
strength,
electrical
conductivity
and initial
elastic
modulus
value. Good
adhesion and
no
degradations
were observed

Elastic strain
sensors

(continued)



192 P. Jagadeesh et al.

Table 3 (continued)

References Matrix Reinforcement/additives AM
technique

Observations Application

[14] Cyclo-olefin
polymer

MgCaTiO2, TiO2,
Ba0.55Sr0.45TiO3

FDM The optimum
relative
permittivity
and loss
tangent values
were obtained
by the
addition of
ceramic fillers

Microwave
components

[33] Acrylonitrile
butadiene
styrene
(ABS)

Carbon fiber FDM Addition of
CFRP layers
improves the
stiffness and
specific
strength
suitable for
UAV
applications

Aerial
vehicle
applications

[43] PEEK - FFF Inexpensive
3D printing
technique
advantages for
surgical
planning and
reduction of
time for
implant
production

Surgical
applications

[42] Polyurethane MWCNTs FFF The
composite
with 3 and 4
wt%
MWCNT
shows
optimum
repeatable and
conductivity
behavior
(frequency
independent)
suitable for
actuating
applications

Pneumatic
actuators
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5 Conclusion

The advanced manufacturing sector is attracted by Additive Manufacturing (AM)
due to its rapid prototyping action, flexibility and application oriented parts can be
developed easily. This present review work demonstrates the properties of different
thermoplastic composites fabricatedusingvariousAMtechniqueswith their potential
applications in various field. The addition of high stiffness reinforcements (carbon,
glass, kevlar) with the thermoplastic matrix fabricated using AM technique increases
the potentiality of the composite, especially the continuous fiber reinforcements has
higher mechanical, thermal and electrical properties as compared to short fiber rein-
forcements. The properties of printed parts were affected by process parameters
like nozzle temperature, printing speed and also the printing direction. The AM
fabricated composite possess higher material properties as compared to other tradi-
tionally manufactured composites due to strong adhesion exist between the printed
layers. The AM fabricated thermoplastics has less manufacturing defects, involves
less processing time and complex structured prototypes can be produced quickly.
The biocompatible nature of PEEK thermoplastics plays dominant role in medical
applications and the AM produced PEEK utilized especially by surgeons for proto-
typing of newly developed tools and implant applications. The major advantages
of AM printed thermoplastics are high impact resistance, ductile nature, recyclable
nature, corrosion resistance and they have higher thermal stability as compared to
thermosets. These attractive properties and AM advantages add up the applications
in manufacturing field. Further research work must be needed for the fabrication of
different thermoplastics using various additive manufacturing techniques.

6 Future Scope

This work constitutes some portion of thermoplastic composite, further work is
needed on polyaryletherketones, polycarbonate, polyetherimide based thermoplastic
composites. Some of the thermoplastics are having poor resistance to high polar
solvents, organic solvents and hydrocarbons, these factors influence the filament
chemical treatment before the printing. Postprocessing is required for 3D printed
parts and also difficult to produce large volume complex structures. The fiber pull-
outs, delaminations, voids formation is more in additively manufactured composites
due to improper adhesiveness and care must be taken while selecting the suitable
process parameters for the particular material, over melting of filaments leads to
the development of improper structure, uneven material deposition, which can be
reduced by selecting the proper filament melting temperature before printing. Hence
further research work is needed more on potential thermoplastics and to overcome
the drawbacks exist in the current additive manufacturing techniques.
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Applications of Additive Manufacturing

Siddharth Srivastava, Aanchna Sharma, and Vinod Kushvaha

1 Introduction

Additive Manufacturing (AM), better known as 3D printing, is the process of manu-
facturing a 3Dobject layer by layer. This requires the use of computer aided designing
(CAD) to create a 3Dmodel for the object to be printed. As parts are built by addition
of material one layer at a time, it eliminates the need of fixture and cutting tools. Due
to this, the conventional methods of subtractive manufacturing like boring, drilling,
milling, etc. look primitive as compared to modern techniques.

The 3D printing process can be explained through a flowchart as shown in Fig. 1.
First a 3D model of the object needs to be created using CAD. Then the file format
is changed into STL which is recognized by a 3D printer. The STL file and the input
parameters are then fed into the AM systemwhich creates slices of the digital model.
Then the layer by layer printing process starts. Upon completion, the user can remove
the part and after proper post-processing, the final product is ready for application.

3D printing was first introduced in 1980s. Since then, it has evolved over the years
and involves various methods, materials and equipments. Wohler’s Associates have
calculated that the AM industry has grown by 26.2% in over 27 years [56]. From
$4.2 billion in 2014, it now holds a market share of $9.32 billion in 2018. They have
also predicted that about 50% of 3D printing will revolve around the fabrication
of commercial products in 2020 [4]. Figure 2a shows the growth of 3D printing in
recent years. But to understand how this technology succeeded, we must learn about
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Fig. 1 Steps involved in 3D printing

Fig. 2 aThe values from2014–2018 are based on actual data and values 2018 onwards are predicted
by SmarTech Publishing. b Percentage use of AM in each sector in 2013

rapid prototyping and rapid manufacturing. Rapid prototyping is the technique to
quickly fabricate a prototype model using CAD. In fact, additive manufacturing is
a direct consequence of rapid prototyping. On the other hand, rapid manufacturing
is the technique where software automation is used to accelerate the manufacturing
process. This worked in parallel with AM to enable mass customization and mass
production. These two techniques are together responsible for the enormous growth
of 3D printing in the twenty-first century.

Until a few years ago, 3D printing was only limited to prototyping. However, with
rapid growth in additive manufacturing, this technique is being intensively used in
biomedical sector, aerospace and automotive industries and many other areas like
fashion, jewelry and food. It has also found use in construction and marine industry
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although with limited applicability. Recent developments have even made it possible
for 3D printing to extend its applications to school, universities and laboratories for
education and research work. A pie chart showing percentage use of AM in each
sector is shown in Fig. 2b.

AM technologies can be broadly divided into 4 categories:
Vat-polymerization based printing: In this method, a light wave of certain

frequency is subjected on a vat containing photocurable resin. This cures the resin
layer by layer as the printing continues. Techniques involved are Stereolithography
(SLA), Digital Light Processing (DLP), etc.

Powder-based printing: In this method, localized heating is used to fuse
powdered material. Techniques involved are Selective Laser Sintering (SLS), Selec-
tive Laser Melting (SLM), Direct Metal Laser Sintering (DMLS) and Electron Beam
Melting (EBM). SLS, DMLS and SLM utilize a laser beam whereas EBM utilizes a
high energy electron beam.

Droplet-based printing: In thismethod, liquid droplets are jetted on to a substrate
layer-by-layer. Techniques involved areMultiJet Modelling (MJM),WaxDeposition
Modelling (WDM), Laser Induced Forward Transfer (LIFT) and Binder Jetting (BJ).

Extrusion-based printing: In this method, paste or filament is ejected from a hot
nozzle or a syringe. Techniques involved are Fused Deposition Modelling (FDM)
and Direct Ink Writing (DIW).

Usually a printing technique is favorable for one kind of printing material to
obtain the best print quality. But new printing techniques are being investigated
that can use any printing material depending on the object to be printed. The most
common printingmaterials are polymers (polyamide, Poly LacticAcid [PLA], nylon,
Acrylonitrile Butadiene Styrene [ABS], Poly Ethylene Terephthalate [PET], et al.),
metals or alloys (Ti6Al4V, IN625, IN718, etc.), ceramics (Alumina, Silica, ZrB2,
etc.) or composites made of these previously mentioned materials like polymer-
metal and polymer-ceramic [33]. Sometimes concrete is also used for 3D printing
in construction industry. Eatables like chocolate and sugar syrup are used for 3D
printing food. Even organic materials like live cells have been used by researchers
in bio-printing.

2 Applications of AM

Let’s move onto the applications now where we shall see the various aspects of 3D
printing in detail.

The applications have been divided into three categories which are biomedical,
industrial and miscellaneous. The biomedical sector has been kept out of industrial
applications as themedical industry alone has utilized a significant percentage of AM
use in the recent years. So the industrial applications will mainly focus on aerospace,
automotive and construction industries with some mention of the marine industry.
Whereas the miscellaneous applications will focus on the ones left out and where
3D printing is still in the developing phase.
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2.1 Medical Applications

The most prevalent use of additive manufacturing is found in the bio-medical sector.
The process of 3D printing comes to rescue owing to the complex geometries
involved. 3D printing has been used to print personalized medical devices and instru-
ments. Another major use has been in dentistry and surgical planning. 3D printing
has also been used to create artificial bone implants and orthotics that have proven
to be successful. It is also used to design prosthetic limbs for amputees. Currently
research is more focused towards bio printing and tissue engineering. This can prove
to be a breakthrough in organ transplants and cancer research.

More and more medical devices are getting 3D printed because of the ongoing
research in the field of additive manufacturing. The case of 3D printed hearing aids
is a striking example. According to Phil Reeves, more than 10,000,000 hearing aids
manufactured using 3D printing were in circulation in 2013. The number has only
increased since then. Earlier hearing aids were produced with the help of manual
labor, but with the advancement in technology the process has become fully auto-
mated. This has drastically shortened the time span of manufacturing a hearing
aid from one week to one day [19]. The initiative of 3D printing applications was
taken by a Belgian company, Materialize, along with a hearing aids manufacturer
from Switzerland. They revolutionized the domain by developing RSM or Rapid
Shell Modelling back in 2000. In 2005, EnvisionTec took the lead and developed
its own process called Digital Shell Modelling (DSM). On the other hand, world’s
smallest aid was manufactured with CAMISHA (Computer AidedManufacturing of
Individual Shells for Hearing Aids) by a Danish company called Widex [42].

Another incredible 3D printed medical device is the cost efficient stethoscope
which was developed to be used in Gaza Strip hospitals. Later a Polish company
came up with the idea of Parsee glasses (see Fig. 3) that is designed to help blind
people. The frame of the glass is 3D printed and is equipped with an IP camera,
photo button and headphone. On clicking the button, a photo of the surroundings is
captured, and the user hears information on text, shapes, colors and faces. 3D printing
has also been used to manufacture medical instruments. Several surgical equipments
have been fabricated this way and are being extensively used by surgeons across
the globe [56]. Zortrax, a Polish company, 3D printed a ‘winch’ for Endo Venous

Fig. 3 A prototype of parsee
glass [19]
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Laser Therapy (EVLT) used in treatment of varicose veins. Recently, AM was used
to create patient-specific surgical guide made from ABS using Fused Deposition
Modelling during a mosaic-arthroplasty operation [53]. An SLS 3D printer was used
to print resection guides from polyamide and it enabled the orthopedic surgeons for
fast and precise procedures.

With the help of rapid tooling and rapid prototyping, additivemanufacturing found
its way into dentistry. Additive Manufacturing can create state of the art components
thus making it a lucrative deal for orthodontists. 3D printing technology has changed
drastically in the last five years. The research in biomaterials and developments in
intraoral scanning led to successful restorations and orthodontic appliances [56].

Photo-polymerization and powder based printing are the most used tech-
niques in dentistry. Photo-polymerization technology uses photosensitive resins
reinforced with either ceramic fillers or metal to create physical models/surgical
guides/orthodontic aligners/retainers/restorations. Photo-polymerization has various
merits including quick manufacturing, good quality and polished texture. Though
parts fabricated with this technology have weak mechanical properties and are
temporary restorations [1]. Powder based technology includes SLS/SLM/DMLS/BJ
and printing material like Stainless Steel, Co-Cr alloys and titanium alloys to make
implants/crowns/denture frameworks. The polymeric material used in this technique
is pigment filled polyamide powder which is used to create dental models [75].

Accuracy is the chief element in dentistry, which is difficult to achieve because of
the reduced working area inside the patient’s mouth and other physical constraints.
The digital model and the printed construct should be very accurate given the
construct fits into the patient’s mouth as propositioned. After a series of tests and
studies, the scientific community has started accepting 3D printed dental models
[35].

It is difficult to foretell the future of AM in dentistry. We do not know whether 3D
printingwill replace its conventional counterparts or which technologywill dominate
the market. More clinical trials will be essential to certify the validity of dental
devices.

Surgeries require planning and introducing 3D printing to it brings essential
improvement. Imaging techniques like CT scan or MRI produce detailed images
of internal organs. 3D printing is gaining popularity in anatomy with the advance-
ment of AM technology. Due to handiness and cost effectiveness, 3D printing has
become popular in craniomaxillofacial and cardiothoracic surgery. It is also being
employed in spinal surgery, neurology, lung surgery, hepatobilary surgery, urology,
vascular surgery, transplantation, tumor surgery, anesthesia and plastic surgery [56].
Fasotec, a Japanese company, developed a Bio- texture wetmodel that mimics organs
on which surgeons can plan surgery and students can practice. Another example is of
the 4 months old baby who got a kidney transplant. The size discrepancy between the
child’s abdomen and the adult donor’s kidney was a huge challenge for the surgeons.
Thus the child’s abdomen and the donor kidney was 3D printed which allowed
surgeons to be prepared for the surgery and locate the suturing site beforehand [9].

Several printing technologies are available to produce medical models. Different
printing techniques offer different accuracy, stability, resolution and color. SLS [62,



206 S. Srivastava et al.

Fig. 4 A 3D printed orthotic
[19]

112] and SLA [12, 96] techniques generally produce single color models. FDM
technique is less expensive but produces poor texture and resolution [17, 98]. Binder
Jet techniqueproducesmulticolor printswhich is helpful to highlight different regions
of the model [43, 77]. MJM technique can incorporate variety of colors and texture
to imitate soft/hard tissue [7, 20].

3D printing has escalated doctors’ confidence as these 3D printed models have
shown a very high success rate and also reduced the operating time. Also students
experience better anatomical learning using AM models as compared to traditional
models. However, there are many limitations associated with 3D printed anatomical
models. Usually the models created are not suitable for dissection exercises as most
bio-printablematerials are brittle. Also thewall thickness and hole size for themodels
is constrained due to limitations caused by printing material and printing techniques,
thus harming the accuracy of the model.

Orthotics are used for support & alignment whereas prosthetics are devices that
restore the functions of missing limbs. In old times, people used to get heavy plaster
casts which were dull and boring. Now people use 3D printed casts instead which are
light and attractive as shown in Fig. 4. Many companies are producing 3D printed
orthosis and several options are available in themarket. TheAMtechniques employed
are Selective Laser Sintering, Fused Deposition Modelling and Multi Jet Modelling
and fabrication is done using polyamide, ABS, PP and PC [11]. Some examples
include wrist splints, foot orthoses, robotic exoskeletons, prosthetic arms, hands and
feet [56].

3D printed prosthetics are more cozy and take less time in manufacturing. 3D
printed prosthetics are low cost which have led to a revolution in the prosthetics
market. The hand prosthesis worth $80,000 was refined and repurposed to $500
by then high school student Easton LaChapelle [66] to help a poor little girl, who
couldn’t afford a prosthetic hand. The idea of inexpensive 3D printed prosthetics
for landmine victims in Asia and Africa gave birth to the community of e-NABLE.
The individuals of the community use AM for manufacturing free prosthetic limbs
for amputees. Not Impossible Labs provides low cost 3D printing for war victims
and poor amputees. Companies like Open Bionic have prosthetic limbs designed in
Star Wars, Marvel and Disney Frozen theme for young amputees. 3D printed eye
prosthetic is also a remarkable example. A heart touching case is the story of Eric
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Monger, who recovered from face cancer and received a partly 3D printed prosthetic
face [26].

Additive Manufacturing allows for inexpensive user-personalized implants.
Implants like splints and fixators require proper surface properties and mechan-
ical strength for optimal performance [87]. The benefit of 3D printing is that these
implants can be made patient-specific concerning their size and shape as determined
by the MRI and CT scans. 3D Slicer is an open-source software intended for 3D
printing purposes. The software allows analyzing and visualizing medical images to
carry out research.

Powder based 3D printing technology is the most favorable method as it offers
high product quality. Thus SLS, SLM, EBM and BJ techniques are used with Co-Cr
alloys, titanium alloys, ceramics, Polyether ether ketone (PEEK), and Ultra High
Molecular Weight Poly Ethylene (UHMWPE) [18]. Lightweight implants with high
mechanical strength are available from many companies.

In tracheobronchomalacia surgery, bioresorbable splints were printed by SLS
technique to prevent tracheal collapse in three infants [69]. The splint allowed the
airway to continue to grow and slowly disintegrated itself. In maxillo facial surgery,
a BJ printer fromZCorp was used to create PEEK implants to rectify facial deformity
[89]. In upper cervical reconstruction surgery, an axial vertebra was 3D printed from
Titanium alloy by ElectronBeamMelting [109]. A cranial implant wasmanufactured
using 3D printing for a stroke patient [28]. It wasmade using biocompatible Titanium
alloy and had a porosity of 95%which allowed fluids to pass through easily. Another
application of 3D printed implants was in crippled animals. These implants gained
more success than the human implants because of less stringent medical regulations
for animals.

Bio-printing is a new trend in additive manufacturing. It means printing live tissue
using cells as ink. This area aims at improving the current situation of organ trans-
plantation. Before moving to bio-printing, we must understand tissue engineered
scaffolds. Tissue engineering scaffolds lay out structural support to cells. Any scaf-
fold should be biocompatible andmechanically strongwith high porosity and perme-
ability to allow diffusion of nutrients and wastes. It should also be biodegradable so
that the scaffold is replaced with newly formed tissue [56].

Bio-printing is of two types: scaffold-based and scaffold-free. In scaffold-based
method, cells are seeded into the scaffold and the main AM technologies used are
Direct InkWriting [5], Multi Jet Modelling [83, 110], vat polymerization [8, 67] and
Laser Induced Forward Transfer [30, 83]. On the other hand, scaffold-free approach
uses high density cell suspension and relies on cellular interchange for a period of
maturation [63, 68].

Flat tissues such as skin, tubular structure like trachea or urethra [97] and hollow
organs such as liver [103] have been 3D printed. Chinese researchers have reported
the 3D bio printed kidneys, ears and livers [81] but they are not implantation ready.
A Bio-pen which works like a bio-printer can be used directly to draw new cells into
the bone to repair the damage in the middle of surgery. But bio-printing is still in its
developing phase. 3D printed organs for implants are beyond our scope. They may
come into existence after 20 years from now.
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Tissue engineering majorly focuses on tissue development models and assessing
drug toxicity. Engineered human tissue models have become popular for studying
diseases and estimating the potency of new drugs [27, 41, 61, 76]. Traditional method
requires extraction of diseased tissue from human body and engrafting into immuno-
deficient mice [86, 95]. This process is tedious and time consuming and above all
requires mice for testing. Thus significant development has taken place to create
animal-free in vitro models [22, 37].

The tumor microenvironment is extremely important to study tumor progression
and metastasis. AM technologies like Laser Induced Forward Transfer [57, 84],
droplet based [58, 79, 108], extrusion based [29, 117], vat photo-polymerization
[40] can be used to create physiologicalmodels thatmimic cancermicroenvironment.
Study showed that the structure and growth kinetics of micro-printed human ovarian
cancer cells ‘OVCAR-5’ resembled that to the in body cancer cells [108]. Another
hydrogel fiber model co-cultured with bio-printed ‘MDA-MB 231’ breast cancer
cells and macrophages was developed to study interaction of cancer cells with the
surroundings [29]. Despite the current efforts, the cancer microenvironment still
needs multicellular systems including tumor cells, non-tumor cells, cells generated
by immune response and vascular cells which are difficult to mimic using a 3D
printer.

Liver is a highly sensitive organ and thus liver tissue engineering is a booming
area in drug screening. In a study of drug metabolism, a liver micro organ model
was bio-printed from hepatocytes encased in alignate [10]. There is great potential
for evaluation of drug toxicity in simplified bio-printed liver tissue. Apart from these
models, 3D printing is also used to develop skin tissue models. This led to the
creation of 3D ‘in vitro skin tissue’ models [50, 55]. After the EU prohibited testing
of cosmetics on animals in 2013, the cosmetic company L’Oreal is 3D printing skin
models for cosmetic testing in collaboration with Organovo.

Over the past decade, additive manufacturing is being slowly accepted by the
drug industry. 3D printed drugs require a sophisticated design for optimal perfor-
mance [25]. Sprintam, a levetiracetam drug used against seizure disorder, produced
and marketed by Aprecia Pharmaceuticals is the first 3D printed drug that has
obtained FDA approval. The company’s trademark ‘ZipDose’ technology creates
solid yet highly porous tablets, resulting in superior disintegration characteristics of
the tablets [65]. 3D printing allows tablets to be printed in complex shapes with tuned
drug release kinetics. Also 3D printed drugs can be personalized based on patient’s
particulars and medical history as opposed to traditional drugs [80].

The various techniques used for drug manufacturing are Multi Jet Modelling,
Binder Jet, Direct Ink Writing and Fused Deposition Modelling. In BJ process, the
drug is contained in either the powder bed or the liquid binder. Complex designs
like core–shell [104], layered [114], multi-compartment [85], porosity gradient [115]
have been achieved on changing the printing parameters. But this approach has many
limitations. The printed drug takes very long time to dry and the printing process
might contaminate the drug or downgrade its performance. With FDM technique,
we can achieve good quality and strength but the drug might get deteriorated due to



Applications of Additive Manufacturing 209

excess heat from printing. To avoid this, Direct Ink Writing technique can be used
which uses pressure from a nozzle to extrude instead of heat [2].

On the other hand, 3D printing drugs from appropriate 3D printers using down-
loadable pharmaceutical recipes will lead to a disruption in the current pharmaceu-
tical industry. Also availability of 3D printers will lead to the possibility of drug
abuse. These are some serious legal problems 3D printing can cause [19].

2.2 Industrial Applications

Additive manufacturing has paved its way into the industry due to its fast fabrication,
accuracy and precision. The two major industries that have abundantly accepted AM
are the aerospace and automotive industries. The aerospace industry uses it for two
purposes. First, for manufacturing components and second for repairing damaged
components. The automotive industry mostly uses AM for fabrication of small parts
for the gas engine assembly. Also a great amount of research is currently being
invested upon the use of AM in the construction industry. Even 3D printed houses
have been developed and new printing techniques are being inspected. AM has also
found little use in the marine industry, but it is expected to grow in the coming years.

Additive manufacturing has started to gain acceptance in the aerospace industry.
It has significant impact on the design, material and fabrication methods involved
in the industry. Aerospace components have complex geometries and are difficult to
manufacture. High performance alloys like Ti6Al4V, Inconel 625, and GRCorp-84
are used for aerospace applications. The 3D printed alloys have marginally better
mechanical properties than standard material [111]. They are highly expensive and
thus wastage has to be minimized. A way to measure the degree of wastage is the buy
to fly ratio. It is defined as the ratio of the mass of material required to manufacture a
part to the mass of the final product that flies. Using traditional subtractive manufac-
turing processes, this ratio can be as high as 20:1. With the help of tool less additive
manufacturing, the buy to fly ratio approaches one [38].AMcan also be used tomanu-
facture open cell foams (see Fig. 5) and porous mesh arrays with varying density
and stiffness. Apart from metals and alloys, the aerospace industry also requires
ceramics. Ultra High Temperature Ceramics (UHTC) like Zirconium Diboride and
Zirconium Carbide can tolerate temperatures as high as 2000 °C. Because of the
extremely brittle nature of UHTC materials, traditional methods like drilling and
mining fail. Thus 3D printing is a promising technology in the aerospace industry.

Additive manufacturing finds its use in aircrafts, space, missiles, engine/turbine
systems that require alloys. Optomec used the Laser Engineered Net Shaping process
to fabricate a miniature model of a gas turbine exhaust. Arcam applied its Electron
Beam Melting system to produce a titanium alloy compressor support case. Invest-
ment casting can be used for creating small, accurate castings in refractory alloys
using mold formed around wax which can be melted. This was used for creating
turbine blades using ceramic SLA [3] or by gel casting ceramic slurry into plastic
molds [106]. Wind tunnel testing models of aircrafts, airfoils, etc. have also been
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Fig. 5 Titanium alloy open
cell foam [71]

fabricated using 3D printing. SLS technology was used to build a flight-model with
glass-reinforced nylon to study aerodynamic characteristics [16]. UHTCmaterial can
be blended with a heat resistant metal and applied to Mach 5 jets or nose of aircrafts
and missiles that undergo immense heat during operation. Also 3D printing has been
used to produce plastic parts such as vents and ducts. Flame retardant polymers like
PEEK are being developed to bring into use in the aerospace industry.

Besides fabrication, Additive Manufacturing is used in repairing aircraft engine
parts to extend the life of the product and minimize the overall cost. A damaged
IN738 blade was repaired using LMD technique [111]. Richter et al. [82] studied the
physical/mechanical properties of a repaired Ti6-2–4-2 blade. Optomec has success-
fully used LENS technique to repair parts used in gas turbine engine like vanes,
stators, seals and rotors and other complex geometries like airfoils, blisks, ducts and
diffusers [36, 70].

However,AMdevelopment has been slow-paced in the aerospace industry because
quality certification is necessary before commercial use. Understanding of fatigue
and aging in AM alloys is really important as these parts will be subjected to harsh
environment. A lot of testing and certification is carried out on 3D printed aircraft
parts to build a certain level of confidence. Yet, they are not suited as load bearing
structures and are restricted to nonstructural and non- critical use only.

One of the most prolific applications of additive manufacturing in the automotive
world is rapid prototyping. It is used for prototyping as well as mass production. AM
has proved to be an integral part of automotive industry. AM has brought wonders to
the automotive industry by allowing lighter and intricate structures at best possible
cost. Material wastage can be significantly reduced with the use of additive manufac-
turing. Also it makes possible to create internal complexities and precisely control
microstructure. The engine compartment temperatures are extremely high thus the
3D printed parts should be able to withstand heat deflections. SLS nylon and some
photo-cured polymers are suitable for high temperature applications. Automobile
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components should be moisture resistant. With proper post processing, AM parts
can be created to be water-tight and moisture resistant. Another advantage of AM
in the automotive industry is part consolidation. With the help of part consolidation,
smaller parts can be integrated into a big complex part thereby reducing the net
weight of the assembly [88].

CRP Technology [21] has applied AM techniques including SLM, SLS and EBM
to produce various components for motorsports. Optomec used LENS technique to
produce suspension mounting brackets and drive shaft spider for a Red Bull Racing
car. Arcam used EBM technique to produce Ti6Al4V components like gearboxes,
suspension/engine parts. Concept Laser used SLM technique to produce steel and
Aluminum car components. Prometal developed engine components using its own
3D printing technique called ‘Prometal’ process. Studies show that AM produced
parts, in this case a water pump for motorsports car, have mechanical properties
equivalent to traditionallymanufactured parts.AMtechnology canbe used to produce
parts with properties that were previously unattainable. For instance, an open-cell
structure will lessen the engine’s weight as well boost its stiffness hence improving
fuel efficiency and engine life. Additive manufacturing has greatly benefitted the
automotive industry [32].

AM is not yet able to completely replace the traditional techniques. There are
several limitations and challenges associated with the production techniques and
materials used. The automotive industry relies on mass production. Thus for AM to
expand, they have to overcome the challenge of limited production volume. Parts
made with AM have voids or pores which weaken the overall strength. Sometimes
the dimensional accuracy of the printed product is not on par with the CAD or
STL file of the same. Constant research is being done to improve product quality and
tackle the production problems. Another limitation of AM is the restricted build size.
For creating large parts, individual small parts are created first and then assembled
together. However, new methods like Big Area Additive Manufacturing (BAAM)
and Wire Arc Additive Manufacturing (WAAM) are being investigated for greater
build size of printers [88].

Additive manufacturing technology has been expanded into the construction
industry. According to Wohler’s report, architectural applications account for only
3% of AM applications [73] which shows that it is still in an infancy stage. Contour
crafting is a new printing technique developed specifically for buildings. It is similar
to inkjet printing except it uses large nozzles and pressure for extruding thick mortar.
A trowel like apparatus is attached to the printer to obtain even and flat surfaces
[47]. The use of AM for residential structures started in 2014. Automated building
construction has gained increasing attention since then. 3D printing can be helpful
in difficult conformations and structures with cavities. It has the potential to revo-
lutionize the construction industry as it offers easier construction and reduced time
and manpower [107].

Properties of fresh concrete greatly influence the printing process. Amix has to be
designedwhich isworkable before setting but also has sufficient early strength to hold
up succeeding layers and resist shear. This can be achieved through well designed
equipment and material. Gosselin et al. [24] developed a printing process that pumps
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the accelerator and mortar in different tubes which are combined at the printhead
before extrusion. A study found out that rheological properties of concrete like the
time dependent shear thinning seriously affect the printing process [78]. A high
performance polypropylene fiber reinforced mortar was developed using Ordinary
Portland Concrete, aggregate, silica and flyash [54]. The advantage with 3D printed
fiber reinforced concrete composite is that fibers can be oriented in a particular direc-
tion unlike the random positioning of fibers in traditional fiber reinforced concrete.
Flexural strength can be increased by up to 30MPawhile printing fibers parallel to the
XY-plane [34]. Another important parameter for concrete structures is the inter-layer
adhesion. A study showed that smaller MSA and higher cement/aggregate ratio had
better inter-layer bonding and thus greater strength [116]. Powder bed fusion method
has also been investigated for additive manufacturing of concrete. OPC mixed with
CaAl2O4 as the powder bed was used with Li2CO3 mixed with water as binder
to obtain compression strength of nearly 8 MPa, porosity close to 0.5 and limited
hydration [93].

Additive manufacturing has the ability to fabricate complex designs with high
precision. It can be used for low income housing or in areas where construction is
restricted due to geometric constraints. In 2014, the first house was fabricated using
AM in Amsterdam by DUSArchitects using FDM technique. In the same year, a
Chinese firm namedWinSun manufactured residential structures in Shanghai in less
than a day [107]. They used a large build 3D printer with dimensions (in m) 150 ×
10 × 6.6.

Contour crafting (CC) is the most feasible AM technique for building construc-
tion. It is capable of onsite printing enabling larger component manufacturing with
no boundations. Another technique is the D-shape method which utilizes powder
deposition process in which a chemical agent is used to bind the powder. It can be
potentially used for in-situ space applications like building infrastructure on moon
using lunar soil. Lough borough University came up with another developing tech-
nique called mesh molding which does not require short-term support. It utilizes
thermoplastic polymers that act as reinforcement for concrete. There is also the
option of varying the mesh-density as per load bearing requirements [73].

Challenges involved with 3D printing of wet concrete include controlling the
fresh properties as well as structural properties. Shape-stability is another impor-
tant parameter. The 3D printed shapes must resist settlement and deformation due
to successive layers. One obstacle of using AM in construction is the inadequacy
of support/scaffolding. Absence of formwork exposes the structure to open atmo-
spherewhich can cause shrinkage and cracking. Thus 3D printed structures should be
inspected and provided with great care. Another hurdle is the lack of skilled workers
who can handle AM technology in civil works. The construction industry consumes
one-third of the earth’s resources. Considering the environmental impact, efficient
techniques and economic strategies are of primary importance. AM technology has
a bright future in the construction industry as it has the potential to improve the
traditional methods and with profound research it is expected to grow quickly.

The use of AM in marine industry is very limited. Marine environment offers
harsh and corrosive conditions like salinity, alkalinity and exposure to air and water.



Applications of Additive Manufacturing 213

Marine industry requires the use of complex and large components that operate in
this kind of environment. Also these parts are integrated along with other parts into a
complex assembly and should be able to sustain dynamic loading profiles. US Navy
has deployed 3D printers for afloat manufacturing of spare parts [46]. SomeUSNavy
activities are underway to inspect the quality of parts and their effectiveness [64].
The marine industry is still new to AM and may take some time to accept the 3D
printing technology like the aerospace and automotive industries.

Additive manufacturing has grown rapidly considering the relatively short period
of time. However, applicability into marine industry has been limited. It still has a
tremendous potential for discrete applications of the technology within the major
subsystems of a ship/vessel. The most promising areas are in manufacturing of spare
parts and agile tooling. All AM techniques rely on gravity to assist the printing
process. Many improvements in the technology are needed given the non-static envi-
ronment on a ship/vessel for hassle free offshore printing. In totality, mass acceptance
and utilization of AM into the marine industry is still a long way ahead [99].

2.3 Miscellaneous Applications

3Dprinting has been used extensively these days for research purposes.Most research
institutes usually own a 3D printer for creating prototypes. It makes fabrication of
complex geometries easier. For example, it is practically impossible to create a hollow
structure using subtractive manufacturing. But using additive manufacturing this can
be achieved with ease. In 2012, University of Glassgow, UK used FDM process to
print chemical reaction vessels and then used the printer to deposit reactants into
them [101]. The 3D printed vessels need to be air and water-tight because they
might develop reactive substances inside even when printed in an inert atmosphere.
Also most research labs have adopted 3D printing as an alternative to manufacture
components for use in experiments.

Apart from research, 3D printing has also entered the classrooms for better
teaching experience. Global accessibility and user friendliness of 3D printers have
led to a great demand in the market worldwide. Low cost and easy to assemble
3D printers are available on leading e-commerce websites like Amazon, etc. Unlike
the expensive subtractive manufacturing techniques, 3D printing enables students
to create their own prototypes at much lower cost. Teachers can use 3D printed
prototypes to explain organs in human biology or show the chemical structure of
molecules. It can also be used for teaching students about topographic maps [39].

3D printing has played a significant role in the field of research and education.
Low cost and fast manufacturing are the most important benefits of using 3D printing
in research. Specimens can be fabricated quickly and experimented upon to produce
fast results. 3D printing is said to enhance the learning process in students and provide
better understanding of concepts. However not many schools have adapted to this
style of teaching asmost schools don’t usually have a 3Dprinter. But these limitations
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are not long-term. With the current rate of growth, 3D printing is expected to boom
in this area as well.

One of the most important socio-cultural applications of 3D printing is in the art
and jewelry sector. 3D printing can be used for making molds for jewelry involving
delicate work or when contact with the molding substance may harm the integrity of
the artifact. However, with the advancement of 3D scanning technology, replication
of real objects has become easier without involving molding techniques which are
very expensive as well as invasive. In 2015, MIT developed a 3D printer that prints
with glass [49].

Also 3D printing has changed clothing and fashion. The most common printing
technique used is FDM and materials like ABS or TPU is preferred. Dresses,
bikinis, shoes as well as complete outfits have been 3D printed. Dutch fashion
designer Iris Van Herpen has even introduced 3D printing on fashion runways
of Amsterdam Fashion Week and Paris Haute Couture Week [51]. Nike used 3D
printing for commercial production of 2012 Vapor Laser Talon football shoes for
American footballers. New Balance, an American sports footwear manufacturer, is
3D printing custom-fit shoes for athletes [105]. Some companies are also printing
custom designed eyewear on demand of the customers. Frames, without glasses,
have been 3D printed [15].

Despite so many applications, people have not completely accepted 3D printed
apparel as an alternative for traditional clothing. 3D printed clothes are heavier than
usual fabric material and may cause discomfort to the wearer. Also these clothes are
very delicate and take up considerable time in putting on [48]. But 3D printed artistic
items and jewelry have really won people’s hearts. It is highly possibile that people
will incline more and more towards 3D printing for clothing in the coming years.

Soft sensors are working software where several measurements are processed
together. They are mostly based on control theory. They use interaction of signals to
measure hundreds of quantities and filter out those which are not required. On the
other hand, actuators are components that are responsible for movement in amachine
or system. Actuators require a source of energy and a control signal. Once it receives
a low energy control signal, it converts the energy from a high energy source into
mechanical work thus causing movement.

The traditional soft-sensors and actuators are manufactured from less efficient
processes. With 3D printing, customization and reproducibility is possible. Also
the manual work can be eliminated to avoid lengthy and time-consuming process.
The concept of 4D printing has led to the development of soft, lightweight and
biocompatible soft sensors and actuators [74, 102]. This is largely used in robotics
to mimic human gait (see Fig. 6). Shape Memory Polymer (SMP) actuators respond
to the stimuli very similar to human muscles [113] due to which open-source robots
are built using 3D printing. A 3D printed wheeled robot and a 3D printed humanoid
are just a few examples.

3D printing firearms is strictly illegal as they must be licensed by the authorities
before owning. This application portrays 3D printing as a liability instead of an asset
as it gives people the freedom to print anything they want, be it a utility box or a
small hand grenade.
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Fig. 6 Use of soft sensors and actuators in soft robotics [118]

In 2012, an American organization called Defense Distributed uploaded plans for
a working gun. In 2013, they also released a blueprint for a gun “Liberator” which
was later removed on orders of the United States Department of State. The gun was
made completely with plastic except the metal firing pin. It was originally printed
on a Stratasys uPrint SE FDM printer using ABS plastic. It was confirmed that the
gun was a potentially lethal firearm and could also cause catastrophic failure injuring
the user. In 2013, Solid Concepts Inc. 1911 used DMLS technology to print a Colt
Government Model 1911 pistol. The grip panels were manufactured from carbon
filled nylon powder using SLS [31]. Also 3D printing can be used to manufacture
firearm components and accessories like the 3D printable AR-15 type rifle lower
receiver designed by Defense Distributed [44].

The growth of AM in firearms is only possible with intervention from the
concerned authorities. Firearmsmanufacturing should be regulated. Every 3Dprinted
firearm must be marked and kept in government record for future tracing. This is
supported by the fact that high end manufacturing particularly SLS and DMLS are
very expensive for individuals. Therefore only authorized and legitimate manufac-
turers will be able to fabricate firearms. Also research is being carried out to develop
materials that can endure the heat and pressure from the operation of a firearm [44].

The trend of selfies began in the last decade. With ever increasing popularity of
3D printing, a new aspect of selfie, called a 3D selfie, has been discovered. A 3D
selfie is a 3D printed scale replica of a person. However, getting a 3D selfie is not as
easy as a normal selfie. For printing a 3D selfie, a 3D model needs to be developed
first. For this we use photogrammetry, i.e., making precise measurements from a
photo or set of photos. One way is to click pictures from different heights and all the
angles which can be used to reconstruct a 3D model with the help of a software [23].
Another way could be to use a vertical bar of cameras that rotate around the subject
or special 3D scanning equipment [92] which will be able to capture more details.
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To get sandstone like texture and look, gypsum based binder jetting techniques are
used.

Cultural Heritage is one field where 3D printing has brought a paradigm shift. 3D
printing is now being used for preservation, restoration and dissemination purposes
of museum artifacts [91]. Rapid improvement in visualization technology has caused
this change. 3D printed models are useful in studying artwork, documentation for
onsite archaeology, restoration of fragmented artwork and virtual restoration of
painted decorations. The famous and beautiful statue of Pietranico Madonna was
damaged after the 2009 earthquake.With the help of digital reconstruction, the statue
was reassembled by adding broken fragments to the fill components made using 3D
printing [90]. In another case, with the help of scanning technology and 3D graphics,
researcherswere able to digitally reconstruct a king’s head using only bones collected
from a car park [6]. Also 3D printed models could be shown to visitors up close for
getting a better view of what the actual artifact looks like. In fact, British Museum
has started 3D printing souvenirs which can be bought by the visitors at the museum
shop.

Innovation in improving the texture and print quality of 3D selfies or museum
artifacts is of prime importance. This is possible with the development of advance
photography techniques. One such technique is Tactile Photography which is based
on photogrammetry and digital spectroscopy. With this technique, we can capture
color as well as the plasticity and surface properties. This technique is even able to
produce 3D models of non-stationary objects and produces superior quality prints
[72]. More such techniques are being investigated to improve print quality.

AdditiveManufacturing has entered the food industrywith great potential. But it is
restricted to limited applications. Thefirst 3Dprinterwas designedmore than10years
ago. 3D food printing allows users to design and fabricate foodwith customized color,
shape, flavor and texture. Food printing can be divided on the basis of material used
for printing. Natively printable materials can be extruded smoothly from a syringe.
The exampleswould be cake frosting, cheese, special dough and chocolate [13].Most
food items printed this way can retain their shape or can be post processed [60] like
steamed/baked/fried to retain their shape. Food like rice, meat, fruit and vegetables
which are consumed daily are not printable in nature. Adding hydrocolloids can
enhance their extrudability. Another solution could be to use a gastronomic trick
by separating a group of ingredients that have a high degree of freedom on flavor
and texture. These traditional foods usually require post-deposition cooking to retain
their shape [100].

The ‘Fab@Home I’ 3D printer was launched in 2006. It was the first 3D printer
capable of printing food like chocolate-frosting. Customization in bakery prod-
ucts is said to directly relate with consumer satisfaction and hence more inclina-
tion towards 3D printed products. PIQ chocolates sell chocolates custom designed
for the customers. Another application in food printing is pizza replication (see
Fig. 7). A customized pizza was printed using a 3D printer where each component
(dough/sauce/cheese) was added in subsequent layers. Also additive manufacturing
allows us to control food texture with voids inside. A dense dough was 3D printed
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Fig. 7 A custom shaped pizza being 3D printed [59]

and its structure was highly porous. The added porosity helped it in complete frying
both from outside as well as inside [59].

The future of 3D printing in food industry is very bright. It allows users to print
food customized to their dietary needs. This can be used to monitor food intake in
old people and expecting mothers. But personalized nutrition comes with additional
cost. It will not be financially viable for individual users to personalize their daily
food requirements. Seeing the growth of population, it is also an attractive option
to produce food using 3D printing for a sustainable future [100]. Another possible
use could be 3D printing food in space to minimize wastage and maximize resource
usage. However, there are still a lot of challenges that need to be encountered. For
example, the speed of printing is so slow that it is not fit for everyday cooking
purposes. Also the food has to be ensured as ‘safe to consume’ because there shall
be a chance of contamination during the printing process. These limitations will be
resolved in the coming years as 3D printing will grow.

3 Additive Manufacturing—A New Approach
for Composite Materials

Composite materials are formed by combining two or more different materials to
obtain a new material with entirely different properties. Most composites are made
up of only two materials. One component is called the matrix (usually the one in
abundance) or the binder which holds together the fragments of the other compo-
nent called the reinforcement. Some common examples of composite materials are
reinforced concrete, polymer matrix composites (PMC), ceramic matrix composites
(CMC), metal matrix composites (MMC). Composites are used excessively these
days in aircrafts, automobile bodies, buildings and bridges.
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Composites are preferred because they are light weight, inexpensive and have
better mechanical properties. They can bemanufactured using a variety of techniques
which involve wetting/mixing/saturating the reinforcement with the matrix and then
using heat or pressure to bind them together. The drawback of these techniques is
that we cannot pre-set the reinforcement position and orientation. The reinforcement
is bound arbitrarily with the matrix which often results in diminished properties
than expected. But with Additive Manufacturing, this problem can be eliminated.
3D printers are capable to print using different materials at the same time and the
user can define the material properties in the STL file so that the printer will know
where to fill matrix and where to fill reinforcement.

Additive Manufacturing has the potential to completely transform and restructure
the composites industry. However, only a few sectors have ventured into the idea of
3D printing composites. The majority uses of AM composites are in the aerospace
and biomedical industry. Ceramic composites of the type C/C, C/SiC, SiC/SiC have
high strength, heat resistance, low density and abrasion stability. Due to this, they
are used for making gas turbines, diesel engines and heat exchangers for aviation
industry [45]. In the biomedical industry, polymer-ceramic composites have been
used to manufacture scaffolds and bone implants due to their biocompatible and
bioresorbable nature [52]. Also TitaniumNickelide (TiNi) andHydroxylapatite (HA)
have been used to make a biocomposite material suitable for manufacturing bone
implants [94].

Some minor applications are in the field of automotive and construction industry
as well, but there the composites are manufactured using the traditional way mostly.
With advancement in printing technologies and development of new composite
materials, the applicability of AM composites is expected to grow fast.

4 Conclusions and Future Perspective

In this chapter, we learnt about the various applications of 3D printing in different
sectors. In the recent years, 3D printing has become omnipresent. It has variety of
remarkable applications ranging from manufacturing a life saving medical implant
for a patient to designing 3D printed clothes for fashion models. Though 3D printing
cannot be seen as a complete replacement for traditional methods yet it continues
to grow because of its added benefits over subtractive manufacturing. Table 1 [73]
summarizes the various AM applications, materials used and benefits.

Additive Manufacturing is a booming domain with a lot of scope and opportu-
nities. With more and more research, 3D printing has been adopted more into the
industry as well as the household. However, its applicability is restricted due to
various limitations caused during the printing process.

Some of the most common challenges associated with 3D printing are mentioned
below:

• Inability to produce large components due to size limitations
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Table 1 Materials,
applications and benefits of
AM

Material Applications Benefits

Metals
Alloys

Biomedical
Aerospace
Automotive

Mass customization
Less wastage of material
Fewer assembly
components

Polymers
Composites

Biomedical
Aerospace
Automotive
Architecture
Toys

Fast prototyping
Complex structures
Mass customization
Cost effective

Ceramics Aerospace
Automotive
Biomedical
Chemical Industries

Porous lattice
Reduced fabrication time
Controlled composition
and microstructure

Concrete Infrastructure
Construction

No formwork required
Less labor

• Not suitable for bulk industrial production due to slow printing speed
• Limited choice of printing materials and high costs
• Lack of printers that can print objects using different materials
• Quality consistency issues due to heat involved in printing process.

All these limitations can be resolved with intensive multi-disciplinary research.
A lot of work is being done to develop large build 3D printers. Also limited choice
of materials can be expanded with advances in material science technology. Other
researches are focused on increasing the efficiency and printing speed while dealing
with heating issues. The most important aspect of 3D printing is the print quality.
New techniques andmethods are being developed that produce superior print quality,
strength and resistance to heat and moisture.

The global impact of 3D printing has been largely positive due to which it has
been dubbed as “the new industrial revolution”. According to Wohlers Associates, it
is expected to hold a market share of $10.8 billion by the end of 2020 [14]. The future
outlook of 3D printing is very appealing and successful. Since 3D printed objects are
printed on specific demand, there would be no risk of having unsold products. Also
with the venture of 3D printing in household, people shall be able to buy designs of
parts and print them at home. This will lead to a decrease in price of those parts. The
increasing use of 3D printing will also lead to a heightened number of CAD-CAM
applications as 3D model designing is the first step of AM process. Overall, 3D
printing is believed to skyrocket through the coming years for individuals as well as
the industry [4].
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Future Trends and Technologies
in Additive and Substractive
Manufacturing

Vineet Kumar, Bhargav Reddy Isanaka, Sristi Gupta, and Vinod Kushvaha

1 Introduction

Manufacturing is a process by which raw materials are converted into products by
manual labor or machinery. This process is broadly divided into two broad cate-
gories: Additive Manufacturing (AM) and Subtractive Manufacturing (SM). Tradi-
tionally, manufacturing a fully finished and assembled product from a raw material
requires several machining tools which can be eliminated by using advanced tech-
nologies like AM [2]. In recent years, AM evolved as a better and efficient alternative
over subtractive manufacturing. In the last few decades, different types of additive
processes [5] had been developed like photopolymer, deposition, lamination, powder-
based techniques, and many more. Several types of research are proceeding already
for the advancement in the processes to increase the efficiency of the AM. These
researches are not only limited to deposition techniques but also spread in the field
of materials [47]. Many industries like aerospace, automotive, and healthcare indus-
tries are using AM for the production of several engineering parts [18]. In the present
chapter, the details like types and methods of additive and subtractive manufacturing
are discussed. In available literature, there are limited number of resources available
on future trends of SM. For this reason, the present chapter mainly focus on the
global trends and future of AMwith respect to global markets value in each segment
i.e. hardware, software, materials, post processing and research.
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2 Additive and Subtractive Manufacturing

Additive manufacturing (AM) and Subtractive Manufacturing (SM) methods are
being widely used for the assembling of different engineering, medical and architec-
tural components. Thesemethods generally comes under the Solid FreeformFabrica-
tion (SFF) method. In the 1980s, AMwas emerged to produce prototypes of complex
objects using computer model data without specific part tooling. In the last few
decades, this method was developed and its usage increased in numerous fields of
engineering [24]. The term ‘AM’ and ‘3D printing’ are used interchangeably. It is the
technique where materials are compiled, usually layer by layer to make objects using
3D model data [14]. This method requires 3D models for printing, which makes the
job easier and faster than Computer Numerical Control (CNC) machines. There are
several types of additive techniques like Fused Deposition Modelling (FDM), Direct
Metal Laser sintering (DMLS), PolyJet (3DP), Stereolithography (SLA), Selective
Laser Sintering (SLS), etc. which are being mostly used for part manufacturing.
Depending on the technology, the 3D printer melts at a specified location or deposits
material according to the Computer-Aided Manufacturing (CAM) data. It is ideal
for many engineering andmanufacturing applications like mass customization, rapid
prototyping, bio-printing, pharmaceuticals, industrial, art and jewelry and cultural
heritage, etc. [39]. The most common materials that are being used in this type of
manufacturing are plastics andmetals. The present scenario inmanufacturing depicts
that AM has footprints in almost all major industries from aerospace, automotive to
biomedical and fashion-designing. Among these industries, bio-medical is one of the
major fields which has been popularly using AM on a large-scale basis. The major
areas of bio-medical, where AM is being used are prosthetics, surgical implants,
surgical guides, external aids, medical models, and bio-manufacturing.

The SM processes remove materials to create parts. It is an umbrella term that
involves all the controlled machining, material removal processes and creates prod-
ucts from metals, solid blocks, rods of plastics, bars, and other materials by cutting,
boring, grinding, and drilling. Subtractive manufacturing processes are either carried
out manually or by using CNC. The CNC machine takes the input in the form of a
virtual model which is designed by using Computer-Aided Design (CAD) software
for the fabrication tool. These inputs instruct the machine on how to make channels,
cuts, bores, holes, and other features that are required for final output. CNC tools
require either little or no human interaction or assistance. The common materials
that are used during CNC machining processes are soft metals, hard thermoplastics,
hard metals (industrial machines), and thermoset plastics. In the Electrical discharge
machining (EDM) process, the materials used are hard metals. Similarly, in Laser
cutting (a technology that uses a laser source to slice materials), materials used are
thermoplastics, wood, acrylic, fabrics, metals while in water jet cutting (a technology
that uses a high-pressure jet of water to cut a wide variety of materials), materials
used are plastics, hard and soft metals, stone, glass, composites [13].
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3 Comparison Between Additive and Subtractive
Manufacturing

3.1 Equipment Cost

The cost of professional desktop printers used in AM is more than that of small scale
CNC machines which cost around $2000. The price for more advanced tools varies
depending on the number of axes, part size, features, and tooling needed for specific
materials [16].

3.2 Training

The human operators that are working on desktop printers which are being used in
AM, require minor training on machine operation, maintenance, build setup, and
finishing. In the case of SM, the small CNC machines need moderate training to
operators for machine operation, maintenance, build setup, and finishing. However,
both the systems used in industries require dedicated staff and extensive training for
both manufacturing methods.

3.3 Facility Requirements

The desktop/benchtop systems used in AM are suitable for offices. However, indus-
trial 3D printers require a dedicated space or room equipped with Heating, Venti-
lation, and Air Control (HVAC). It helps to maintain humidity, room temperature,
and air condition in the specified space. On the other hand, SM requires a large and
dedicated space for industrial systems and small CNCmachines are only suitable for
workshops.

3.4 Ancillary Equipment

The ancillary equipment used in AM are wet separator (vacuum cleaner that is used
to safely vacuum the metal powders that cannot be cleaned by any other way), glove
box (to deal mainly with reactive metals), powder sieve (to separate larger particle
contaminants from the powder) and ultrasonic cleaner (to remove much-trapped
powder). Contrarily, the tooling equipment required for subtractive manufacturing
is completely based on the type of machinery used. If the system is more advanced
it automates many processes such as chip clearing and handling, tool changing, and
coolant management.
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3.5 Wastes

Comparatively there is minimum wastage in AM method, there are material wastes
in the form of vapor, dissolved ions, chips, scraps, etc.

3.6 Complexity of the Structure

Using AM, it is easier to fabricate complex structures and the structures containing
completely closed internal hollow. Whereas, subtractive manufacturing has limited
capability in the fabrication of complex structures and the structures which are fully
closed internal hollow. AM does not constrain designers to solid parts like traditional
mould and milling methods.

4 Types of Additive Processes Used in AM

The different types of additive processes that are being used widely in AM are
discussed below.

4.1 Photopolymer

The photopolymer approach is layer-wise conversion of liquid photopolymer into
solid or gel by selective exposure to light. This technique is further divided into two
streams: Stereolithography (SLA) and Digital Light Processing (DLP) [53].

4.1.1 Stereolithography (SLA)

The SLA 3D printing is introduced by Chuck Hull in the year 1986. In this method,
a movable photon source is used to activate photopolymerization of photocurable
resin and print solid layers on top of the parent layer. Urethane dimethacrylate with a
small fraction of acrylic acid, methyl ethyl hydroquinone, and benzophenone are the
first photocurable materials that are used for SLA application [20]. SLA technique
is used to fabricate 3D objects with inorganic–organic hybrid structures [10]. The
application is also used to tissue engineering, fabricate high resolution and complex
architecture like a human ear [36]. The SLA technique is mainly used in biological
fields like for fabrication of aids for complex surgery, patient-specific models for
mould-assisted implant fabrication, and tailor-made parts such as hearing aids [31].
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4.1.2 Digital Light Processing (DLP)

This technique helps 3D fabrication feasible with less volume consumption of resins.
It involves the photon source illumination from the bottom of the resin bath and
then the building platform is dipped into the resin from the top. This technique is
developed recently to reduce the printing time and it will also increase the fabrication
accuracy [37].DLPmethod is beingwidely used in a variety of contexts like inorganic
hybrid networks, fabrication of luminescent 3D structures, reprocessable thermosets,
engineered nerve guidance conduits, highly stretchable photopolymers, and other
complex structures [3].

4.1.3 Continuous Liquid Interface Production (CLIP)

It is a newgeneration 3Dprintingmethod and apparatus. It is developed byDeSimone
and his co-workers in the year 2015. This technique enables the continuous printing
of monolithic and layer less polymeric objects [46]. In this process, an oxygen-
containing interfacial layer is created using an oxygen-permeable window where
free radical photopolymerization is inhibited. The free radical photopolymerization
gets inhibited due to oxygen by (1) forming a peroxide upon interaction with a free
radical of a propagating chain and (2) quenching the excited state photoinitiator [48].
As a result, it leaves a thin layer between the building platform and the window. This
oxygen-inhibited dead zone helps in layer less part construction and fast printing
speed simultaneously. Generally, an oxygen-permeable window contains an amor-
phous fluoropolymer window with high oxygen permeability, chemical inertness,
and UV transparency [46].

4.2 Deposition

In deposition processes, amaterial stream is depositedwithout heating a point source,
such that themotion of thematerial streamgoverns the selectivity [6]. This deposition
method was divided into two parts: (1) Filament approach (2) Inkjet approach.

4.2.1 Filament Approach

In the filament approach (shown inFig. 1), the polymer filament is fed to the preheated
nozzlewhichmelts thefilament andflows it into the part position.Thefilament system
contains a crucible that holds a reservoir of filament-forming material, a flow control
apparatus that controls and deposits the flow of material filaments selectively on the
substrate, and an orifice disposed of in the bottom of the crucible through which
the forming material passes to form a flow of material filaments [45]. This method
includes the following steps.
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Fig. 1 (Right) Filament approach: extrusion of heated filament; (Left) Inkjet approach: inkjet with
multiple print heads

1. The forming material is loaded in the reservoir (container) and heated to melt
the forming material.

2. The molten forming material is ejected through an opening with adjusting the
effective size to form a variable-size flow of molten forming material towards
the substrate.

3. The flow is cooled to form variable-size material filaments flowing towards the
substrate.

4. The substrate is positioned beneath the material filaments and it gets deposited
in layers on the substrate to form the 3D objects

4.2.2 Inkjet Approach

Inkjet printing (shown in Fig. 1) can be used as an umbrella for a range of technologies
like ceramicmanufacturing technology, biomaterialsmanufacturing technology [11].
It is first commercialized in the early 1970s [8]. In this approach, the polymer is placed
layer by layer, and the inkjet technology is used to selective spray an adhesive using
a roller. For advancing the technology, high viscous inks which are 20 times more
viscous than the regular inks are being used to produce biological materials, larger
solid content, and jetting a catalyst into a ceramic powder bed [6].

4.3 Lamination

In the lamination processes, the material is applied in the form of the sheet and
this process utilizes the detailed digital imaginary report created by a Computed
Tomography (CT) scanner or byMagneticResonance Imaging (MRI)which provides
detailed data to create a 3D electronic representation of an object [7]. The detailed
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data of 3D representation is then electronically sectioned into thin parallel planar
sections according to slices of the object. These sections are further used to create
a 3D object that replicates the original object. The scale of the replicated object can
be diminished, enlarged, or of the same size as the original object [7].

4.4 Powder-Based Techniques

The most important categories of powder-based techniques used in AM are selective
laser sintering [15], electron beam melting, and selective laser melting [52].

4.4.1 Selective Laser Melting (SLM)

It is a powder-based AM which can produce parts layer-by-layer from a 3D CAD
model [49]. The main operation in SLM is the laser beam scanning over the surface
of a thin powder layer which is deposited previously on the substrate. The laser beam
scanning is done along a specified direction according to the product requirement.
This technique is widely being used in a large number of industries ranging from
biomedical to aerospace [49]. In today’s world, the use of the SLM technique has
increased greatly in biomedical applications like in the fabrication of internal struc-
ture and engineered composition, implants, and prostheses with the desired shape.
It is a suitable technique to create micro-objects [15, 50]. The properties of SLM
manufactured material will depend mainly on laser-melted track, every single layer,
and bonding between each deposited layer [49].

4.4.2 Selective Laser Sintering (SLS)

SLS is quite an energy-inefficient as compared to the traditional technique of manu-
facturing [5, 42]. From Table 1, it can be seen that all SLS machines do not consume

Table 1 Power consumption of different SLS based machines

Referencing Machines Total power
consumed (in
kW)

Laser unit power
consumption (in
kW)

Percentage of
power consumed
by laser unit (%)

Sreenivasan et al.
[42]

SLS Vanguard
HiQ Machine

19 3 16

Kellens et al. [22] EOSINT P760
SLS machine

7 3.5 50

Nelson et al. [34] SLS EOS
EOSINT M250
Xtended machine

6 4 66
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Fig. 2 Schematic of SLS process [34]

the same amount of power. The SLS process (as shown in Fig. 2) manufactures
the parts by selectively sintering powder by the source of a powerful laser, gener-
ally a CO2 laser [34]. The SLS technique received its attraction in the manufacturing
industry due to its ability to produce complex geometry without using any supporting
structures and special tooling.

4.4.3 Electron Beam Melting (EBM)

In theEBMsystem, the electronswhich are generated using a gun are acceleratedwith
a 60 kV potential. The generated electrons are focused using electromagnetic lenses
and electronically scanned by an embedded CAD program. The focused electron
beam is scanned with a high beam current (∼30 mA) at a scan rate of ∼104 mm/s
in multiple passes to preheat the powder bed to approximately about 0.8 Tm (Tm
is the melting temperature). Further, both the final melt scan and the beam current
are reduced to ∼102 mm/s and ∼5 to 10 mA respectively. The beam scans x-y, and
the final melt scan produces melt zones or pools related to the beam diameter and
scan spacing. The melt scan melts only selected layer areas as prescribed in the CAD
model [33].
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Table 2 Market value share Segments Market share in percentage
(%)

Hardware manufacturers 56.3

Software vendors 13.4

Material suppliers 20.3

Post-processing manufacturers 4.8

Research institutions 5.2

5 Trends

The innovation of AM started early at a fundamental level, later taken a shape of
a revolution in the manufacturing industry, and is still growing exponentially in
many fields of engineering. Even though the applications of AM are increasing day
by day, the trends are not going to remain constant considering several restrictions
like manufacturing and setup cost. In some fields, its applications have increased
drastically whereas, in some fields, its applications are reduced. The challenges of
materials used, applications, accuracy, and capabilities of technologies are going to
affect the trends a lot. AM has experienced drastic growth during the last few decades
from uncommercialized technologies in the 1980s to a market value of $4 billion in
2014 [12].

5.1 Global Market Trend

The present global market of AM products which consists of all the services is
rising rapidly all over the world. The global AM market was estimated at around
$10 billion by the end of 2019 [1]. However, it was estimated that about $1.1 billion
investment was done by 77 early-stage AM companies in the year 2019. It was
reported that 29% of AM companies have located their headquarters in the United
States [43]. According to the report of AMFG 2020, themarket value was not equally
divided into each category [1, 44]. From Table 2, it can be observed that hardware
manufacturing industries contribute more than half of the total market value, while
other industries did not grow much.

5.1.1 Hardware

The available data shown in Fig. 3 depicts that hardware manufacturing indus-
tries contribute more than half of the total market value. Hardware industries are
contributing mainly due to the start-up and up-gradation of existing technologies.
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Fig. 3 Market value of
machines [1]

40.0%

15.4%

26.2%

7.7%

3.8%
6.9%

Metal machines
Desktop machines
Polymer machines

Composite machines
Electronic machines
Ceramic machines

Among all thematerials, polymer 3D printers aremore in use as compared to other
materials due its high efficiency towards mechanical behaviour with low manufac-
turing cost and mouldability [17, 27]. It was reported that 72% of companies were
using polymer AM systems whereas 49% are using metal AM systems by 2019 [43].
Considering the report by SmarTech Analysis 2020, Power Bed Fusion (PBF) tech-
nologies were in demand due to their potential for volume manufacturing and high
productivity [35]. The metal extrusion techniques generated the highest revenue in
professional environments. Desktop 3D printers played a significant role inmanufac-
turing industries by reducing theAMcost. The rise in demand for desktop 3Dprinters
is due to the demand for industrial systems that are smaller in size and requires a low
cost as compared to their larger counterparts.

The metal 3D printer is growing at an average rate of over 30% in the last two
years [1]. This is due to the increase in usage of AM based parts in the field of
medical and aerospace. Among all, metal PBF variants remain the most widely used
systems in terms of technologies. According to a report, 80% of the all-metal AM
systems installations are of PBF in 2019 [30]. Ceramic 3D printing is still in the
early stages of development not much developed as metal and polymer 3D printing
technologies. It is estimated that in the next coming five to six years, ceramic 3D
printing technology will reach maturity [41]. It is observed that like ceramic 3D
printing, the electronics 3D printing market is also not like many other applications.
There are very few companies that will provide hardware for electronics 3D printers.
In the recent years, polymer based composites are playing major role in the field of
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Table 3 Commercially available materials for AM of four consecutive years

Materials Year

2017 2018 2019 2020

Ceramic 14 24 29 34

Composite 64 112 144 191

Metal 392 523 796 904

Polymer 385 524 802 1095

Sand 9 5 5 5

Wax 20 16 16 17

engineering research due to its high strength to weight ratio [26, 40]. To enhance
the applications of these composites, 3D printing is a newly developed technique
in AM and one of the main reasons behind the growth of this segment. It requires
less cost than that of traditional composite manufacturing. Based on the available
information, the market value of composite 3D printing is around $2.7 billion [41].

5.1.2 Materials

FromTable 3, it can be seen that thematerials being used forAMare growing steadily.
According to Sculpteo’s annual State of 3D printing report, polymers are being used
by more than 80% of AM companies for 3D printing [32]. It is reported that there are
1095 types of polymer materials are available for 3D printing. According to Senvol
Database, there are 2245 AM materials in 2020. However, it is just reported about
1700 in 2019 as shown in Fig. 4 [47].

The available literature shows that the number of metal-based AM materials is
gradually increasing. According to Senvol Database, the leading AM materials in
the market are nickel, steel, and titanium products. However, the use of aluminum
products is also growing [47]. It can be seen from Table 4 that in 2017, commercially
available aluminum products for AM are 43 and grown-up to 105 till March 2020 as
shown in Fig. 5.

From Fig. 6, it can be observed that the companies supplying materials for AM
have doubled from 2017 to 2019. But the growth in the number of suppliers has
slightly lowered in 2020.

5.1.3 Software

The software segment has not developed like other 3D printing segments. However,
it is slowly growing as the new demands to simplify the 3D printing workflow. The
advancement of AM software ensures for part quality, a simultaneous increase in
print success rates, and manage workflows more efficiently. Companies dealing with
AM software development mainly focus on simulation software. The software either
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Fig. 4 Graphical representation for different types of commercially available materials for AM
[47]

Table 4 Commercially available metals products for AM

Metals Year

2017 2018 2019 2020

Aluminium 43 65 95 105

Cobalt 40 40 56 64

Copper 7 10 26 28

Nickel 92 113 168 197

Steel 90 136 210 240

Titanium 93 113 171 185

Other 27 46 70 85

eliminates or reduces the trial-and-error approach which helps to further save time
consumption for model development. Today, 3D printing has become a manufac-
turing technology that is not only capable of small batch production but also capable
of serial production. According to SmarTech Analysis, the software sector takes
revenue of $458 million in 2020 as shown in Fig. 7 [25].
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Fig. 5 Graphical representation of commercially available metal products for AM [47]

In the sector of security and Internet Protocol (IP), it is still a very handful of
vendors that are providing security solutions to AM. One of the reasons behind it
may be thatmany original equipmentmanufacturers (OEMs) are not investing in such
solutions. The security solutions that are being used by manufacturing companies
are either developed by companies outside of the AM industry or are developed
in-house[1].

5.1.4 Post Processing

3D printing has emerged as a major manufacturing technique in industries, it is
required to overcome the post-processing challenges. The major challenges in post-
processing are an increase in lead-time and cost of 3Dprinting. Furthermore, the post-
processed 3D parts make up to 60% of the total manufacturing cost according to their
application [1]. There are several companieswhich areworking to overcome the post-
processing challenges by introducing automated solutions for dyeing, depowdering,
surface-finishing and part-cleaning.
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Fig. 6 Number of material suppliers for AM in four consecutive years [47]

5.1.5 Research Institutions

The immense research is carried out by the academicians to increase the efficiency of
the AM. Research Institutions contribute only about 5.2% of the total market value of
AM. Haleem and Javaid reported that the total number of research papers published
on AM has increased drastically over the years [19]. The increase in the publication
of research papers can be seen in Fig. 8.

There are several challenges that the researchers are facing in different technolo-
gies. Some of the research challenges with the respective technologies are discussed
in Table 5.

6 Future of AM

The rapid growth in the AM-based industries like automotive, aerospace, sanitary
beverages, production, and food industries areas are the main reasons for the overall
growth of AM [9]. It is being expected that the global AM and materials market
will register a Compound Annual Growth Rate (CAGR) of 25.7% over the forecast
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Fig. 7 Comparison of global AM software opportunity size- prior analysis versus current (2020)
analysis [25]

period (2020–2025) [38]. It is also expected that in the forecast period, there might
be a drop in prices of 3D printers which helps in improving the global market.

It is being expected that the overall growth of AMwill not be the same and it may
vary. Among all the sectors, the growth in the automotive sector will be expected
as maximum. Figure 9 shows a comparison between the market value of AM in a
different sector.

The underdeveloped and developing countries have limited resources to use AM
whereas the countries with the developed economies are using AM on large scale.
This limited usage of AM by underdeveloped and developing nations hinders the
growth of global market value. Based on the available data, the largest regional
market for AM in Europe, followed by North America and the Asia Pacific [41, 9].
According to SmarTech analysis, it is expected that the revenue from the global AM
market will rise from $10,416.6 in 2019 to $53,843.5 in 2029 [41].

The use of AM will be slightly different from the current day’s use. Day-by-day
AM is expanding its roots in different industrial areas and its need is also increasing.
As the human demand changes, the applications of AMwill also change accordingly.
Some of the future applications of AM are listed in Table 6.
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Fig. 8 Increase in publication of research papers on AM till march 2019 [19]

Table 5 Research challenges of some common technologies [29]

Technologies Research challenges

Stereolithography (SLA) vat polymerisation • After curing, the parts become
photo-sensitive and treatment needs to be
provided to overcome brittleness

Selective laser sintering (SLS)
Powder bed fusion

• Post processing (powder removal) consumes
a lot of time and also the recovery rate is not
100%

• The cost of SLS technology is high as
compared to SLA and FDM

Direct metal laser sintering (DMLS)
Powder bed fusion

• The need of high-power lasers and an inert
atmosphere makes the cost of DMLS
technology high

• Post-machining is required since the surface
quality and dimensional accuracy is still
limited

Continuous liquid interface production (CLIP)
Vat photo-polymerisation

• Materials are limited for this technique and
the cost of production is high
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Fig. 9 Comparison of AM market value in 2015 and 2025 (expected) [4]

Table 6 Future applications (Bhattacharjya et al. 2014)

Industry Future applications

Medical Custom components specific to patent, orthodontics, rapid
prototyping, surgical guides, splints, low volume
manufacturing/prototyping, full and partial dentures

Aerospace Complex parts with low volumes

Automotive Replacement parts production for repair shops as well rapid
prototype, spare parts, new products for trial and testing, low
volume spares, and tooling

Tools for assembly purposes Ease of manufacture of tooling

Consumer durables Specific components required by a consumer e.g. household
appliances, tools, photographic equipment, jewellery, etc.; the
possibility of making parts as per the requirement

7 Conclusion and Future Perspective

The present paper is mainly focused to compile the future trends of additive and
subtractive manufacturing. Using the available data from different survey reports,
the future trends have been discussed. The data shows that AM has brought a third
industrial revolution, where all companies are thinking to transform their traditional
way of manufacturing [23]. Summary of the whole paper includes:

1. AM is being used in almost every aspect of industries.
2. More than half of the total market of AM is contributed by hardware segments.
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3. The number of AMmaterials has increased from 1700 in 2019 to 2245 in 2020.
4. The software segments has grown much like other segments but it is estimated

that it would grow rapidly in the future.
5. Several companies areworking on post-processing challenges to reduce the total

manufacturing cost. The total number of research papers published on AM has
increased in the last few years.

6. AM will be more advance than today.
7. The research has increased in the sector of Additive Manufacturing in the past

few years, the method will be highly useful in the automotive sector in the
coming years.

There are still many limitations and challenges in emerging metal AM. Complex
thermal stresses, process repeatability, and material microstructural implications
of the process are the biggest challenges to AM applications in industries [51].
These challenges affect the density of the additive products, consequently all mate-
rial characteristics and mechanical properties. Currently, industries are refining the
quality of the additive parts through carefully controlled post-processing techniques
to overcome these challenges [21, 28].
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